
 

 

 

 

 

 

 

 

 

 

 

 

 

THE EFFECT OF VARIOUS DEFORMATION PROCESSES ON THE 

CORROSION BEHAVIOR OF CASING AND TUBING CARBON 

STEELS IN SWEET ENVIRONMENT 

 

 

 

 

 

 

 

 

 

 

 

 

by 

Alyaa Gamal Elramady 



ii 

A thesis submitted to the Faculty and the Board of Trustees of the 

Colorado School of Mines in partial fulfillment of the requirements for the degree 

of Doctor of Philosophy (Materials Science). 

 

 

Golden, Colorado 

 

Date___________________                                                   
 

                                                 Signed: __________________ 

                                                                                     Alyaa Gamal Elramady 

 

 

                                                 Signed: __________________ 

                                                              Dr. Brajendra Mishra  
      Thesis Advisor   

 

 

 

 

 
 
 

Golden, Colorado 

 

Date___________________                                     

 

               
                                                 Signed: __________________ 

Dr. Ivar E. Reimanis 
Professor and Interim Department Head 

         Department of Metallurgical and Materials Engineering 
 

 

 

 



iii 

ABSTRACT 

 

The aim of this research project is to correlate the plastic deformation and 

mechanical instability of casing steel materials with corrosion behavior and 

surface change, in order to identify a tolerable degree of deformation for casing 

steel materials. While the corrosion of pipeline and casing steels has been 

investigated extensively, corrosion of these steels in sweet environments with 

respect to plastic deformation due to bending, rolling, autofrettage, or handling 

needs more investigation. 

Downhole tubular expansion of pipes (casings) is becoming standard 

practice in the petroleum industry to repair damaged casings, shutdown 

perforations, and ultimately achieve mono-diameter wells. Tubular expansion is a 

cold-drawing metal forming process, which consists of running conical mandrels 

through casings either mechanically using a piston or hydraulically by applying a 

back pressure. This mechanism subjects the pipes to large radial plastic 

deformations of up to 30 pct. of the inner diameter. It is known that cold-working 

is a way of strengthening materials such as low carbon steel, but given that this 

material will be subjected to corrosive environments, susceptibility to stress 

corrosion cracking (SCC) should be investigated.  

This research studies the effect of cold-work, in the form of cold-rolling 

and cold-expansion, on the surface behavior of API 5CT steels when it is 

exposed to a CO2-containing environment. Cold-work has a pronounced 

influence on the corrosion behavior of both API 5CT K55 and P110 grade steels. 

The lowest strength grade steel, API 5CT K55, performed poorly in a corrosive 

environment in the slow strain rate test. The ductile material exhibited the highest 

loss in strength and highest susceptibility to stress corrosion cracking in a CO2-

containing environment. The loss in strength declined with cold-rolling, which can 

be ascribed to the surface compressive stresses induced by cold-work. On the 

other hand, API 5CT P110 grade steels showed higher susceptibility to SCC 

when they were cold-rolled and cold-expanded. The research found that surface 
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compressive stresses have an effect on the SCC behavior of casing and tubing 

steels.  

The CO2 corrosion behavior and atomic processes at the corroding 

interface were investigated at laboratory temperature using electrochemical 

techniques. Cold-work was found to have an influence on the corrosion behavior 

of both API 5CT K55 and P110 grade steels. These behaviors were found to be 

material and process dependent. Surface evaluation techniques such as field 

emission scanning electron microscope (FE-SEM) and X-ray diffraction (XRD) 

analysis did not detect formation of a protective scale. X-ray diffraction and X-ray 

photoelectron spectroscopy (XPS) analysis both detected the appearance of a 

scale that was traced back to magnetite. 
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CHAPTER 1: INTRODUCTION 

Expandable tubular technology, an old yet fundamental area of exploration and 

production in the oil & gas industry, is a solution where the diameter of the tubes is 

expanded downhole by cold-working. The process is achieved by running conical 

mandrels/pigs through casings either mechanically using a piston, or hydraulically by 

applying a back pressure. It is becoming common practice in the petroleum industry to 

repair damaged casings, shutdown perforations, isolate lost circulation zones and 

ultimately achieve mono-diameter wells. Initiated in 1993 by Royal Dutch Shell and 

tested first on automotive metal, by 1998 the technology had developed to cover the 

expandable threaded connections on Oil Country Tubular Goods (OCTG), a 

breakthrough which made it possible to reach reservoirs that were unreachable using 

the technologies available at the time. The earliest applications of the technology put it 

to use as a sand screen mechanism over gravel packing method for downhole sand 

control [1]. The technology was found to be a major cost reduction for both surface and 

subsurface activities [2]. To better evaluate the technology, mechanical, metallurgical 

and physical properties of the post-expanded tubes must be studied and compared to 

the pre-expanded ones. Filippov et al., [3] named three main applications that use the 

tubular expandable technology, i.e., the Expandable Openhole Drill-Liner (OHL) 

System, the Expandable Cased-Hole Liner (CHL) System and the Expandable Liner 

Hanger (ELH) System.  

Moving from conventional drilling to the expandable technology enables 

wellbores to be designed so that they start with 14 to 20 inch (35.6-50.8 cm) casing 

rather than 36 inch (91.4 cm) casing (Figure 1.1) [2]-[3]. It also reduces the tapering 

effect when drilling in deepwater which eventually leads to conservation in the size of 

the drilled hole while also reaching deeper formations [4]. In the OHL the liner diameter, 

or the production casing at total depth (TD), is expected to be greater than any other 

diameter reached by conventional methods. CHL is used in cased wells where 

expandable casing is cladded to an old deteriorating casing [5]. The expansion process 

allows for a minimum loss of the internal dimension of the old casing and hence the flow 

potential is not compromised. Using the bottom up method shortens the casing by 4 pct. 
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[2]. Casing and tubing are stress-bearing structures, which have to operate in a safe 

mode with minimum chance of leakage. It has been documented that 45-60 pct. of 

liners leak after installation and the ELH system can address this issue and provide the 

necessary integrity to the liner system [3]. Since it is still a new discovery, the 

technology has been reviewed and evaluated for its effectiveness in many types of oil 

wells internationally [1]–[25]. 

 

 

Figure 1.1 Wellbore design of a conventional well and well that uses expandable 
technology. 

The downhole environment consists mainly of three constituents: produced 

water, hydrocarbon liquids and gas, and other gases. In upstream operations, carbon 

dioxide is present either intentionally or naturally dissolved in produced fluids. CO2 can 

be found naturally in some wells, in other situations it is injected into reservoirs during 
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the secondary recovery process to reduce the oil viscosity and increase the oil output in 

a process called CO2 flooding. In this process carbon dioxide gas along with hydrogen 

sulfide, nitrogen, organic acids, sulfur reducing bacteria, dissolved and suspended 

solids and traces of hydrocarbons are usually dissolved in downhole produced fluids 

[26]. CO2 and H2S gases are not desirable products since they enhance the corrosion of 

steel, with the latter being more dangerous. An average downhole temperature and 

pressure are 127°C and 5616 Psig, respectively [27]. In such an environment dry CO2 is 

not considered corrosive, the hazard only exists when water is produced in the well and 

the gas is dissolved in the produced water, forming an aqueous corrosive environment.  

 

Table 1-1 [28] lists the common types of failure in the oil and gas industry and the 

frequency of their occurrence while Table 1-2 lists the corrosion types along with their 

percentage of failure [29].       

 

Table 1-1 Failure types in the oil and gas industry. 

Type of Failure 
Frequency 

(pct.) 

Corrosion (all types) 33 

Fatigue 18 

Mechanical Damage/overload 14 

Brittle Fracture 9 

Fabrication defects (excluding welding defects) 9 

Welding defects 7 

Others 10 

 

Despite their inadequate corrosion resistance in regards to general and CO2 

corrosion, carbon and low-alloy steels have been used extensively in the infrastructure 

of the oil and gas industry. The high demand on carbon and low-alloy steels could be 

due to their lower cost and well developed mechanical, structural and fabrication 

technology [30]. Thus for safe operations and cost-effective hydrocarbon production, 
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corrosion has to be monitored and controlled strictly and kept to minimum values. The 

most predominant casing materials are API 5CT K55, N80, L80 and P110 grade steels 

(Table 1-3) [21]. These steels have high strength and good resistance when it comes to 

cyclic and dynamic loading [25].  

Table 1-2 Types of corrosion failure in the oil and gas industry. 

Type of Corrosion Failure (pct.) 

CO2 related 28 

H2S related 18 

Welding related 18 

Pitting 12 

Erosion corrosion 9 

Galvanic 6 

Crevice 3 

Impingement 3 

Stress corrosion 3 

 

Table 1-3 API Spec for 5CT grade steels. 

Property K55 N80 L80 P110 

Max Hardness (HRC) __ __ 23 __ 

Yield Strength (ksi) 55-80 80-110 80-95 110-140 

Min Ultimate Tensile Strength (ksi) 95 100 95 125 

Elongation (pct.) 0.5 0.5 0.5 0.6 

 

The drilling process leaves casings subjected to high mechanical loads for 

extended periods of time [17]-[7]. The tubular expansion mechanism subjects the pipes 

to large radial plastic deformations of up to thirty percent of the inner diameter. It is 

known that cold working is a way of strengthening materials such as low carbon steel, 

but knowing that this material will be subjected to corrosive environments, susceptibility 

to corrosion should be investigated. Corrosion of pipeline steels and casing steels has 
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been investigated significantly. On the other hand corrosion associated with sweet 

producing fluids, i.e. CO2 environment, with respect to plastic deformation due to 

bending, rolling, autofrettage, or handling needs more investigation. 

The novelty of tubular expansion technology necessitates thorough (rigorous) 

research that covers all aspects of the casing life starting from the mechanical 

properties of post-expansion casing to their long term corrosion susceptibility. In this 

context, the aim of this project is to correlate the plastic deformation and mechanical 

instability to the corrosion behavior and surface change to identify a tolerable degree of 

deformation (if available) for casing steel materials when they are exposed to an 

aqueous corrosive environment containing CO2 gas. The necessary plastic deformation 

will be achieved by cold-rolling and tubular expansion. 

The dissertation addresses the following questions: 

1. Can selected deformation and analytical practices assess the correlation 

between plastic deformation and corrosion?  

2. What is the possible extent of stress corrosion cracking (if it occurs)? 

3. Does plastic deformation induced by cold-expansion and cold-rolling enhance 

corrosion behavior? What are the corrosion forms, rates and the morphology?  

4. Is there a critical threshold for cold work? 

The rest of the dissertation is structured as follows: 

Chapter 1 is an introduction to the work in hand, the motivation behind the work and an 

outline for the rest of the document. 

Chapter 2 presents the literature review and the research objectives. 

Chapter 3 demonstrates the experimental procedure as well as any data was initially 

available. 

Chapter 4 presents and discusses the results. 

Chapter 5 discusses the results in more details. 

Chapter 6 draws a conclusion and recommendations for future work. 

Relevant experimental details and further results are described and presented in 

Appendix A. 
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CHAPTER 2: LITERATURE SURVEY  

This section covers the corrosion methods that are used in this work; it also 

covers the corrosion mechanisms and gives a brief discussion about residual stresses.  

This thesis work aims to correlate the effect of surface microstructure on reaction 

kinetics and hence corrosion. A study of this effect should be conducted first at room 

temperature before investigating the effects of the other factors such as higher 

temperature and higher pressure. Electrode reaction kinetics is affected by electrode 

surface cleanliness, surface microstructure and chemical composition. 

Ionic conduction by migration is how current is transported within a liquid 

electrolyte; the resistance of the electrolyte to the passage of the current is known as 

the bulk solution resistance   . Within the metallic electrode, current is transported 

electronically. At the interface there is a transition between electronic and ionic 

conduction and the electric charge across the interface is accompanied by the 

electrolysis process, i.e., electrochemical reactions at the electrode surface. The 

interface behaves in a different way as the charge carriers from the electrolyte cannot 

migrate to the electrode and the electrons in the electrode cannot move to the 

electrolyte without a forcing factor, Figure 2.1 shows the conduction process [31].  

2.1 Electrochemical Nature of Corrosion 

 

Corrosion is an electrochemical phenomenon and for that reason the first part of 

this Chapter is dedicated to the introduction of some electrochemical aspects that are 

related to corrosion. Electrochemical processes are usually analyzed by electrochemical 

methods that are based on Faraday’s law which relates the current flowing through a 

surface to the mass change per unit area. 

2.1.1 Electrode Potential (Equilibrium Potential/Reversible Potential) 

 

Electrode potential is a measure of the electrons at the surface of the electrode, 

wherein an excess of electrons at the electrode surface signifies the electrode is 
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negatively charged and a lack of electrons signifies the electrode is positively charged. 

An electrode will not reach to its electrode potential (Erev) for certain types of reactions, 

e.g.,          , unless its exchange current density (i0) is much greater than the 

exchange current density of any other reversible reaction in the system [32], [33]. 

 

 

Figure 2.1 The conduction process in an electrode/electrolyte system. 

To create a cathodic or an anodic process, an extra potential 

(overvoltage/overpotential) is applied to the system. When the electrode is shifted from 

its equilibrium potential the reaction becomes irreversible. The shift in potential can be 

achieved by connecting the electrode to an external source, when the electrode is 

connected to the positive terminal it becomes the anode and vice versa. In the former 

case the potential is shifted to the more noble values (anodic polarization) and in the 

latter case the potential is shifted to the more negative values (cathodic polarization). 

2.1.2 Corrosion Potential (Open Circuit Potential/Irreversible Potential/Rest 

Potential/Mixed Potential) 

 

By increasing the overvoltage, the system changes from the reversible state to 

the irreversible state. The total anodic polarization curve and the total cathodic 
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polarization curve intersect to yield the corrosion potential (Ecorr) of the system, also 

known as open circuit potential (OCP) because it is the potential at which the metal 

surface corrodes freely.  

As Ecorr moves further from Erev, the anodic reaction is more favorable or 

becomes more significant than the cathodic reaction for the metal that is being 

corroded. At the same time the cathodic reaction becomes more significant compared to 

the anodic reaction for the other species that will be reduced. 

2.1.3 Exchange Current Density 

 

A large current density means a very stable potential that cannot be easily 

disturbed, the latter is due to the fact that for this potential to be disturbed a reaction 

with a higher current density must be present in the system. Examining this 

phenomenon from a different angle, when a small current is allowed to flow through the 

external resistance, the measured potential difference between the two electrodes starts 

to fall, e.g., from I1 to I2 as demonstrated in Figure 2.2. The difference decreases as the 

current increases. On complete short circuiting, i.e., when the resistance is very small 

and the current is very high, the two electrodes polarize down from their equilibrium 

(reversible) potentials, EM1 and EM2 to a common potential, Ecorr. At that point the 

potential difference is almost zero and the current reaches its maximum value. If the 

electrolyte is highly conductive and the electrodes are closely spaced, the ImaxRs value 

is very small and can be omitted. The current between the local anodes and cathodes, 

i.e., microscopic poly electrodes, cannot be measured using conventional methods such 

as an ammeter [34], [35]. 

2.1.4 Double Layer Capacitance and Charge Transfer Resistance 

 

When the electrode is charged, an opposite charged layer of ions form on the 

interface. The charged electrode is separated from the charged ions by a small gap on 

the order of Angstroms (approximately 1 nm). Charges separated by an insulator form a 

capacitor. For every 1 cm2 of electrode area there is 20-60 μF of capacitance, i.e., the 
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ability of a system to store energy, represented by the charge (e) on the plate divided by 

the voltage between the plates. A strong electric field is created between the two 

charged layers. The total impressed current is given by (Equation (2.1)). The Faradic 

current is used in the electrode reaction while the charge current is a small current that 

is stored in the capacitor. 

 

           (2.1) 

 

 

Figure 2.2 Potential as a function of current behavior. 
 

When the electrode is polarized, the potential shifts from its equilibrium value and 

the potential drop across the double layer is altered from the equilibrium potential. This 

alteration is due to the change of the surface reaction rate. As mentioned earlier, the 

rate will change when an external emf is introduced to the system. If electrons are made 

available on the surface, i.e., the electrode is connected to the negative terminal, the 

dissolution reaction rate will slow down. If there is deficiency of charges on the interface 

and the potential on the surface becomes more positive, i.e., the electrode is connected 

to the positive terminal, the anodic dissolution rate will increase to accommodate the 

positive charges being accumulated on the metal surface. The interfacial resistance 
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element is used to combine all interfacial processes that could be due to charge-

transfer, adsorption and mass transport. 

2.2 Oilfield Corrosion 

 

Corrosion in the oil and gas industry presents itself in several forms depending 

primarily on the application and the existing environment. A mixture of acid gases, i.e., 

CO2 and/or H2S, and water results in a corrosive environment. Crude oil is designated 

to be sweet when it contains 0.42 pct. sulfur or less and sour if the level of sulfur is 

higher. According to this concept corrosion in the oilfield is called sweet corrosion when 

CO2 is present in the produced fluids and sour corrosion when H2S is present. Some 

researchers [36] argue that the presence of H2S in CO2-containing environment 

increases the corrosion rate, while others [37] reported an inhibitive effect of small 

amount of H2S in the environment. A third type, oxygen corrosion, is found in water 

injection systems. These three types dominate most of the corrosion attacks in the 

oilfield, which are found to make up for 25 percent of the failures in the oil and gas 

industry [28].  

As shown in Table 1-2 and discussed in the introduction, among the three 

aforementioned types, CO2 corrosion of carbon and low alloy steels is the main cause 

of most of the failures encountered in the oilfield. Despite their poor corrosion 

performance, the oil and gas industry relies heavily on carbon and low alloy steels e.g., 

drillstring components or casing and tubing materials, for their developed technology 

and availability [30]. Kermani and Harrop discuss the economical effect of corrosion in 

the oil and gas industry, distinguishing between the effect on capital and operational 

expenditures (CAPEX and OPEX) and the effect on health, safety, and the environment 

(HSE). To illustrate these effects, they cite a project carried out by British Petroleum in 

which the capital expenditure due to corrosion was eight percent. Operational 

expenditure due to corrosion could reach up to 33 percent of the total maintenance cost 

encountered in the oilfield. They also claim that some of the corrosion problems are 

inevitable, while other problems can be avoided by proper design, education through 

research and development and adequate inspection techniques. 
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2.2.1 Carbon Dioxide Corrosion  

 

CO2 corrosion was discovered in the 1940s, few of the failures that occurred in 

the oil and gas industry were followed by extensive research. The discovery of organic 

acids such as carboxylic acids in 1944 made it easier to correlate the failures to CO2 

corrosion in the presence of organic acids [38]. Corrosion of carbon steels in a sweet 

environment is a very crucial subject that has been studied and investigated in the oil 

and gas industry for its serious outcome [28]–[30], [39]–[50]; it has severe implications 

on the integrity of downhole tubular, transportation pipelines and in oil and gas 

production facilities in general. Additionally, the cost penalty to overcome CO2 corrosion 

could be severe. Several methods has been adopted to overcome CO2 corrosion by 

lowering the corrosion rate, such as using corrosion resistant alloy tubular, inhibitors 

and non-metallic coatings [51].  

Corrosion occurs when dry CO2 gas dissolves in the produced water lowering the 

pH of the CO2-containing water, and increasing the availability of hydrogen at the metal 

surface. This process in turns makes hydrogen evolution the most dominant cathodic 

reaction, a natural cathodic reaction when steel corrodes in an acidic environment. The 

hydration process results in carbonic acid          (Equation (2.2)), a weak but 

corrosive acid with acidity factor        when compared to mineral acids, thus it does 

not fully dissociate. Carbonic acid then dissociates into its conjugate base, i.e., 

bicarbonate (Equation (2.3)) and the bicarbonate ion dissociates into the carbonate ion 

(Equation (2.4)). Equation (2.2) - Equation (2.4) are the chemical reactions taking place 

in the CO2-containing medium and are responsible for CO2 corrosion [41]. Dissolution 

and hydration of CO2 is the slowest step in the CO2-H2O system. 

 

                           (2.2) 

   

               
             (2.3) 

   

     
         

              (2.4) 
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The electrochemical reactions responsible for CO2 corrosion of low carbon steel 

take place on the surface of the metal, with three possible cathodic reactions and one 

anodic reaction. The anodic reaction is the dissolution/oxidation of iron (Equation (2.5)). 

Different mechanisms have been proposed in the literature for the possible rate 

determining step in the cathodic reaction (Table 2-1). 

 

                    (2.5) 

Table 2-1 Mechanisms of the cathodic electrochemical reaction in CO2-containing 
media. 

Schwenk [52] 
             

  

       
   
      

De Waard and Milliams [53] 

        
   
         

  

    
           

           

Ogundele and White [54] 
    

    
   
        

   

    
             

   

 

More recent work by Crolet, et al., [38] has proposed that the aforementioned models 

for the cathodic reaction in a CO2 environment each occur in a specific pH condition. 

They concluded that at pH < 4 the predominant cathodic reaction is the reduction of the 

hydrogen ion as proposed by Schwenk [52]. In a 4 < pH < 5 the cathodic reaction is the 

reduction of carbonic acid; the mechanism put forward by De Waard and Milliams [53]. 

Increasing pH (pH > 5) the rate determining cathodic reaction follows Ogundeld and 

White theory [54], i.e., the reduction of bicarbonate ion. The primary chemical species in 

the CO2-containing environment are              
 , hence the overall reaction of the 

dissolution of iron in this environment is given by 

 

                    

              
                                                         

(2.6) 
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The previous equation is also written as follows: 

                                      (2.7) 

 

It is really important to consider both chemical and electrochemical reactions 

listed above when modeling corrosion of steel in CO2-containing environment. Lack of 

considering the chemical reactions involved will lead to higher corrosion rate models 

that do not account for the formation of corrosion products forming in real conditions 

[55].  

2.2.1.1 Iron Carbonate (Siderite) Films 

 

Increasing the iron, bicarbonate and carbonate ions beyond their solubility limits 

leads to the precipitation of iron carbonate as represented in Equation (2.8), the 

insoluble product of corrosion. There is no consensus on the threshold temperature 

below which iron carbonate does not form. Videm and Dugstad [56] reported a 

significant decrease in the corrosion rate at 50°C, wherein increasing the pH contributed 

to a further decrease in the corrosion rate. Other studies [41], [57], [58] have suggested 

that the lowest temperature for iron carbonate formation is 65°C, and the optimal pH is 

6.5. Below 65°C and pH 6.5 the layer was porous and the crystals were dispersed [41]. 

 

             
                (2.8) 

 

The corrosion process in the case of iron carbonate formation is diffusion-

controlled. Many researchers have studied the diffusion-controlled model in the 

presence of iron carbonate layer [58]–[61]. The iron carbonate layer acts as a diffusion 

barrier for the species involved in the corrosion reaction [42], [62], [63]. The precipitation 

is a heterogeneous crystallization from an aqueous solution. The crystallization of the 

layer is governed by phase change kinetics where nucleation and crystal growth are 

involved. While nucleation is a central concern in homogenous crystallization, in 
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heterogeneous crystallization the crystallization process kinetics is governed by crystal 

growth [63].  

The growth of the iron carbonate layer involves two simultaneous phenomena, 

the precipitation of iron carbonate and the corrosion of steel. The diffusion of the 

species involved in the electrochemical reaction increases with temperature resulting in 

higher corrosion rates. On the other hand, the solubility of iron carbonate is a 

thermodynamic process that decreases with increasing temperature. At a temperature 

equal to or higher than the threshold temperature of iron carbonate formation, if the rate 

of iron carbonate precipitation          is higher than the corrosion rate    , a 

protective layer is formed on the surface of steel. The formation of the productive layer 

decreases the attack and hence the corrosion rate. A uniform corrosion attack is 

present before forming the protective iron carbonate layer [60]. If the corrosion rate is 

higher than the iron carbonate precipitation rate, a porous, non-protective layer forms on 

the surface and can lead to localized corrosion. A non- dimensional parameter called 

scaling tendency      describes the precipitation behavior as follows: for       , an 

iron carbonate layer precipitates and for       , the porous layer forms [41] (Equation 

(2.9)) 

 

    
      
  

 (2.9) 

 

The formation and the adhesion of the corrosion product layer on the surface depend on 

several factors amongst which are temperature, alloy composition, medium composition and 

mechanical stress [43]. At temperatures below the threshold temperature for the formation 

of iron carbonate, two types of films can form on the steel surface in a CO2-containing 

environment. The first is a transparent film and the second is iron carbide film, both are 

non-protective to some extent. 

2.2.1.2 Transparent Films  

 

Transparent films are not widely covered in the literature. They form around room 

temperature and form faster with decreasing temperature. They are less than 1 μm thick 
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at room temperature [30]. Transparent films form in a low ferrous ion concentration 

environment; however, the protectiveness of the film increases with increasing the 

concentration of ferrous ion. If the ferrous ions form a protective compound on the 

surface it should be observed as a retardation in the corrosion rate after prolonged 

exposure [64], [65], the corrosion rate slows down by an order of magnitude [30]. 

 

2.2.1.3 Iron Carbide (cementite) Films 

 

There is no temperature range for the formation of cementite films. Cementite 

       is a component from the steel, and similar to steel, it is an electronic conductor. 

Accordingly a reaction that takes place on the metal surface will certainly take place on 

the cementite. The anodic dissolution of carbon steel (ferritic-pearlitic, tempered 

martensitic) introduces two important, opposite and consecutive processes. The first is 

the dissolution of α-iron to ferrous ions; this process causes the accumulation of an 

undissolved/uncorroded film of cementite at the surface. Under laboratory conditions the 

film thickness reaches 100 μm and is in the millimeter range when formed in the field 

[30]. The cementite film affects the corrosion process either by increasing the corrosion 

rate by a factor of 3 to 10 through galvanic coupling and local acidification, or by 

decreasing the corrosion rate by preventing the diffusion of the ferrous ions and hence 

promoting the formation of the iron carbonate film. These roles are summarized as 

follows: 

 Forming a galvanic couple with the steel substrate. Cementite has a much lower 

overpotential for the cathodic reactions than iron. Thus the cementite surface is a 

favorable site for the cathodic reaction when steel is corroding in acids [66]. 

 Internal local acidification is a result of physical separation of the anodic and the 

cathodic reactions. As the cathodic reaction occurs at the cementite surface, the 

anodic reaction takes place at the iron site. This separation leads to local change in 

pH wherein the cathodic sites become more basic and the anodic sites become 

more acidic, which in turn promotes corrosion on the metal surface. 
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 The dissolved ferrous ions diffuse to the cathodic regions and accumulate on it. The 

supersaturation of ferrous ions can promote the formation of an iron carbonate layer. 

This process can reduce the localized corrosion if the cementite film anchors the 

protective iron carbonate film. It is important that the iron carbonate film does not 

form within or on the top of the cementite layer [30].  

 

2.2.1.4 Thermodynamic Aspects 

 

Corrosion reactions are electrochemical reactions that produce electrical energy. 

This energy is the Gibbs free energy of the system, and work can be done through a 

decrease in this energy. The electrical energy in joules is the product of the potential of 

the cell and the electricity involved; thus 

 

                                                             (2.10) 

 

From Faraday’s law, the electrical charge, Q, is one Faraday for each gram 

equivalent (mole) of the reactants. The charge is also the electricity involved 

 

                                                        (2.11) 

 

Hence, 

 

                                                                   (2.12) 

 

But work could be done by the system only through a decrease of the free 

energy of the system and hence the negative sign in the Gibbs free energy equation 

 

                                         (2.13) 
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The work is the amount of energy at constant pressure, temperature and 

concentration of the reactants. A potential difference between the metal and the 

electrolyte is established due to the dynamic equilibrium across the interface once the 

metal is immersed into the electrolyte. When a metal corrodes, the positive (+) or the 

cathode part of the metal is gaining electrons while the anode negative (-) part is losing 

electrons. Electrons flow from the anode (-) to the cathode (+) inside the metal which 

acts as the metallic path or metallic conductor, thus current is moving from the cathode 

(+) to the anode (-). In the electrolyte or the aqueous conductor the current moves from 

the anode (-) to the cathode (+), which is actually electrons moving from the cathode (+) 

to the anode (-). 

The Pourbaix diagram for a Fe-H2O system at 25°C is shown in  

Figure 2.3 [49]. The lines H and O correspond to the equilibrium redox potential 

of hydrogen and oxygen evolution, respectively. The Pourbaix diagram for a Fe-CO2-

H2O system at 25°C is shown in Figure 2.4 [49]. 

 

Figure 2.3 Pourbaix diagram of Fe-H2O system at 25°C. 
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Figure 2.4 Pourbaix diagram of Fe-CO2-H2O system at 25°C. 

 

 

Figure 2.5 Relative effect of micro-alloying elements on corrosion rate. 
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2.2.1.5 Factors Affecting CO2 Corrosion 

 

The factors that affect CO2 corrosion are divided into metallurgical, environmental 

and physical factors. 

A. Metallurgical Factors  

The addition of micro-alloying elements such as chromium, nickel, copper and 

molybdenum to carbon steels has been proven to be beneficial to the corrosion 

resistance in CO2 environment (Figure 2.5) [30], [40]. While most of the investigations 

concerning CO2 corrosion study the system chemistry, some publications emphasize 

the need for improving the chemical composition of the steel [40], [67]–[71]. 

Gulbrandsen and Nyborg reported that the variation in the carbon and copper content 

affected the inhabitation process [71], while Kermani et al., studied the effect of several 

alloying elements on the CO2 corrosion of low carbon steel [40], [45]. It was found that 

0.5-3 wt. pct. of chromium enhances the formation of a stable and protective oxide film 

and hence increases the corrosion resistance of low carbon steel in CO2 environment 

[29]. The principle relies on lowering the carbon content and the addition of carbide 

forming alloying elements such as vanadium, titanium and niobium. These elements 

guarantee the formation of carbides.  

B. Environmental Factors 

Environmental factors affect the intrinsic corrosivity of the aqueous phase 

including solution chemistry and supersaturation, temperature, CO2 partial pressure and 

solution pH, in-situ pH and hydrogen sulfide. These factors, amongst others, can affect 

CO2 corrosion through affecting the corrosivity of the corrosive medium. 

Solution composition and supersaturation of the species affects the formation of 

a protective layer on the surface of the steel. For an insoluble salt    dissolving into its 

ionic species    and    supersaturation is given by                 where     is the 

solubility product constant. The more soluble the substance, the higher the solubility 

constant and lower the supersaturation.  
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CO2 partial pressure affects the pH of the solution for a given temperature. The 

pH of the solution is very vital in determining the corrosion rate. This subject has been 

widely covered by many researchers [51], [53], [72], [73]. Table 2-2 and Figure 2.6 [53] 

illustrates the effect of CO2 partial pressure on corrosion rate. 

 

Table 2-2 Rule of thumb; effect of CO2 partial pressure on corrosion of carbon and low 
alloy steels. 

    
 Corrosion 

< 7 psi Unlikely 

7 psi<    
< 30 psi Possible 

> 30 psi Significant 

 

 

In systems that lack the formation of a protective film on the surface, the 

corrosion mechanism is activation-controlled or chemical reaction-controlled [51], [70]. 

The corrosion rate (CR) in such systems is found to be proportional to the pH of the 

solution, the partial pressure of CO2 and the activation energy according to the following 

Arrhenius equation (Equation (2.14)) [51], 

 

             
  

   
      

   
  

  
   (2.14) 

 

The constant (C) is related to the reactions’ equilibrium constants; Ea is the activation 

energy for the reaction, T is the temperature and R is the gas constant.  

Raising temperature increases the corrosion rate since it increases the diffusion 

of the species, i.e., mass transport, which in turn accelerates the kinetic rate of the 

electrochemical reactions [53]. However, beyond a threshold temperature the solubility 

of iron carbonate decreases and it precipitates on the surface forming a protective 

corrosion product. Any breakdown in this layer can lead to localized corrosion. 
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Figure 2.6 Effect of CO2 pressure, temperature, and electrode surface finish on the 
corrosion rate of carbon steel. 

At low temperatures, i.e., below 60°C, there is no protective film formation. 

Starting at room temperature up till 60°C the corrosion rate increases to reach a peak at 

the range 60°C-80°C, depending on water chemistry and flow conditions [74]. Other 

work concluded that below 60°C there was no corrosion product and only uniform 

corrosion took place [75]. De Marco et al., [50], [76] argued that the ex situ surface 

analysis is not a valid method for quantifying the corrosion product and an in situ 

analysis should be done instead. They showed that at temperatures below 40°C and at 

a high pH the surface corrosion products are a combination of several carbonate 

compounds, e.g.,                                  . 

C. Physical Factors 

 

The literature [30], [57], [74], [77] has covered some physical parameters that are 

found to play a role in CO2 corrosion of carbon and low alloy steel in the oil and gas 
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industry. Among these parameters are water wetting, corrosion film characteristics, the 

effect of wax, the effect of crude oil, and the effect of flow.  

2.3 Corrosion Measurements 

 

Laboratory testing for corrosion always seeks to obtain the required results in a 

relatively short time. At least two electrodes are required as well as a corrosive medium 

which is referred to as a bounding sample. The current passes through a complete 

circuit, transported by electrons in the metal conductors and the electrodes and ionic 

migration within the electrolyte. The conduction process can be demonstrated as 

follows: 

 Metal (charge transport) 

 Electrolyte (ion migration) 

 Interface (electrode redox reactions) 

 

2.3.1 Tafel Extrapolation 

 

This method relies on the mixed potential theory and the principle that the 

applied current at any potential is the sum of both the cathodic and anodic currents. If 

anodic polarization is carried out there is a chance of having a high potential that can 

damage the testing electrode, making this method destructive. Cathodic polarization 

can be used solely because it is faster, easier and reversible; hence it will not damage 

the electrode. The electrode is polarized cathodically a few decades below the corrosion 

potential (OCP). The cathodic Tafel region is then extrapolated to the corrosion 

potential; the intersection gives the corrosion current. The anodic current is calculated 

using 

 

              (2.15) 
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When the calculated values of the anodic current are plotted against the overvoltage, 

the linear line has to cross the corrosion potential since at the corrosion potential both 

cathodic and anodic rates are equal to each other. Both the anodic and cathodic Tafel 

constants can be calculated from the slopes of the anodic and cathodic currents, 

respectively. 

2.3.2  Linear Polarization Resistance 

 

For kinetics studies the polarization method is a very rapid, sensitive and 

accurate way for corrosion rate measurements. It is a non-destructive method which is a 

useful way of estimating the corrosion rate in the laboratory and monitoring corrosion in 

plants. 

The potential is swept for a few millivolts below and above the open circuit 

potential, Ecorr. The corrosion potential is then taken as an overvoltage reference point. 

When the overvoltage is plotted against the current, the curve shows linearity up to a 

few millivolts. The resistance of the electrolyte (the conductor) is given by 

 

 
   

  

  
       

(2.16) 

  

The concept relies on applying a small voltage perturbation after which the 

current is automatically generated to maintain the working electrode voltage. The 

polarization resistance, Rp is inversely proportional to the applied current which in turn is 

directly proportional to the corrosion current, icorr. The corrosion rate, CR, expressed in 

terms of corrosion current can then be calculated using Faraday’s law (Equation 2.18). 

 

    
    

                 
 (2.17) 

 

              
 

  
        (2.18) 
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βa and βc are the anodic and cathodic Tafel constants, respectively. The Tafel 

constants can be measured or obtained from the literature. The constant includes the 

conversion constant as well as Faraday’s constant. M is the atomic weight (g) and n is 

the charge involved in the reaction. M/n is the equivalent weight of the corroding 

species (g). 

2.3.3 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) analysis studies the behavior of 

the bulk sample at high frequencies and interfacial behavior at low frequencies. As 

implied in the literature above, the corrosion process is electrochemical in nature due to 

the transfer of electrons during the dissolution process. 

2.3.3.1 The Concept 

Modern impedance techniques made data acquisition of the dissolution process 

of metals due to corrosion easy; however, the analysis of such data is complicated. As 

the name of the process suggests it is a process that involves the use of electrical and 

chemical means, it is also a complex electrical resistance hence the impedance term, 

and finally it is known as spectroscopy because it uses the concept of intervention of 

radiated energy (with a known frequency and wave length) with matter. In the case of 

corrosion, EIS uses the response of a microstructure feature represented by an 

electrical component to understand the electronic response involved with corrosion.  

Essentially, the impedance parameters are determined by applying an alternating 

potential through the system at a variable frequency and measuring the corresponding 

alternating current (AC) signal response. The output current has resistive and capacitive 

components, analyzing the output signal and its components gives an insight into the 

variety of conductive mechanisms taking place within the system and the processes 

involved. These mechanisms could be bulk related and/or interfacial related, both 

fundamental regions of impedance the electrical current encounters as it travels through 

the sample or the electrolyte. These bulk and interfacial impedances are connected in 

series as they share the same current; the total impedance of the system is the sum of 

the bulk and interfacial ones. In impedance spectroscopy analysis the effect of the bulk 
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impedance is minimized or kept constant by using highly conductive media, e.g., 

aqueous solutions with supporting electrolyte, achieving a bulk solution resistance of 

several ohms and negligible capacitive effects. Thus the total impedance of the system 

is a contribution of the interfacial processes.  

It is also obvious that under applied system conditions and with the presence of 

different paths for the current to go through, the current chooses the path of least 

resistance or of least impedance. The impedance spectroscopy measures only the 

conduction that results from the passage of current through the path of least 

impedance.  

An ideal resistor is independent of frequency, the AC current and voltage signals 

are in phase at all frequencies. When a voltage is applied through a material of a visible 

area   and thickness   the resistance of the material to the passage of the electrical 

current is given by 

 

    
 

 
 (2.19) 

  

   [ohm.cm] is the resistivity of the material and it is the inverse of its conductivity. An 

ideal capacitor or inductor is an element that completely rejects the passage of electrical 

current. This ideal capacitor is formed when an applied electric field is created between 

two electrodes bounded by a dielectric (non-conducting) material, storing the magnetic 

energy created by this applied electrical field. In the capacitor element the AC current 

and voltage signals are out of phase. A capacitor is identified by its ability to store 

energy, which is its capacitance   [Farads] 

 

      
 

 
 (2.20) 

 

  is the electric constant or  permittivity of a vacuum (8.85x10-14 F/cm). The dielectric 

constant or relative static permittivity   is the permittivity of the dielectric material 

between the two electrodes. An ideal dielectric material is a capacitor with a high 

capacitive current when compared to its resistive current. 
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Ideal elements are not an accurate representation of real systems, hence 

impedance is used. Like resistance, impedance is defined as the ratio between voltage 

and current, and unlike resistance it demonstrates not only the ability of the system to 

resist electrical current (resistive component) but also its ability to store electrical energy 

(reactive component). Impedance can be divided into two measures: the real 

impedance which represents the resistance of the system, and the imaginary 

impedance which represents the storage capacity of the system. The practical 

application of electrical impedance has spread widely since its introduction in the 1880s, 

as it plays a unique role in predicting corrosion. Some applications of the EIS technique 

have been used since the 1950s, others such as studying surface corrosion kinetics 

have only been exploited more recently [33]. 

Analysis of the impedance data is usually carried out over a wide range of 

frequencies. The material polarization density could be electronic and atomic, i.e., 

frequencies of the applied field in the THz range, dipolar in the kHz-MHz range, or ionic 

in the Hz-KHz frequency range. The physical meaning of frequency comes from the 

different processes that are occurring on the surface of the material. 

Most electrochemical cells are not linear, meaning doubling the voltage will not 

necessarily double the current. However, they can be treated as pseudo linear systems. 

To do this, a small voltage is applied which allows the study of a small portion of the 

voltage-current curve, thus treating it as a linear system. 

The impedance is measured using AC inputs such as excitation AC voltage      with 

small amplitude   and radial frequency  . The voltage rotates at a constant radial 

frequency   (radians/sec) or   (hertz) where      . 

The imaginary part is the projection on the y-axis (Figure 2.7)  

 

               (2.21) 

 

The current response to the voltage excitation is a similar sinusoidal wave of the 

same frequency, different amplitude and shifted in phase (  . The direction of the shift 

depends on the system characteristic. The current (Figure 2.8) is expressed as  
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                 (2.22) 

The complex impedance of the system 

      
        

          
  

       

         
 (2.23) 

 

Using Euler’s relationship  

 

                    (2.24) 

 

 

(a) 

 

(b) 

Figure 2.7 Voltage Signal as Vector Representation (left) and Sinusoidal Representation 
(right). 
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(c) 

 

(d) 

Figure 2.7: continued. 
 

 

The excitation voltage     , the current response      and the impedance     relations 

previously mentioned can be written as 

 

             (2.25) 

   

                (2.26) 

   

                           (2.27) 
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Figure 2.8 Out-of-phase current and voltage vectors (top), and impedance vector 
(bottom). 

 

 

From Figure 2.8 and Equations ((2.25), (2.26), (2.27)) the voltage, current and 

impedance are represented as complex numbers composed of a real part (in-phase) 

and an imaginary (out-of-phase) part. The impedance terms are given by 

 

               (2.28) 

                 (2.29) 

 

The phase angle   is given by 

 

         
    

  
 (2.30) 
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Direct current (DC) could be viewed as alternating current that has zero 

frequency. It is worth mentioning that a DC voltage can also be employed in addition to 

the AC voltage to study the electrochemical process. Such voltage is called offset 

voltage or offset electrochemical potential. If the electrochemical analysis is performed 

using high AC voltage and frequencies above 1KHz, the process is called dielectric 

spectroscopy or modulus spectroscopy.  

The dielectric analysis of a material is a process that measures the material’s 

permittivity and conductivity. Both properties are combined in one concept known as 

complex permittivity (Eq. (2.31)) 

 

           (2.31) 

 

On the other hand, when DC modulation is employed by using a low AC voltage 

and a wide range of frequency ranging from MHz to μHz, then the process is considered 

impedance spectroscopy.  

To represent the impedance data properly, it is common to use well-known 

graphs over a wide range of frequency. The most known graphs are the Nyquist 

complex plane plot and the Bode plots. Bode plot gives insights into the frequency 

information as well as the impedance at high frequencies, while the Nyquist plot fails to 

provide such information. The Nyquist plot graphs the real part of impedance on the 

abscissa versus the imaginary part of impedance on the y-axis. From the Nyquist plot 

one can predict the conduction mechanisms or the kinetic behavior of the system. The 

Bode plot consists of two plots, one of which is a log-log plot of frequency on the x-axis 

and the modulus of impedance on the y-axis. The other Bode plot is a semi-log plot of 

the logarithm of frequency on the x-axis as a function of the phase angle on the y-axis. 

In this work the former plot will be referred to as a modulus Bode plot and the latter as a 

phase Bode plot. To understand the EIS data, a thorough explanation for these graphs 

is necessary.  
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2.3.3.2 Basic RC Circuit Combination 

 

Basic circuit elements and their corresponding impedance are shown in Table 

2-3.   is the resistance in Ohms, C is the capacitance in Farads and L is the inductance 

in Henry. 

Table 2-3 Basic elements and their impedance. 

Ideal Circuit Element AC Impedance 

 
Resistor 

 

    

 
Capacitor 

 

      
 

   
 

  

Inductor          

 

Another important parameter that is always dealt with in electrochemical 

impedance spectroscopy is the time constant  , and it is expressed by 

 

      (2.32) 

 

Every circuit has a characteristic time constant    associated with it. EIS is the 

analysis of the voltage response over a wide range of frequency; Table 2-3 shows that 

some elements are frequency dependent and some are not. The inverse of the time 

constant is the characteristic circular frequency   . The physical meaning of the 

characteristic circular frequency and the critical relaxation frequency    
  

  
 will be 

explained later when the different examples of circuit models are discussed in detail. Let 

us start with a simple system that has only one element. When a sinusoidal voltage is 

applied across a pure resistor of   resistance, the impedance is purely resistive at all 

frequencies. The impedance is independent of frequency and is given by    , and the 

passage of the current is limited by Ohm’s law through the resistor   
 

 
 . 
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On a Nyquist plot, this is a point on the real impedance axis at the value of  . On 

the modulus Bode plot, the resistance is a horizontal line that is parallel to the logarithm 

of frequency axis and intersects the modulus axis at  , while on the phase Bode plot it 

will be a horizontal line that intersects the phase axis at     at all frequencies. 

Illustrations of different elements and their corresponding electrochemistry plots are 

shown in Table 2-4. 

When the same voltage is applied across a pure capacitor    the impedance has 

only an imaginary part, viewed as a vertical line at the origin on the Nyquist plot of the 

circuit, impedance goes to infinity as the frequency decreases. The Bode modulus plot 

is a straight line with a slope of -1 and the Bode phase angle plot is a horizontal line that 

extrapolates to -90°. From the relation between the impedance, the frequency and the 

capacitance in Table 2-3, the frequency decrease is accompanied by an increase in the 

impedance as the phase angle approaches -90° (Table 2-4(b)). 

Table 2-4 Electrical elementens, their corresponding symbols and EIS representation. 

Element Symbol Nyquist Plot Bode Plot 

(a) 
Resistor 

( ) 

 

 
 

(b) 

Capacitor 

( ) 
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Table 2-4: continued 

 

(c) 

     
 

 

 

 

(d) 

     
 

  

 

 

In case (c) in Table 2-4, the voltage passes across a resistor   and a capacitor 

  connected in series. The total impedance is given by 

 

        
  

  
 (2.33) 

This case is an example of a conductive solution that has a resistance         and the 

capacitance is          . At low frequencies the capacitor limits the current passage 

and at high frequencies the current flow is limited by the resistance. An intermediate 

frequency when the real and imaginary components are equal is called characteristic 

circular frequency    
 

  
 

 

 
 .This frequency corresponds to a transition between 

resistive and capacitive impedance and is associated with a phase angle of -45°. 

If the same voltage is applied across the resistance and the capacitor while connected 

in parallel (Table 2-4(d)), the total impedance is  
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(2.34) 

      
 

        
  

    

        
 (2.35) 

      
 
  

           
  

  

           
 (2.36) 

 

Equation (2.36) is of the form 

 

         (2.37) 

 

where 

 

            
 
  

           
 (2.38) 

           
  

           
 (2.39) 

 

Rearranging Equations (2.38) and (2.39) the following Equation is obtained 

 

     
               (2.40) 

 

Equation (2.40) is an equation of a circle of radius     and center at        . Table 

2-4(d) shows the semicircle Nyquist plot of a circuit that consists of a resistor and a 

capacitor in parallel. The modulus Bode plot corresponding to the parallel combination 

is a horizontal line at low frequencies that represents the resistance and a line with a 

slope approaching -1 that represents the capacitor. It is worth noting that any added 

resistance will be another horizontal line and any added capacitor will be shown as an 
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inclined line. Every resistance in the system, independent of frequency, will be 

presented as a horizontal line with a value found by reading the intercept with the 

absolute impedance axis. At low frequencies, and from Eq. (2.38), as    , the 

impedance        and the phase angle    . At high frequencies    , the 

impedance        and the phase angle         

At        the imaginary and the real impedances are equal (Figure 2.9) 

 

            
 

 
 (2.41) 

 

Substituting Eq. (2.38) into Eq. (2.41) gives 

 

 
 

        
 
 
 

 
 (2.42) 

 

thus,  

 

         
    (2.43) 

   

    
 

  
 
 

 
 (2.44) 

 

Eq. (2.44) is the characteristic circular frequency associated with the circuit, 

correspondingly there is a characteristic frequency also known as “critical relaxation” 

which again corresponds to a transition between completely resistive impedance at low 

frequencies and completely capacitive impedance at high frequencies. The 

characteristic frequency is given by 

 

    
  

  
 

 

   
 (2.45) 
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The ideal system of a pure capacitor at high frequencies and a pure resistance at lower 

frequencies could be determined from the paralled combination system. At higher 

frequencies, and since the impedance is inversley proportional to the frequency, the 

capacitive component is the dominant factor in impeding the current, thus it is a pure 

capacitor. At lower frequencies the opposite is true, the capacitive impedance is high 

and the current passes through the resistance and it is a pure resistor. The current 

bypasses the high impedance path and thus the high impedance component becomes 

undetectable by the impedance analysis.  

The     circuit demonstrates double-layer charging at high frequencies and 

current passing through the capacitor followed by the charge-transfer process at low 

frequencies when the charge-transfer resistance controls the passage of the current 

(Figure 2.9).  

 

 

Figure 2.9 Nyquist plot representation of an     circuit. 
 

The addition of components to the RC combinations listed in Table 2-4 above results in 

changes in the responses of the impedance and phase angle. One of the most common 

circuits that represent this model is Randles circuit, where a small electrolyte resistance 

   is connected in series with the parallel combination of the double-layer capacitor and 

the charge-transfer resistance. Figure 2.10(a) shows Randles circuit model, the Nyquist 

plot in Figure 2.10(b) shows a semicircle shape the same way as is shown in the R|C 
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model. The only difference is seen at high frequencies as the real impedance is at a 

defined value which is the    and         . At low frequencies              and 

      . The modulus Bode plot Figure 2.10(c) shows two horizontal lines at high and 

low frequencies that represent the solution resistance and the sum of the solution and 

the charge-transfer resistances, respectively.  

 

 

    

                 (a)                                                             (b) 

 

                              (c) 

 

(d) 

Figure 2.10 (a) Randles circuit model (b) Nyquist plot (c) modulus Bode plot (d) phase 
Bode plot. 

 

The addition of the small resistance to the circuit significantly changes the phase 

angle response shown in Figure 2.10(d). At low and high frequencies the phase angle at 

0  shows a resistive behavior, at intermediate frequencies the impedance becomes 

partially capacitive at      . The total impedance is given by 
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 (2.46) 

 

Sometimes the system cannot be represented by ideal components only. There 

are some other factors that affect the ideality of the system such as  

 Electrode surface roughness 

 Grain boundaries  

 Porosity 

 Slow adsorption process at the electrode  

All these factors and more alter the homogeneity of the electrode, and correspondingly 

the shape of the Nyquist plot, and any other electrochemical results deviate from the 

ideal behavior. In such cases it is not accurate to use the ideal circuit elements to model 

the system, distributed circuit elements are used instead (Table 2-5). 

Table 2-5 Distributed circuit elements and their corresponding impedance. 

Distributed Circuit Element AC Impedance 

 
Infinite Diffusion 

 

      
  

   
 

 
 
 
 
 
 

Finite Diffusion 

 

       

        
    

 

   

   
    

 

   

 

 

       

        
    

 

   

   
    

 

   

 

 

Constant Phase Element (CPE)         
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   is diffusion resistance,   is an indication of the degree of the deviation from the ideal 

behavior and capacitive dispersion.   is the CPE coefficient and the reciprocal of the 

diffusion resistance,    is the thickness of the diffusion layer and   is the diffusion 

coefficient. The reciprocal of the constant phase element impedance is called the 

admittance,    (siemens). The capacitance associated with the constant phase element 

can be calculated by the following equation if the resistance, the admittance and the 

constant   are known 

 

       
    

 
   (2.47) 

 

A more general equation that describes the impedance is given by 

 

      
 

      
 

 

   
      

  

 
       

  

 
   (2.48) 

 

The impedance is of a pure capacitor when     and    , which corresponds to a 

line of -45° slope on a         as a function of              as shown in Figure 2.11. 

Notice the transition in Figure 2.11(b) is an indication of two different processes or two 

different time constants.  

When   
 

 
 and     the equation is reduced to the impedance of a pure resistor. 

Warburg impedance for homogenous semi-infinite diffusion is the special case when 

  
 

  
 and      . An observation can be made about how varying the value of   

makes it possible to use the CPE element to model any impedance data.  

2.3.4 Stress Corrosion Cracking (SCC) 

 

Testing for stress corrosion cracking (SCC) is done using various techniques, 

namely 

 Static loading on smooth samples 

 Static loading on pre-cracked samples 
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 Slow strain rate test (SSRT) 

The last type of test is the one carried out in this work. Before SSRT can be discussed 

in detail, first an introduction to stress corrosion cracking (SCC) will be given and the 

first two tests mentioned above will be reviewed briefly. 

 

 

Figure 2.11 (A) Logarithm of       and      as a function of log frequency for        

circuit. (B) Logarithm of       and      as a function of log frequency for          

circuit. 

2.3.4.1 An Overview 

 

Unlike general corrosion, i.e., the result of electrochemical or chemical processes 

on the metal surface, stress-corrosion cracking (SCC) is a synergistic interaction of 

mechanical stresses and chemical corrosion reactions [78]. And unlike general 

corrosion, SCC is a localized corrosion that is not accompanied by very much weight 

loss and nor any apparent gross degradation in the material [79],  with rates in the 10-
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2m/s to <10-11 m/s  range (<0.3 mm/yr) [44]. These rates are not significant enough to 

threaten the integrity of structures that were designed to last for 50 years or more. SCC 

is categorized under Environmental Assisted Cracking (EAC) along with corrosion 

fatigue (CF) and hydrogen induced cracking (HIC). Thus it is an environmentally 

induced failure that is influenced by three variables: stress, environment, and metallurgy 

(Figure 2.12). It occurs in materials that are subjected to corrosive environments and 

stresses beyond a certain threshold. The formation of a protective corrosion film on the 

surface reduces the susceptibility of the metal to uniform general corrosion, but the 

existence of stresses makes it susceptible to SCC, underlining the dangers of this type 

of corrosion. The required mechanical stresses are small, tensile in nature, usually 

below the macroscopic yield strength, and either externally applied or internally reside in 

the material. Nevertheless, failure by SCC is almost always due to residual stresses 

rather than applied design stresses previously calculated by the engineering designers 

[79].  

Stress corrosion cracking (SCC) was discovered in the last half of the 19th 

century. At that time metals were admired for their ductility and strength, whereas little 

was known about their shortcomings. This philosophy changed when one catastrophe 

after another brought their attention to these shortcomings. From the explosion of big 

boilers that resulted in many lives lost to the loss of integrity of ammunitions, these 

catastrophes indicated there was more to be known about these metals. The first 

encounter of stress corrosion cracking (SCC) is what was traditionally known as season 

cracking of brass. Season cracking was first noticed in military brass cartridge cases 

that were kept in stables for the monsoon season, explaining the season portion of the 

name. The presence of ammonia in the atmosphere, as its concentration increased 

during the summer due to the hot weather, combined with tensile residual stresses from 

cold working the cases during manufacturing, caused the cartridges to crack. This 

phenomenon was not fully understood till Moor, Beckinsale and Mallisinson explained it 

in 1921 [80]. It was also found that 60-40 brass would crack if the top surface layer is 

subjected to tensile stresses of 25 ksi or more [81]. 60-40 brass has a minimum yield 

strength of 21 ksi and its yield value can go up to 50 ksi [82].  
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Figure 2.12 Factors Affecting Stress Corrosion Cracking. 

 

The second historical incident of stress corrosion cracking (SCC) is what was 

formerly known as caustic embrittlement of carbon steel. This type was identified in the 

late 19th century when steam boilers of riveted carbon steel exploded as a result of the 

presence of caustic soda in the water and the residual stresses left in the material after 

riveting. The white deposits that were found at the failure sites caused researchers to 

believe that the sodium hydroxide in the water played a role on the failure and was thus 

named caustic embrittlement.  

While the metal surface is not entirely affected in SCC, fine cracks develop on 

the surface of the metal. What makes SCC a hazardous phenomenon is that these 

cracks develop at stresses within the range of acceptable design stresses. Accordingly 

it is accurate to say that SCC occurs in metals with superior mechanical properties [81]. 

It is a misconception to state that SCC occurs due to a mechanical fracture because the 

fracture occurs at stresses below the critical stresses values that can cause mechanical 

fracture, and may occur with no applied external load. On the other hand, cracking can 

be predicted by the localized corrosion prior to SCC. The crack usually initiates on clean 

and smooth surfaces but at points of defects in the material, e.g., areas of mesa attack 

and mechanical defects, which instantly trigger SCC. It was also observed that high 

strength and cold worked materials accelerate the initiation and the propagation of 

cracks [79].   
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There are many metallurgical variables that control SCC such as solid solution 

composition, grain boundary segregation, phase transformation, duplex structure and 

cold work [83]. An aqueous environment regardless of whether it is a condensed 

moisture or bulk solution is usually the main cause of SCC. The effect of the 

environment is a result of the interaction of specific species with the metal [78], [84], 

[85], a result which has been intensively tabulated in the literature (Table 2-6) [78], [86], 

[87]. Despite the vast database of research, SCC is an ongoing problem in industry [79]. 

Usually the reason behind this is an aging susceptible material that has not been 

replaced with one that has the latest technology. Although in general, it could be 

concluded that SCC is alloy/environment specific, however phase transformation 

occurring by heat treatment and cold-working can change the susceptibility of an alloy 

to SCC in a particular environment [78], [88]. Another reason why SCC is an existing 

issue is due to the lack of correct representation of service conditions or an unexpected 

change in the environment. Stresses have to be tensile in nature for stress corrosion 

cracking (SCC) to occur [78], [79], [86], [87], [89], [90].  

 

Table 2-6 Alloy/Environment Systems for SCC. 

Material Environments 

Al alloys Chlorides, moist air 

Mg alloys Chloride-chromate mixtures, moist air 

 Nitric acid, fluorides. 

 Sodium hydroxide 

Cu alloys Ammonia, moist air, moist sulfur dioxide 

C steels Nitrates, hydroxides, carbonates 

 Anhydrous ammonia 

Austenitic steels Chlorides, sulfur acid 

High strength steels Moist air, water, chlorides, sulfates, sulfides 
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2.3.4.2 Crack development and morphology 

 

There are three stages for SCC, crack initiation, crack propagation/growth and 

failure. Cracks could develop on a smooth surface after being attacked locally or on 

surfaces that have pre-existing cracks. Corrosion pits, which result from metallurgical 

inhomogeneities (inclusions and grain boundaries) where the corrosion film is not as 

protective as neighboring areas, are sites for crack initiation. Pre-existing cracks are 

usually defects that are present in the material, e.g. welding defects, machining 

discontinuities, or porosity [44]. When these pre-existing cracks are present, the 

initiation process is not necessary. In both cases, crack growth will depend on the 

development of the right corrosive environment within the cracks.   

The crack tip is an anode or a cathode and the crack may propagate according to 

several mechanisms proposed by researchers. A mechanism/model is associated either 

with anodic or cathodic reactions. When the model is anodic reaction-based, the crack 

tip is an anode and the propagation of the crack occurs due to the dissolution of the 

material at the crack tip. On the other hand, when hydrogen evolution, absorption or 

diffusion is controlling the crack propagation, the model is cathodic-based.  

There are a few mechanisms that have been used in the literature to describe 

stress corrosion cracking [44]. Film rupture, also known as film-induced cleavage, is a 

model that assumes the rupture of the protective film locally at the crack tip which 

induces an active-passive cell. Under the effect of stresses the passive film is 

continually being ruptured with a continuous active-passive cell formation which results 

in the anodic dissolution of the material at the tip of the crack. The adsorption induced 

cleavage model suggests that the adsorption of specific chemical species at the crack 

tip weakens the metal bond at the tip. The deterioration of the metal integrity at the tip 

lowers the fracture stress, and a brittle fracture occurs at the tip. When atoms diffuse 

from an elastically stressed crack tip to vacant sites behind the crack tip the mechanism 

is called surface-mobility. The availability of the vacancies behind the crack tip is a 

result of the selective dissolution of the crack surface. The rate of movement of the 

vacancies controls the crack propagation. Embrittlement models are also proposed as a 
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type of stress corrosion cracking mechanism, wherein hydrogen atoms diffuse to the 

crack tip and embrittle the material.  

2.3.4.3 Static loading on smooth samples 

 

As the name suggests, static loading on smooth samples is conducted at 

different fixed stress values, and the time-to-failure is recorded. This test can detect the 

maximum acceptable stress before SCC will occur and can also be used to set 

inspection intervals to detect any cracks before they happen. 

2.3.4.4 Static loading on pre-cracked samples 

 

Static loading on pre-cracked samples uses fixed stress values and pre-cracked 

samples. The velocity of crack propagation or the crack propagation rate 
  

  
 is 

measured. The stresses at the tip of a pre existing crack are quantified by the stress 

intensity factor   . When the stress    reaches the fracture toughness of the material     

fracture happens. Figure 2.13 [91] shows a plot of the stress intensity factor as a 

function of the crack propagation rate. 

 

 

Figure 2.13 Crack tip stress distribution as a function of crack propagation rate. 
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2.3.4.5 Slow strain rate test (SSRT) 

 

The slow strain rate test (SSRT) is also known as constant extension rate tensile 

testing (CERT) and NACE method A (Tension Test). It is one of the methods used to 

measure the susceptibility of a material to stress corrosion cracking (SCC). The 

samples can be either smooth or pre-cracked. A very small cross head speed (rate of 

             s-1) [78] is used to pull a tensile sample. The test is carried out twice, in a 

corrosive environment and in an inert environment. For each case the plastic strain-to-

failure ratio, reduction-in-area ratio and ultimate tensile strength ratio are calculated and 

plotted against the strain rate.  

This test gives a quick comparison and is used to assess the impact of 

metallurgical variables, such as heat treatment and cold-working, on the stress 

corrosion cracking resistance of the material under investigation. The test simulates the 

slow deformation process that occurs at the crack tip, i.e., the anodic side [89]. 

 Since the mechanical properties vary when the metallurgical variables change, it 

is recommended [92] that the environment dependent value of the property be plotted 

against the environment independent value of the same property (Figure 2.14) [93]. The 

effect of the environment as well as the effect of the metallurgical variable can be 

visualized from such data representation. 

As has been mentioned earlier, for the corrosion process to occur there has to be 

anodic and cathodic reactions taking place on the interface. The effect of cold-work on 

the resistance of the material to stress corrosion cracking (SCC) has been studied 

intensively for different types of stainless steel [93]–[96]. It was found that 30 pct. cold-

work increases the resistance of Type 302-stainless steel to SCC when compared to 

the effect of 10 pct. cold-work on the same type of stainless steel, the cold-work was 

introduced by pulling the material [94]. The greater resistance of the 30 pct. cold-worked 

specimen was ascribed to the martensite transformation, while the lower resistivity in 

the 10 pct. deformed specimen is due to the great amount of localized residual stresses 

in the metastable austenite matrix and the lack of martensite transformation. Greeley et 

al., used the constant-load method to evaluate the SCC resistivity.   
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Figure 2.14 Strain-to-failure in corrosive environment as a function of strain-to-failure in 
inert environment for various alloys. 

2.4 Effect of Cold-Work 

 

Cold-work is the process of deforming a material permanently at ambient 

conditions. In 1964 Foroulis and Uhlig [97] conducted a study on the effect of cold-work 

on the corrosion behavior of pure iron and steel in an acid environment. They concluded 

that the corrosion rate of cold-worked pure iron and annealed pure iron are the same, 

thus cold work has no effect on the corrosion of pure iron. In contrast they found that 

iron alloy (0.007-0.15 pct. carbon and 0.01-0.02 pct. nitrogen) corrodes faster when it is 

cold-worked. The study shows that the imperfection sites resulting from cold-work would 

have lower hydrogen overvoltage in the case of iron alloy. Nitrogen and carbon atoms 

diffuse to these imperfection sites lowering their hydrogen overvoltage. This process 

enhances the cathodic reaction and thus increases the tendency for the rest of the 

matrix to corrode. 

 Shams El Din et al., [98] carried out research on the effect of deep drawing on 

anodic polarization of low carbon steel nails. Their research found that the corrosion 

rate increases with cold-work in the swaging direction, while the corrosion rate was 

lowered by annealing and normalizing the elongated grains. They also concluded that 
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the aggressiveness of the media plays a role on the type of the attack, i.e., general or 

localized. 

2.4.1 Residual Stresses 

 

The most common definition of residual stresses describes them as internal 

stresses that remain in the metallic or ceramic material after removing all the external 

loads. However, since the term load is always associated with mechanical work, this 

definition is not the most comprehensive due to the fact that the cause of the residual 

stresses could be mechanical, thermal or chemical. Thus a more inclusive definition 

would be that they are the stresses that are due to a permanent strain in the crystal 

lattice, introduced to the material through mechanical, thermal or chemical effects. 

Table 2-7 [99] lists some of the processes that induce residual stresses in a 

polycrystalline material. 

 

Table 2-7 Processes responsible for residual stresses and type of stresses. 
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Such stresses can be either beneficial or harmful depending on their nature and 

the application for which the material is used. Compressive residual stresses introduced 

on the surface of a material through shot peening, autofrettage, sandblasting, low 

plasticity burnishing etc., are used to modify the mechanical properties. Thus, it is 

crucial to evaluate the type of residual stresses that are present as well as their 

magnitude. In short, residual stresses affect the mechanical behavior thus changing the 

original nature of the material. When studying the corrosion of a material it is good 

practice to understand the history of the material, as an annealed material will behave 

differently from a cold-worked material. The cold-work process itself and the amount of 

deformation will also change the susceptibility of a material to corrosion. Several 

methods are used to measure the residual stresses; such methods can be destructive 

or non-destructive. 

2.4.1.1 X-Ray Diffraction (XRD) Method 

 

All X-ray diffraction measurements use Bragg’s law as the fundamental concept, 

thus a good understanding of this law is necessary. A crystal is defined as an 

arrangement of atoms stacked in a pattern periodic in three dimensions. When the 

crystal is exposed to a radiation, the planes cause either constructive and/or destructive 

interference patterns as the beam is diffracted. The type of interference depends on the 

wave length of the radiation λ, and the inter-planar spacing d.  

In 1912 W. L. Bragg introduced the condition for having a constructive diffraction. 

In Figure 2.15, S, D and P refer to X-ray source, detector, and planes, respectively. For 

atoms in the same plane, P1, when S1 and S1’ strike atoms A and B, respectively, the 

diffracted beams D1 and D1’ will interfere constructively if the path length difference 

between the wave fronts XX and YY is zero. As demonstrated in Figure 2.15, the path 

length difference is given by                        .Thus, beams D1 and 

D1’ are in phase and will interfere constructively. 
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Figure 2.15 Schematic of the X-ray diffraction process. 

 

The other case is when atoms are lying in two different planes. Both rays D1’ and 

D2’ which are scattered by atoms B and D, respectively, must be in phase in order to 

have constructive interference. The path difference in this case is given by       

               . The distance BD is the inter-planar spacing, d. Hence, the path 

difference is                        . 

When the path difference is an integer of the wave length, λ, the two rays are in 

phase and constructive interference occurs. This constructive interference is expressed 

as  

 

            (2.49) 

 

Equation (2.49) is the well known Bragg’s Law for diffraction and it is the basis for 

all X-ray diffraction measurements. 

In a polycrystalline material the X-ray diffraction method is effective since it is 

based on the compression or the tension that the crystal experiences due to residual 

stresses. The inter-planar spacing changes as the material is stressed. If the stresses 

are compressive then the planes of atoms parallel to the surface are spread apart which 

results in diffraction peaks at lower angles of incidence. If the stresses are tensile then 

the peaks will occur at higher angles of incidence than in the unstressed specimen. The 
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method itself does not measure stresses but it measures the strain in the crystal lattice 

using the lattice parameters and the inter-planar spacing. Using Hooke’s law and the 

elastic constant, the associated residual stresses are determined. The depth of 

penetration of the X-rays depends on the material, the angle of incidence and the X-ray 

beam source or the anode.  

Classical sin2 ψ method is one of the basic methods for measuring residual 

stresses near the surface. The angle ψ is the angle between the normal of the surface 

and the incident and diffracted beams bisector (the scattering vector). The disadvantage 

of this method is the variable penetration depth which is a result of the variation of ψ 

during the experiment.   

A modification of the sin2 ψ method is the grazing incidence diffraction (GID) 

method, also known in the literature as the sin2   [100], and the glancing incidence X-

ray diffraction analysis (GIXRD). In this method the angle of incidence, θ is kept fixed, 

and 2θB is moved over the required range which is determined according to the material 

under investigation. The diffraction angle,  , is given by Equation (2.50). The diffraction is 

obtained from set of planes, P, which satisfies Bragg’s law. 

 

        (2.50) 

 

 

Figure 2.16 Schematic represents the grazing incidence diffraction method. 
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2.4.1.2 Neutron Diffraction Method 

 

Neutron diffraction method concept is similar to X-ray diffraction method; the lattice 

strain in a polycrystalline material is measured by monitoring variations in the lattice spacing. 

Unlike X-ray diffraction method which measures the surface residual stresses, neutrons can see 

through a volume of the specimen. The penetration depth of the neutrons is larger than that of 

X-ray (37 mm in steel) [99]. 

A stress free standard is used and the distance between the unstressed 

crystallographic planes    is required to carry on the measurement. 

The elastic strain induced by the residual stress is given by 

 

   
    
  

 (2.51) 
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CHAPTER 3: EXPERIMENTAL PROCEDURES 

The chemical composition was evaluated using an ARL 3460 vacuum Optical 

Emission Spectrometer (OES) technique.Table 3-1 gives the chemical composition of 

the materials studied. P110 (A) designation is used for API 5CT P110 steel that was 

cold-rolled while P110 (B) is used for API 5CT P110 steel that was used for tubular 

expansion. The carbon equivalent (Cequiv) was calculated according to Equation (3.1) 

and data tabulated in Table 3-2. 

 

 
         

  

 
 
         

 
 
       

  
 

(3.1) 

Table 3-1 Chemical composition of API 5CT grade steels. 

Steel Grade Elements (wt. pct.)   

 C Si Mn P S Cr Mo Ni Cu Al Ti V Co 

K55 0.30 0.27 1.23 0.016 0.005 0.02 <0.01 0.02 0.01 0.01 <0.01 <0.01 <0.01 

N80 0.18 0.23 1.33 0.012 0.011 0.2 0.17 <0.01 0.01 0.03 <0.01 <0.01 <0.01 

L80 0.18 0.25 1.35 0.011 0.006 0.07 0.02 0.11 0.14 0.03 <0.01 <0.01 <0.01 

P110 (A) 0.18 0.23 1.34 0.011 0.011 0.200 0.17 0.03 0.02 0.03 <0.01 <0.01 <0.01 

P110 (B) 0.21 0.26 1.29 0.016 0.008 0.09 0.18 0.09 0.22 0.03 0.03 <0.01 <0.01 

 

Table 3-2 Carbon equivalent of API 5CT used steel grades. 

Steel Grade Cequiv 

K55 0.50 

N80 0.48 

L80 0.44 

P110 (A) 0.48 

P110 (B) 0.50 
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3.1 Deformation 

 

Through this study the cold-work was introduced to the materials by cold-rolling 

and tubular expansion at ambient temperature and 1 atmospheric pressure. The tests 

are designed to give the necessary levels of deformation and were carried out using the 

facilities in the department.  

The cold-rolling process was done using a two-high FENN rolling mill equipped 

with 10 HP AC motor. Full-wall plates were cut longitudinally from the pipes (Figure 3.1). 

The plates were cleaned from rust and all sharp edges were rounded before being 

introduced under the rollers. After each passes the thickness and width were measured 

with a vernier caliper and the final cross-sectional area     was calculated. The process 

was terminated when the necessary cold-work level was obtained according to Equation 

(3.2),    is the initial cross-sectional area of the plate. API 5CT K55, N80 and P110 

grade steels were cold-rolled in the direction of the long axis to 10, 20 and 30 percent 

reduction. 

 

 

Figure 3.1 Dimensions of plates used for cold-rolling. 

 

                     
     
  

      (3.2) 
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For tubular expansion, MTS test frame that has a capacity of 444.8 kN (100,000 

lbf) was used. The pipes to be expanded were SMLS and had dimensions of 2.375”OD 

X 1.995”ID X 1 Ft. Five, ten and twenty percent of expansion were performed on API 

5CT L80 and P110 grade steels. Although the concept is rather simple, the process was 

very complex as it is mechanically unstable [5]. Several sets of mandrels and mandrel 

rods (mandrel assembly) and several lubricants failed till a final mandrel assembly that 

maintained the pipe integrity was devised. Anti galling lubricant was used to 

accommodate for the high interfacial stresses that develop as the mandrel expands the 

tube. 

Design criteria and selection of materials include a mandrel with sufficient vertical 

dimension to allow for stability of the tube after expansion, as well as strength, impact 

toughness and ductility of the mandrel assembly. Tool steel was used to machine the 

mandrel assembly and additional heat treatment was necessary. All pipes were cleaned 

mechanically from the inside to remove any rust that may have lead to excessive 

stresses. One end of the pipes was slightly chamfered to allow a smooth and uniform 

entrance for the mandrel. The other fixed end was squared to prevent any 

misalignment. 

 Figure 3.2 shows the expansion process, the pipe was expanded in a top-down 

manner with the base of the machine moving up to allow the mandrel assembly to move 

down the pipe. If seam welded pipes were used, the top-down method allows all 

deformation to occur in the hoop direction in contrast to the hydraulic method that 

creates no hoop stresses [21].  

In this research, hydraulic pressure forced the mandrel through the pipe, this 

process should produce small hoop stresses when compared to the longitudinal ones 

and the pipe ahead of the cone is always in compression. Figure 3.3 shows the 

development of expansion load as the pipe and base are moving upward allowing the 

mandrel to move down the pipe. The MTS test frame has a maximum movement of 4” 

of its base. The different rates of expansion were obtained by varying the mandrel 

angle. 
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(a) 
 

(b) 

Figure 3.2 (a) The expansion setup before running the test (b) the base/the pipe moves 
up allowing the mandrel configuration to run through the pipe.    

 (a) (b) 

Figure 3.3 Expansion forces obtained from vertical tubular expansion data (a) API 5CT 
L80 grade steels (b) API 5CT P110 grade steels. 

API 5CT L80 steels required approximately 119.3 kN (26829.6 lbf), 167 kN (37535.2 

lbf), and 225.8 kN (50762 lbf) to create 5, 10, and 20 pct. expansion of 6 ft tube, 
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respectively. While API 5CT P110 steels required approximately 194.8 kN (43791.1 lbf), 

253.66 kN (57024.5 lbf), and 325.2 kN (73111.5 lbf) to create 5, 10, and 20 pct. 

expansion of 183 cm (6 ft) tube, respectively. 

3.2 Mechanical Properties 

 

Pre- and post-deformation mechanical properties were studied. A universal 

hardness machine was used to measure the bulk hardness of the pipes prior to 

machining. The tensile properties were obtained from stress-strain data measured by 

uniaxial tensile tests in a laboratory air environment using a MTS servo-hydraulic testing 

machine with 20 kip load capacity equipped with Alliance TestWorks® 4-EM software. 

Following ASTM Designation E8 [101], the specimens were strained to fracture at a 

crosshead speed of 0.01 in/min (at a rate approximately equal to 10-2/min). Full-wall 

subsize tensile specimens were removed from the pipe sections and were cut in the 

longitudinal orientation. No transverse information is reported in the current work.  

All micro-hardness data were obtained from specimens that were cut, mounted 

and etched. For micro-hardness, the parameters were 500 gmf load and a standard 10 

second dwell time. Three readings were taking from each specimen and the average 

number was considered. Other mechanical properties such as impact toughness, burst 

strength and collapse resistance are not covered in the current study. It was found 

previously that expansion decreases the collapse rating of tubes to a borderline with 

API requirements. Impact toughness is also lowered by the expansion process [3]. Burst 

pressure had stayed within or higher than the required values. 

3.3 Metallography  

 

After sectioning, the cut pieces were embedded within a polymer compound for 

convenience in holding. After mounting, the specimens were ground manually from 

1200 grit to 600 grit and hand polished from six micron to one micron polish. After each 

grinding and polishing step the specimen was cleaned with ethyl alcohol to stop any 

material dissolution taking place because of the abrasive substances and water.  



58 

Several etchants were used in this work. Two percent nital (2 mL HNO3 in 98 mL 

ethyl alcohol) is mainly used for microstructure evaluation. The etchant that was used to 

reveal the prior austenite grain boundaries for better grain size measurements consists 

of 4g of solid picric acid, 4g dodecylbenzene sodium sulfanate, in 100 ml water. The 

latter was used mainly for the N80 and P110 steel grades. 

3.4 Grain Size Determination 

 

The mean linear intercept method is used to characterize the grain size 

according to ASTM E112 [102]. The photomicrograph used for this process is taken at 

100X. The mean linear intercept,    is given by [103] 

         
 

     
 (3.3) 

where L is the total length, N is the number of intercepts and M is the magnification. The 

ASTM grain size number,    is obtained per Table 4 of ASTM E112 [102]. 

Large values of G indicate a fine grain size or more number of grains per square 

area. With an increase of the grain diameter, d, by a factor of   , G is decreased by 1 

(Table 3-3) [103], [104]. 

3.5 Residual Stresses Measurements 

 

The neutron diffraction method was used for the bulk deformed material 

measurements. All neutron measurements were done at Los Alamos National 

Laboratory. 

The X-ray diffraction (XRD) technique was used to measure the longitudinal 

residual stresses on the surface of the machined specimens. Following ASTM E2860-

12 [105], chromium Kα target was used with the {211} plane. Omega mode was used 

and the X-Ray elastic constant of 24,500 ksi was considered for the calculations. 
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Table 3-3 Grain size and the corresponding average grain diameter. 

 

3.6 Testing Medium 

 

The testing solution will be from analytical grade reagents and de-ionized (DI) 

water simulating the formation water drawn out from oilfields. The ion concentrations 

from Table 3-4 are used to calculate the concentration of each salt added to the DI 

water, the values of which are given in Table 3-5.  

Produced water is a term used in the oil industry to describe water that is 

produced along with the oil and gas. Oil reservoirs frequently contain large volumes of 

water, while gas reservoirs tend to have smaller quantities. To achieve maximum oil 

recovery additional water is often injected into the reservoirs to help force the oil to the 

surface. Both the formation water and the injected water are eventually produced along 

with the oil and therefore as the field becomes depleted the produced water content of 

the oil increases. 

Table 3-4 Ions concentration in the synthetic formation water solution. 

Ions Na+ Mg+ Ca+ Cl- SO4
2- HCO3

- Total ion concentration 

Concentration 

(mg/L) 
35,820 749 6,235 69,222 288 353 112,667 
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Table 3-5 Composition of the electrolyte (synthetic formation water). 

Salt Concentration (g/L) 

CaCl2 
0.048 

MgCl2 
0.279 

NaHCO3 1.325 

Na2SO4 
4.811 

NaCl 12.94 

3.7 Corrosion Measurements: Stress Corrosion Cracking (SCC) 

 

A constant extension rate test (CERT) machine (Figure 3.4) is used for all slow 

strain rate tests. The machine is activated by a ¼ HP 1725 rpm 0-90 VDC permanent 

magnet motor. The load cell capacity is 1000 pounds and a linear variable displacement 

transducer (LVDT) was used to determine the extension of the specimens under the 

tensile loading. The frame is equipped with a 1000 mL, high pressure, and high 

temperature Inconel 600 autoclave. 

Due to the lack of stiffness of the constant extension rate test (CERT) frame, the 

measured elastic modulus is lower than the actual value for steel. As load is applied to 

the specimen, an elastic displacement is produced in both the machine and the sample. 

This elastic displacement is measured at the crosshead and that is why additional strain 

is added [106]. Using the load frame as a deflection-measuring device results in some 

errors, the deviation of the reading from the accurate one is an implication of the 

stiffness of the frame. According to Hooke’s law the elastic modulus is the strain over 

strain in the elastic region, i.e.   
  

  
. Thus the additional strain lowers the measured 

value of the elastic modulus from the actual one.  

For the stress corrosion cracking (SCC) specimens, the stress-strain data was 

corrected for machine compliance    using Equation (3.4) [107] 
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 (3.4) 

 

The compliance is given in terms of young’s modulus (Equation (3.5)) 

 

 
 

  
 

 

         
 

 

       
 (3.5) 

 

The actual elastic modulus was taken as 200 GPa (29x106 psi) for steel.  

 

 

Figure 3.4 Schematic represents the slow strain rate test setup. 

The specimens for SSRTs were cut from the longitudinal direction; dimensions in 

cm and geometry of the machines specimens are shown in Figure 3.5 [42]. Specimens 

were ground electrochemically to 0.25 μm (10 μin) surface roughness. Immediately prior 

to test, specimens were ultrasonically cleaned with acetone and dried with air. 
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Figure 3.5 Slow strain rate test specimen dimensions in cm. 

The test was carried out for all types of steel and their prescribed conditions as 

described in the deformation section of this Chapter. The environment was 800 mL 

laboratory prepared synthetic formation water (Table 3-5) under 200 psi CO2 pressure at 

laboratory temperature. The solution was bubbled with CO2 gas for one hour, then the CO2 

partial pressure was increased and the test was initiated. The strain rate was kept constant 

at 10
-6

 s
-1

. The pH of the solution was 8.0 and was monitored twice during the time of the 

experiment. The procedure followed standards [85], [108].  The test was performed twice for 

each steel condition, one time in the corrosive medium and one time in air. 

The ductility parameter which is given by plastic strain to failure       

(Equations (3.6) and (3.7)) and time-to-failure ratio (TTF) given by Equation (3.8) and 

percent loss in ultimate tensile strength (UTS) ((Equation (3.9))) were used to evaluate 

the SSRT results and SCC susceptibility of the specimens. 

        
  
 
  

  
  
  

  
 
       (3.6) 

   

   is elongation at failure,     is elongation at yield,    is stress at failure,     is stress at 

yield and   is the initial length of the specimen. The ductility ratio is  

         
                

            
  (3.7) 
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  (3.8) 

 

           
                               

             
  (3.9) 

 

The stress corrosion index takes into consideration the ultimate tensile strength 

and elongation values; it is calculated from the ductility ratio as follows:  

         
          

          
 (3.10) 

 

where the tensile strength is     and elongation gained is     obtained from test in the 

corrosive environment and     and     are the corresponding values in air. 

3.8 Corrosion Measurements: Electrochemical Techniques 

 

The electorchemical measurements are conducted using a Gamry® Reference 

600™ Potentiostat/Galvanostat/ZRA. Figure 3.6 [109] shows the electrochemical cell 

setup used in this research. A saturated calomel electrode (SCE) and a graphite rod 

were used as reference and counter electrodes, respectively. The reference electrode 

was separated from the test solution by a Luggin probe salt bridge. A rectangular 

corrosion coupons (1 cm x 1cm x 0.4 cm) were machined, a small hole (0.2 cm) was 

drilled at one end from which the specimen was attached to the mounting rod. The hole 

was drilled and tapped with #3-48 bit to a depth of 0.25 cm. The specimens were 

ground to 600 grit surface finish. Prior to testing, the specimens were ultrasonically 

cleaned in acetone and dried with a blow dryer.    

One liter of the synthetic formation water was poured in the flask and the solution 

was deoxygenated by purging CO2 for an hour prior to running the test. The CO2 gas 

inlet pressure was 40 psi and was purged with a 100 mL/min flow rate. CO2 purging was 

continued throughout test. pH was monitored after saturation and at the end of the test. 
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Figure 3.6 Schematic diagram of the electrochemical cell and the electrode holder setup 
(top), close-up look of the laboratory setup showing the purging tube, the counter, 

working and reference electrodes (bottom). 
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3.8.1 Electrochemical Impedance Spectroscopy (EIS) 

 

The open-circuit potential of the specimen was first measured for an hour until it 

was stabilized. It was followed by EIS tests; a sinusoidal ac voltage of 10 mV amplitude 

was imposed on the specimens over a frequency range from 105 to 10-2 Hz with eight 

steps per frequency decades. The potentiostat/frequency response analyzer system 

measures the magnitude of the current induced by the potential as well as the phase 

angle between the potential and the current maxima. 

3.8.2 Linear Polarization Resistance (LPR) 

 

The specimens were polarized within ±10 mV from open-circuit potential with a 

scan rate of 0.125 mV/s. For potentiodynamic measurements [110], the specimens 

were cathodically swept at a scan rate of 0.5 mV/s from the open-circuit potential to a 

potential 500 mV more negative, then it was anodically swept to a potential 1 V more 

positive. All electorchemical tests were done in stagnant condition and at laboratory 

temperature.  

3.9 Corrosion Morphology 

 

The corrosion morphology and structure were studied using JEOL JSM-7000F 

Field Emission Scanning Electron Microscope (FE-SEM) with EDAX Genesis EDS, 

EBSD capabilities. Secondary electron imaging (SEI) mode was used unless otherwise 

specified.  

3.10 Corrosion Phase Analysis 

 

The composition and phase analysis of the corrosion layer was investigated 

using X-ray diffraction (XRD); a powder diffractometer equipped with a copper X-ray 

source. The scanning range (2θ) was 20° to 100°.  
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CHAPTER 4: RESULTS  

4.1 Microstructure Evaluation 

 

Several etchants were used to reveal the microstructure of the martensitic steels, 

whereas 2 pct. nital was used for the Ferritic-pearlitic steels. A comparison of the 

etchants is beyond the scope of this research. 

Figure 4.1 shows the pro-eutectoid microstructure of the K55 steels obtained by 

viewing with a light optical microscope. The microstructure consists of pro-eutectoid 

ferrite along prior austenite grain boundaries; 2 pct. nital was used to reveal the 

austenite grain boundaries. The as-received material shows Widmanstätten ferrite 

growing from the austenite grain surfaces (primary  ) but mostly developing from 

allotriomorphic ferrite in the microstructure. The latter is known as secondary  .  Figure 

4.2 shows the effect of deformation induced by cold-rolling on grains shape wherein 

grain elongation is observed in the cold-rolled steels. Deformation with a larger draft 

causes elongation of the grains in the rolling direction. 

 Fine martensite laths comprise the microstructure of the N80, L80 and P110 

grade steels (Figure 4.1). API 5CT L80 and P110 grade steels are produced by the 

quench and temper process. While P110 is used in sweet well environments, L80 is 

mainly used in sour wells.   

Figure 4.3 and Figure 4.4 show the effect of deformation on grain size of API 

P110 grade steels when cold-work is induced by cold-rolling and tubular expansion, 

respectively. The Figures show grains of parent phase as well as needle like 

microstructure which is attributed to the martensite phase (lath martensite). Comparison 

between Figure 4.3 and Figure 4.4 shows that there is an increase in grain sizes after 

the cold-rolling and a reduction after tubular expansion.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

Figure 4.1 Light optical micrographs revealing the microstructure of API 5CT grade 
steels; (a) K55 , (b) N80, (c) P110 (A), (d) L80, (e) and P110 (B); etchant: 2 pct. nital. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.2 Light optical micrographs revealing the microstructure of API 5CT K55 grade 
steels; (a) as-recieved, (b) 10 pct. cold-rolled, (c) 20 pct. cold-rolled, and (d) 30 pct. 

cold-rolled; etchant: 2 pct. nital. 

 

 

 

 

 

RD 
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(a) 

 

(b) 

 

(c) 

Figure 4.3 Light optical micrographs revealing the microstructure of API 5CT P110 
steels; (a) as-received, (b) 20 pct. cold-rolled, and (c) 30 pct. cold-rolled; etchant: 4 g 

picric solid, 4 g dodecylbenzene sodium sulfanate, 100 mL water. 

 

 

 

 

RD 
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(a) 

 

(b) 

 

(c) 

Figure 4.4 Light optical micrographs revealing the microstructure of API 5CT P110 
steels; (a) as-received, (b) 10 pct. expansion, and (c) 20 pct. expansion; etchant: 4 g 

picric solid, 4 g dodecylbenzene sodium sulfanate, 100 mL water. 
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4.2 Grain Size Measurements 

 

The ASTM grain size number,    is obtained per Table 4 of ASTM E112. Large 

values of   indicate a fine grain size or greater number of grains per square area (Table 

4-1).  

Table 4-1 Grain Size Measurments for as- received API 5CT grade steels. 

Material         Grain Size Number     

K55 65.5 4.6 

N80 20.8 7.9 

P110 (A) 12.2 9.4 

L80 9.0 10.6 

P110 (B) 8.0 11.0 

4.3 Mechanical Properties 

 

The results show that pre-deformation affects the mechanical properties of the 

material. For example, the ultimate tensile strength (UTS) increases with percent 

deformation, results expected from cold-worked metals. The yield strength, on the other 

hand, exhibits some variability which is believed to be a result of the residual stresses in 

the material [3]. Cold-rolling resulted in an increase in the yield stresses of the 

specimen, though this increase doesn’t meet API requirements as shown by the data in 

Table 1-3. The highest strength grades, i.e., API 5CT N80 and P110, show 

discrepancies in the yield and UTS data while the lowest strength grade, API 5CT K55, 

and API 5CT L80 show a normal behavior. A drop in both yield and ultimate tensile 

strength that systematically increases with expansion was observed for P110 grade 

steels, a behavior that has been observed by Mack et al., [21]. The drop in yield stress 

is more pronounced. The discrepancies in data can be ascribed to the complexity of 

cold-work and the accompanied residual stresses. All other studied grades show an 
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increase in both yield and ultimate tensile strength with deformation, results which agree 

with previous studies [21]. All values are tabulated in Table 4-2 and depicted in Figure 

4.5 and Figure 4.6.  

Table 4-2 Tensile test results of as-received, cold-rolled and expanded OCTG. 

Material Condition Yield Strength (ksi) Ultimate Tensile Strength (ksi) 

K55 

As-received 69 99 

10pct. cold-roll 96 120 

20pct. cold-roll 117 130 

30pct. cold-roll 123 139 

N80 

As-received 108 127 

10pct. cold-roll 125.3 127.6 

20pct. cold-roll 150.2 152 

30pct. cold-roll 143.4 145 

P110 

As-received 138 152 

10pct. cold-roll 156 165 

20pct. cold-roll 138 158 

30pct. cold-roll 150 162 

L80 

As-received 90 110 

5pct. expansion 108.5 116.5 

10pct. expansion 112 119 

20pct. expansion  118 123 

P110 

As-received 138.5 157 

5pct. expansion 140 148.5 

10pct. expansion 134 138 

20pct. expansion 129 134 
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Figure 4.5 Tensile test results of as-received, and cold-rolled OCTG. 

 

Figure 4.6 Tensile test results of as-received, and expanded OCTG. 
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Table 4-3 Bulk hardness for as-received API 5CT grade steels. 

Material Bulk Hardness (HRC) 

K55 12 

N80 15 

L80 10 

P110 29 

 

Table 4-4 API 5CT grade steels microhardness in HV(HRC) as a result of cold-rolling. 

Condition 
K55 N80 P110 

HV HRC HV HRC HV HRC 

As-received 234.8 - 250.8 22.4 298.8 29.6 

10 pct. 262.7 24.42 267.8 25.3 309.9 30.96 

20 pct. 276.8 26.6 308.9 30.8 326.0 32.8 

30 pct. 282.1 27.32 288.4 28.3 339.55 34.4 

 

Table 4-5 API 5CT grade steels microhardness in HV(HRC) as a result of tubular 
expansion. 

Condition 
L80 P110 

HV HRC HV HRC 

As-received 223.26 - 305.3 30.4 

5 pct. 228.2 - 317.9 31.96 

10 pct. 236.1 - 319.1 32.1 

20 pct. 246.2 21.5 328.2 33.2 

 

The hardness of as-received bulk material is given in Table 4-3 while the micro 

hardness of the cold-rolled and expanded specimens is shown in Table 4-4 and Table 
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4-5, respectively. For cold-rolled N80 steels, the micro hardness shows a systematic 

increase until it begins to decrease at 20 pct. cold-rolling. All other grade steels show 

increased micro hardness with increase in deformation. For expanded P110 steels, the 

increase with deformation is slight. 

4.4 Residual Stresses Measurement 

 

Residual stress measurements were conducted only on cold-worked API 5CT 

K55 and P110 grade steels, due to the limited time that the researcher had at the Los 

Alamos National Laboratory facility. The presence of residual stresses in cold-rolled 

plates causes their irregular shape [99], [111]. Out of the three stresses, longitudinal 

stresses have a dominant influence on shape. Residual stresses are symmetrically 

unbalanced and unstable in their cross-section and thus they cause shape change 

[111]. Figure 4.7 to Figure 4.11 show the distribution of the residual stresses across the 

thickness of the cold-rolled bulk material. Neutron diffraction data shows high 

compressive stresses as a result of cold-rolling K55 grade steel, which might be 

ascribed to the fact that K55 steel is a ductile material.  

 

 

Figure 4.7 Residual stresses in 10 pct. cold-rolled K55 grade steel using neutron 

diffraction. 
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Figure 4.8 Residual stresses in 30 pct. cold-rolled K55 grade steel using neutron 
diffraction. 

 

Figure 4.9 Residual stresses in 10 pct. cold-rolled P110 grade steel using neutron 
diffraction. 
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Figure 4.10 Residual stresses in 20 pct. cold-rolled P110 grade steel using neutron 
diffraction. 

 

Figure 4.11 Residual stresses in 30 pct. cold-rolled P110 grade steel using neutron 
diffraction. 

Figure 4.12 to Figure 4.14 show the distribution of the residual stresses across 

the thickness of the expanded bulk material. Zero depth designates the outer surface of 
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the tube; measurements continue inside the tube till the last point is reached which 

designates the inner surface of the tube. 

Table 4-6 and Table 4-7 provide the surface residual stresses obtained by using 

the XRD method. Longitudinal and transverse data measurements were performed on 

the surface of the SSRT specimens. The cold-rolled specimens were cut from 0.75 mm 

depth into the bulk material; the specimen itself is 0.767 mm thick. The expanded 

specimens were cut from the inner surface of the tube to a depth of 0.767 mm, these 

specimens were used for the corrosive medium test. 

 

Table 4-6 Surface residual stresses in (MPa) measured using XRD method of API 5CT 
cold-rolled SSRT specimens.   

K55 P110 

 Longitudinal Transverse  Longitudinal Transverse 

10 pct. -75.84 -10.5 10 pct. -190 -60.75 

20 pct. -82 -26.2 20 pct. -153.8 -42.14 

30 pct. -90.5 -42 30 pct. -200.1 -53 

 

Table 4-7 Surface residual stresses in (MPa) measured using XRD method of API 5CT 
P110 expanded SSRT specimens.   

 Longitudinal Transverse 

5 pct. -193.5 -100 

10 pct. -109.8 -50.3 

20 pct. -130.1 -56 

 

The surface residual stress measurements for K55 steels show lower stresses in 

the transverse and longitudinal directions for the 10 pct. cold-rolled specimen when 

compared to 20 and 30 pct. cold-rolled specimens. 
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Figure 4.12 Residual stresses in 5 pct. expansion P110 grade steel using neutron 
diffraction. 

 

Figure 4.13 Residual stresses in 10 pct. expansion P110 grade steel using neutron 
diffraction. 
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Figure 4.14 Residual stresses in 20 pct. expansion P110 grade steel using neutron 
diffraction. 

For P110 cold-rolled specimens, the 10 pct. and 30 pct. deformation created high 

compressive stresses. While the 10 pct. showed slightly lower compressive stresses on 

the surface of the specimen in the longitudinal direction, it exhibits high compressive 

stresses in the transverse direction. An examination of the residual stresses in the case 

of the 20 pct. cold-rolled specimen shows that it has the least compressive residual 

stresses in the longitudinal direction, i.e., -153 MPa, while having high transverse 

compressive stresses. 

From the residual stresses data for API 5CT P110 expanded tubular, it is shown 

that 5 pct. expansion exhibits high compressive residual stresses in the longitudinal and 

transverse directions. These stresses decrease as the expansion process reaches 10 

pct., and then they increase for the 20 pct. expansion with a slight increase in the 

transverse direction. 

4.5 Corrosion Measurements: Stress Corrosion Cracking 

                 

Figure 4.15 to Figure 4.19 present the stress-strain curves obtained from the 

slow strain test.  
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It is obvious that K55 grade steels were affected by the corrosive environment. 

When compared to the as-received specimen the cold-worked specimens show a 

general systematic decrease in the ductility ratio (Figure 4.20), this decrease increases 

with percent deformation.  API 5CT K55 grade steels show the least resistance to SCC 

out of all studied materials and the highest percent of tensile strength loss as shown in 

Table 4-8.  

For API 5CT P110 cold-rolled specimens, the 10 pct. and 30 pct. deformation 

showed the best performance in the corrosive environment. The 10 pct. has 8.5 pct. 

loss in tensile strength while the 30 pct. has 5.1 pct. loss in tensile strength. On the 

other hand the 10 pct. cold-rolled showed better ductility than the 30 pct. cold-rolled 

specimen, the percent ductility ratio is 83.38 pct. and 77.56 pct. for 10 pct. and 30 pct. 

cold-rolled, respectively. The findings of the experiments indicate that the behavior of 

these two specimens in the corrosive environment may be related to the residual 

stresses on the surfaces, as both levels of deformation created high compressive 

residual stresses (Table 4-6). Examining the stress corrosion data, it is noticeable that 

both steels ended up with a similar stress corrosion index (Figure 4.22); 10 pct. cold-

rolled has more susceptibility to SCC with a stress corrosion index amount of 0.16 

compared to 0.19 in the case of the 30 pct. cold-rolled specimen. The API 5CT P110 30 

pct. cold-rolled steel shows a yield point that is very close to its ultimate strength value, 

indicating brittleness and loss of plasticity. 

The P110 20 pct. cold-roll showed the least resistance to SCC with a stress 

corrosion index amount of 0.26. The as-received specimen exhibits the lowest 

resistance to SCC which is shown as a stress corrosion index of 0.31. It also 

encounters the highest ductility loss due to the corrosive environment. Thus, it can be 

concluded that it is the effect of the residual stresses both in the longitudinal and 

transverse direction that alters the stress corrosion behavior of the material. 

Figure 4.21 shows the effect of cold-rolling on the time to failure ratios. K55 

grade steels show a slight decrease in the time to failure ratio with cold-rolling, while 

P110 steels show a significant jump in the time to failure ratio with cold-rolling. 
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Figure 4.15 Stress-Strain curves of API 5CT K55 grade steels at 10-6 s-1 rate in 
synthetic formation water, 200 psi CO2 partial pressure at ambient temperature and in 

air. 
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Figure 4.16 Stress-Strain curves of API 5CT P110 grade steels at 10-6 s-1 rate in 
synthetic formation water, 200 psi CO2 partial pressure at ambient temperature and in 

air. 
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Figure 4.17 Stress-Strain curves of API 5CT N80 grade steels at 10-6 s-1 rate in 
synthetic formation water, 200 psi CO2 partial pressure at ambient temperature and in 

air. 
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There is not enough data to determine the residual stresses distribution for API 

5CT N80 grade steels. Stress-strain curves are given in Figure 4.17. From the stress 

corrosion assessment data given in Figure 4.20, Figure 4.21 and Table 4-8, it can be 

concluded that API 5CT N80 has high resistivity to SCC. FE-SEM micrographs are 

given in Appendix A. 

The stress-strain curves for the expanded tubular are given in Figure 4.18 and 

Figure 4.19. Both API 5CT L80 and P110 as-received specimens show a high 

percentage of tensile strength loss when compared to their respective expanded 

specimens.  

API 5CT P110 expanded tubular shows a systematic decrease in the 

susceptibility to SCC with increasing expansion level (Figure 4.23). The corrosive 

environment has a negligible effect on the mechanical properties of the 20 pct. 

expanded tubular as shown in Figure 4.18. The expansion process enhances the tensile 

properties of the material while the percent tensile strength loss significantly decreases 

with deformation (Table 4-8).  

Ductility ratio shows a higher percentage at 20 pct. expansion and the lowest is 

at 10 pct. expansion as shown in Figure 4.24. Another way to evaluate stress corrosion 

is by considering the time to failure ratio in Figure 4.25, 20 pct. cold-rolled specimen has 

a ratio of 0.87 which confirms the theory proposed above that the corrosive environment 

has a minimal effect on API 5CT P110 at 20 pct. expansion. All API 5CT P110 

expanded specimens show high time to failure ratio, the as-received shows the least at 

0.75. 

No data is present for the residual stresses of API 5CT L80 steels. From the 

stress-strain curves (Figure 4.19) and the stress corrosion assessment data (Table 4-8), 

a trend similar to the one observed in P110 expanded tubular can be seen. The 20 pct. 

expansion exhibits the highest resistance to SCC, indicated by the lowest stress 

corrosion index, the high time to failure ratio and the high percent of ductility ratio. The 

FE-SEM micrographs are included in Appendix A. 
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Figure 4.18 Stress-Strain curves of API 5CT P110 grade steels at 10-6 s-1 rate in 
synthetic formation water, 200 psi CO2 partial pressure at ambient temperature and in 

air. 
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Figure 4.19 Stress-Strain curves of API 5CT L80 grade steels at 10-6 s-1 rate in synthetic 
formation water, 200 psi CO2 partial pressure at ambient temperature and in air. 
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Table 4-8 Stress corrosion index and tensile strength loss of specimens tested in 
synthetic formation water, 200 psi CO2 partial pressure at ambient temperature and in 

air. 

Material Condition Tensile Strength Loss (pct.) Stress Corrosion Index 

K55 

As-Received 19.7 0.38 

10pct. cold-rolled 11.4 0.44 

20pct. cold-rolled 16.9 0.54 

30pct. cold-rolled 19.6 0.44 

N80 

As-Received 8.2 0.11 

10pct. cold-rolled 8.6 0.24 

20pct. cold-rolled 2.6 0.09 

30pct. cold-rolled 9.0 0.21 

P110(A) 

As-Received 14.5 0.31 

10pct. cold-rolled 8.5 0.19 

20pct. cold-rolled 10.6 0.26 

30pct. cold-rolled 5.1 0.16 

L80 

As-Received 11.3 0.26 

5pct. expanded 7.6 0.30 

10pct. expanded 10.8 0.23 

20pct. expanded 8.8 0.14 

P110(B) 

As-Received 14.9 0.34 

5pct. expanded 7.9 0.30 

10pct. expanded 7.5 0.29 

20pct. expanded 2.5 0.1 
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Figure 4.20 Effect of cold-rolling on the plastic strain to failure ratio for API 5CT K55, 
N80 and P110 steel grades. 

 

Figure 4.21 Effect of cold-rolling on the time to failure ratio for API 5CT K55, N80 and 
P110 steel grades. 
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Figure 4.22 Effect of cold-rolling on stress corrosion index for API 5CT K55, N80 and 
P110 steel grades. 

 

Figure 4.23 Effect of expansion on stress corrosion index for API 5CT L80 and P110 
steel grades. 
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Figure 4.24 Effect of expansion on the plastic strain to failure ratio for API 5CT L80 and 
P110 steel grades. 

 

Figure 4.25 Effect of expansion on the time to failure ratio for API 5CT L80 and P110 
steel grades. 
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4.5.1 Fractography 

The specimens from the slow strain test in air and corrosive environments were 

examined using FE-SEM. 

4.5.1.1 Ferrite- Pearlite Steel 

 

All API 5CT K55 grade steels have shown intergranular brittle fracture which 

proves that cold-work up to 30 pct. Moreover, when comparing the fracture in the inert 

environment to the fracture in the corrosive environment, it becomes obvious that all 

K55 grade steels have exhibited loss of ductility due to the corrosive environment. The 

worst case is the 20 pct. cold-rolled with 37.63 percent ductility loss, while the as-

received specimens showed the least percent loss in ductility at 73.75 percent. The 

fracture regions of these two extreme cases are displayed below. Figure 4.26 is the 

fracture region of the as-received specimen in the inert environment. There are no signs 

of primary or secondary cracks in the gauge length region. 

 

 

 

Figure 4.26 FE-SEM micrograph of fracture region of SST API 5CT K55 as-received 
specimen at 10-6 s-1 rate in air and at ambient temperature. 
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Figure 4.27 FE-SEM micrographs of fracture region of SST API 5CT K55 as-received 
specimen at 10-6 s-1 rate in synthetic formation water, 200 psi CO2 pp at ambient 
temperature. Before cleaning (Top), after removing corrosion product (Bottom).   
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Figure 4.28 FE-SEM micrograph of fracture region of SST API 5CT K55 20 pct. cold-
rolled specimen at 10-6 s-1 rate in air and at ambient temperature. 

On the other hand Figure 4.27 shows the appearance of several primary cracks 

and a few secondary ones. The Figure also shows a small amount of corrosion product 

in the fracture region. 

Figure 4.28 and Figure 4.29 show the longitudinal gauge length of K55 20 pct. 

cold-rolled specimen in the inert environment and in the corrosive environment, 

respectively. The specimen tested in air shows no signs of cracks in the fracture region, 

moreover neck formation is observed in the gauge region. The specimen tested in the 

corrosive environment shows major primary cracks and secondary cracks. The cracks 

take a path that appears to be around the grain boundaries, which may be evidence of 

intergranular stress corrosion cracking. Again there is little corrosion scale on the 

surface, which is demonstrated by the difference between the two photos in Figure 4.29.  

API 5CT K55 steel is a ferrite pearlite steel used for casing and tubing in the oil 

and gas industry in a sweet environment. Examining the crack surface (Figure 4.30), the 

fracture exhibits a brittle fracture at the edges then it transforms to a ductile type with 

micro voids towards the center.  
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Figure 4.29 FE-SEM micrographs of fracture region of SST API 5CT K55 20 pct. cold-
rolled specimen at 10-6 s-1 rate in synthetic formation water, 200 psi CO2 pp at ambient 

temperature. Before cleaning (Top), after removing corrosion product (Bottom).   
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Figure 4.30 SEM micrographs of the fracture surface of SST API 5CT K55 10 pct. cold-
rolled specimen at 10-6 s-1 rate in synthetic formation water, 200 psi CO2 pp at ambient 

temperature.  

4.5.1.2 Tempered Martensite Steel 

 

From the stress corrosion index (Figure 4.22) it was noted that the API 5CT P110 

material performed well in the corrosive environment when compared to the API 5CT 

K55 material. For the cold-rolled case, the as-received specimen had the highest stress 

corrosion index, i.e., 0.31, while the 10 pct. and 30 pct. cold-rolled specimens had the 

lowest, i.e., 0.19 and 0.16, respectively. The 20 pct. cold-rolled specimen showed the 

highest percent loss of ductility out of all four cases, necking is also observed (Figure 

4.31) which could be attributed to the lower longitudinal compressive residual stress 

when compared to the 10 pct. and 30 pct. degrees of cold-rolling. 
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Figure 4.31 FE-SEM micrograph showing necking in the fracture region of SST API 5CT 
P110 20 pct. cold-rolled specimen at 10-6 s-1 rate in synthetic formation water, 200 psi 

CO2 pp at ambient temperature. A) 10 pct., B) 20 pct. and C) 30 pct. 
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Figure 4.31:continued.   

 

Figure 4.32 FE-SEM micrograph showing primary cracks in the fracture region of SST 
API 5CT P110 as-received specimen at 10-6 s-1 rate in synthetic formation water, 200 

psi CO2 pp at ambient temperature. 
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Figure 4.33 FE-SEM micrograph showing crack initiating at a pit site from Figure 4.32. 

A small amount of primary cracks had been observed in the as-received 

specimen (Figure 4.32) with an apparent crack initiating at a pit site (Figure 4.33). 

Figure 4.34 shows primary cracks on the surface of 20 pct. cold-rolled specimen. The 

10 pct. and 30 pct. cold-rolled specimens fracture region had observed no primary or 

secondary cracks as shown in Figure 4.35 and Figure 4.36, respectively. It was also 

observed that API 5CT P110 steels had suffered pitting corrosion in contrast to API 5CT 

K55 steel that showed no evidence of pitting.  

Figure 4.37 is the fracture surface of the 10 pct. cold-rolled specimen showing 

transgranular cleavage-like fracture on the surface as apparent by the serrated steps. 

The cross-section also shows numerous pits. Minute cracks such as the one in Figure 

4.33 were observed in the cross section of both 10 pct. and 30 pct. cold-rolled 

specimens. Figure 4.38 shows cracks propagating (a) around the grain boundaries and 

cracks propagating (b) across the grains, the former is present in K55 grade steel and 

the latter is present in P110 grade steel.  
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Figure 4.34 FE-SEM micrograph showing primary cracks in the fracture region of SST 
API 5CT P110 20 pct. cold-rolled specimen at 10-6 s-1 rate in synthetic formation water, 

200 psi CO2 pp at ambient temperature. 

 

Figure 4.35 FE-SEM micrograph showing no evidence of cracks in the fracture region of 
SST API 5CT P110 10 pct. cold-rolled specimen at 10-6 s-1 rate in synthetic formation 

water, 200 psi CO2 pp at ambient temperature. 
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Figure 4.36 FE-SEM micrograph showing no evidence of cracks in the fracture region of 
SST API 5CT P110 30 pct. cold-rolled specimen at 10-6 s-1 rate in synthetic formation 

water, 200 psi CO2 pp at ambient temperature. 

 

Figure 4.37 SEM micrograph of the fracture surface of SST API 5CT P110 10 pct. cold-
rolled specimen in Figure 4.35. 
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(a) 

 

(b) 

Figure 4.38 FE-SEM micrographs of SST specimens at 10-6 s-1 rate in synthetic 
formation water, 200 psi CO2 pp at ambient temperature (a) intergranular crack in 20 

pct. cold-rolled K55 grade steel and (b) transgranular crack in 20 pct. cold-rolled P110 
grade steel.   
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API 5CT P110 expanded tubular shows a systematic decrease in its 

susceptibility to SCC with increasing expansion level. Figure 4.39 shows primary and 

secondary cracks in P110 as received, 5, and 10 pct. expanded tubular. No cracks were 

observed in the gauge region of the 20 pct. expanded specimen (Figure 4.40). 

 

 

 

Figure 4.39 FE-SEM micrograph showing cracks in the fracture region of SST API 5CT 
P110 expanded specimen at 10-6 s-1 rate in synthetic formation water, 200 psi CO2 pp at 

ambient temperature. A) as-received, B) 5 pct. and C) 10 pct. 
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Figure 4.39: continued. 

 

Figure 4.40 FE-SEM micrograph showing no evidence of cracks in the fracture region of 
SST API 5CT P110 20 pct. expanded specimen at 10-6 s-1 rate in synthetic formation 

water, 200 psi CO2 pp at ambient temperature.  

 

 



105 

4.6 Corrosion Measurements: Linear Polarization 

 

The linear polarization method, as mentioned in Chapter two, is a simple and quick 

way to determine the corrosion rate. For experiments using this method, as well as for 

all electrochemical measurements throughout this research, the environment is 

synthetic formation water saturated with CO2 in a stagnant condition. All potential 

measurements are taken versus saturated calomel electrode potential.  

Figure 4.41 to Figure 4.43 show the time dependence of the equilibrium potential 

and corrosion rate on time as well as the amount of deformation in the material. For the 

API 5CT K55 ferritic-pearlitic steels the potential (Figure 4.41(a)) moved to a more 

positive potential after 144 h. Upon immersion the electrode potential was -0.742V and 

after 144 h the potential was -0.717V for the as-received material. The cold-rolled steels 

recorded approximately the same potential upon immersion (i.e., -0.752V); after 144h 

the potential was -0.718, -0.718 and -0.719V for 10, 20 and 30 pct. cold-rolled K55 

steels, respectively. The corrosion rate increased rapidly with time for all K55 steels. 

The as-received showed the lowest corrosion rate and a 48 pct. increase after 144h. 

The effect of the first degree of deformation is more definite than of subsequent 

deformation, a phenomenon observed by Shams El Din et al., [98]. The corrosion rate 

significantly increased for 10 pct. cold-rolled from that of the as-received specimen, and 

it increased only slightly thereafter, i.e., for 20 and 30 pct. cold-rolled specimens. Figure 

4.41(b) depicts these values graphically.  

A previous study on similar systems in this laboratory [42] has shown that 

increasing temperature causes the corrosion rate to decline over time as the corrosion 

potential moves to more noble values. In this study it was reported that at 60°C the 

corrosion rate and the electrode potential increase simultaneously for approximately 60 

hours then the corrosion rate decreases while the electrode potential keeps moving 

towards more positive potentials. The threshold time decreased with increasing 

temperature, while no information was reported for ambient temperature. 

As discussed in Chapter two, the transparent film that forms at room temperature 

is not stable thermodynamically. Increasing the concentration of ferrous ions in the 
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medium transforms the film into a more protective film as it slows down the corrosion 

process. 

 

 

Figure 4.41 Variation of corrosion potential (a) and corrosion rate (b) for various cold-
rolled API 5CT K55 casing and tubing steel over time in synthetic formation water 
saturated in 40 psi CO2 partial pressure at ambient temperature and in stagnant 

conditions.  

This observation is apparent in the API 5CT K55 as-received specimen and in 

API 5CT P110 steels in Figure 4.42(b), the figure shows the rate at which the corrosion 

rate increases is decreasing by time.  

(a) 

(b) 
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Figure 4.42 Variation of corrosion potential (a) and corrosion rate (b) for various cold-
rolled API 5CT P110 casing and tubing steel over time in synthetic formation water 

saturated in 40 psi CO2 partial pressure at ambient temperature and in stagnant 
conditions.  

(b) 

(a) 
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Figure 4.43 Variation of corrosion potential (a) and corrosion rate (b) for various 
expanded API 5CT P110 casing and tubing steel over time in synthetic formation water 

saturated in 40 psi CO2 partial pressure at ambient temperature and in stagnant 
conditions. 

The expansion process shows a decrease in the corrosion rate with deformation, 

Figure 4.43(b), this difference in corrosion rate is small or negligible for the first few 

hours of immersion and increases with time.   

 

 

(b) 

(a) 
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4.7 Corrosion Measurements: Electrochemical Impedance Spectroscopy 

 

In the electrochemical impedance method (EIS), the ac method is used instead 

of the dc method because the latter requires a large perturbation/polarization signal. 

The disadvantages of a large perturbation signal are a change in the electrode property 

and lack of accuracy when a low conductivity medium is under investigation [35].  

The EIS tests provide qualitative information about system behavior. To obtain 

quantitative information, an equivalent circuit can be chosen to fit the data. The EIS 

plots also gave the system behavior (impedance or phase angle) with respect to 

frequency. Low frequency region provides information about the charge transfer and the 

diffusion phenomena while the high frequency region gives information about the 

electrolyte and its conductivity/resistivity.  

All the data for the EIS was fitted into an equivalent circuit model to be able to 

find a physical interpretation of the process. Two models are proposed here, the first 

(model I) is a Randles circuit (Figure 4.44) and the second model (model II) is an edited 

Randles circuit that has been developed for a better representation of the expanded 

tubular data (Figure 4.45). Rs, Rct and Ydl are the solution resistance, charge transfer 

resistance and constant phase element describing the double layer capacitance, 

respectively. Rc and Yc are the porous scale resistance and constant phase element 

describing the porous scale capacitance, respectively. 

 

 

Figure 4.44 Basic model for Randle’s circuit (model I). 

 



110 

 

Figure 4.45 Modified Randle’s circuit (model II). 

4.7.1 Ferrite-Pearlite Steel 

 

Figure 4.46 to Figure 4.49 show the Nyquist and Bode plots for K55 grade steels 

fitted data after 24 hours and 144 hours of immersion, respectively. Full data is given in 

Appendix A. The experimental data are fitted by the equivalent circuit of model I with 

Echem Analyst software by Gamry Electorchemical Instruments, and in a comparison 

between the two, model II was found to give higher error values for the calculated 

polarization resistance. The EIS parameters are given in Table 4-9. Nyquist plots for 

K55 steels show that the lowest polarization resistance was obtained after 144h, for 

both 20 and 30 pct. cold-rolled specimens. The plots also show that cold-rolling has 

significantly changed the charge transfer resistance, the smaller semicircle, in an 

indication of the increase in corrosion rate and decrease in polarization resistance. 

Bode phase angle representation (Figure 4.47 and Figure 4.49) shows at high 

frequency (HF)-low frequency (LF) magnitudes characteristic of the charge-transfer 

process, and a result of the active anodic dissolution process. Magnitude of the phase 

angle remains within the negative quadrant at LF.  

The values of the charge transfer resistance Rct and the double layer capacitance 

Ydl show a reduction in the former and an increase in the latter with time and with 

deformation. There is a small variation in the double layer capacitance values for the 

cold-rolled specimens at each time period. The   parameter remains constant and 

closer to 1. 
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Figure 4.46 Nyquist plot of API 5CT K55 casing and tubing as-received and cold-rolled 
steels after 24 hours of immersion in synthetic formation water saturated in 40 psi CO2 

partial pressure at ambient temperature and in stagnant conditions. 

 

 

Figure 4.47 Bode plots of API 5CT K55 casing and tubing as-received and cold-rolled 

steel after 24 hours of immersion in synthetic formation water saturated in 40 psi CO2 

partial pressure at ambient temperature and in stagnant conditions. 
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Figure 4.48 Nyquist plot of API 5CT K55 casing and tubing as-received and cold-rolled 
steels after 144 hours of immersion in synthetic formation water saturated in 40 psi CO2 

partial pressure at ambient temperature and in stagnant conditions. 

 

 

Figure 4.49 Bode plots of API 5CT K55 casing and tubing as-received and cold-rolled 
steel after 144 hours of immersion in synthetic formation water saturated in 40 psi CO2 

partial pressure at ambient temperature and in stagnant conditions. 
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Table 4-9 Values of the equivalent circuit (model I) used to model data in Figure 4.46 - 
Figure 4.49 for as-received and cold rolled API 5CT K55 grade steels. 

Condition Time Rs (Ω.cm2) Rct (Ω.cm2) 
CPEdl 

Ydl x 10-3 (S.sα.cm-2) 
α 

As-received 

24 h 

6.6 294.7 0.73 0.85 

10 pct. 9.8 272.3 0.99 0.83 

20 pct. 7.7 260.9 0.95 0.83 

30 pct. 7.4 252.4 1.09 0.84 

As-received 

144 h 

6.3 202.3 2.18 0.89 

10 pct. 8.4 163.2 4.2 0.85 

20 pct. 8.3 149.1 4.06 0.86 

30 pct. 4.0 152.8 4.40 0.87 

 

4.7.2 Tempered Martensite Steel 

 

Figure 4.50 to Figure 4.53 show the Nyquist and Bode plots for the fitted data of 

as-received and cold-rolled P110 grade steels after 24h and 144h of immersion, 

respectively. Full data is given in Appendix A along with data for API 5CT N80 steels 

that will not be presented or discussed in this Chapter. 

API 5CT P110 cold-rolled and as-received specimens show the same behavior 

that was observed in K55 grade steels with an obvious decrease in the corrosion rates. 

After 144 hours of immersion there is a significant difference in the amplitude of the 

semicircles of the 20 pct. and 30 pct. cold-rolled specimens from that of the as-received 

and 10 pct. cold-rolled ones. Nyquist plots show that the lowest polarization resistance 

was obtained at the end of 144 hours for 30 pct. cold-rolled specimens. Bode modulus 

plots show resistive behaviors at high and low frequencies (HF, LF) and capacitive 

behavior at intermediate frequencies (MF). 

 



114 

 

Figure 4.50 Nyquist plot of API 5CT P110 casing and tubing as-received and cold-rolled 
steels after 24 hours of immersion in synthetic formation water saturated in 40 psi CO2 

partial pressure at ambient temperature and in stagnant conditions. 

 

Figure 4.51 Bode plots of API 5CT P110 casing and tubing as-received and cold-rolled 
steels after 24 hours of immersion in synthetic formation water saturated in 40 psi CO2 

partial pressure at ambient temperature and in stagnant conditions. 
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Figure 4.52 Nyquist plot of API 5CT P110 casing and tubing as-received and cold-rolled 
steels after 144 hours of immersion in synthetic formation water saturated in 40 psi CO2 

partial pressure at ambient temperature and in stagnant conditions. 

  

Figure 4.53 Bode plots of API 5CT P110 casing and tubing as-received and cold-rolled 
steels after 144 hours of immersion in synthetic formation water saturated in 40 psi CO2 

partial pressure at ambient temperature and in stagnant conditions. 
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Table 4-10 Values of the equivalent circuit (model I) used to model data in Figure 4.50 - 
Figure 4.53 for as-received and cold-rolled API 5CT P110 grade steels. 

Condition Time Rs (Ω.cm2) Rct (Ω.cm2) 
CPEdl 

Ydl x 10-3 (S.sα.cm-2) 
α 

As-received 

24 h 

1.87 263.3 0.65 0.83 

10 pct. 1.1 254.5 0.66 0.85 

20 pct. 2.1 251.7 0.57 0.83 

30 pct. 1.1 241.5 0.54 0.80 

As-received 

144 h 

1.8 227.2 0.95 0.83 

10 pct. 1.7 220.0 0.75 0.83 

20 pct. 2.8 165.2 0.92 0.82 

30 pct. 1.4 154.5 1.50 0.86 

 

API 5CT P110 as-received and cold-rolled data were fitted using the equivalent 

circuit of model I; though model II was also used for fitting the data, no significant 

difference was observed. The resistance and the admittance of the cementite layer or 

the porous film are significantly small 0.215 ohm cm2 and 0.018 x10-3 S.sαcm-2, 

respectively. The fitted data (Table 4-10) suggests the charge-transfer process, as the 

charge-transfer resistance declines with time and cold-work.  

Figure 4.54 to Figure 4.57 show the Nyquist and Bode plots for the fitted data of as-

received and expanded P110 grade steels after 24h and 144h of immersion, 

respectively. Full data of P110 steels is given in Appendix A along with EIS data for L80 

steels that will not be presented or discussed in this Chapter.  

For both 10 pct. and 20 pct. expansion, an increase in the polarization resistance at 

low frequencies (LF) is observed in Nyquist plots, indicating the formation of scale on 

the surface of the electrode. This behavior at low frequencies is also observed in the 

phase angle plots, both 20 and 30 pct. expansion show a peak shift which is more 

pronounced after 144 hours. Bode modulus plots for the expanded tubular show 

resistive behavior at HF, capacitive behavior at MF, and at LF the resistive region is not 

fully horizontal line.  
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Figure 4.54 Nyquist plot of API 5CT P110 casing and tubing as-received and expanded 
steels after 24 hours of immersion in synthetic formation water saturated in 40 psi CO2 

partial pressure at ambient temperature and in stagnant conditions. 

 

Figure 4.55 Bode plots of API 5CT P110 casing and tubing as-received and expanded 
steels after 24 hours of immersion in synthetic formation water saturated in 40 psi CO2 

partial pressure at ambient temperature and in stagnant conditions. 
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Figure 4.56 Nyquist plot of API 5CT P110 casing and tubing as-received and expanded 
steels after 144 hours of immersion in synthetic formation water saturated in 40 psi CO2 

partial pressure at ambient temperature and in stagnant conditions. 

 

Figure 4.57 Bode plots of API 5CT P110 casing and tubing as-received and expanded 
steels after 144 hours of immersion in synthetic formation water saturated in 40 psi CO2 

partial pressure at ambient temperature and in stagnant conditions. 
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For the expansion process, the as-received EIS data are fitted using the 

equivalent circuit in model I while both 10 and 20 pct. expansion data are fitted using 

the equivalent circuit in model II. The parameters are given in Table 4-11.  

The porous scale resistance Rc is kept constant with time for both 10 and 20 pct. 

expansion, while the charge transfer resistance decreased with time. Nyquist plots show 

an increase of the amplitude of the semicircle with expansion, which was maintained 

throughout the immersion period. 

Table 4-11 Values of the equivalent circuit (model I and II) used to model data in Figure 
4.54 - Figure 4.57 for as-received and expanded API 5CT P110 grade steels. 

Condition Time 
Rs 

(Ω.cm2) 

Rct 

(Ω.cm2) 

CPEdl 

Ydlx10-3 

(S.sα.cm-2) 

α 
Rc 

(Ω.cm2) 

CPEc 

Ycx10-3 

(S.sα. 

cm-2) 

αc 

As-

received 
24 h 

3.4 195.4 0.4 0.90 
- - - 

10 pct. 8.9 280.6 0.85 0.81 113 0.8 0.9 

20 pct. 5.4 276.9 1.56 0.85 110 0.53 0.9 

As-

received 
144 h 

3.19 121.4 2.53 0.90 
- - - 

10 pct. 3.58 142.3 3.34 0.81 50 0.75 0.9 

20 pct. 1.7 199.7 4.07 0.90 58 0.5 0.9 

 

4.7.3 Potentiodynamic Scan 

 

There is no passive region observed in any of the studied materials. The 

absence of a passive region is observed in potentiodynamic polarization curves (Figure 

4.58 to Figure 4.60). Both the anodic and cathodic reactions were affected by the cold-

rolling process in K55 grade steels as shown in Figure 4.58. The cathodic and anodic 

currents increased with cold-work, a behavior that is more pronounced in the anodic 
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region. Similar behavior is observed in the case of P110 grade steels (Figure 4.59), the 

anodic and cathodic polarization curves shift to higher current densities with cold-rolling. 

The tubular expansion process shows different behavior. Figure 4.60 shows the 

effect of expansion on the polarization curves. The anodic and cathodic curves are 

displaced toward lower currents with percent increase in expansion.  

 

 

 

Figure 4.58 Polarization curves of cold-rolled K55 steels in synthetic formation water 
saturated in 40 psi CO2 partial pressure at ambient temperature and in stagnant 

conditions. 
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Figure 4.59 Polarization curves of cold-rolled API 5CT P110 steels in synthetic 
formation water saturated in 40 psi CO2 partial pressure at ambient temperature and in 

stagnant conditions. 

 

Figure 4.60 Polarization curves of expanded API 5CT P110 steels in synthetic formation 
water saturated in 40 psi CO2 partial pressure at ambient temperature and in stagnant 

conditions. 
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4.7.4 Corrosion Morphology 

 

Figure 4.61 shows FE-SEM topography of API 5CT K55 grade steel specimens 

after electrochemical measurements. A grain boundary attack is apparent in all images. 

Elongation of the grains due to cold-rolling is visible on the cold-rolled surface; it is more 

pronounced and defined in the 30 pct. cold-rolled specimen.  

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.61 FE-SEM micrograph of the corrosion surface after EIS measurements for 
as-received and cold-rolled API 5CT K55 grade steels in synthetic formation water 
saturated in 40 psi CO2 partial pressure at ambient temperature and in stagnant 

conditions. a) as-received, b) 10 pct., c) 20 pct. and d) 30 pct. 
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(a) 

 

 

(b) 

Figure 4.62 FE-SEM micrograph of the corrosion surface after EIS measurements for 
as-received API 5CT K55 grade steel in synthetic formation water saturated in 40 psi 
CO2 partial pressure at ambient temperature and in stagnant conditions. a) X500, and 

b) X3000. 

A zoomed in view of the surface of the as-received specimen is shown in Figure 

4.62; the energy dispersive spectroscopy (EDS) analysis of selected areas is given in 
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Figure 4.63. The EDS analysis shows mostly oxygen and iron ions roughly in the 

proportion of 1:2 in area A, while analysis of areas B and C solely gave rise to iron 

peaks. Similar analysis is observed in the 30 pct. cold-rolled specimen (Figure 4.64). 

More micrographs showing the pearlite phase and the dissolution of the ferrite phase 

are presented in Appendix A. 

 

 

Area A 

 

Area B 

 

Area C 

Figure 4.63 EDS spectrum of areas from Figure 4.62(b). 
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Figure 4.64 FE-SEM micrographs of the corrosion surface after EIS measurements for 
30 pct. cold-rolled API 5CT K55 grade steel in synthetic formation water saturated in 40 

psi CO2 partial pressure at ambient temperature and in stagnant conditions. a) X500, 
and b) X1000. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.65 FE-SEM micrograph of the corrosion surface after EIS measurements for 
as-received and cold-rolled API 5CT P110 grade steels in synthetic formation water 

saturated in 40 psi CO2 partial pressure at ambient temperature and in stagnant 
conditions. a) as-received, b) 10 pct., c) 20 pct. and d) 30 pct. 

FE-SEM images of API 5CT P110 (A) grade steels show the formation of a scale 

that is spongy and unstable (Figure 4.65). The scale peels off exposing the fresh steel 

surface underneath as shown in Figure 4.66. It is also apparent that the tendency of the 

scale to peel off the surface gets higher with percent cold-rolling as shown in Figure 

4.65. 
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Area A 

 

Area B 

Figure 4.66 FE-SEM micrographs and EDS spectrum of the corrosion surface after EIS 
measurements for 20 pct. cold-rolled API 5CT P110 grade steel in synthetic formation 
water saturated in 40 psi CO2 partial pressure at ambient temperature and in stagnant 

conditions.  
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Area A 

 

Area B 

 

Area C 

Figure 4.67 FE-SEM micrographs and EDS spectrum of the corrosion surface after EIS 
measurements for 30 pct. cold-rolled API 5CT P110 grade steel in synthetic formation 
water saturated in 40 psi CO2 partial pressure at ambient temperature and in stagnant 

conditions. 

Figure 4.67 shows the scale formed on the surface of the specimen presented in 

area A; the scale has a higher content of oxygen as demonstrated in its corresponding 

EDS analysis. Area B is the corroded steel surface after the partial removal of the scale 

while area C is also the corroded surface but without scale. A fresh steel surface is 

apparent along the grain boundaries and underneath the corroded layer. 
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(a) 

 

(b) 

 

(c) 

Figure 4.68 FE-SEM micrograph of the corrosion surface after EIS measurements for 
as-received and expanded API 5CT P110 grade steels in synthetic formation water 

saturated in 40 psi CO2 partial pressure at ambient temperature and in stagnant 
conditions. a) as-received, b) 10 pct., and c) 20 pct.  

Figure 4.68 shows the FE-SEM micrographs of P110 as-received and expanded 

tubular. The scale on the as-received specimen is unstable and peels off with time while 

the 10 and 20 pct. expanded specimens show more stable scale on the surface. Figure 

4.69 show the EDS analysis of the surface of the as-received specimen. 
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Figure 4.69 EDS spectrum of the corrosion surface after EIS measurements as-
received API 5CT P110 as-received specimen from Figure 4.68(a). 

4.8 Corrosion Phase Analysis 

 

Figure 4.70 and Figure 4.71 show the XRD patterns of the stress corrosion specimens 

exposed at laboratory temperature, 200 psi partial pressure of CO2 and pH 5.7.  It can 

be seen that the iron carbonate has not formed on any of the specimens, XRD results 

which are in agreement with previous work [30], [41], [51], [54], [60], [69], iron carbonate 

is highly soluble at room temperature therefore it did not form on the surface. Instead 

there are iron carbide peaks, and iron peaks. The number of iron carbide characteristic 

peaks is higher in API 5CT K55 steel. It can be seen that the intensities of the iron 

carbide characteristic peaks are also higher in the K55 steel spectrum than in the P110 

steel spectrum.  

 

Figure 4.72 and Figure 4.73 show a compound consists of oxygen and carbon as 

well as magnetite peak. Magnetite has been reported earlier to be one of the products 

that form in CO2 corrosion [112]. 



131 

 

Figure 4.70 XRD pattern of SST API 5CT K55 as-received specimen (Figure 4.27) at 
10-6 s-1 rate in synthetic formation water, 200 psi CO2 pp at ambient temperature. 

 

Figure 4.71 XRD pattern of SST API 5CT P110 as-received specimen (Figure 4.32) at 
10-6 s-1 rate in synthetic formation water, 200 psi CO2 pp at ambient temperature. 
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Figure 4.72 XRD pattern for as-received API 5CT P110 grade steel (Figure 4.65(a)) in 

synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions. 

 

Figure 4.73 XRD pattern for 10 pct. expanded API 5CT P110 grade steel (Figure 
4.68(b)) in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions. 
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Figure 4.74 Standard wide angle scan for for as-received API 5CT P110 grade steel 
(Figure 4.65(a)) in synthetic formation water saturated in 40 psi CO2 partial pressure at 

ambient temperature, in stagnant conditions and at 0 seconds of sputtering. 

X-ray photoelectron spectroscopy (XPS) analysis was conducted on the as-

received P110 grade steel specimen from Figure 4.65. The standard wide angle scan is 

shown in Figure 4.74; an intense oxygen peak is present as well as peaks for various 

alloying elements. Oxygen, iron and carbon peak-fitted plots are given in Figure 4.75, 

Figure 4.76 and Figure 4.77, respectively.  
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Figure 4.75 XPS peak-fitted plot for oxygen from Figure 4.74. 

 

Figure 4.76 XPS peak-fitted plot for iron from Figure 4.74. 
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Figure 4.77 XPS peak-fitted plot for carbon from Figure 4.74. 
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CHAPTER 5: DISCUSSION 

The increase in micro hardness in the cold-worked specimens from that of the 

as-received specimens is an indication of the presence of internal strain as a result of 

the cold-work that was induced in the materials. The discrepancies in the tensile test 

data, especially in higher grade steels, can be ascribed to the complexity of cold-work 

and the accompanied residual stresses. 

In the slow strain tests, it has been observed that the stress-strain curves have 

changed with deformation. The changes depend on the amount of internal stresses in 

the lattice in both longitudinal and transverse directions and on the material. 

The lowest strength grade steel, API 5CT K55, has performed poorly in the 

corrosive environment in the slow strain rate test. The ductile material has shown the 

highest loss in strength and highest susceptibility to stress corrosion cracking in CO2-

containing environment. The loss in strength declined with cold-rolling which can be 

ascribed to the surface compressive residual stresses. The susceptibility to SCC 

increased with cold-rolling. The attack was described to be transgranular, thus the high 

susceptibility to SCC is ascribed to the ferrite phase. The soft ferrite phase along the 

grain boundaries has facilitated the initiation and growth of cracks.  

API 5CT P110 grade steels showed better performance than K55 in the SSRT 

after cold-rolling. The result indicates that cold-rolling has enhanced the ductility of the 

API 5CT P110 grade steel in a CO2-containing environment. Cold-rolling also minimized 

the tensile strength loss. A similar effect was observed for the P110 expanded 

specimens. The higher surface compressive residual stresses probably have an effect 

on the resistance of the material to SCC. The cold-worked P110 grade steels show a 

significant increase in the time to failure ratio when compared to the as-received 

specimens. Cold-rolling has a significant effect as the time to failure ratio systematically 

increased with percent cold-work while for the cold-expanded case the time to failure 

ratio slightly increased with percent cold-work. FE-SEM micrographs as well as XRD 

spectrums for both K55 and P110 as-received and cold-worked specimens show no 

sign of film formation on the surface near the fracture. Further from the cracks some 

corrosion products were observed. 
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The noticeable higher corrosion rate in API 5CT K55 steels when compared to 

API 5CT P110 steels is due to the higher carbon content in K55 steels. Because 

cementite is a phase of low hydrogen overpotential, high carbon steel corrodes faster 

than low carbon steel in acids (CO2-containing environment). The effect of cementite as 

a cathodic region is pronounced in carbon steels with carbon content of 0.15 pct. and 

higher [55]. 

Variation in the microstructure of the specimens in the longitudinal and 

transverse direction due to cold-work reduces the material resistance to anodic 

dissolution. This behavior was observed in both API 5CT K55 and P110 grade steels 

after being subjected to cold-work in the form of cold-rolling for 10, 20 and 30 pct. This 

reduction is shown as a decrease in the charge-transfer resistance and an increase in 

the double layer capacitance. A decrease in the charge-transfer resistance is an 

indication of the continuous dissolution of the ferrite phase. The double layer 

capacitance is directly proportional to the area available for the cathodic reaction 

(Equation 2.20); an increase in the double layer capacitance means an increase in the 

area available for the hydrogen evolution reaction. The cementite in the steel is the 

cathodic site, thus in the absence of a protective layer the increase of the double layer 

capacitance is influenced by the augmentation in the cementite area.  

All data show magnitudes of the phase angle remain within the negative 

quadrant at LF, an indication of a conductive loop with the absence of any inductive 

loops, an observation that can also be concluded from the Nyquist plots at LF. The 

existence of a conductive loop at HF-LF range indicates a charge-transfer controlling 

mechanism. The interfacial process is controlled solely by the cathodic reaction and the 

hydrogen evolution rather than adsorption of intermediate products on the surface or 

diffusion which would result in an inductive loop or Warburg impedance at LF, 

respectively. Moreover, the   parameter remains constant and closer to 1 which 

indicates a capacitive behavior. 

In API 5CT K55 steels, the double layer capacitance parameter increased 

significantly with time for the cold-rolled specimens when compared to the increase 

experienced by the as-received specimen. Since an increase in the double layer 
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capacitance over time is attributed to the physical-electrical properties of the interface, it 

can be concluded that the high compressive stresses induced by cold-rolling have 

created more active sites on the surface with respect to the as-received specimen. 

These sites enhance the dissolution process over time.  Nevertheless, moving from as-

received state to 30 pct. cold-rolled state (as presented in FE-SEM images) did not 

change the morphology noticeably, but rather increased the pearlite surface area which 

in turns increased the capacitance of the double layer according to Equation (2.20). As 

the surface area of pearlite phase increases, the area available for the cathodic reaction 

increases. The bigger the cathode to anode surface area ratio, the more susceptible the 

material to corrosion. 

The reduction of the capacitive loop amplitude with time is also an indication that 

the charge-transfer process in the form of hydrogen reduction is the controlling process. 

The increment in the cementite area with time has a galvanic effect in the kinetics of the 

corrosion process. The formation of microgalvanic cells between the cementite and the 

steel (ferrite phase) leads to selective etching of the ferrite; this selective etching theory 

is supported by the FE-SEM micrographs and the XRD surface analysis.  

In studies of P110, it was noted that cold-work in the form of tubular expansion 

improves the corrosion resistance of steel. As-received grade steel has very fine 

martensitic microstructure. The expansion method that was used in this research 

caused a decrease in the area of the second phase (cementite). The reduction in the 

area of the second phase, the cathodic area, is hypothesized to be the reason behind 

the higher resistance of the expanded tubular to general corrosion when compared to 

the unexpanded ones. There is a contradiction in the literature regarding the effect of 

expansion on grains size. Prevez et al.[113], has found that tubular expansion reduces 

the grains size of the parent phase and it reduces the surface area of the second phase 

in tempered martensite steel while Seibi et al.[114] has observed an opposite behavior 

in 2.25 Cr-1.0 Mo steel. The contradiction is mostly due to the method used for the 

expansion process rather than the expansion process itself. Despite the reduction of the 

corrosion rates with expansion, all expanded cases as well as as-received specimens 

show continuous dissolution with time. The anodic dissolution of the specimens is 

ascribed to the lack of formation of a protective layer, the ferrite phase is exposed to the 
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electrolyte solution and there were no factors hindering its dissolution. An increase in 

the polarization resistance at low frequencies is observed in the Nyquist plots at both 24 

and 144 hours for expanded tubular, this increase is an indication of the formation of a 

porous scale on the surface of the electrode. Despite this increase, the process is still 

treated as the charge-transfer controlled process and not diffusion controlled because 

there is no apparent decrease in the corrosion rate with time. 

For both 10 pct. and 20 pct. expansion, an increase in the polarization resistance at 

low frequencies (LF) is observed in Nyquist plots data and is an indication of the 

formation of a porous scale on the surface of the electrode. This behavior at low 

frequencies is also observed in the phase plot at low frequencies, both 20 and 30 pct. 

expansion show a peak shift which is more pronounced after 144 hours. Bode modulus 

plots for the expanded tubular show resistive behavior at HF, capacitive behavior at MF, 

and at LF there is not a fully defined horizontal line which is an indication of the 

progress of another process on the surface.  

The porous scale resistance, Rc is kept constant with time for both 10 and 20 pct. 

expansion indicating the formation of homogenous scale. On the other hand the charge-

transfer resistance decreased with time indicating non-protectiveness of the scale. 

Nyquist plots show increase in the amplitude of the semicircle with expansion, which 

suggests that there is another factor influencing the interfacial process other than the 

scale formed on the surface. This process is described with the double layer 

capacitance which is noticeably increasing with time and with percent of expansion. 

From the polarization curves it was observed that cold-work enhanced the anodic 

dissolution of the specimens, this is shown as an increase in the anodic and cathodic 

current densities. Tubular expansion showed an opposite behavior. No passivation was 

observed for any of the studied materials, this is an expected behavior of carbon steel 

corroding in CO2-containing environment at room temperature.  

The film that was observed in API 5CT P110 as-received and cold-rolled steels is 

porous and unstable. This observation is in agreement with the literature regarding the 

formation of a transparent film in a CO2-contining environment at room temperatures 

[30]. The XPS scan confirms the presence of an oxide film on the surface of API 5CT 

P110 steel. XRD spectrum suggests a magnetite scale on the surface. 
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK 

 The results have paved the way to investigate the effect of cold-work on the 

corrosion of casing and tubing steels in a CO2 environment at high temperatures. 

Several cold-work processes were used to induce plastic deformation. Several 

analytical techniques were subsequently conducted to correlate the effect of 

cold-work on corrosion. 

 The increase in micro hardness in the cold-worked specimens from that of the 

as-received specimens is an indication of the presence of internal strain as a 

result of the cold-work that was induced in the materials. Cold-rolling led to an 

increase in the yield stresses beyond the specification of API standards. On the 

other hand the tubular expansion process showed better performance, wherein 

yield stresses increased slightly beyond the maximum allowable by API while 

P110 grades all showed yield values within the limits. 

 Stress corrosion cracking behavior was influenced by the residual compressive 

stresses as well as the change in cathodic and anodic surface area induced by 

cold-work. API 5CT K55 steel, ferrite-pearlite, experienced intergranular attack 

along the grain boundaries while API 5CT P110 steel, tempered martensite, 

showed transgranular cracks. 

 The effect of cold-work on the susceptibility of casing and tubing materials to 

SCC is more pronounced in lower strength steels, K55 ferrite-pearlite steel. 

Higher number of cracks is observed in the fracture region.  

 Using the slow strain test, it was observed that the cold-rolling process has 

enhanced the ductility of the API 5CT P110 grade steel in CO2-containing 

environment while it has a negative effect on the ductility of API 5CT K55 grade 

steel. Using the same test, it was observed that tubular expansion has increased 

the resistance of API 5CT P110 grade steels to SCC. 

 The corrosion mechanism is activation-controlled for a CO2 saturated 

environment at laboratory temperature (20°C). The effect of cold-work on the 

corrosion behavior is a material and microstructure dependent as well a process 

dependent. The effect is more pronounced in ferrite-pearlite steel than tempered 
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martensite steel. The larger the area available for the cathodic reaction, the 

higher the corrosion. This was observed by studying the capacitance values as 

well as examining the FE-SEM micrographs.  

 The API 5CT P110 steel that is used for the expansion process has less 

chromium, less carbon and more copper than that of the API 5CT P110 steel that 

is used for the cold-rolling process. Based on this we can correlate the higher 

strength in the stress corrosion curves. The micro-alloying addition of Cr seems 

to lower the corrosion rates; this effect is shown in the electrochemical behavior 

of API 5CT P110 (A). The 16 pct. C increase in the API 5CT P110 (B) increased 

the strength of the material, which can be seen in the SSRT tests.  

 Uniform corrosion was observed in all specimens. Cold-work affected the 

resistance of materials to corrosion by changing the surface area that is available 

for hydrogen evolution reaction. Phase transformation induced by cold-work is 

the factor affecting the increase and decrease in the corrosion rate with cold-

work 

 No critical threshold for cold-rolling was observed for the levels of deformation 

reached in this research work. The cold-rolling process has increased the 

corrosion rate by increasing the cathodic surface area while the expansion 

process has decreased the corrosion rate by decreasing the cathodic surface 

area. 

 

Based on the conclusions listed above, the following are recommended for possible 

future work: 

 

 Determine threshold expansion limit as a function of microstructure. 

 Continuation of the work that was done on N80 and L80 grade steels.  

 Study the effect of cold-work at temperatures where an iron carbonate layer 

can form.  
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APPENDIX A: SUPPORTING DATA 

A.1 Stress Corrosion Cracking Data 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure A.1 FE-SEM micrograph showing the fracture region of SST API 5CT N80 at 10-6 
s-1 rate in synthetic formation water, 200 psi CO2 pp at ambient temperature. (a) as-

received, (b) 10 pct., (c) 20 pct. and (d) 30 pct. cold-rolled. 

Figure A.1 shows the fracture regions of N80 grade steels in the corrosive 

environment. It is clear that cold-rolling has decreased the amount of primary cracks. 

Figure A.2 shows the fracture regions of L80 grade steels before and after cold-
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expansion. The same observation is valid; the cracks number has decreased with cold-

work. 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure A.2 FE-SEM micrograph showing the fracture region of SST API 5CT L80 at 10-6 
s-1 rate in synthetic formation water, 200 psi CO2 pp at ambient temperature. (a) as-

received, (b) 5 pct., (c) 10 pct. and (d) 20 pct. expansion. 

A.2 Electrochemistry Data 

 

Figures A.3 to A.10 represent evolution of Nyquist and Bode plots of K55 grade 

steels before and after cold-rolling with time.  
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Figure A.3 Nyquist plot of as-received API 5CT K55 casing and tubing steel over time in 
synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions. 

  

Figure A.4 Bode plots of as-received API 5CT K55 casing and tubing steel over time in 
synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions. 

 

 



155 

 

Figure A.5 Nyquist plot of 10 pct. cold-rolled API 5CT K55 casing and tubing steel over 
time in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions. 

 

Figure A.6 Bode plots of 10 pct. cold-rolled API 5CT K55 casing and tubing steel over 
time in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions. 
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Figure A.7 Nyquist plot of 20 pct. cold-rolled API 5CT K55 casing and tubing steel over 
time in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions. 

  
 

Figure A.8 Bode plots of 20 pct. cold-rolled API 5CT K55 casing and tubing steel over 
time in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions. 

Figures A.11 to A.14 are FE-SEM micrographs of K55 as-received grade steel at 

different magnification levels after being exposed to the corrosive environment for 144 

h. Figures A.15 to A.22 represent evolution of Nyquist and Bode plots of N80 grade 

steels before and after cold-rolling with time.  
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Figure A.9 Nyquist plot of 30 pct. cold-rolled API 5CT K55 casing and tubing steel over 
time in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions.  

  

Figure A.10 Bode plots of 30 pct. cold-rolled API 5CT K55 casing and tubing steel over 
time in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions. 
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Figure A.11 FE-SEM micrograph of the corrosion surface after EIS measurements for 
as-received API 5CT K55 grade steels in synthetic formation water saturated in 40 psi 

CO2 partial pressure at ambient temperature and in stagnant conditions, X1000. 

 

Figure A.12 FE-SEM micrograph of the corrosion surface after EIS measurements for 
as-received API 5CT K55 grade steels in synthetic formation water saturated in 40 psi 

CO2 partial pressure at ambient temperature and in stagnant conditions, X2000. 
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Figure A.13 FE-SEM micrograph of the corrosion surface after EIS measurements for 
as-received API 5CT K55 grade steels in synthetic formation water saturated in 40 psi 

CO2 partial pressure at ambient temperature and in stagnant conditions, X3000. 

 

Figure A.14 FE-SEM micrograph of the corrosion surface after EIS measurements for 
as-received API 5CT K55 grade steels in synthetic formation water saturated in 40 psi 

CO2 partial pressure at ambient temperature and in stagnant conditions, X7000. 
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Figure A.15 Nyquist plot of as-received API 5CT N80 casing and tubing steel over time 
in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions.  

 

Figure A.16 Bode plots of as-received API 5CT N80 casing and tubing steel over time in 
synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions.  
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Figure A.17 Nyquist plot of 10 pct. cold-rolled API 5CT N80 casing and tubing steel over 
time in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions.  

 

Figure A.18 Bode plots of 10 pct. cold-rolled API 5CT N80 casing and tubing steel over 
time in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions. 
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Figure A.19 Nyquist plot of 20 pct. cold-rolled API 5CT N80 casing and tubing steel over 
time in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions. 

 

Figure A.20 Bode plots of 20 pct. cold-rolled API 5CT N80 casing and tubing steel over 
time in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions.  



163 

 

Figure A.21 Nyquist plot of 30 pct. cold-rolled API 5CT N80 casing and tubing steel over 
time in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions.  

 

Figure A.22 Bode plots of 30 pct. cold-rolled API 5CT N80 casing and tubing steel over 
time in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions. 
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Figure A.23 Polarization curves of cold-rolled API 5CT N80 steels in synthetic formation 
water saturated in 40 psi CO2 partial pressure at ambient temperature and in stagnant 

conditions. 

Figure A.23 is the polarization curve of as-received and cold-rolled N80 grade 

steel after 144 h of immersion. Figures A.24 to A.31 represent evolution of Nyquist and 

Bode plots of P110 grade steels before and after cold-rolling with time. Figures A.32 to 

A.39 represent evolution of Nyquist and Bode plots of L80 grade steels before and after 

cold-expansion with time while Figure A.40 is the polarization curve of as-received and 

cold-expanded L80 grade steel after 144 h of immersion. Figures A.41 to A.48 represent 

evolution of Nyquist and Bode plots of P110 grade steels before and after cold-

expansion with time. 
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Figure A.24 Nyquist plot of as-recived API 5CT P110 casing and tubing steel over time 
in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions.  

 

Figure A.25 Bode plots of as-received cold-rolled API 5CT P110 casing and tubing steel 
over time in synthetic formation water saturated in 40 psi CO2 partial pressure at 

ambient temperature and in stagnant conditions. 
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Figure A.26 Nyquist plot of 10 pct. cold-rolled API 5CT P110 casing and tubing steel 
over time in synthetic formation water saturated in 40 psi CO2 partial pressure at 

ambient temperature and in stagnant conditions. 

 

Figure A.27 Bode plots of 10 pct. cold-rolled API 5CT P110 casing and tubing steel over 
time in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions. 
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Figure A.28 Nyquist plot of 20 pct. cold-rolled API 5CT P110 casing and tubing steel 
over time in synthetic formation water saturated in 40 psi CO2 partial pressure at 

ambient temperature and in stagnant conditions. 

 

Figure A.29 Bode plots of 20 pct. cold-rolled API 5CT P110 casing and tubing steel over 
time in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions. 
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Figure A.30 Nyquist plot of 30 pct. cold-rolled API 5CT P110 casing and tubing steel 
over time in synthetic formation water saturated in 40 psi CO2 partial pressure at 

ambient temperature and in stagnant conditions.  

 

Figure A.31 Bode plots of 30 pct. cold-rolled API 5CT P110 casing and tubing steel over 
time in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions. 
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Figure A.32 Nyquist plot of as-received API 5CT L80 casing and tubing steel over time 
in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions.  

 

Figure A.33 Bode plots of as-received API 5CT L80 casing and tubing steel over time in 
synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions.  
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Figure A.34 Nyquist plot of 5 pct. expanded API 5CT L80 casing and tubing steel over 
time in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions. 

  

Figure A.35 Bode plots of 5 pct. expanded API 5CT L80 casing and tubing steel over 
time in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions. 
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Figure A.36 Nyquist plot of 10 pct. expanded API 5CT L80 casing and tubing steel over 
time in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions. 

  

Figure A.37 Bode plots of 10 pct. expanded API 5CT L80 casing and tubing steel over 
time in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions. 
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Figure A.38 Nyquist plot of 20 pct. expanded API 5CT L80 casing and tubing steel over 
time in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions. 

  

Figure A.39 Bode plots of 20 pct. expanded API 5CT L80 casing and tubing steel over 
time in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions. 
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Figure A.40 Polarization curves of expanded API 5CT L80 steels in synthetic formation 
water saturated in 40 psi CO2 partial pressure at ambient temperature and in stagnant 

conditions. 
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Figure A.41 Nyquist plot of as- received API 5CT P110 casing and tubing steel over 
time in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions. 

 

Figure A.42 Bode plots of as- received API 5CT P110 casing and tubing steel over time 
in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions. 
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Figure A.43 Nyquist plot of 5 pct. expanded API 5CT P110 casing and tubing steel over 
time in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions. 

  

Figure A.44 Bode plots of 5 pct. expanded API 5CT P110 casing and tubing steel over 
time in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions. 
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Figure A.45 Nyquist plot of 10 pct. expanded API 5CT P110 casing and tubing steel 
over time in synthetic formation water saturated in 40 psi CO2 partial pressure at 

ambient temperature and in stagnant conditions. 

  

Figure A.46 Bode plots of 10 pct. expanded API 5CT P110 casing and tubing steel over 
time in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions. 
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Figure A.47 Nyquist plot of 20 pct. expanded API 5CT P110 casing and tubing steel 
over time in synthetic formation water saturated in 40 psi CO2 partial pressure at 

ambient temperature and in stagnant conditions. 

  

Figure A.48 Bode plots of 20 pct. expanded API 5CT P110 casing and tubing steel over 
time in synthetic formation water saturated in 40 psi CO2 partial pressure at ambient 

temperature and in stagnant conditions. 

 


