
  
 

 

 CO2 CORROSION OF THE WELDED JOINT OF AN X65 STEEL: ANALYSIS 

OF SURFACE FILM FORMED 

 

A Thesis presented to the Department of  

Materials Science and Engineering 

African University of Science and Technology, Abuja 

In Partial Fulfillment of the Requirements 

For the Degree of 

MASTER OF SCIENCE  

 

BY 

ADEBOLA, Titilope-Oluwa 
 

 

DECEMBER, 2014 

 

 



i 
 

 

ABSTRACT 

 

Carbon dioxide (CO2) corrosion, also known as sweet corrosion of steels has increased in recent 

years due to the injection of CO2 into oil wells in order to increase oil recovery and production. 

Despite the fact that carbon steel has a low corrosion resistance, it is widely used in the 

petroleum industry due to its economic advantage. It has been reported that when ferrous steels 

are exposed to a corrosive medium, they form a protective surface film which helps to decrease 

the rate of corrosion that would have occurred otherwise. It has been observed that many factors 

including; differences in chemical composition, temperature, flow rate, pressure and pH can 

affect the properties of the protective layer formed on the steel surface. A significant variation in 

microstructure contributes to localized corrosion due to non-homogenous surface film formation. 

Researchers have therefore emphasized the importance of understanding the specific nature of 

the film produced under certain conditions. This research aims at characterizing the surface film 

which forms across the welded joint of an X65 steel exposed to brine and CO2 produced by 

sugar-fermenting yeast at 65
o
C.  SEM results showed that the film formed across the regions of 

the weld varied in the degree of protectiveness, which was responsible for the corrosion rates 

observed. 
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CHAPTER 1: INTRODUCTION 

1.1 BACKGROUND 

Carbon dioxide (CO2) corrosion has posed a serious problem to the oil and gas industry 

for over sixty years [13]. According to [52], approximately 70% of oilfield failures are 

related to CO2 corrosion. This is due mainly to inadequate predictive capability and the 

poor resistance of carbon and low alloy steels to this type of corrosive attack. It causes 

both general and localized corrosion and is responsible for huge economic losses due to 

equipment failure [49]. Despite their low corrosion resistance, carbon and low alloy steels 

are widely used in the oil and gas industry due to their low cost and attractive 

combination of mechanical properties [50]. 

Localized CO2 corrosion occurs commonly in carbon steels at welded joints. A welded 

joint consists of three layers; the parent metal (PM), the heat affected zone (HAZ) and the 

weld metal (WM) [47].  When galvanic corrosion occurs between the different regions of 

a weld, the resulting phenomena are characterized as preferential weld corrosion (PWC) 

[19]. PWC in carbon steels under sweet conditions has received considerable attention 

from researchers, as efforts are being made to develop ways of mitigating PWC. 

The mechanism of CO2 corrosion is highly complex, as it is largely influenced by the 

environmental conditions surrounding its occurrence [20]. Some of these conditions 

include: pH; temperature; flow-rate and microstructure of the metal [49]. During the 

process of CO2 corrosion in steel, precipitates of iron carbonate, FeCO3 accumulate over 

time, forming a protective film on the surface of the metal [13]. These films reduce the 
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corrosion rate significantly, thereby protecting the asset by extending the time to failure. 

The protective characteristics of the surface scale formed in CO2 saturated brines depend 

on the nature of the base alloy and the environment [15]. Variations in the properties of 

the surface of steel (across a weld) are also responsible for the variations in the protective 

film that is formed across that region [18]. 

 

1.2 AIMS AND OBJECTIVES 

Despite numerous CO2 corrosion prediction models that have been developed, the level 

of accuracy in predicting the actual rate of CO2 corrosion remains questionable. The 

interdependency of the various factors that contribute to CO2 corrosion is responsible for 

the complexity. 

Hence, though many models for predicting CO2 corrosion take into account the influence 

of different environmental variables,  the effects of steel microstructure and composition 

are only considered in a few of the models [15]. 

The objective of this research is to investigate the effects of variations in the 

microstructure of an X65 steel on the corrosive properties of FeCO3 film. Variations in 

microstructure can be seen across the welded joint of a steel pipeline as a result of 

exposure to elevated temperatures during welding. This gives rise to three zones at the 

welded joint; parent metal, heat affected zone and weld metal.  Film formation across 

each region of the weld will be analyzed in order to develop a basic understanding of film 

formation and PWC. The CO2 gas that will be used in this study will be produced by 

sugar-fermenting yeast. 
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1.3 SCOPE OF WORK 

This research will develop a fundamental understanding of the protective film that is 

formed across the welded joint of an X65 steel in the presence of CO2. The protective 

film on the surface of the parent metal, heat affected zone and weld metal, will be 

characterized to determine the variations across the weld. Corrosion rates will also be 

measured for each region of the weld. Efforts will also be made to establish potential 

relationships between the measured corrosion rate and the film properties in the parent 

metal, heat affected zone and the weld metal.  

 

1.4 OUTLINE OF THESIS 

This chapter presents a brief overview on the background, research objective and the 

scope of the research. Chapter two presents an extensive literature review on CO2 

corrosion in the oil and gas industry. It also highlights the factors that contribute towards 

passive film formation in low carbon steels.  Chapter three discusses in detail the 

experimental procedures that are used in promoting passive film formation in simulated 

CO2-rich brine. Chapter four presents the results obtained from the experiments. Finally, 

salient conclusion arising from this work are presented in Chapter five along with 

recommendation for future work. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 INTRODUCTION 

Welding causes significant variations to the microstructure of steels as a result of the 

cyclic heating and cooling which occurs during the process [20]. With the rise in the 

occurrence of corrosion at welds, it is imperative that researchers understand the factors 

that contribute to this phenomenon, in order to develop more effective methods of 

mitigation, as well as effective corrosion prediction models. CO2 environments are 

extremely corrosive and have posed a challenge to the oil and gas industry for over sixty 

years [13]. The major concern with CO2 corrosion is that it causes failure of equipment in 

the main down-hole tubing and transmission pipelines, thereby causing disruption in the 

production [15].  

 

2.2 CORROSION 

Corrosion is more frequently associated with metallic materials and involves material 

loss in the form of dissolution [47]. Metallic corrosion can be defined as a coupled 

electrochemical reaction consisting of an anodic metal oxidation and cathodic oxidant 

reduction [38]. Simply put, corrosion involves the transfer of electrons from one chemical 

species to another. It occurs in a variety of environments, ranging from aqueous to dry 

environments. Corrosion poses a serious economic problem to many industries, ranging 

from automobile to oil and gas industries. The process of corrosion can be explained 

using equation below [47]; 
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𝑀 →  𝑀𝑛+ + 𝑛𝑒−         (2.2.1) 

From the equation above, it can be seen that the metal (M), dissociates to form a 

positively charged ion with an oxidation number (n), corresponding to the number of 

valence electrons lost. After generation, these electrons must then be transferred to 

another chemical species in what is known as a ‘reduction’ reaction as shown below [47]; 

𝑅𝑛+ + 𝑛𝑒− → 𝑅𝑛         (2.2.2) 

The site where the metal dissolution occurs is known as the anode while that where 

reduction occurs is called the cathode. The predominant cathodic reaction that occurs in 

metals involve the reduction of hydrogen (H
+
) ions and oxygen molecules [38]. The total 

electrochemical reaction is, therefore, the sum of the oxidation and reduction reaction as 

shown below; 

𝑀 +  𝑅𝑛+ → 𝑀𝑛+ + 𝑅𝑛        (2.2.3) 

Corrosion can occur in various forms, depending on the nature of the material and 

environmental factors involved. Table 2.2.1 shows the different classifications of 

corrosion and examples of each. The five classifications of corrosion are: general 

corrosion; localized corrosion; metallurgically-influenced corrosion; mechanically 

assisted corrosion, and environmentally-induced cracking [40]. General corrosion is 

classified by uniform thinning of metal, while localized corrosion involves an increased 

corrosion rate at specific sites across the metal surface [39]. Metallurgically influenced 

corrosion involves all corrosion types which occur as a result of the microstructure of a 

metal.  
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Table 2.2.1 Classification of Corrosion Types [40]   

]   

General Localized 
Metallurgically 

Influenced 

Mechanically 

Assisted 

Environmentally 

Induced Cracking 

Atmospheric Crevice Intergranullar Erosion-corrosion 
Stress- Corrosion 

Cracking (SCC) 

Galvanic Fillform Dealloying Fretting Hydrogen Damage 

Stray-current Pitting 

 

Corrosion fatigue 
Liquid metal 

embrittlement 

General 

biological 

corrosion 

Localized 

biological 

corrosion 

Cavitation and 

water drop 

impingement 

Solid metal induced 

embrittlement 

Molten-salt 

 High-

temperature 

 

 

2.3 CO2 INJECTION FOR ENHANCED OIL RECOVERY 

With the rapid depletion of oil reserves across the world, increasing the oil recovered 

from aging oil wells has become a major concern for oil companies [2]. Contrary to 

speculations made by the Worldwide Production Report in 1992, the rate of the 

replacement of depleted reserves with new discoveries has declined remarkably. After 

primary production, the most conventional method of secondary production being 
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employed is water flooding, which involves water being pumped into reserves, thereby 

pushing the oil to the surface (since water is denser than oil). Although water flooding 

has been able to recover a substantial amount of oil, the amount of oil that remains in the 

reservoir can be as high as 50% [1]. There is therefore a need to increase oil production 

from mature reserves. This has given rise to what is known as Enhanced Oil Recovery 

(EOR).  

EOR simply comprises various techniques that are used to increase the amount of oil that 

can be extracted from an oil field after secondary production [5]. Some popular methods 

of EOR include: high pressure air injection (HPAI); steam injection; miscible gas 

injection, and chemical flooding [5]. CO2 injection is preferred due to its high production 

efficacy and its contribution to greenhouse gas disposal [5]. The ratio of CO2 injected to 

oil recovered usually lies between a range of 1:1 and 4:1 [1]. In addition, CO2 gas can be 

readily available from power plants or industrial waste [4]. The gas is injected into 

existing wells or reservoirs to increase the pressure within these wells, causing the oil to 

rise to the surface [4]. It is believed that CO2 injection has the potential to recover 15-

20% of the left-over oil in mature reserves [4].  
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2.4 CO2 /SWEET CORROSION 

In oil wells, CO2 gas dissolves in NaCl brine that is supplied with oil, to cause severe 

corrosion of steel pipelines that are used in the transportation of oil and natural gas [8]. 

The first encounter engineers had with CO2 corrosion (or sweet corrosion as it is 

popularly referred to as), was in the 1940s at gas and gas-condensate fields of the USA 

[53]. Since then, scientists and engineers have been researching on ways to mitigate 

sweet corrosion, due to the high CO2 content in oil and gas fluids, which can cause 

equipment failure [10].  Due to the fact that CO2 gas is used in EOR, equipment used for 

this purpose is most affected by sweet corrosion. Equipment such as oil well pipes, 

transmission pipes and oil tubes have been reported to suffer from sweet corrosion [10, 

11].  

Sweet corrosion can occur on either the internal or exterior surface of a transportation 

pipeline. Internal corrosion can also occur as a result of dissolved CO2 in NaCl brine 

during EOR, while exterior corrosion can occur as a result of the permeation of moisture, 

oxygen and CO2 into the soil through a debonded coating [54]. Sweet corrosion, 

however, usually occurs in the absence of oxygen and is found to enhance the rate of 

general and localized corrosion [12]. 

The mechanism of sweet corrosion in oil and gas fields is extremely complex, as it is 

dependent on several interrelated factors. It is for this reason that different segments of 

the same unit (for example, a transmission pipeline), can experience different rates of 

corrosion [9]. It is generally accepted that CO2 gas reacts with water to form carbonic 

acid, which will lower the pH of the solution, thereby increasing the corrosion rate [22]. 
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However, due to its complex nature, a lot of unanswered questions have been raised 

regarding the exact mechanism of sweet corrosion [13]. The most popular mechanisms 

are those proposed by: De Waard and Milliams [55]; Schmitt and Rothmann [13,14] and 

George and Nesic [56]. The main similarity between these mechanisms is the fact that 

they all involve carbonic acid and bicarbonate ions formed during the dissolution of CO2 

in water [13]. 

The chemical reactions that occur in the system are presented below: 

𝐶𝑂2(𝑔)
+  𝐻2𝑂 ↔  𝐶𝑂2(𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑)

       (2.3.1) 

𝐶𝑂2(𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑)
+ 𝐻2𝑂 ↔  𝐻2𝐶𝑂3         (2.3.2) 

The CO2 gas dissolves in water to form carbonic acid reaction in a two-step process. This 

reaction is followed by the carbonic acid dissociation: 

𝐻2𝐶𝑂3 ↔  𝐻+ +  𝐻𝐶𝑂3        (2.3.3) 

𝐻𝐶𝑂3 ↔ 𝐻+ +  𝐶𝑂3
2−         (2.3.4) 

The electrochemical reactions that occur on the surface of the steel include: one anodic 

reaction and three cathodic reactions [13]. 

The anodic reaction is the dissolution of iron into ferric acid as shown below: 

𝐹𝑒 ↔ 𝐹𝑒2+ + 2𝑒−         (2.3.5) 
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The cathodic reactions are: 

2𝐻+ + 2𝑒− ↔ 𝐻2         (2.3.6) 

2𝐻2𝐶𝑂3 +  2𝑒− ↔ 𝐻2 + 2𝐻𝐶𝑂3
−       (2.3.7) 

2𝐻𝐶𝑂3
− + 2𝑒− ↔ 𝐻2 + 2𝐶𝑂3

2−       (2.3.8) 

The predominant cathodic reaction is dependent on the pH of the corrosive environment, 

as illustrated in Table 2.4.1. It has been experimentally proven that carbonic acid 

solutions are more corrosive than solutions of stronger acids at the same pH value [9].  

 

 

 

Table 2.4.1 Cathodic Reaction at Various pHs [51] 

pH Range Predominant Cathodic Reaction 

< 4 Hydrogen reduction 

4 - 6 Carbonic acid reduction 

> 6 Bicarbonate ion reduction 
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2.5 PROTECTIVE FILM FORMATION (PASSIVATION) 

Film formation occurs following the electrochemical reactions that occur during CO2 

corrosion. When the concentration of ferric ions (Fe2+) and bicarbonate ions (CO3
2−) in 

the solution exceed the solubility limit, precipitation of iron carbonate occurs as shown 

below [15]: 

𝐹𝑒2+ + 𝐶𝑂3
2− → 𝐹𝑒𝐶𝑂3        (2.5.1) 

𝐹𝑒2+ +  2𝐻𝐶𝑂3
−  →  𝐹𝑒(𝐻𝐶𝑂3)2       (2.5.2) 

𝐹𝑒(𝐻𝐶𝑂3)2 → 𝐹𝑒𝐶𝑂3 +  𝐶𝑂2 + 𝐻2𝑂      (2.5.3) 

The FeCO3 precipitates build up over time and can act in a protective or non-protective 

manner, depending on the exact conditions in which they are formed [13]. The type of 

film formed is, therefore, strongly dependent on the nature of the surrounding 

environment. These conditions include: temperature, pH, flow-rate, pressure, 

microstructure and composition [36].  The driving force for precipitation of FeCO3 is 

super-saturation and precipitation occurs in two steps; nucleation and particle growth 

[48]. Due to the fact that precipitation proceeds at a very slow rate, a high degree of 

super-saturation will ensure FeCO3 will deposit on the metal surface [48]. The solubility 

limit (KspFeCO3) and super-saturation (SS) are related via the equation [25]: 

𝑆𝑆 =
[𝐹𝑒2+][𝐶𝑂3

2−]

[𝐾𝑠𝑝𝐹𝑒𝐶𝑂3]
         (2.5.4) 
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where SS = Super-saturation, KspFeCO3 = Solubility limit, [Fe
2+

] and [Co3
2-

] = ferrous and 

carbonate ion concentration respectively [25]. 

Scale precipitation will occur when the value of SS exceeds unity [25]. According to 

Johnson and Thompson, the super-saturation and temperature are the two most important 

factors which affect the rate of precipitation of iron carbonate [37].  

The protective film creates a diffusion barrier for the corrosive specie and prevents 

electrochemical reactions from occurring underneath it. It could form in a homogenous or 

non-homogenous manner, which will determine the degree of coverage of the surface of 

the metal. A non-homogenous film will induce localized corrosion on the metal surface, 

whereas a homogenous film will prevent further dissolution of the metal [13]. 

Researchers have, therefore, emphasized the importance of understanding the effects of 

these environmental conditions on the nature of the protective film formed [13].  

When the iron carbonate precipitates form a protective film on the surface of a metal, the 

corrosion rate is significantly reduced [48]. Hausler and Stegmann [11] emphasized the 

importance of understanding the microstructure and characteristics of the protective film 

formed as a result of sweet corrosion under certain conditions. According to Van 

Hunnick et al., the rate of precipitation of the FeCO3 film can be expressed as: 

𝑅𝐹𝑒𝐶𝑂3
=  

𝐴

𝑉
. 𝑓(𝑇). 𝐾𝑠𝑝. 𝑓(𝑆𝑆)       (2.5.5) 

Where A is the surface area of exposed sample, V is the volume of solution, 𝐾𝑠𝑝 is the 

FeCO3 solubility limit, SS is the super-saturation.  
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2.6 FACTORS THAT AFFECT FILM FORMATION 

There are several factors that determine the properties of protective film that form across 

the surfaces of metals. These factors are responsible for the homogenous or non-

homogenous nature of the films [13]. The effects that these conditions have on film 

formation are highlighted and discussed in this chapter. 

   

2.6.1 TEMPERATURE 

Temperature plays a crucial role in the precipitation and stability of iron carbonate film. 

Iron carbonate solubility decreases with increasing temperature [13] and this allows for 

precipitates to form more easily at higher temperatures. As a result, protective films form 

more readily at temperatures above 60
o
C [15].  This temperature is referred to as the 

maximum scaling temperature, which is dependent on several factors [57].   

At temperatures below 40
o
C, the precipitation rate of FeCO3 is extremely slow and can 

take weeks to form [49]. The morphology of the film formed at different temperatures 

varies significantly. At temperatures above 90
o
C, the film has a well-defined cubic 

structure, while at lower temperature the surface consists of flat grains [49]. The surface 

film morphology is not solely dependent on the temperature however, as the pH and CO2 

partial pressure are also important. 
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2.6.2 PH EFFECTS 

An increase in pH leads to a decrease in the uniform corrosion rate by influencing the 

electrochemical mechanisms and iron carbonate formation [15,48]. This is largely due to 

the decrease in the solubility of FeCO3 and the formation of carbonate and bicarbonate 

salts. The cathodic reduction of H
+
 slows down, thereby decreasing the anodic dissolution 

rate of iron at high pH [49]. 

Despite the fact that the pH gives an indication of the corrosivity of the electrolyte, it 

cannot be used to directly predict the occurrence of protective corrosion product films 

[48]. In certain circumstances, the film formed can lead to an increase in corrosion rate 

irrespective of favorable pH [50]. 

 

2.6.3 MICROSTRUCTURE 

The microstructure is important because it determines how well the protective film will 

adhere to the surface of the metal [15]. It depends not only on the chemical composition, 

but also on the thermo-mechanical treatments employed during processing [15]. 

Researchers have shown that carbon steels with the same chemical composition, but 

different microstructures can have varying corrosion rates [58]. The effect of 

microstructure is strongly attributed to the roles of different phases in acting as anodic or 

cathodic sites [49]. 

The microstructure of low alloy steels is usually composed of proeutectoid ferrite and 

pearlite [16]. In steels with a ferritic-pearlitic structure, the FeCO3 film is better anchored 

on the metal surface [59]. This is due to the fact that ferrite is more anodic than 
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cementite, Fe3C.  The ferrite will, therefore, corrode preferentially with respect to the 

cementite [16]. Ferrite is located within the pearlitic matrix and, therefore, deposits of 

carbonate adhere to the cementite, which is located at the surface of the metal when the 

ferrite corrodes [13]. This will only occur when the Fe2+ and CO3
2−  ions exceed their 

solubility limit.  

When carbonate adheres to the surface of the cementite, it forms a porous film which still 

permits further carbonate ions to penetrate through, thereby reacting with the metal [13]. 

This will allow further FeCO3 precipitation, giving rise to a dendritic structure, which is 

less porous than the initial film formed [59]. This penetration and further corrosion will 

continue, until the FeCO3 scale becomes thick and dense enough to provide maximum 

protection to the metal surface. It should be noted, however, that the accumulation of 

carbides in the corrosion product has been seen as the cause of increasing corrosion rate 

over time of exposure for ferritic-perlitic steels [15]. 

In steels with martensitic-bainitic microstructures, the Fe3C distribution is less continuous 

and less ordered than that found in ferritic-pearlitic steels. The microstructure is, 

therefore, less efficient in anchoring FeCO3 deposits on the surface of the metal [50]. 

According to Arne Dugstad, plain normalized steel with a ferritic-pearlitic microstructure 

has a better CO2 corrosion resistance than quenched and tempered alloy steel with a 

martensitic microstructure [58]. The microstructure of the metal surface will determine 

the anchor of the protective film on the metal surface [13]. It should be noted that the 

microstructure of a metal can be altered by exposure to high temperature and/stress. 
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2.6.4  CHEMICAL COMPOSITION 

Beyond microstructure, passivation also depends on the chemical composition of the 

steel. The two terms are often mistaken to be interdependent, however researchers 

emphasize their independence [15]. Steels with the same chemical composition can have 

different microstructures and vice-versa. Researchers have shown that to obtain optimum 

corrosion resistance, addition of chromium (Cr) is of great importance [49]. An increase 

in Cr content leads to an increase in corrosion resistance of low alloy steels. This is 

because Cr forms a passive oxide layer on metal surfaces which reduces the corrosion 

rate. The amount of Cr alloyed into a metal is essential, due to the fact that a high Cr-

content could lead to carbide formation at the grain boundary, thereby reducing the 

amount of Cr available for oxide film formation, and reducing the carbon content in the 

steel [49]. High Cr content also increases the susceptibility to pitting corrosion and stress 

corrosion cracking (SCC) in the presence of chlorides and small amounts of oxygen. 

In order to avoid chromium carbide formation, additional alloying elements are added to 

metals which form stable carbides. These microalloying elements include; V, Ti, Mo, Nb, 

Cu and Si. Addition of elements like Ni, Mo and Cu improves a metals SCC resistance 

[49].  
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2.6.5 CO2 PARTIAL PRESSURE 

Generally, an increase in CO2 partial pressure will lead to an increase in the rate of 

reduction of carbonic acid, thereby increasing the uniform corrosion rate [15]. This effect 

is dependent on other environmental conditions, such as pH and will occur during the 

formation of non-protective surface films [49]. 

De Waard-Millams proposed an equation relating the partial pressure to the corrosion rate 

as shown below [36]; 

𝑙𝑜𝑔𝑉𝑐𝑜𝑟𝑟 = 5.8 −  
1710

273+𝑇
+ 0.67 log  (𝑝𝐶𝑂2)     (2.5.5.1) 

where Vcorr is the corrosion rate, T is the temperature, and pCO2 is the CO2 partial 

pressure. The limitation of the above equation is that it does account for the effect of non-

ideality of the gas phase and scale formation. 

In environments which favor the formation of protective films however, an increase in 

CO2 partial pressure will lead to a decrease in the corrosion rate [49]. This is due to the 

low availability of cathodic sites for the reduction of carbonic acid. It can be seen that the 

anodic reaction is unaffected by a change in partial pressure, whereas the cathodic 

reaction is affected. This relationship between partial pressure and corrosion rate which 

greatly varies, depending on the corrosive environment makes it difficult to establish a 

correlation between the two parameters. 
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2.6.6 FLOW 

An increase in the flow velocity will lead to an increase in the corrosion rate. This is due 

to the fact that an increase in flow velocity will slow down the formation of the protective 

FeCO3 film [15]. In a pipe containing fast moving fluid, the corrosion products are 

eroded, due to increased shear stress exerted against the pipe walls. Depending on the 

amount of particles in the fluid, existing films can also be delaminated through erosion-

corrosion [50]. This will prevent re-formation of the film and increase metal dissolution 

[49]. High flow velocities can increase the removal of Fe
2+

 ions from the bottom of 

surface pores. This affects the super-saturation in those sites leading to slower 

precipitation rates, thereby affecting film formation.  

 

 

2.6.7 OXYGEN CONTENT 

CO2 corrosion in carbon steels occurs in anaerobic environments i.e. the absence of 

oxygen [11]. Likewise, the FeCO3 film which forms on the metal surface is highly 

unstable in the presence of oxygen [15]. This is due to the fact that oxygen promotes the 

oxidation of ferrous ions (Fe2+) into ferric ions (Fe3+)[30]. The presence of oxygen 

promotes localized attacks [49].  
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2.6.8 ION CONCENTRATION 

The ion concentration affects the super-saturation level and the corrosion rate. The 

amount of Fe
2+

 present in a CO2-rich environment will determine the corrosion rate. At 

low Fe
2+

 concentrations, the corrosion rate will be high whereas a high concentration will 

lead to super-saturation and subsequently precipitation of FeCO3 [49]. The presence of 

other cations also enhance scale formation.  

2.7 WELDING 

Welding is a joining process whereby two or more metal parts in contact with each other, 

are exposed to a suitable amount of heat and/or pressure in order to form a permanent 

joint between them [41].These parts could either have similar composition and structure, 

or be completely dissimilar. The microstructure and surface composition of welds and 

adjacent base metals can be affected by the cyclic heating and cooling associated with 

welding [20]. 

A weld consists of three regions namely; the parent/base metal (PM), heat-affected zone 

(HAZ) and weld metal (WM). These regions can be further sub-classified into five 

microstructurally distinct regions namely; the fusion zone, the unmixed region, the 

partially unmixed region, the HAZ and the unaffected parent metal as shown in Figure 

2.6.1. It should be noted that the five zones are not always present in any given weld, as it 

is dependent on the method of welding employed. A weld which contains no filler metal 

(a metal added to the joint when welding), will not contain an unmixed zone. The parent 

metal is the metal which is to be welded and is present in the largest proportion. Its 

composition and microstructure is independent of the welding process. The fusion zone 
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occurs as a result of total melting of the parent metal with or without a filler metal. The 

composition and microstructure of the fusion zone is mostly different from that of the 

parent metal. This could induce a micro-galvanic couple between the two regions 

depending on the magnitude of the variation in their electrode potentials. The HAZ is the 

region of the weld that has been exposed to temperatures high enough to induce a 

microstructural change but too low to cause melting [20]. Therefore, the microstructure 

of the HAZ, WM and PM will be dissimilar, following welding.  

There are various types of welding techniques that are used to create welds which have 

mechanical properties similar or superior to that of the parent metal [23]. The various 

welding techniques have been classified into two groups by the American Welding 

Society (ASM) namely; fusion welding and solid-state welding [41]. Fusion welding 

involves the application of heat in order to melt the parent metal, whereas solid-state 

welding involves the use of low-temperature (below the melting temperature of the 

metal) and/or pressure. Examples of popular welding techniques include: submerged-arc 

welding (SAW); gas metal arc welding (GMAW); oxy-fuel gas welding (OFW) and 

ultrasonic welding (USW). 
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Fig. 2.6.1 Microstructural regions of weld [20] 

 

 

2.8 PREFERENTIAL WELD CORROSION  

Preferential weld corrosion (PWC) of carbon and low alloy steels used for pipelines, in 

CO2 containing media, has been observed in recent years [18]. Simply put, PWC is a 

form of severe localized corrosion which occurs at welds [19]. It is the selective 

dissolution of metals associated with welds [21]. A galvanic couple can exist between the 

different regions of a weld, due to their different potentials. This is as a result of a more 

anodic WM and HAZ than the PM [19]. As a result of the small surface area of the WM 

and HAZ, as opposed to that of the PM, the rate of galvanic corrosion is very high. 

Severe PWC in carbon steel is illustrated in Figure 2.6.2 [22]. 
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Fig. 2.6.2 PWC in carbon steel [22] 

 

 PWC in CO2 environments is influenced by a complex interaction of several conditions 

which include: temperature, welding procedure and parent steel composition [18]. No 

general agreement exists on the role of alloying elements and microstructure in 

preferential weld corrosion [18].  

Welding causes variations in the microstructure and/or composition of a metal. As a 

result of the variations in microstructure across a weld, corrosion product layers with 

varying degrees of thickness and protective properties are formed across the weld [17]. 

This variation in the protective film can contribute to localized corrosion at welds [13]. 

   

2.9 METHODS OF MITIGATING PWC 

The most cost effective and versatile method of PWC mitigation is the use of inhibitors 

[26]. This could be applied through either continuous or batch treatment. As the name 

implies, continuous treatment involves constant injection of an inhibitor into oil and gas 

fluids. The major setback with inhibitors is their selectivity to various corrosion 

Parent Metal 

Preferential corrosion 

at weld 
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environments. In other words, an inhibitor may be applicable in one oil and gas field, but 

inapplicable in another with different conditions. 

Another method of PWC mitigation is the use of cathodic filler materials in weld 

consumables [49]. This involves the addition of noble metals; such as Ni and Cr, to the 

weld consumable [18]. Since galvanic coupling can exist between the weld metal and the 

parent metal, it is essential to ensure that the region with a lower surface area be more 

cathodic, so as to reduce the corrosion rate [19]. The addition of noble metals to the weld 

metal (which has a smaller surface area compared to the parent metal), will make it more 

cathodic with respect to the PM. It should be noted however, that ‘over-alloying’, could 

have a detrimental effect on the preferential corrosion rate, as it can induce attach of the 

HAZ [18]. 

 

2.91 CORROSION PREDICTION MODELS 

There are two types of models that exist for predicting sweet corrosion: empirical and 

mechanistic models [10]. The empirical model is typically derived from correlation of 

experimental data only. The mechanism of corrosion has little or no impact on the model 

derivation [10]. The mechanistic model on the other hand, is derived from first principles 

and takes into account, the mechanism of corrosion [10].  

Despite the numerous prediction models that exist however, the existing models are 

unreliable in predicting the actual CO2 corrosion resistance of low alloy steels [15]. 

Recently, a mechanistic model was presented by Nordsveen et al. for CO2 corrosion with 

protective iron carbonate films [60]. From the model, it was pointed out that the effects 
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due to the presence of conducting iron carbide surface films need to be introduced in 

order to obtain more accurate predictions. 
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CHAPTER 3: EXPERIMENTAL METHODS 

3.1 INTRODUCTION 

In order to prepare and analyze the FeCO3 protective film that forms across a welded 

joint, the sample must be adequately prepared and exposed to a simulated sweet 

environment. Experiments were, therefore, conducted to ensure film formation and 

characterization. 

  

 

3.2 EXPERIMENTAL PROCEDURES 

This section presents the steps taken to: simulate a ‘sweet’ environment; promote film 

formation in various regions of the weld, and analyze film properties. 

 

3.2.1 SAMPLE PREPARATION 

Samples of the tube wall and welded joint of an X65 steel pipeline were cut from a spiral 

welded joint of the pipe. The pipeline was welded using the submerged arc welding 

(SAW) technique. In the SAW process, both the weld electrode and base metal are 

melted beneath a layer of flux [17]. The electrode used was Ba-s2Mo and the flux was 

Lincolnweld SPX80, The role of the flux is to protect the weld metal from contaminants 

and localize the heat at the joint. The welding was done on the internal and external 

region of the pipe, in order to complete the joint. This was responsible for the ‘double V-
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shape’ of the weld joint as shown in Figure 2.9.1. The chemical analysis of the parent 

metal and weld metal are shown in Table 2.9.1. The chemical analysis technique used 

was the spark and arc atomic emission spectroscopy. 

The samples were cut to dimensions of 20 x 40 x 7.5 mm
3
, so that the weld metal was 

located at the center and later grinded and polished down to 600 grit size. After etching 

with nital solution, the three weld regions (PM, BM and HAZ), became visible and were 

later cut into a cuboidal geometry with exposed surface areas of 0.56, 0.70 and 0.55 mm
2
 

respectively. The individual weld regions were separated and chemical analysis carried 

out to ascertain the chemical composition of the parent metal and weld metal.  

 

 

 

 

Fig. 2.9.1 Welded Joint of X65 Steel 
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Table 2.9.1 Chemical analysis of parent metal 

C% Si% Mn% P% S% Cr% Mo% Ni% Al% Cu% Fe% 

 

0.074 

 

0.216 

 

1.554 

 

0.012 

 

0.004 

 

0.014 

 

<0.002 

 

<0.002 

 

0.048 
0.011 

 

97.987 

 

Table 2.9.2 chemical analysis of weld metal 

C% Si% Mn% P% S% Cr% Mo% Ni% Al% Cu% Fe% 

 

0.063 

 

0.258 

 

1.577 

 

0.012 

 

0.005 

 

0.017 

 

0.169 

 

<0.002 

 

0.023 0.024 97.791 

 

 

3.2.2 PREPARATION OF CO2 GAS 

CO2 gas was prepared by dissolving 125 g of sugar and 6 g of baker’s yeast in 

two 1.5 L plastic bottles respectively. The plastic bottles each contained 850 ml of tap 

water. A hole was inserted into each of the bottle caps, through which a Ø 6 mm silicon 

tube was passed through. The tubes were connected to a 750 ml plastic bottle which had 

been rinsed with acetone to remove all traces of liquid. Three equally spaced holes were 

inserted into the cap of the 750 ml bottle, through which a Ø 6 mm silicon tube was 

passed through. These tubes would then act as a channel for the gas to the corrosion 

setup. The 750 ml bottle acted as a tank for the gas collection. 

Yeast reproduces anaerobically in the presence of yeast and sugar to produce 

ethanol and carbon dioxide as shown in the equation below; 
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𝐶6𝐻12𝑂6 → 2𝐶5𝐻5𝑂𝐻 + 𝐶𝑂2      (3.2.3.1) 

 In order to confirm that the produced gas was CO2, the gas was purged into a 

solution containing 30 ml of distilled water for 24 hours. This was done to produce 

carbonic acid (equation 2.3.2).  The solution was then titrated into a beaker containing 

10ml of 2M NaOH solution, which had been stained with phenolphthalein indicator. 

Titration was continued until the solution became colorless, indicating the NaOH solution 

had been neutralized by the produced carbonic acid.  

 

3.2.3 PREPARATION OF FECO3 FILM 

Three simultaneous setups labeled Setups 1, 2 and 3 respectively, were constructed for 

this experiment. Each setup consisted of 50 ml of the base solution (pH 9.5) placed in an 

Erlenmeyer flask, respectively, which was then purged with CO2 for 24 hours. The 

chemical composition of the base solution is shown in Table [3.2.3.1]. Each setup 

contained one parent metal, weld metal and heat affected zone which were placed into the 

solution after CO2 purging. Prior to immersion, test samples were rinsed with acetone, 

followed by ethanol. The pH value was measured using a Vernier LabQuest pH meter. 

This was done at regular time intervals for the duration of the experiment to observe pH 

fluctuations. A continuous flow of CO2 was maintained throughout the duration of the 

experiment. Corrosion in setups 1, 2 and 3 was carried out for 168 h. The samples were 

exposed to a temperature of 65
o
C for the duration of the experiment 
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Fig. 3.2.3.1 Experimental Setup 

 

 

Table 3.2.3.1: Chemical Composition of Base Solution [25] 

 

Reagent Concentration (g/L) 

CaCl2 0.0186 

NaCl 0.5900 

MgCl2.6H2O 0.0776 

NaHCO3 0.1245 

Na2SO4 0.0078 
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3.2.4 WEIGHT LOSS 

Weight loss experiments were used to determine the corrosion rates. The samples were 

weighed before being immersed into the corrosive media. Before being weighed, test 

samples were rinsed with distilled water and ethanol. Samples in setups 1, 2 and 3 were 

weighed, respectively, at 24 h intervals for 7 days. From weight loss measurements, the 

corrosion rates were obtained from: 

𝑅𝑐𝑜𝑟𝑟 =  
8.76∗104∗ ∆𝑊

𝜌𝐴𝑡
          (3.2.5.1) 

where; Rcorr is the corrosion rate (mm/year), ∆W is the Change in mass (g), ρ is the 

density (g/cm
3
) (7.85 g/cm

3
), A is the Area of exposed surface in cm

2
 and t is the time in 

hours [13]. 

 

3.2.5 SCANNING ELECTRON MICROSCOPY WITH ENERGY DISPERSED X-RAY 

SYSTEM 

SEM imaging was done on the sample to view the surface morphology of the FeCO3 film 

and the carbide structure of the steel surface. After corrosion, test samples were rinsed 

with distilled water and view under the SEM. Secondary imaging was done using Aspex 

3020 PSEM2 SEM. 
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3.2.6 MICROSTRUCTURAL ANALYSIS 

Microstructural analysis was carried out on each region of the weld prior to corrosion, to 

know the microstructure of the samples. Knowledge of the microstructure will give an 

idea of the nature of film anchorage to expect on each test sample. This will also 

determine the degree of coverage of the film on the surface of the metal. Test samples 

were once again grinded, polished and etched before being viewed under an optical 

microscope at a magnification of 400 X. The average pearlite grain sizes were measured 

using Gwyddion 2.39 software.  
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CHAPTER 4: RESULTS AND DISCUSSION 

4.1 INTRODUCTION 

Results obtained from the experimental work carried out are reported in this chapter. 

Implications of the obtained results are also discussed. 

 

4.2 MICROSTRUCTURAL ANALYSIS  

Microstructures of steel samples are indicated in Figure 4.2.1. It was observed that the 

PM, WM and HAZ each possessed a ferrite pearlite microstructure, which is the 

predominant phase in low carbon steels. Variations existed in the grain sizes and 

distribution. The HAZ possessed the largest average pearlite grain diameter of 2.23 µm. 

The WM had an average pearlite diameter of 1.02 µm, while the PM had an average 

pearlite diameter of 0.88 µm. 
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Fig. 4.2.1 Optical Micrograph of microstructures of a) WM, b) HAZ and c) PM after CO2 

corrosion at 400 X prior to CO2 corrosion 

  

 

 

  

4.3 WEIGHT LOSS 

The corrosion rate patterns for the exposed samples are shown in Figure 4.3.1. The 

results indicate that the HAZ had the highest initial corrosion rate, as opposed to the PM 

and WM. This is followed by a subsequent decrease in the corrosion rate of the HAZ that 

a) 

b) 

c) 



34 
 

continues for the duration of the experiment. The WM was observed to have the lowest 

initial corrosion rate as opposed to the PM and HAZ. Corrosion rate in the WM decreases 

gradually and steadily for the duration of the experiment. The corrosion rate of the PM 

decreased at a lower rate for the duration of the experiment. After 168 h of exposure, the 

PM had the highest corrosion rate, while no corrosion was observed in the WM. Details 

of the mass loss and corrosion rate of each test sample for the duration of the experiment 

are summarized in Table 4.3.1  

The pH variations with respect to time, for the exposed samples are shown in Figure 

4.3.2. Prior to CO2 purging into the base solution for 24 h, the pH of all solutions was 9.5. 

Following gas purging, the pH was seen to decrease in all solutions to a value of 6.5 ± 

0.2, as shown in Table 4.3.2 indicating that the production of carbonic acid had occurred. 

pH measurements of the test samples for the duration of the experiment indicated that the 

predominant cathodic reaction was bicarbonate ion reduction.  
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Table 4.3.1 Corrosion Rate of Test Samples 

Time (h) Parameters P W HAZ 

24 
ΔM (g) 0.002 0.002 0.002 

Rcorr (mm/y) 1.660 1.329 1.691 

48 
ΔM (g) 0.003 0.003 0.002 

Rcorr (mm/y) 1.245 0.996 0.845 

72 
ΔM (g) 0.004 0.003 0.002 

Rcorr (mm/y) 1.107 0.664 0.564 

96 
ΔM (g) 0.004 0.003 0.002 

Rcorr (mm/y) 0.830 0.498 0.423 

120 
ΔM (g) 0.003 0.003 0.002 

Rcorr (mm/y) 0.498 0.339 0.338 

168 
ΔM (g) 0.004 0 0.002 

Rcorr (mm/y) 0.474 0 0.242 

 

 

Fig. 4.3.1 Graph of Corrosion Rate vs Time for test samples 
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Table 4.3.2 pH of Test Samples 

Time (h) pH 

P W HAZ 

0 6.571 6.398 6.513 

24 6.713 6.500 6.750 

48 6.625 6.620 6.650 

72 6.652 6.840 6.832 

96 6.880 6.552 6.861 

120 6.570 6.836 6.729 

168 6.989 7.327 7.431 

  

  FIG. 4.3.2 Graph Showing the pH of Base Solutions 
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4.4 SEM IMAGING 

 Figure 4.4.1 shows the surface morphology of the parent, weld metal and heat 

affected zone after corrosion. FeCO3 precipitates having a rhombohedric crystal structure, 

can be seen on the WM and HAZ surface forming a layer on the metal surface with 

varying degree of compactness.  

It was observed that FeCO3 deposition was more uniform across the surface of the weld 

metal, as opposed to that of the HAZ. This was evident from the compact network of 

precipitates forming a protective film on the weld surface. FeCO3 precipitates in the WM 

and HAZ were measured to be about 1.54 µm in diameter. FeCO3 precipitation occurred 

directly and integrated within the carbide phase of the WM and HAZ due to the cathodic 

nature of Fe3C. The surface film on the HAZ was observed to have inclusions indicating 

sites where localized corrosion could occur. FeCO3 scales were not observed on the 

surface of the parent metal, rather a porous network of Fe3C was seen.  
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Fig. 4.4.1 SEM micrograph of a) PM, c) WM and e) HAZ at 250 X and b) PM, d) WM 

and e) HAZ AT 1000X after CO2 corrosion 
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4.5 IMPLICATIONS OF RESULT OBTAINED 

The HAZ had a high initial corrosion rate, which suggests that the rate of ferrite 

dissolution into the corrosive media was fast. A high initial Fe
2+

 concentration was 

responsible for the fast rate of FeCO3 precipitation and surface deposition observed in the 

HAZ. This was seen by the drop in corrosion rate after 48 h of exposure. Corrosion rate 

in the WM was observed to decrease at a slow and steady pace until no corrosion was 

observed after 168 h. This suggests that the FeCO3 precipitates formed in the WM took a 

longer time to form and formed a protective barrier against the corrosive media.  

The cementite layer observed across the surface of the PM could indicate that Fe
2+

 

dissolution occurred at a faster rate than FeCO3 precipitation, leaving behind a web of 

Fe3C which is non-protective as was evident in the high corrosion rate observed. This 

suggests that local acidification occurred at the Fe3C sites, thereby promoting galvanic 

corrosion and increasing the rate of attack. Despite the exposure to high temperature and 

pH which favor a decrease in FeCO3 solubility limit, the precipitation of FeCO3 in the 

parent metal was not observed. This suggests that the microstructure plays an important 

role in film formation. The microstructure determines the carbide distribution which is 

essential in surface film stability or instability. The PM comprised a fine distribution of 

pearlite grains (0.88 μm) which might not have been sufficient enough to provide the 

framework necessary to anchor FeCO3 precipitates. The HAZ had an average pearlite 

grain size of 2.23 μm while that of the WM was 1.02 μm. The larger pearlite grain size in 

the HAZ might have been responsible for the fast formation of FeCO3 precipitates by 

providing a larger surface area for precipitate anchoring.  
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SEM images show that the film formed across the surface of the HAZ contained 

inclusions as opposed to that of the WM, which took a longer time to form. These 

inclusions could act as sites for localized corrosion and could have been responsible for 

the slow drop in corrosion rate observed in the HAZ. The WM was observed to have a 

more compact passive film, which could either signify that the film had a larger 

thickness, or that FeCO3 deposition was more uniform across the surface of the metal.   

This also suggests that adequate time is required for uniform deposition of FeCO3 

precipitates across the surface of a metal. SEM observation of the PM was synonymous 

with the corrosion rates obtained. The corrosion rate in the PM was seen to decrease at a 

lower rate as opposed to the WM and HAZ.  

Chemical analysis revealed that the WM contained 0.169 wt.% Mo and 0.063 wt.% C, 

while that of the PM contained <0.002 wt.% Mo and 0.074 wt. % C. The drop in the 

carbon content in the WM was as a result of the addition of Mo, which has the tendency 

to form carbides thereby reducing the amount of C available in the steel. The increase in 

Mo was as a result of the filler metal used during the welding process (BA-S2Mo), which 

had a high Mo content. As an alloying element, Mo improves the pitting resistance and 

has been reported to aid passivation on the surface of a metal. However, there have been 

contradicting reports on the role of Mo in passivation. The chemical analysis was 

therefore not conclusive in determining if the chemical composition of the PM and WM 

was responsible for the variations in film formation observed.  
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CHAPTER 5: CONCLUSION AND FUTURE WORK 

 

5.1 INTRODUCTION 

 

In this work, the surface film formation across the welded joint of an X65 steel exposed 

to CO2 corrosion was analyzed.  The aim of the work was to analyze if variations in the 

microstructure across a weld would give rise to differences in the characteristics of the 

surface film that formed after exposure to the corrosive media under the same conditions. 

The porous cementite layer formed on the surface of the PM, as opposed to the WM and 

HAZ where FeCO3 precipitates were seen, implied that despite the fact that pearlite 

provides anchorage for FeCO3 precipitates, the pearlite grain size could determine the 

effectiveness of this anchorage. There is therefore need for researchers to determine the 

effective pearlite grain size range for precipitate anchoring. Adequate time is required for 

FeCO3 precipitates to cover the entire surface of the metal, thereby providing a more 

efficient covering.  

The above work was carried out with some limitations, which will necessitate further 

research. It was assumed that the only ions present in the corrosive media were 𝐶𝑂3
2− and 

𝐹𝑒2+ and did not account for the presence of competing ions and/or crude oil in the 

media. Further work should therefore be carried out on the effect of competing ions and 

crude oil on the cathodic and anodic reactions and the rate of precipitation in order to 

better mimic the reactions which occur in the field. 

It should be stated that the microstructures of the PM, WM and HAZ used in this research 

is only applicable to a metal having the same chemical composition and welded under the 
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same conditions employed in this research. Variations in microstructure and chemical 

composition will exist across various welded joints as it is dependent on several factors. 

Further research should therefore be carried out on the effect of various welding 

techniques on the microstructures of a welded joint.  
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