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‘Would you tell me, please, which way I ought to go from here?’ 
‘That depends a good deal on where you want to get to,’ said the Cat. 

‘I don't much care where –’ said Alice. 
‘Then it doesn't matter which way you go,’ said the Cat. 

Lewis Carroll, Alice in Wonderland   
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Abstract 
This thesis presents the research work aimed at understanding the effects of seawater injection 
on the corrosion behavior of carbon steel in CO2 atmosphere. The project is motivated by the 
increasing number of failures and reduced lifetime of oil & gas wells when higher fraction of 
water is produced because of seawater injection to improve oil recovery. The purpose is to 
understand how the affected parameters influence the corrosion resistance of tubing materials. 
The obtained knowledge is of importance to operators for developing an operational framework 
to be used in corrosion prediction and mitigation of oil & gas wells.  
Among the various changes caused by transient seawater injection, the thesis focuses on 
changes to lower temperature, presence of calcium ions in the brine and calcium carbonate 
precipitation. All these effects were evaluated against the CO2 corrosion behavior of carbon 
steel. Specifically 1Cr carbon steel with a martensitic microstructure was investigated as 
representative of production tubing material. The assessment of the impact of these parameters 
was performed under accelerated conditions and under conditions relevant for oil & gas 
operations in the Danish sector of the North Sea. 
Electrochemical techniques were used throughout this research to follow the corrosion process. 
Linear Polarization Resistance (LPR) was employed to follow the corrosion rate with exposure 
time. The evolution of the processes occurring at the metal – electrolyte interface were studied 
by Electrochemical Impedance Spectroscopy (EIS), whilst the electrochemical behavior of the 
material was investigated with Potentiodynamic Sweeps (PS). High-resolution Scanning 
Electron Microscopy (SEM) and Energy Dispersive X-Ray analysis (EDS) supported the 
investigation of the morphologies and cross sections of the corrosion products and scale. These 
films were characterized by X-Ray Diffraction (XRD). Chemical analysis of the corroding 
solution was conducted using ICP and UV Spectrophotometer and were modelled using water 
chemistry and scale prediction software. X-Ray Computed Tomography (X-Ray CT) was used 
for characterizing the corrosion products obtained at different temperatures. Almost all the 
experiments were performed at ambient pressure, while the effect of flow was evaluated in a 
Flow Loop system at the Institutt for Energiteknikk (IFE), in Norway. 
Overall, the results indicate that the injection of seawater can compromise the resistance of the 
production tubing material. The lower temperature prevented the precipitation of protective 
FeCO3 corrosion product. It resulted in a porous and non-uniform morphology, which was not 
able to reduce the corrosion of the steel. The precipitated film at high temperature was instead 
compact and uniform, which resulted in a reduction of the corrosion rate. The low temperature 
was also reported to facilitate localized corrosion attack.  
Calcium carbonate precipitation was able to dissolve the protective FeCO3 layer because of 
acidification of the solution. The presence of calcium in the solution resulted in the 
precipitation of a substitutional solution FexCayCO3 (x + y = 1). This precipitation was delayed 
compared to pure FeCO3; however, its protectiveness was not jeopardized by the presence of 
calcium. Precipitation of FexCayCO3 was further delayed by the flow. However, the 
investigated flow velocity did not affect the composition of the substitutional solution, which 
was comparable to the one obtained in absence of flow. The combined results and 
understanding obtained during this research are discussed in lights of the existing literature. 
Their applicability to the field is introduced and explained. 
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Resume´ 
Denne afhandling præsenterer forskningsarbejdet, der sigter mod at forstå virkningen af 
havvandinjektion på korrosionsopførsel af kulstofstål i CO2-atmosfære. Projektet er motiveret 
af det stigende antal svigt og reduceret levetid for olie- og gasbrønde, når der produceres en 
større fraktion af vand på grund af havvandinjektion for at forbedre olieudvindingen. Formålet 
er at forstå, hvordan de berørte parametre påvirker korrosionsbestandigheden af 
slangematerialer. Den opnåede viden er af betydning for operatørerne for at udvikle en 
operationel ramme, der skal bruges til korrosionsforudsigelse og afbødning af olie- og 
gasbrønde. 
Blandt de forskellige ændringer forårsaget af kortvarig injektion af havvand fokuserer 
afhandlingen på ændringer til lavere temperatur, tilstedeværelse af calciumioner i saltlage og 
calciumcarbonatudfældning. Alle disse effekter blev vurderet ud fra CO2-korrosionsopførsel 
af kulstofstål. Specifikt blev 1Cr carbonstål med en martensitisk mikrostruktur undersøgt som 
repræsentativ for produktionsrørmateriale. Vurderingen af virkningen af disse parametre blev 
udført under accelererede forhold og under forhold, der er relevante for olie- og gasoperationer 
i den danske sektor af Nordsøen. 
Elektrokemiske teknikker blev anvendt i hele denne undersøgelse til at følge 
korrosionsprocessen. Linear Polarization Resistance (LPR) blev anvendt til at følge 
korrosionshastigheden med eksponeringstid. Udviklingen af processerne, der forekommer ved 
metal-elektrolytgrænsefladen, blev undersøgt ved hjælp af elektrokemisk 
impedansspektroskopi, medens materialets elektrokemiske opførsel blev undersøgt med 
Potentiodynamic Sweeps (PS). Højopløselig scanningselektronmikroskopi (SEM) og 
energidispersiv røntgenanalyse (EDS) understøttede undersøgelsen af morfologier og tværsnit 
af korrosionsprodukter og skala. Disse film blev karakteriseret ved røntgenstrålediffraktion 
(XRD). Kemisk analyse af korroderingsopløsningen blev udført under anvendelse af ICP og 
UV-spektrofotometer og blev modelleret ved anvendelse af vandkemi og skala-
forudsigelsessoftware. X-Ray Computertomografi (X-Ray CT) blev anvendt til at karakterisere 
gthe-korrosionsprodukter opnået ved forskellige temperaturer. Næsten alle eksperimenter blev 
udført ved omgivelsestryk, hvor virkningen af flow blev evalueret i et Flow Loop-system på 
Institutt for Energiteknikk (IFE), i Norge. 
Generelt tyder resultaterne på, at injektion af havvand kan kompromittere 
modstandsdygtigheden for produktionsrørmaterialet. Den lavere temperatur forhindrede 
udfældning af det beskyttende FeCO3-korrosionsprodukt. Det resulterede i en porøs og ikke 
ensartet morfologi, som ikke var i stand til at reducere korrosionen af stålet. Den udfældede 
film ved høj temperatur var i stedet kompakt og ensartet, hvilket resulterede i en reduktion af 
korrosionshastigheden. Den lave temperatur blev også rapporteret for at lette lokaliseret 
korrosionsangreb. 
Calciumcarbonatudfældning var i stand til at opløse det beskyttende FeCO3-lag på grund af 
forsuring af opløsningen. Tilstedeværelsen af calcium i opløsningen resulterede i udfældning 
af en substitutionel opløsning FexCayCO3 (x + y = 1). Denne nedbør blev forsinket 
sammenlignet med ren FeCO3, men dens beskyttelsesevne blev ikke bragt i fare af 
tilstedeværelsen af calcium. Udfældning af FexCayCO3 blev yderligere forsinket af strømmen. 
De samlede resultater og forståelse opnået under denne forskning diskuteres i lys af den 
eksisterende litteratur. Deres anvendelighed på feltet introduceres og forklares. 
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1 Introduction 
1.1 Corrosion and seawater injection 
Corrosion and scale have a very important impact on the petroleum industry. On one side, they 
constitute a significant part of the capital and operational expenditures (CAPEX and OPEX), 
whereas on the other side they compromise the health and safety of the field personnel as well 
as the environment. It has been estimated that corrosion and scale formation account for 25% 
of the operational safety incidents, 8.5% increase on CAPEX and 11.5% increase to the lifting 
costs. The total spend on corrosion and scale related issues could be valued around 40% of the 
total OPEX for a single field. Therefore the corrosion and scale management of O&G wells is 
a topic of great relevance, especially in light of the recent “oil crisis”, with price below  $ 30 
per barrel, that has forced oil operators to optimize their performances and increase the 
reliability of their asset. 
CO2 is naturally present in petroleum and natural gas deposits reservoir. The hydrocarbon 
phase in not considered corrosive, however, when CO2 dissolves in water and hydrates to 
carbonic acid (H2CO3), it promotes an electrochemical reaction between the steel and the 
aqueous phase, leading to iron dissolution. Despite its susceptibility to CO2 corrosion, carbon 
steel is the most commonly used material for pipeline in the Oil & Gas production. This is due 
to its relatively low price, its availability in the volume required and the possibility of easily 
satisfying mechanical and fabrication requirements. 
Today more and more improved oil recovery methods (IOR) are employed for increasing oil 
output from reservoirs with decreased pressure level. In order to maintain the reservoir pressure 
and drive oil out of the formation, seawater is pumped from an adjacent injector. This technique 
is known as waterflooding. As the field ages, the water/oil ratio can increase and reach a level 
of 95% or higher leading to more significant corrosion problems. The use of injecting seawater 
as a means of improving oil recovery leads to changes in the environment that can significantly 
increase the possibility of corrosion failure of the tubulars due to the corrosion issues associated 
with the used materials. The consequence of seawater injection can be summarized as follow: 

• Increased water wetting of the steel surface: the higher fraction of water in the 
produced fluid increases the contact area between steel and electrolyte, and therefore 
the chance of formation of electrochemical cells. 

• Changes in chemical composition of the produced fluid:  at the beginning of 
production, the water chemistry of the produced fluid is close to the composition of the 
formation water. As the field ages and more water is pumped through, the chemistry of 
the produced water changes to a composition closer to seawater. This change in 
chemical composition of the produced fluid may affect the corrosion behavior of carbon 
steel as tubing material. 

• Scale precipitation: whenever water injection is used to enhance recovery, scale can 
form because of mixing of incompatible waters. This results in the produced water 
becoming oversaturated with scale components (CaCO3, BaSO4, SrSO4 and other 
possible scales) that can deposit on the wall of production tubing, which will locally 
influence the corrosion process on the interior tube surface.  

• Lower temperature of the produced fluid: the temperature of the injected seawater 
(5 - 15˚ C) is lower than the reservoir temperature (80 ˚C in the Danish sector of the 
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North Sea). The injection of sweater therefore leads to overall decrease in temperature 
of the produced fluid, which can affect the corrosion resistance of the tubing material.  

• Lower pH: the lower the temperature of the produced fluid, the higher the solubility of 
gaseous species like CO2 and H2S. These species hydrates to weak acids causing 
reduction pH, which will result in more aggressive environment. 

• Oxygen entrance: the presence of oxygen during production has been related to the 
ingress of seawater. Before injection, seawater is usually treated with oxygen 
scavengers; however, this process may not be hundred percent efficient. The presence 
of traces of oxygen introduces an additional cathodic reaction, which complicates the 
corrosion mechanism and threatens the lifetime of the production tubing. 

• Reservoir souring: increase hydrogen sulfide (H2S) content in the produced fluid due 
to increased activity of sulphate reducing bacteria (SRB) because of waterflood. 

The seawater injection (Figure 1.1) is a continuous process and all the parameters mentioned 
above keep changing as more sweater in pumped through. Therefore, the overall production 
environment is a continuously changing environment, in which the initial environmental 
parameters chosen to select the tubing material for the well may differ significantly from the 
operational parameters during IOR. 
Operators in the Danish sector of the North Sea have extensively used common API grade such 
as L80 as materials for the production tubing. However, failure was recorded after few years 
from the installation of the new production string and the time between workovers (replacement 
of the production string) is becoming shorter. Workovers can be expensive, as they not only 
require heavy equipment and crews, but also require the well be killed and stopping of 
production for a long period of time. 
Tubing failure due to corrosion can also compromise the health and safety of the field personnel 
as well as the environment. In order to prevent this catastrophic accident from occurring, the 
corrosion mechanism and the influence of changes of environmental parameters especially due 
to IOR techniques need to be assessed and understood. This knowledge can allow the operators 
to choose more appropriate materials and better plan for intervention and workovers. This 
proactive approach can prevent the risk of premature and catastrophic failure, reducing the 
costs and limiting the environmental risks linked to corrosion of production tubing. 
 

 
Figure 1.1 Schematic showing changes in environmental parameter as a consequence of seawater injection. 
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1.2 Scope of this study 
Despite being susceptible of CO2 corrosion, carbon steel is the most commonly used material 
for pipeline in the Oil & Gas production. This is due to its availability in the volume required, 
its relatively low price, and the possibility of easily satisfying mechanical and fabrication 
requirements. The increased water fraction in the produced fluid, as a consequence of seawater 
injection, further aggravates the corrosion process and reduces the lifetime of the tubing 
material. The demand for oil has pushed the exploration to deeper and hasher fields, whose 
environment is extremely aggressive to the steel materials. The requirement to maintain 
production by injecting seawater needs to be balanced with the negative effects caused by this 
process to the corrosion resistance of carbon steel. The ever-growing demand for reducing 
maintenance and operational cost has pushed the research to understand the mechanism of CO2 
corrosion of carbon steel in order to prevent its degradation. 
The objective of this Ph.D. project is to acquire more knowledge on the effect of seawater 
ingress to the corrosion resistance of carbon steel materials used in Oil & Gas production. This 
requires a detailed parametric investigation of the parameters affected by seawater injection. 
Focus of the work in this Ph.D. thesis is related to the detailed experimental understandings of 
how changes in these parameters affect the corrosion behavior of carbon steel material. 
Individual factors are studied and related to the CO2 corrosion process, namely: 

• Changes of the chemical composition of the production fluid from formation 
water to seawater. 

• Effect of temperature on protective corrosion product precipitation and on the 
evolution of the corrosion process of carbon steel material. 

• Scale precipitation (CaCO3) and how it affects the stability of the protective 
corrosion products and localized attack. 

• Changes to lower pH and their effect on the saturation degree of the bulk 
solution with respect to FeCO3. 

• Influence of Ca2+ ions on the corrosion behavior and on the precipitation of 
protective corrosion products. 

• Impact of the saturation degree of the solution with respect to the carbonates 
and how it is affected by seawater injection. 

1.3 Structure of the thesis  
The dissertation is structured in 13 individual chapters. A bird view diagram showing the 
individual chapters and their logical connections is shown in Figure 1.2. Chapter 1 provides a 
broad introduction to the topic and aim of the project. Chapter 2 presents detailed literature 
review of the relevant pre-existing knowledge on CO2 corrosion, FeCO3 precipitation and Ca2+ 
ions effect. The detailed overview of the experimental methods used in the current research is 
given in Chapter 3 and Chapter 4 summarizes the major findings obtained in the experimental 
chapters. The findings of the research study are presented as individual papers in Chapters 5-
10. Specifically, Chapter 5 addresses the effect of changes in chemical composition due to 
seawater injection. The results obtained during this study build the directions for the subsequent 
chapters with focus on temperature and calcium ions, as explained in Chapter 6. Chapter 7 
deals with the effect of temperature and how it affects the CO2 corrosion behavior of carbon 
steel. Its influence on the precipitation of protective iron carbonate scale is investigated. 
Chapter 8 studies the effect of calcium carbonate precipitation on a pseudo-passivated sample 
and on the stability of the FeCO3 protective layer. The effect of calcium on localized attack is 
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evaluated. Chapter 9 studies how the presence of calcium in the bulk solution affects the 
formation of the protective film and localized corrosion. Both morphology and composition of 
the layer are investigated. Chapter 10 extends the results obtained in Chapter 9 by including 
the effect of flow velocity in a flow loop system. A comprehensive discussion is presented in 
Chapter 11. This is followed by an overall conclusion (Chapter 12) together with proposal for 
future work (Chapter 13). 
 

 
Figure 1.2 Bird view diagram showing the structure of the Ph.D. Thesis.  
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2 Literature review 
2.1 Well completion and production tubing 
Well completion consists in a series of installations, which allow the well to produce. 
Production tubing is run into the well to just above the bottom to transport the produced fluids 
to surface (Figure 2.1) [1]. Tubing diameter ranges from 3.2 to 11.4 cm and comes in length of 
about 9.1m long. API-5CT [2] specifies the technical delivery conditions (dimensions, strength, 
performance and required threads) for steel pipes to be used in Oil & Gas production. Tubing 
protects the casing from coming in contact with the produced fluids, reducing its corrosion risk. 
As the casing has been cemented in the well, it is very difficult to repair.  Tubing is however 
suspended and can be pulled from the well to replace it during a workover.  

 

Figure 2.1 Schematic of a well showing different parts including the production tubing [1]. 

2.2 API Oilfield Tubing 
Production tubing must be design to withstand operational and unusual load conditions during 
production, such as tension, burst and collapse. Additionally it must endure the corrosive action 
of well fluids. The American Petroleum Institute (API) developed Specifications, 
Recommended Practices, and Bulletins for steel tubing that meet the major needs of the oil and 
gas industry [2]. 
2.2.1 Manufacturing 

According to API specifications, production tubing has to be manufactured with seamless or 
electric welding process. The lack of seam or weld-joints allows the pipe to withstand higher 
mechanical and chemical stress due to the uniform structure over the pipe body. A seamless 
tube is produced by penetrating a solid block with a piercing plug, and then extruded and drawn 
to its desired size (Figure 2.2).  
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Figure 2.2 Schematic showing manufacturing of the seamless pipe [3] 

Electric-welded pipe are produced by pressing together and by heating the edges to be welded. 
The resistance to flow of electric current generates the heat for the welding (Figure 2.3). Heat 
treatment of the pipe is necessary to remove untempered martensite. 
 

 

Figure 2.3 Schematic showing manufacturing of the Electric-welded pipe [3]. 

2.2.1 API grades 

According to API 5CT, steel grades are standardized according to the manufacturing processes, 
chemical content, and heat treatments, and therefore have different mechanical properties. The 
API grade are designated by an arbitrary letter and a number, which defines the yield strength 
of the steel in thousands of psi. Tables listing the manufacture process, heat treatment, the 
chemical and mechanical requirements of API tubing are collected in the Appendix I. Due to 
its wide spread use in the oil & gas industry, the API grade L80 will be shortly described below. 
L80 API grade is tubing grade with an 80.000 psi yield strength. It is available as Type 1, 9Cr 
and 13Cr. It is a seamless tube whose manufacturing process is followed by quenching and 
tempering. Type 1 is the most commonly used, due to its relatively low price compared with 
the other two types. It offers good Sulfide Stress Cracking resistance, but may suffer from 
uniform corrosion. Type 9Cr has been largely replaced by Type 13Cr due to its good corrosion 
resistance against CO2. This type, however, may not be suitable in sour service environment. 
2.2.3 Other tubing grades 

Due to the massive amount of steel required for both surface and downhole applications, carbon 
steel is the economic choice compared to more corrosion resistant alloy (CRA) steels. However, 
the extreme environments of some well conditions challenge the boundaries of traditional 
engineering alloys [4]. In addition to API steel tubing, proprietary steel grades can be used in 
the oil & gas production. These grades do not confirm to all the specification from API, but 
can offer better uniform corrosion resistance, higher strength and lower susceptibility to stress 
corrosion cracking (SSC). Cr, Ni and Mo are the most important alloying elements in corrosion 
resistance alloys (CRA). Martensitic stainless steel, Duplex, and nickel-based alloys are 
amongst the most common types [5]. These materials are usually expensive and do not always 
eliminate corrosion. They may also be incompatible with completion fluid. 
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Non-metallic tubing, such as fiberglass tubing and liners has been employed in oil & gas wells 
[5]. The low collapse-pressure resistance and poor wear resistance properties present some 
restrictions and their use have been limited.  

2.3 Improved Oil Recovery (IOR) 
Crude oil and natural gas accumulate over geological time in porous rock formation at various 
depths in the crust of the Earth. These formations are called reservoirs [6][7][8]. Usually, the 
crude oil and natural gas are found trapped in a layer of porous sandstone, just beneath a dome-
shaped anticline, under great pressure (Figure 2.4). Once the well is completed, this pressure 
forces the hydrocarbons out of the reservoir and it is defined as primary production [1]. With 
time, the reservoir pressure diminishes and it is not sufficient to maintain production to the 
desired level. Depending on the reservoir pressure and physical properties, drilling geometries 
and oil viscosity, primary production for oil wells averages 30 to 35% of the oil in place and 
can be as low as 5%.  A considerable amount of oil is therefore left in the reservoir. Improved 
oil recovery (IOR) is a technical process that injects natural gas or water into the reservoir to 
increase oil production beyond the primary recovery of the reservoir [9]. When water is injected, 
the technique is called water injection or waterflooding.  

 

Figure 2.4 Schematic of an Oil & Gas reservoir [1]. 

For waterflooding technique, water is injected through injection wells that can be either drilled 
or converted from producing wells and it sweeps some of the remaining oil to producing wells 
(Figure 2.5). It is estimated that waterflooding can recover 5 to 50% percent of the remaining 
oil in the reservoir [1][10]. Seawater is the most common source of injected water for offshore 
fields, due to its economic availability. Before being injected, the seawater is treated with 
biocides to remove bacteria and deaerated (removing oxygen) to prevent corrosion. 
Waterflooding becomes uneconomical when the water cut (the ratio of water produced 
compared to the volume of total liquids produced) in the produced water is too high, which can 
be greater than 99% in some cases. At this point, other techniques can be used to sweep the 
remaining oil if they are economically viable or the well is plugged.  
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Figure 2.5 Schematic of a water injection system for enhanced oil recovery [11]. 

2.4 Issues related to seawater injection  
Corrosion in oil wells and pipelines is influenced by several factors as described in the CO2 
corrosion mechanism section later. Among these, CO2 partial pressure, temperature, pH, 
chemical composition of the brine play a major role on the resistance of production tubing 
materials. Minor variations in one of these parameters may significantly change the lifetime of 
the materials[12][13]. Many of these parameters may be affected during seawater injection for 
improve oil recovery. Temperature, pH and brine chemistry are the most affected by this 
process [14]. 
The lower temperature of the injected seawater may lower the temperature of the produced 
fluid along the length of the production tubing. As a consequence of this change, more CO2 
and H2S can dissolve in the water fraction, making the fluid more acidic and therefore more 
aggressive [15]. The chemical composition of the brine changes from formation water to 
seawater, as more seawater is injected to displace the oil column. Calcium ions can enter the 
produced fluid and scale precipitation, such as calcium carbonate, may occur. Its effect on the 
CO2 corrosion mechanism are still under debate [16][17].  

The de-aeration of the injected seawater may not be complete and oxygen can enter the 
production tubing. Researchers have reported that traces of O2 are detrimental to the CO2 
corrosion of mild steel [18][19]. Additionally, the injection of seawater into an oil reservoir, 
can promote the growth of sulfate reducing bacteria, leading to the formation of hydrogen 
sulfide [20]. This event is known as reservoir souring and further complicates the corrosion 
mechanism. 

Seawater injection can therefore significantly affect the corrosion resistance of the tubing 
material by changing the environment in which these pipes are installed. As it is a continuous 
process and the water fraction increases with time, the system is continuously changing with 
time. Therefore, the conditions chosen to select the material for the production tubing may no 
longer subsist after seawater has broken through. The knowledge of how these parameters 
change and affect the material can be used to take the necessary steps to prevent failure and 
extend the lifetime of the well. 
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2.5 Corrosion issues in the Oil & Gas 
2.5.1 Costs of corrosion 

The total costs of corrosion associated with oil & gas exploration and production have been 
estimated to be $ 1.4 billion, in USA alone [21].  When considering liquid transmission 
pipelines, this cost increases to $ 7 billion, with corrosion accounting for about 25 % of the 
structural failure in the oil & gas market [22].  The costs due to corrosion and scale have been 
estimated around 40 % of the OPEX for a single oilfield in the Danish sector of the North Sea 
[23]. Therefore, any reduction in cost related to corrosion can significantly reduce the OPEX 
for oil production.  
2.5.2 Corrosion mechanisms during Oil & Gas production  

The uniform classification of the types of corrosion in the O&G industry can be very 
complicated. In a given pipe, the mechanism of corrosion may vary according to geometry, 
fluid composition, operational conditions and so forth. The common factor for all the types of 
corrosion is that the metal surface has to be in contact with the electrolyte. This chapter 
introduces the main forms of corrosion found in the O&G production, namely: 

• Sweet corrosion (CO2 corrosion) 
• Sour corrosion (H2S corrosion) 
• Oxygen corrosion 
• Galvanic corrosion 
• Erosion corrosion 
• Crevice corrosion 
• Microbiologically induced corrosion (MIC) 
• Stress corrosion cracking (SCC). 

The features and the occurrence of these types of corrosion are described, without going into 
the details of the mechanism. A detailed description of sweet corrosion mechanism is given in 
the CO2 corrosion mechanism chapter appearing later. 

Sweet corrosion 

For many years, CO2 corrosion of production and transportation facilities has been reported to 
be the main cause of tubing failure (Figure 2.6) [22][24]. The CO2 in the gas phase dissolves 
in the water fraction, which produces its own cathodic reaction (See section on CO2 corrosion 
mechanism) due to the chemical species produced by the dissolution of CO2. CO2 corrosion is 
influenced by several factors, amongst those temperature, pH, and chemical composition of the 
produced fluid are the ones mostly influenced by IOR [25]. 
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Figure 2.6 Example of a CO2 corrosion of flowline [25]. 

Sour corrosion 

Similarly, to CO2, dry H2S is not corrosive. When it dissolves in water, it forms a weak acid, 
which attacks the metal. Being a source of hydrogen, it can lead to hydrogen embrittlement 
[24]. The formation of irons sulfide as corrosion product at low temperature can act as a barrier 
and reduce corrosion. Figure 2.7 shows a pipeline attacked by sour corrosion. In the North Sea, 
the H2S concentration has been low, but due to seawater injection, it is assumed that it will 
increase during the years of production. The reason for this is that sulphate from the injected 
seawater can be reduced to suphide by bacteria.  

 

Figure 2.7 Sour corrosion attack [26]. 

Sun et al. [27] proposed a mechanism for iron dissolution in H2S containing solution based on 
the formation of a mackinawite film. This mechanism is summarized in Figure 2.8. 
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Figure 2.8 Mechanism of iron dissolution in presence of dissolved H2S [27]. 

Oxygen corrosion 

Dissolved oxygen is an important species for cathodic reaction during electrochemical 
corrosion process.  Presence of higher levels of oxygen will accelerate the metal dissolution by 
increasing the rate of cathodic reaction involving oxygen reduction [28]. The presence of 
oxygen in the drilling fluid is the major cause of drill pipe corrosion and offshore structure 
degradation. The injection of partially de-aerated seawater increases the risk of oxygen 
presence in the production tubing when IOR is in place. The presence of oxygen increments 
the attack caused by CO2 and H2S, and makes the corrosion inhibition more challenging. 
Galvanic corrosion 

When two metals with different electrochemical potentials are placed in contact with each other 
and exposed to an electrolyte, the metal with more negative potential (more active, less noble) 
becomes the anode and corrodes (Figure 2.9) [29]. A large ratio of the cathode-to-anode area 
has to be avoided, as it increases the kinetics of the anodic dissolution to keep up with the large 
area for the cathodic reaction. Galvanic corrosion can occur in O&G production when tubing 
joints in carbon steel are coupled with completion tools in high nickel alloys [30]. 

 

Figure 2.9 Galvanic series of different materials in seawater at 10˚Cand 40˚C [31] 
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Erosion corrosion 

Erosion corrosion is caused by the relative movement between the metal and a corrosive fluid, 
which can expose the metal surface to mechanical wear leading to increased corrosion. 
Protective corrosion products or layers are either worn off or prevented to form by the 
turbulences, and the high sheer stress of the fluid. The metallic surfaces remain active and the 
presence of solid particles in the fluid may complicate the degradation mechanism [12]. Groves 
and pits in the flow direction are typical morphologies of this type of corrosion (Figure 2.10) 
[32]. Production tubing, propellers and equipment exposed to liquid sputter and jets are 
commonly liable to erosion corrosion. 

Figure 2.10 Example of erosion–corrosion degradation of piping in downstream oil production condition [32]. 

Crevice corrosion 

This type of corrosion is found in tight clearances in the metal, where the fluid becomes 
stagnant. Concentration differences between the crevice and the area outside the crevice initiate 
an electrochemical concentration cell. This cell develops in a form of localized corrosion in the 
crevice. It mostly occur on steel which are passive or that easily, passivates and it is commonly 
observed in chloride containing environment. It is frequently encountered in pipe couplings 
(Figure 2.11) and in production tubing in areas where deposits have precipitated [33]. The last 
case is also known as under deposit corrosion.  

Figure 2.11 Crevice corrosion on pipeline coupling [26] 
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Microbiologically influenced corrosion (MIC) 

This type of corrosion is caused by biological bacteria, such as sulfate reducing bacteria (SRB). 
These bacteria generate corrosive hydrogen sulfide by using the sulfate in the produced fluid 
as an electron acceptor [34]. The microbes tend to form colonies and enhance the corrosion 
under the colony (Figure 2.12). It is frequently encountered in production lines and the use of 
sulfate-containing seawater, as a mean of IOR, promotes the growth of SRB [20]. 

Figure 2.12 FE-SEM images a) biofilm produced by a SRB and b) resultant pitting of the API 5L X52 line pipe steel [35]. 

Stress corrosion cracking (SCC) and corrosion fatigue (CF) 

The simultaneous effect of static tensile stress and corrosion can lead to SCC (Figure 2.13). 
The stress can be caused by external loads, pressure, changes in temperature, and operational 
and environmental parameters. Internal stresses due to cold working, heat treatment or welding 
may also initiate SCC [26]. Tool joints, hardened parts of blowout preventers and valve trim 
are particularly susceptible to SCC. 
When the stresses and loads are varying, the mechanism of failure is defined as corrosion 
fatigue. These fractures are usually trans-granular and branched. Platform legs and drill pipes 
are subject to corrosion fatigue and are designed and inspected to limit this type of failure. 

Figure 2.13 SCC attack on a pipeline section [26]. 
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2.6 Literature review on CO2 corrosion and the effect of calcium ions 
This chapter present a summary on the current knowledge on CO2 corrosion mechanism and 
the influencing parameters. These parameters are all affected by the use of seawater injection 
as a mean of IOR altering the corrosion resistance of carbon steel use for production tubing. 
Additionally, the state of the art knowledge on effect of calcium ions on the CO2 corrosion of 
mild carbon steel is described. Calcium ions are present in both the formation water and 
injected seawater. The use of IOR increases their presence in the production tubing and 
facilitates the precipitation of CaCO3. The effect on calcium ions on CO2 corrosion of mild 
carbon steel is still under debate. This PhD thesis attempts to improve the knowledge on this 
aspect. 
2.6.1 CO2 corrosion mechanism 

In the oil and gas production, carbon dioxide corrosion is known as sweet corrosion and it is 
among the most serious corrosion problems in this industry, affecting production tubings and 
pipeline systems [5]. The water phase dissolves CO2 which hydrates to carbonic acid (see 
Chemical equilibrium reactions), promoting this way an electrochemical reaction between the 
aqueous phase and the steel, leading to iron dissolution (see Electrochemical reactions section) 
[36][37][38][39][13].  Precipitation processes of corrosion products can also occur and have a 
significant impact on the corrosion mechanism. The CO2 corrosion is therefore a complex 
process involving a number of electrochemical, chemical and mass transport reactions to occur 
at the steel surface [40].  The following sections outlines the current knowledge on the chemical 
equilibria and the electrochemical reactions that can be used to describe the CO2 corrosion, and 
the main parameters influencing this process. 
2.6.2 Chemical equilibrium reactions 

The chemical equilibria associated with dissolved CO2 have been extensively studied in 
literature [41][42][43][44] and are summarized in Table 2.1 with their corresponding 
equilibrium constant. CO2 dissolves in water via Eq. (2.1), where 𝐾𝐾𝐶𝐶𝐶𝐶2is the proportionality 
constant, represented by the Henry´s constant for ideal gas and solutions. After dissolution, 
CO2 hydrates to produce carbonic acid, H2CO3, according to Eq. (2.2) [45]. H2CO3 is a diprotic 
weak acid and it partially dissociate in two steps. The first dissociation results in the formation 
of bicarbonate (HCO3

-),  carbonate (CO3
2-), and hydrogen ions (H+), according to Eq. (2.3) and 

(2.4) [36][45]. 
The chemical equilibria shown in Table 2.1 represent a simple system of CO2 dissolving in 
pure water, including water dissociation, Eq.(2.5). The various salts contained in the water 
chemistry in oil & gas productions can significantly alter the speciation of CO2 equilibria. The 
values for various equilibrium constant can be found elsewhere [46]. 

Table 2.1 Chemical equilibria reactions for CO2 dissolution in pure water [47]. 

Chemical reactions    

Dissolution of CO2 CO2(g)↔ CO2(aq) 𝐾𝐾𝐶𝐶𝐶𝐶2 =
[𝐶𝐶𝐶𝐶2(𝑎𝑎𝑎𝑎)]
𝑝𝑝𝐶𝐶𝐶𝐶2(𝑔𝑔)

 2.1) 

CO2 hydration CO2(aq) + H2O(l) ↔ H2CO3(aq) 𝐾𝐾ℎ𝑦𝑦𝑦𝑦 =
[𝐻𝐻2𝐶𝐶𝐶𝐶3]
𝐶𝐶𝐶𝐶2(𝑎𝑎𝑎𝑎)

 2.2) 

Carbonic acid dissociation H2CO3(aq) ↔ H+
(aq) +HCO3(aq)

- 𝐾𝐾𝑐𝑐𝑎𝑎 =
[𝐻𝐻+][𝐻𝐻𝐶𝐶𝐶𝐶3−]

[𝐻𝐻2𝐶𝐶𝐶𝐶3]  2.3) 

Bicarbonate anion 
dissociation HCO3(aq)

- ↔ H+
(aq) +CO3

2-
(aq) 𝐾𝐾𝑏𝑏𝑏𝑏 =

[𝐻𝐻+][𝐶𝐶𝐶𝐶32−]
[𝐻𝐻𝐶𝐶𝐶𝐶3−]  2.4) 

Water dissociation H2O(l) ↔H+
(aq) + OH-

(aq) 𝐾𝐾𝑤𝑤 = [𝐶𝐶𝐻𝐻−][𝐻𝐻+] 2.5) 
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2.6.3 Electrochemical reactions 

Corrosion of carbon steel in aqueous CO2 is an electrochemical process and can be divided in 
cathodic and anodic reactions. The mechanism of CO2 corrosion have been investigated for 
more than four decades, however the electrochemical processes occurring at the metal-
electrolyte interface are still a subject of research. In the following paragraphs, the established 
knowledge of the electrochemical reactions involved in CO2 corrosion of carbon steel is 
summarized and recent theories are introduced.  
Cathodic reactions 

The main cathodic reaction occurring at the steel interface is hydrogen evolution. In CO2 
corrosion, hydrogen evolution belongs to a family of cathodic reactions, which produce 
molecular hydrogen. These reactions are shown in Table 2.2 and involve reduction of H+, 
H2CO3, HCO3

- and H2O. Despite being thermodynamically equivalent (same reversible 
potential based on Nernst equation), they have very different reaction kinetics. 
Hydrogen reduction (Eq. 2.6)) has been extensively studied in literature [48][49][50][51] and 
constitutes the main cathodic reaction in CO2 corrosion. Direct reduction of H2CO3 (Eq. 2.7)) 
contributes to the cathodic reaction at 4 < pH < 6 [52]. Recent studies have suggested that 
H2CO3 does not reduce directly, but dissociates at the metal-solution interface, creating a 
“buffer” of H+ ion that are then reduced according to Eq. (2.6) [53][54].  Reduction of HCO3

- 
(Eq. 2.8)) is also possible at pH > 6 [55]. However, the significance of direct reduction of 
HCO3

- or it capabilities of releasing H+ ions to promote the cathodic reaction has not been 
confirmed by any study. Water reduction (Eq. 2.9)) is thermodynamically equivalent to 
hydrogen reduction, but with a much slower kinetics. Its contribution under typical oil & gas 
conditions is therefore minimal. 

Table 2.2 Cathodic electrochemical reactions associated with CO2 corrosion in pure water [47]. 

Cathodic reactions 

Hydrogen reduction 2H+
(aq) + 2e- → H2(g) (2.6) 

Carbonic acid reduction 2H2CO3(aq) + 2e- → H2(g) + 2HCO3
-
(aq) (2.7) 

Bicarbonate reduction 2HCO3
-
(aq)

 + 2e- → H2(g)+ 2CO3
2-

(aq) (2.8) 

Water reduction 2H2O(l) + 2e- → H2(g) + 2OH-
(aq (2.9) 

Anodic reactions 

The electrochemical dissolution of iron (Eq. 2.10)): 
Fe  Fe2+ + 2e- 2.10) 

is the dominant anodic reaction in acidic media has been the subject of numerous studies 
[56][57][58][59][60][61][62][63][64]. The reaction is pH dependent and the measured Tafel 
slopes are typically 30-40 mV. 

2.6.4 FeCO3 precipitation 

FeCO3 (Siderite) can thermodynamically precipitate when the product of the activities of Fe2+ 
and CO3

2- exceed the solubility product Ksp. The formation of FeCO3 occurs via a one-stage 
reaction process with carbonates (Eq. 2.11)) [39][40]: 
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Fe2+
(aq) + CO2-

3(aq)  FeCO3(s) 2.11) 

When FeCO3 precipitates, it can affect the corrosion process. The level of protection and its 
morphology are strongly related to the rate of formation for which the driving force is the 
saturation ratio or supersaturation (S) [65], defined in Eq. (2.12) as: 

𝑆𝑆 =
𝑎𝑎𝐹𝐹𝐹𝐹2+∙𝑎𝑎𝐶𝐶𝐶𝐶32−

𝐾𝐾𝑠𝑠𝑠𝑠
2.12) 

Where 𝑎𝑎𝐹𝐹𝐹𝐹2+ and 𝑎𝑎𝐶𝐶𝐶𝐶32− are the ferrous and carbonate ion activities (in mol/L) and 𝐾𝐾𝑠𝑠𝑠𝑠 is the 
solubility product of FeCO3. Any factor affecting 𝐾𝐾𝑠𝑠𝑠𝑠 or specie activity will influence FeCO3 
film formation. These factors are described in the following paragraphs. 

FeCO3 precipitation can theoretically occur at supersaturation value greater than 1. However, 
rapid precipitation only occurs above a critical value of supersaturation [66]. Dugstad described 
FeCO3 film formation as a two-step process involving nucleation and particle growth [40]. The 
presence of imperfection on the steel surface (roughness, defects, etc.) facilitates heterogeneous 
nucleation of FeCO3 nuclei [67]. Once the nuclei become stable, the process is dominated by 
particle growth, slowing the precipitation rate. Nucleation and growth are related to 
supersaturation: growth is dominant at lower supersaturation, whilst high supersaturation 
facilitates the nucleation process. Nano–crystalline films can, therefore form at high 
supersaturation level [67].  

Based on the generic work of Lasaga [68], Yang has identified four regions of FeCO3 growth  
depending on the level of supersaturation [69]. The four regions with increase in 
supersaturation level, shown in Figure 2.14, are described as follows: 

• Region 1 – Dissolution: the saturation is less than 1 (under-saturation): Crystal
growth does not occur and dissolution of crystals may occur.

• Region 2 – Metastable/Seeded growth: the solubility limit is exceeded, but
growth requires the presence of seed crystals. In his work, Johnson has reported
that in the absence of such crystals, the system remain super-saturated for long
time [70].

• Region 3 – Heterogeneous Nucleation/Growth: foreign particles induce
nucleation followed by crystal growth.

• Region 4 – Homogeneous Nucleation/Growth: spontaneous nucleation and
growth are able to occur.



Literature review 

31 

 

Figure 2.14 Regions of FeCO3 crystal growth adapted from the work of Lasaga [68]. 

The effect of temperature 

Several models have been developed to describe the dependence of FeCO3 solubility on 
temperature. Some of these models are based on experimental work [71][72][73][74], whilst 
other on theoretical thermodynamics models[75][76]. Based on literature data, Sun et al. 
developed a unified FeCO3 solubility expression (Eq. 2.13), which accounts for both 
temperature and ionic strength (Eq. 2.14) allowing concentrations to be used in Eq. (2.13) 
instead of the activities: 

𝐿𝐿𝐿𝐿𝐿𝐿𝐾𝐾𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶3 = −59.3498 − 0.041377 ∙ 𝑇𝑇 − 2.1963
𝑇𝑇

+ 24.5724 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿𝑇𝑇 + 2.518 ∙ 𝐼𝐼0.5 −
0.657 ∙ 𝐼𝐼             2.13) 

𝐼𝐼 = 1
2
∑ 𝑐𝑐𝑏𝑏𝑧𝑧𝑏𝑏2𝑛𝑛
𝑏𝑏            2.14) 

The effect of temperature and ionic strength based on the model from Sun et al. are plotted on 
Figure 2.15 [47]. The solubility of FeCO3 is reduced by an increase in temperature, while it 
increases in conjunction with ionic strength. 

 

Figure 2.15 Plots of FeCO3 solubility product (Ksp) as a function of temperature for varying levels of ionic strength using 
the model proposed by Sun et al. [68] 

At elevated temperature, FeCO3 development is faster and supersaturation is low. This results 
in the formation of a densely packed crystalline film of FeCO3 offering good protection to the 
underlying steel [77][78]. However, there is no consensus in literature around the critical 
temperature that leads to protective FeCO3 precipitation. Videm et al. [79] and Pessu et al. [80] 
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reported that FeCO3 film formation can occur at around 50 ˚C. Other studies have reported a 
critical temperature in the range of 60-70 ˚C [78][81]. The morphology and protectiveness of 
the FeCO3 layer has been highlighted by Dugstad [40] in a series of cross-section images of 
carbon steel exposed to super-saturated solutions at different temperatures (Figure 2.16 a-c). 
Non-protective porous Fe3C network with minimal FeCO3 precipitation was reported at 40 ˚C 
and S < 40 (Figure 2.16 a). At 40 ˚C and S > 40 the corrosion rate exceeded the precipitation 
rate, resulting in a loose and low crystalline layer unable to protect the steel (Figure 2.16 b). A 
dense and protective layer was instead formed at 80 ˚C and S < 10 (Figure 2.16 c) 

Figure 2.16 Cross-sections of samples exposed to different temperatures and saturation. a) 40 °C and S < 40 in bulk solution, 
b) 40 °C and S > 40 in bulk solution, c) 80 °C and S < 10 in bulk solution – adapted from Dugstad [40].

The effect of pH 

Solution pH is considered as one of the main factor influencing the rate of precipitation of 
FeCO3 [82][83][84][85]. An increase in pH value reduces the concentration of Fe2+ ions 
necessary to exceed FeCO3 solubility, this way promoting film formation.  The effect of pH on 
FeCO3 solubility for a 1 wt.% NaCl solution is shown in Figure 2.17 [40]. It is important to 
emphasize that the Fe2+ concentrations reported in Figure 2.17 are related to the bulk solution. 
The pH in the proximity of the steel surface can be higher due to the local release of Fe2+ and 
consumption of H+ ions during the corrosion process [86][87][46]. This results in increase in 
supersaturation at the steel surface, with possible FeCO3 precipitation on the metal surface even 
though the bulk solution is under-saturated.  

Figure 2.17 Amount of Fe2+ required to reach FeCO3 saturation as function of pH in the brine [40]. 
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Pessu et al.[88] reported that the pH influences significantly the morphology and protectiveness 
of the FeCO3 layer. They performed experiments in a 3.5 wt.% NaCl solution at 50 ˚C for 168 
h at pH values ranging from 3.8 to 7.5. The amorphous/nano-polycristalline FeCO3 film formed 
at pH 3.6 was substituted by a protective cubic one at pH=6.6 and by a rhombohedral ones at 
pH=7.5 (Figure 2.18 a-c). The protectiveness of the layer also increased with increase in pH 
value. 

 

Figure 2.18 SEM images of X65 steel surfaces after exposure to a 3.5 wt.% NaCl solution at a temperature of 50 °C for 168 
h; (a) starting pH of 3.8 (b) pH 6.6 and (c) pH 7.5 – adapted from Pessu et al. [88] 

The synergy between temperature and pH was highlighted by the work of Nazari et al. [89]. 
The authors performed experiments over 72 h at temperatures and pH ranging from 55-85 ˚C 
and 5.5-6.5, respectively. They reported the absence of corrosion product at 55 ˚C at any 
investigated pH, whilst at 65 ˚C the coverage of the layer was improved with increasing pH. 
At 75 ˚C,  a compact, protective layer was formed at all pH values, with the most protective 
layer obtained at pH=6.5. 
The effect of CO2 partial pressure 

An increase in CO2 partial pressure (pCO2) typically leads to an increase in the corrosion rate 
when conditions do not favor protective FeCO3 formation [90]. The higher concentration of 
H2CO3 increases and accelerates the cathodic reaction, and therefore the corrosion rate. 
However, when FeCO3 scales can form, increased pCO2 leads to higher concentrations of HCO3

-
 

and CO3
2-

 in the bulk solution, leading to higher supersaturation. This increase in supersaturtion 
accelerates the precipitation and scale formation. Dugstad [40] determined the effect of pCO2 to 
the solubility of Fe2+ in a 3.5 wt.% NaCl solutions at pH level from 4 to 6 at 60 ˚C (Figure 
2.19). An increase in pCO2 in the system can increase or decrease the likelihood of FeCO3 
formation. This effect is strongly dependent on the pH. 
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Figure 2.19 Amount of Fe2+ required to reach FeCO3 saturation as function of pCO2 for various pH’s in the brine (3.5 wt % 
NaCl, 60 °C) [40]. 

Videm et al. [91] in their experiments at 80 ˚C and pH 5 reported that film formation on carbon 
steel occurred much faster when the pCO2 was increased from 1 bar to 10 bar. Gavanulei et al 
[92] performed experiments at different pCO2 (ranging fr0m 2.8 to 22.1 bar) and temperatures
(from room temperature to 75 ˚C) and monitored the corrosion rate over 24 h. FeCO3
precipitation was recorded only at 75 ˚C above pCO2= 5.52 bar. They also reported higher film
density and shorter time to FeCO3 precipitation with increased pCO2 in this temperature range.
The effect of flow 

FeCO3 precipitation is influenced both by the corrosion process, which produces Fe2+ ions 
close to the steel surface, and by the Fe2+ concentration in the bulk solution [93]. Higher 
supersaturation with respect to FeCO3 can be achieved by the mass transfer of Fe2+ ions from 
the bulk solution to the steel surface [40]. At pH < 5 (high H+

 concentration), an increase in 
flow rate leads to a higher corrosion rate and therefore a higher flux of Fe2+ from the surface 
[90][94]. Due to the slow hydration process of H2CO3 the corrosion rate at higher pH is less 
sensitive to increase mass flow. Increased flow will contribute to remove Fe2+ away from the 
surface. Therefore, despite the higher flux of Fe2+ from the steel, the hydrodynamic effect of 
increased flow rate will transport Fe2+ away from the surface. 
Most of the research related to FeCO3 formation on carbon steel has been performed in static 
conditions [93][95][96][97][98][99][100] and  a limited number of studies has highlighted the 
importance of flow on precipitation, morphology and mechanical properties of FeCO3 
[79][46][101][102][103]. Dugstad et. al [104] performed extensive flow loop experiments and 
reported no FeCO3 formation at high flow rates. Similar results were obtained by Hara et al. 
[105]. In low to medium flow, mesa attack can occur due to the instability of the formed FeCO3 
film.  The local film breakdown may therefore result in a rapid local attack [106]. Based on 
video observation performed on different carbon steels exposed to flow rates from 0.1 to 7 m/s 
in flow loop systems at 80 ˚C, 1.8 bar pCO2 and pH value around 5.8, Nyborg [107] proposed 
a mechanism of initiation and growth of mesa attack in CO2 corrosion. The author proposed 
that the mesa attack initiates at small pits beneath the porous corrosion film. The mechanical 
forces remove the corrosion film after the metal below has dissolved.  These pits then grow 
together into a wider mesa attack of uniform depth. This attack grows with high corrosion rate 
in both depth and width as long as protective films are not reformed. Figure 2.20 a-g shows the 
evolution of the mechanism proposed by Nyborg. 
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Figure 2.20 Suggested mechanism for initiation and growth of mesa corrosion attack - Adapted by the work of Nyborg [107]. 

2.7 Calcium ions and calcium carbonate scale
Most of the laboratory corrosion studies have been performed in various NaCl solution, despite 
the presence of other ions in the produced brine. Among these ions, Ca2+ is present in high 
concentration in reservoir fluids, reaching values up to 18,000 ppm [108]. A limited number of 
studies have been performed using Ca2+ and the corrosion mechanism in presence of this cation 
have not been systematically characterized. Ca2+ can precipitate as CaCO3 (calcite) which is 
isomorph to FeCO3, possessing a hexagonal unit cell [109][110]. This precipitation can 
influence the corrosion mechanism. In the following paragraphs, an introduction to CaCO3 
scale and a review of the available literature on the effect of Ca2+ on CO2 corrosion of carbon 
steel is provided. 
2.7.1 CaCO3 scale precipitation 

Precipitation of CaCO3 occurs when its saturation degree (SCaCO3) is greater than unity (Eq. 
2.15). Similarly, to FeCO3 scale, the solubility of CaCO3 decreases with increasing temperature. 
Plummer and Busenberg [111] provided the correlation to calculate the equilibrium constant 
for CaCO3 precipitation, KspCaCO3 (Eq. 2.16). 

𝑆𝑆𝐶𝐶𝑎𝑎𝐶𝐶𝐶𝐶3 = �𝐶𝐶𝑎𝑎2+�[𝐶𝐶𝐶𝐶32−]
𝐾𝐾𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3

2.15) 

𝐿𝐿𝐿𝐿𝐿𝐿𝐾𝐾𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 = −1228.732 − 0.299444 ∙ 𝑇𝑇 + 35512.75
𝑇𝑇

+ 485.818 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿𝑇𝑇 2.16) 

Both siderite and calcite crystallize with a hexagonal unit cell as shown in Figure 2.21 a and b. 
The cation radii are similar and the two carbonates can co-exist in a solid solution where Ca 
replaces Fe in the crystal structure of FeCO3 forming a mixed substitutional solid solution 
FexCa1-xCO3 [110]. The solubility of calcite is about two order of magnitude higher than 
siderite. Substitution of Fe2+ by Ca2+ may therefore alter the solubility of the mixed metal 
carbonate compared with pure FeCO3. Several authors report that this substitution may affect 
the protectiveness of the FeCO3 layer on carbon steel [112][113]. The keys structural 
parameters of siderite and calcite are summarized in Table 2.3.  
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Calcium carbonate can naturally occur in two other crystal forms eg. aragonite and vaterite 
[114]. While calcite belongs to the trigonal crystal system, aragonite and vaterite belongs to 
the orthorhombic and hexagonal crystal systems, respectively. Aragonite and vaterite are 
metastable forms of calcium carbonate and tends to convert to calcite at standard temperature 
and pressure. For the purpose of this research, only calcite was considered and discussed. 
Precipitation of aragonite and vaterite were beyond the scope of work of this study. 

Figure 2.21 Hexagonal crystal structure of calcite a) [115] and siderite b) [116] . 

Table 2.3 Unit cell parameter for siderite (PDF Number 29-0696) and calcite (PDF Number 05-0586). 

Compound 
Cation 
Radius 

[Å] 

Unit cell a 
[Å] 

c 
[Å] 

Density 
[g/cm3] 

FeCO3  0.78 Hexagonal 4.72 15.46 3.93 
CaCO3 1.00 Hexagonal 4.99 17.04 2.71 

2.7.2 Review of the effect of Ca2+ on CO2 corrosion of carbon steel 

Literature concerning the effect of Ca2+ on the corrosion behavior of carbon steel in CO2 
environment has often been performed in presence of Mg2+ ions. One of the first studies on the 
effect of Ca2+ ions was performed by Eriksrund et al. [117].  Electrochemical measurements 
were conducted on API 5L X52 specimens in real and synthetic formation brines containing 0, 
400 and 1200 ppm Ca2+ at 20 ˚C over a pH range of 5.80 – 7.39. Other ions, like Mg2+, were 
also present in the electrolyte. They reported beneficial effect of Ca2+ in the FeCO3 protective 
layer and reduction in  corrosion rate.  

Zhao et al [112] performed autoclave experiments at CO2 partial pressure of 25 bars at 90 ˚C 
in presence of 1.000 ppm Mg2+ and 6.000 ppm Ca2+. By analyzing the shift to lower 2θ angle 
of the most intense peak, they suggested the substitution of Fe2+ with larger Ca2+ ions. This 
substitution was reported to promote the formation of a protective layer. Longer exposure time 
was necessary to obtain the same degree of protection in the absence of Ca2+ and Mg2+. 

Gao et al. [118]investigated the effect of CO2 partial pressure (0.1, 0.3 and 1 MPa) and flow 
rate (0, 0.5 and 1) at 65 ˚C, with 72 ppm Mg2+ and 64 ppm Ca2+. Distinct phases of FeCO3, 
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CaCO3 and MgCO3 were reported at 0.1 MPa pCO2. At 0.3 MPa pCO2, both Ca2+ and Mg2+ 
substituted Fe2+ in the precipitated layer, forming a substitutional solution with formula 
(Fe,Ca,Mg)CO3. At 1 MPa pCO2, Mg2+ ions were not detected in the substitutional solution. 
An example of the obtained XRD pattern is shown in Figure 2.22.        

 

Figure 2.22 XRD pattern of scale formed at various PCO2 , T = 65 C [118] 

Jiang et al. [119] have investigated the effect of Ca2+ ions on pitting corrosion on N80 steel by 
using electrochemical impedance spectroscopy (EIS). The experiments were performed in 
glass cell at 57 ˚C with solutions containing 1.000 ppm Ca2+. In order to distinguish the effect 
of Cl- and Ca2+ on localized corrosion, different concentrations of Cl- were added to the 
electrolyte, specifically 3 wt.% NaCl, 3 wt.% NaCl + 1.5 wt.% CaCl2 and 4.6 wt.% NaCl. 
Based on EIS the reported delays in pitting initiation time when calcium was present in the 
solution. They attributed the cause of pitting initiation to the presence of Cl- ions, despite this 
being in contrast with other researchers that claim Cl- ions have no effect of pitting corrosion 
of carbon steel [120][121]. They have concluded that the presence of Ca2+ postponed the pitting 
initiation. 
The influence of different Ca2+ concentration on the CO2 corrosion of X65 steel was first 
studied by Ding et al. [122]. In their 10-day autoclave experiments, the authors performed tests 
at 75 ˚C at 10 bar pCO2 with Ca2+ concentrations ranging from 64 to 512 ppm. The solution 
contained also 78 ppm Mg2+. The authors reported increased corrosion rate with increasing 
Ca2+ concentration (Figure 2.23), due to the looser structure of the deposited layer, precipitated 
at higher Ca2+ concentrations. Due to the substitution of Fe2+ with larger Ca2+, almost all of the 
diffraction peaks of FeCO3 move to a lower diffraction angle, with the increase of Ca2+ 
concentration (Figure 2.24). 
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Figure 2.23 Corrosion rate of X65 pipeline steel under different Ca2+ concentrations [122]. 

Figure 2.24 Partial high magnification image of XRD pattern of corrosion scales under different Ca2+ concentrations [122]. 

In more recent experiments, Esmaeely et al. [122] evaluated the effect on both localized and 
general corrosion of Ca2+ concentrations, ranging from 10 to 10.000 ppm. All the experiments 
were performed in a 1 wt.% NaCl solution, saturated with CO2 at 80 ˚C and pH = 6.6. They 
reported non-protective layers at 1.000 and 10.000 ppm Ca2+, resulting in a corrosion rate that 
did not drop throughout the experiments (Figure 2.25). The lower pH of the solutions 
containing 1.000 and 10.000 ppm Ca2+ (6.0 and 5.5 respectively) was potentially the cause of 
these results. Additional experiments by Esmaeely et al [113] concluded that Ca2+ had induced 
localized corrosion on carbon steel. 
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Figure 2.25 Corrosion rate over time measured by LPR for different initial concentration of calcium ions at 80 °C, pCO2 0.53 
bar, 1wt % NaCl, and 10 ppm Fe2+ [122] 

Tavares et al. [123] performed one of the first studies in which the electrolyte was saturated 
with respect to CaCO3. They have conducted 28 days autoclave experiments at 80 ˚C at 15 
MPa pCO2. They reported uniform corrosion in both absence and presence of CaCO3. The 
uniform corrosion was lower in the presence of CaCO3.  This was probably due to the lower 
initial pH of the baseline experiment (2.71 vs. 4.7 for the solution with CaCO3). The authors 
reported the formation of a substitutional solid solution with an average chemical composition 
of Fe0.79Ca0.21CO3. 

Hua et al. [124] investigated the individual effects of calcium ions (1.000 and 10.000 ppm) on 
the CO2 corrosion of carbon steel at 60 ̊ C an 100 bar CO2 over 96 h. Other ions such as chloride 
and magnesium were included in the research. Corrosion rates were reduced by 80 % at the 
end of each test (Figure 2.26).  The authors claimed more severe pit propagation in presence 
of Ca2+. However, possible mechanism explaining these results were not given. 

Figure 2.26 Uniform corrosion rate as a function of time for X65 carbon steel exposed CO2-saturated brines containing 
different levels of Ca2+ and Mg2+ [124]. 

Acceleration of pit growth due to addition of Ca2+ were also reported by Shamsa et al. [125] in 
their 96 h experiments at 80 and 150 ˚C. The addition of 1.83 wt.% CaCl2∙2H2O led to the 
formation of a thicker and less protective substitutional layer. These effects were claimed to be 
smaller at 150˚C. 

Based on the above presented studies, the current results on the effect of Ca2+ ions on CO2 
corrosion are often contradictory. Ding et al. [122] and Esmaeely et al [126] reported higher 
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corrosion rate in presence of calcium ions. However, opposite conclusions can also be found 
in literature [117][123][124]. Similar contradictions can be found on research related to the 
effect of Ca2+ ions on initiation of pitting corrosion. Some authors [113][124][125] have 
reported that the presence of Ca2+ ions could initiate pitting corrosion, whilst others claim that 
Ca2+ ions can postpone the localized attach on carbon steel [119].  

According to Mansoori et al [16], the saturation degree of CaCO3 is a more important parameter 
than the individual ion concentrations when studying the effect of Ca2+ ions on CO2 corrosion 
of carbon steel. This important parameter has often been overlooked and only ion 
concentrations were evaluated [112][122][124].  Another key parameter which has a strong 
influence in both corrosion rate and carbonate scale precipitation is the pH. This important 
parameter was either not maintained throughout the experimental time [126] [123] or not 
reported [112][122]. In their recent work, Mansoori et al. [17] attempt to overcome these 
limitations in their study on influence of Ca2+ on CO2 corrosion of carbon steel at 80 ˚C and 
pH 6.2. They have built a setup (Figure 2.27) where the water chemistry of the system (pH, 
Fe2+, Ca2+) was controlled and maintained with ion exchange resins. The presence of 160 ppm 
Ca2+ in a CaCO3 saturated solution resulted in the precipitation of a mixed iron-carbonate layer 
Fe0.98Ca0.102CO3 that delayed the time to reach pseudo-passivation (Figure 2.28). However, the 
protectiveness of the precipitated layer was not altered by the presence of Ca2+ ions.  

 

Figure 2.27 Schematic view of the system equipped with impeller and [Fe2+]/[H+] control loops [17]. 
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Figure 2.28 Comparison of corrosion behavior of UNS G10180 exposed to CaCO3-saturated and baseline (CaCO3-free) 
aqueous conditions [17].  
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2.8 Summary 
Failure due to corrosion can have significant impact on the costs for extracting oil & gas. These 
costs do not only include the cost for new materials and parts but also the costs of not productive 
time (NPT) when the production is stopped. It can take up to one year or more before a well 
can start to produce again and this involves severe monetary losses from the operators. The 
need to improve the knowledge on corrosion in the oil and gas and prevent or mitigate its 
failures is one of the top priorities for energy companies.  

When the reservoir pressure in not sufficient to sustain production, seawater in injected in the 
reservoir to maintain the driving force for extracting oil. The presence of seawater in the 
production fluid further aggravates the corrosion process by making the environment more 
aggressive. Temperature, pH and brine chemistry are the most affected by this process. This 
new environment severely reduces the lifetime of the production tubing materials. Failures 
occurs within few years from water entering the production string and the time between 
workovers is being reduced.  

The industry relies heavily on carbon steel due to its low cost, availability and achievable 
mechanical properties. Corrosion of carbon steel due to CO2 accounts for a significant amount 
of the failures occurring in the oil & gas industry. This process has been under investigation 
for more than fifty years, but the corrosion mechanism occurring at the metal-electrolyte 
interface is still a subject of research. Siderite (FeCO3) is the most commonly observed 
corrosion product in CO2 corrosion of carbon steel.  Several parameters can affect the CO2 
corrosion process and the protective properties of the FeCO3 layer; amongst those, temperature, 
pH, water chemistry, CO2 partial pressure and flow velocity are the most relevant. All these 
factors are affected by seawater injection as IOR method. In addition, precipitation processes 
of corrosion products or mineral scales can occur, which has a significant influence on the 
corrosion mechanism.  

Temperature can affect the CO2 corrosion of carbon steel as it influences the precipitation of 
protective FeCO3. At T > 60 ˚C a protective layer of FeCO3 is formed and can reduce 
significantly the corrosion rate. Below this temperature, high corrosion rates are experienced. 
When seawater is injected, it lowers the overall temperature of the produced fluid and can have 
a significant impact of the life of the production tubing. Changes to lower temperatures, as a 
consequence of waterflooding, are part of this Ph.D. work. Their effect on the CO2 corrosion 
behavior of carbon steel are assessed with advanced electrochemical techniques and ex-situ X-
Ray computed tomography was  used to characterize the scale morphology. 

Calcium ions can also enter the production tubing and their presence in enhanced by seawater 
injection. Calcium can precipitate as calcium carbonate and influence the corrosion process. 
Their effect on CO2 corrosion of carbon steel has been somehow neglected in the available 
literature, with focus given mostly to solutions containing solely NaCl. Results concerning the 
effect of Ca2+ ions is still a matter of debate and the results are often contradictory. Possible 
causes for these discrepancies could be due to undetermined or uncontrolled water chemistry. 
This Ph.D. work attempts, therefore, to clarify the effect of these ions on the CO2 corrosion of 
carbon steel. Focus is given to calcium carbonate precipitation and its influence on the stability 
of the FeCO3 layer and on the effect of calcium ions on the formation and properties of this 
film. Their effect on the risk of localized corrosion is evaluated. 
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3 Materials and methods 
This chapter gives a general overview on the materials and methods used in the experimental 
chapters of this thesis. Further detailed descriptions of the methodology and experimental 
procedures can be found in the respective chapters appended as journal manuscripts published 
or intended for publication. 

3.1 Material and specimen preparation 
The samples used for all the investigation in the thesis were made of quenched and tempered 
1Cr steel, with a chemical composition showed in Table 3.1. The steel had a tempered 
martensitic microstructure as shown in Figure 3.1. The samples were machined down to a 
cylindrical shape to fit the working electrode support used for the electrochemical experiments. 
The samples used in the standard electrochemical cell had a 10 mm diameter and a height of 
10 mm, giving a total surface are of 3.925 mm2 (only one base area is exposed to the electrolyte). 
The material was machined in cylindrical samples with a diameter of 5mm and height of 20 
mm, giving a total surface area of 3.34 cm2. In order to reduce the thickness of the sample and 
increase the X-ray transmission for X-ray CT computed tomography, the inside thread of the 
sample was machined down to 3mm to the top surface. The specimens used in the flow loop 
test were machined down to hollow cylinders. The working electrodes had a length of 50 mm, 
an outer diameter of 20 mm and inner diameter of 15 mm, giving a total surface area of 23.6 
cm2. Shorter rings of the same material with 15 mm length were used as counter and reference 
electrodes (more details in the Flow loop Section). 
Before the experiments, samples were polished with SiC grade P220, P320, P500 and P1000 
using de-ionized water as the lubricant. This was followed by degreasing in acetone, rinsing 
with isopropyl alcohol and air-drying. After testing, the samples were retrieved, rinsed with 
isopropyl alcohol and placed in a desiccator.  No additional preparation procedure was used 
for samples analyzed using XRD or X-ray tomography.   
Table 3.1 Chemical composition of the 1Cr carbon steel 

Material C Cr Mn Mo P Si S 

1Cr 0.40% 1.10% 0.75% 0.20% ≤0.035% 0.20% ≤0.040% 

Figure 3.1 Microstructure of the 1Cr steel after etching with Nital. Magnification 50 x 10. 
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3.2 Corrosion Testing 
3.2.1 Glass cell setup 

Electrochemical tests were performed in 1.5 L glass cells as shown in Figure 3.2 a and b. An 
Ag/AgCl electrode was used as a reference electrode (RE). The RE was put in contact with the 
solution by using a lugging capillary. A concentric platinum ring constituted the counter 
electrode (CE), whilst the material for testing was the working electrode (WE). The pH was 
measured in situ by using a Mettler-Toledo InPro3250i. An additional port on the side of the 
cell was built for the pH electrode. A condenser was placed on top of the lid to avoid 
evaporation of the solution. 

Figure 3.2 Electrochemical cell for experiments: Schematic of the experimental cell a), and real corrosion cell b). 

The solution was left to de-aerate overnight by purging it with nitrogen gas. CO2 test gas was 
then bubbled in the solution for at least two hours while the temperature was increased. 
Additional de-aeration time was given in case of pH adjustment with NaHCO3. In order to 
minimize oxygen entrance, CO2 was kept bubbling during the experimental time. 
3.2.3 Flow loop 

The loop system consists of a main circulation circuit with a reservoir tank, a centrifugal pump 
with canned motor, and a water control system (Figure 3.3). The total liquid volume of the loop 
system was 54 L. The loop was pressurized to 2 bars overpressure by means of N2. The total 
pressure for the flow loop system was 3 bars. Electrical heating elements were used to control 
the temperature to 80 ˚C. The CO2 concentration in the brine was monitored by gas 
chromatography and set to pCO2 = 0.5 bar. The loop has two specimen racks that can house 
tubular specimens. The specimens are separated from each other and from the loop with Teflon 
spacers. One test section consisted of two working electrodes (WE), two counter electrodes 
(CE), and one reference electrode (RE).  All the electrodes were made of the same 1Cr material 
and assembled as shown in Figure 3.4. The test sections can be individually bypassed allowing 
retrieval of the test sections during testing without oxygen ingress. 
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Figure 3.3 Flow loop setup used for experiments.  

The loop was de-aerated by performing several cycles of vacuum and N2 gas filling. The 
electrolyte consisted of de-ionized water containing 10 g/l of NaCl and 2.4 g/l of NaHCO3. The 
brine was de-aerated and sucked into the loop by applying vacuum to the system About 80 ml 
of de-aerated stock solution containing 28.6 g/l CaCl2∙2H2O was allowed to get into the loop. 
When equilibrium was reached, the pH of the solution was 6.34 and initial SCaCO3 was equal to 
2. Calcium carbonate precipitation would occur resulting in a solution containing 40 ppm Ca2+ 
in the solution and 100 ppm of Ca2+ precipitated as CaCO3. These were measured by using a 
combined calcium ion selective electrode. After the specimens were mounted in the dry test 
sections, the sections were closed and de-aerated with vacuum and N2 gas filling, before the 
brine was allowed to flow at 3 m/s. 

 
Figure 3.4 Specimen assembly in the test section. 

3.2.4 Electrochemical techniques 

The electrochemical techniques used during the experimental work of this thesis are briefly 
introduced. The parameters chosen for each technique are described in the specific chapters. 
All the electrochemical measurements were carried out with a Biologic VSP potentiostat able 
to perform EIS measurement from 10 µHz to 1 MHz and current ranging from 10 μA up to 1 
A. Data were analyzed using  the ECLab® software.  
3.2.5 Linear Polarization Resistance 

In a limited potential range around the corrosion potential (up to ±25 mV) the potential 
increment   ΔE in in linear relationship with the increment in current ΔI, as shown in Figure 
3.5. During Linear Polarization Resistance (LPR), a small potential scan ΔE is applied to the 
metal sample. ΔE is defined with respect to the corrosion potential. The polarization resistance 
Rp is defined from as the slope of potential vs. current. The corrosion current density and 
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corrosion rate can be calculated from the polarization resistance (Rp) by using Eq. (3.1) and 
(3.2): 

𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝛽𝛽
𝑅𝑅𝑠𝑠

= 𝛽𝛽𝐶𝐶∙𝛽𝛽𝑐𝑐
2.303∙𝑅𝑅𝑠𝑠∙(𝛽𝛽𝐶𝐶+𝛽𝛽𝑐𝑐)         3.1) 

𝑐𝑐𝑐𝑐𝑎𝑎𝑟𝑟𝐹𝐹 = 𝑏𝑏𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙3272∙𝐸𝐸𝐸𝐸
𝜌𝜌

          3.2) 

Where, βa and βc are the anodic and cathodic Tafel constants, respectively, EW is the 
equivalent weight for iron in grams (27.925 g/equivalent), ρ is the density of iron (7.874 g/cm3) 
and 3272 is a conversion constant to obtain a value in mm/yr. 

 
Figure 3.5 Schematic of the linear potential- external current curve around the corrosion potential 

3.2.6 Potentiodynamic sweep 

Potentiodynamic scans were performed from open circuit potential (OCP) at a scan rate of 10 
mV/min. They were performed in order to obtain information about the electrochemical 
behaviour of the sample. The specific potential range and methodologies applied in each 
research are described in the related chapters. 
3.2.7 Electrochemical Impedance Spectroscopy (EIS) 

The EIS was performed in order to obtain information on the electrochemical evolution on the 
system at the interfaces. It was done by applying a sinusoidal potential with an amplitude of ± 
10 mV vs. OCP at a frequency range from 10 kHz to 10 mHz. All reported impedance-datasets 
were validated by an automatic Kramers Kroning test. 
The impedance response was the modelled by fitting the equivalent circuit model presented in 
Figure 3.6, in which: 

• Rs is the solution resistance. 
• Rpo is the pore resistance of the scale layer 
• Csc is the the capacitance of the precipitated layer 
• Rct is the charge-transfer resistance 
• Cdl is the double layer capacitance  
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Figure 3.6 Equivalen circuit (EC) used for modelling of EIS data. 

3.3 Water chemistry and chemical equilibria determination 
The pH was monitored in situ and the solution was sampled at the end of each stage to measure 
the concentration of Fe2+ and Ca2+. 10 mL of solution were retrieved for Fe2+ analysis and 
transferred to a 50 mL volumetric flask containing 4 mL of 10% hydroxylamine hydrochloride 
solution and 4 mL 0.3% o-phenanthroline solution. De-ionized water was added to the 50 mL 
mark and the sample was analysed by UV-Vis spectrophotometry against pre-recorded 
standard curves. A UV-2600 UV-Vis spectrophotometer from Shimadzu was used for the 
analysis. 10 additional mL of test solution were retrieved for Ca2+ analysis by inductive 
coupled plasma (ICP) spectroscopy with a Thermo Scientific ICAP 7200 ICP-OES Analyzer. 
The Fe2+ and Ca2+ values recorded were then inserted in pHSim software from Scale Consult 
AS to predict saturation degree  of FeCO3 (SFeCO3) and CaCO3 (SCaCO3). 

3.4 Surface characterization and phase analysis 
3.4.1 Scanning Electron Microscopy 

The microstructure and morphology of the samples was observed using a scanning electron 
microscope, (SEM) (Model Quanta 200™ ESEM FEG, FEI) equipped with an energy 
dispersive spectrometer (EDS) (Oxford Instruments 80 mm2 X-Max™). For observing the 
cross section of corroded steel, the samples were embedded in cold epoxy, cut along the cross 
section, and polished using water-free method using ethanol with SiC grade P220, P320, P500, 
P1000 and P4000, followed by 3 and 1μm abrasive particles. Gold was sputter coated to prevent 
charging of the samples. The atomic number contrast (Z-contrast) images were obtained using 
a Quad - solid-state back scatter detector (BSED) and the topographical images were obtained 
using a Everhart-Thornley detector (ETD). 
3.4.2 X-ray Diffraction  

The X-Ray diffraction (XRD) was used to determine the phase composition of the formed layer 
using Bruker D8 Advance. The instrument was operated at 40 kV and 40 mA with Cr-Kα 
radiation (λ = 0.22909 nm). 
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3.4.3 X-Ray Computed Tomography 

X-ray tomograms of the samples were obtained using a ”ZEISS XRadia 410 Versa” device
(Figure 3.7). The instrument was operated at 150 kV and 10 W using the high-energy filter
HE3. For overview measurements, image acquisition was performed using the LFOV objective
and 1601 projections with 3 s exposure time per projection. A pixel size of 9.9 µm was obtained
after a 2x2 binning. For scans with a higher spatial resolution, a 4X objective was used resulting
in a pixel size of 2.0 µm. Also here, a 2x2 binning was used and tomograms were recorded
with 3201 projections using an exposure time of 21 s per projection. Image reconstruction was
performed using the inbuilt acquisition and reconstruction software package provided by
ZEISS, which is based on a Feldkamp, Davis and Kress algorithm using filtered
back-projection. For further analysis and visualization, the software “Avizo Lite 2019.1”
(Thermo Fisher Scientific) was used.

Figure 3.7 ZEISS XRadia 410 Versa X-ray Computed Tomography for used for specimen analysis 
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4 Summary of the experimental chapters 
This section summarizes the key-findings obtained in the articles/manuscripts collected in 
Chapters 5-10. 

Paper I 
Experimental Investigation on the Corrosion Rate of L80-1Cr Steel in Seawater and 
Formation Water from a North Sea Offshore field 
In the first article, the effects of seawater ingress on the corrosion behavior of 1Cr steel are 
evaluated. When seawater is used to enhance oil recovery, it can cause several changes to the 
physical and chemical properties of the produced fluid. These changes may significantly affect 
the behavior of the steel materials.  During this work, focus was given to changes in the 
chemical composition and decrease in temperature of the produced fluid. When seawater is 
injected into the reservoir, it will first displace the formation water. As the field ages, and more 
water is pumped through, the fraction of water being produced increases with time. The 
chemistry of the produced water changes to the one of the injected seawater. Additionally, the 
lower temperature of the injected seawater will lower the overall temperature of the produced 
fluid. The seawater ingress has been simulated by performing tests in simulated formation 
water, seawater and a 50:50 mixture of the two. Three temperatures (40, 60 and 80˚C) have 
been tested to reflect the changes in temperature experienced when seawater enters the 
production tubing. All the experiments were performed in glass corrosion cells in CO2 saturated 
solutions at ambient pressure. Results indicated that the temperature, rather than changes in 
chemical composition of the produced fluid, might have the strong impact on the corrosion 
resistance of 1Cr steel. The decline in temperature may prevent the precipitation of protective 
scale, keeping the string exposed to the electrolyte. Precipitation of protective scale was only 
obtained at 80 ˚C, whilst at lower temperature and almost constant corrosion rate was detected. 
EDS images, revealed the presence of Ca2+ ions in the corrosion layer. These ions appear to 
have made the FeCO3 layer more porous and detached. An example of these changes in 
morphology is collected in Figure 4.1. 

Figure 4.1 Cross section and EDS analysis of the 1Cr steel exposed to 50:50 solution at 80˚C. 



Chapter IV 

58 

Paper II 
An electrochemical and X-ray computed tomography investigation of the effect of 
temperature on CO2 corrosion of 1Cr carbon steel 
This paper builds on the results from Paper I and focuses on the effect of temperature on CO2 
corrosion of 1Cr steel. The samples were left to corrode in 1 wt.% NaCl solution at 40 and 80 
˚C. Both solutions were saturated with CO2 at atmospheric pressure. The evolution of the 
corrosion rate and scale formation were followed by LPR and EIS. X-Ray Computed 
Tomography (X-Ray CT) was used ex-situ to obtain a 3D reconstruction of the scale formed at 
the different temperatures. The morphologies of the corrosion products where then compared 
with SEM results. At 80 ˚C, the behavior was characterized by three stages: active corrosion, 
nucleation and growth of FeCO3, and pseudo-passivation. An example of this is collected in 
Figure 4.2.  At 80 ˚C, precipitation of a thick and dense FeCO3 layer reduced the initial 
corrosion rate. EIS results revealed a mechanism of dissolution and growth of the protective 
layer. At 40 ˚C, the corrosion rate remained approximatively constant throughout the test. The 
lack of growth of the protective layer was confirmed by EIS results. It was determined that the 
high SFeCO3 of the bulk solution at 80 ˚C was responsible for the higher precipitation kinetics 
of FeCO3. X-ray tomography has enabled the non-destructive characterization of the corrosion 
products. The results obtained with X-Ray CT were compared with the one obtained from SEM. 
Both results confirmed the differences in the morphologies of the precipitated layer at different 
temperatures. Due to the porosities of the film obtained at 40 ˚C, signs of localized corrosion 
were detected at this temperature. The advantages of using X-Ray CT were discussed. Amongst 
those, the possibility of analyzing a sample without manipulation, avoiding possible artifacts, 
was found valuable. In-situ investigation of CO2 corrosion on carbon steel could provide 
further insight on its mechanism and precipitation of protective layer. 

 
Figure 4.2 Results of Electrochemical impedance measurements: Nyquist plot (a) at T=80 °C and (b) T=40 °C. 
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Paper III: 
Corrosion of carbon steel under CO2 conditions Effect of CaCO3 precipitation on the stability 
of the FeCO3 protective layer 
Based on the presence of calcium carbonate in the corrosion products described in Paper I, this 
research work focuses on the precipitation of CaCO3 and how it affects the stability of the 
FeCO3 layer. Amongst other ions, Ca2+ is present in the fluids of geological formations and can 
react with CO2. This can results in calcium carbonate (CaCO3) precipitation when solubility 
limit of CaCO3 is exceeded and influence the corrosion behavior of carbon steel. This study 
focus on determining the effect of Ca2+ protectiveness of the FeCO3 layer developed on 1Cr 
carbon steel at 80 °C at pH 6.5 in an aqueous solution saturated with CO2. The structure, 
thickness, morphology and composition of the corrosion scale were investigated using 
scanning electron microscopy, energy dispersive X-ray analysis, and X-ray diffraction after 
injection of Ca2+ at different concentrations (100, 1.000 and 10.000 ppm). The corrosion rates 
were determined by LPR, while the properties of the precipitated layers were investigated using 
Potentiodynamic Sweep and EIS. An important parameter that was monitored and calculated 
during this work was the saturation degree of the solution with respect to FeCO3. This 
parameter was determined to be the driving force for CaCO3 precipitation and subsequent pH 
drop of the solution due to acidification. LPR results showed the re-initiation of the corrosion 
process after CaCO3 precipitation, while EIS results confirmed the dissolution of the protective 
layer. An equivalent circuit was proposed, allowing the study of the parameters involved in the 
dissolution process. The dissolution was further confirmed by SEM and XRD.  Signs of 
localized attack were determined at highly acidified solution. The study confirms the 
importance of the saturation degree of the bulk solution with respect to carbonate, when 
studying the effect of Ca2+ ions on the CO2 corrosion of carbon steel. The corrosion behavior 
of the 1Cr steel and the related pH changes are represented in Figure 4.3. 

Figure 4.3 Variation of a) pH and b) corrosion rate during the three different stages of corrosion in 1 wt.% NaCl solution with 
calcium ions, T = 80˚C, initial pH = 6.5. 
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Paper IV: 
Effect of initial CaCO3 saturation levels on the CO2 corrosion resistance of 1Cr carbon steel 
Our previous studies showed that CaCO3 precipitation led to an under saturated solution with 
respect to FeCO3 causing dissolution of the protective layer. The saturation degree of the bulk 
solution with respect to CaCO3 was reported to be the driving force for FeCO3 dissolution. The 
event of FeCO3 formation and CaCO3 precipitation were treated, however, as two separate 
events. FeCO3 precipitation was not influenced by the presence of Ca2+ in the solution as 
calcium was only added after the protective layer was formed. Ca2+ ions are, in reality, already 
present in the produced brine during the corrosion process under different saturation degree. 
The mechanism of precipitation of corrosion products (FeCO3) and scale (CaCO3) requires 
therefore to be studied when both can occur. 
This research focused, therefore, on understanding how various different initial saturation 
degree of the bulk solution with respect to CaCO3 affect the formation of FeCO3 and its 
precipitation in aqueous solutions at 80 ˚C at pH 6.55. Three initial saturation levels of CaCO3 
were investigated, namely 0, 0.6, 2 and 10.  Electrochemical techniques such as LPR, EIS 
potentiodynamic sweeps (PS) were used to monitor the corrosion behavior and the evolution 
and properties of the precipitated layer. Scanning Electron Microscopy (SEM), Energy 
Dispersive X-ray analysis (EDX) and X-ray Diffraction (XRD) provided insights on the 
morphology of the corrosion scale under the influence of various initital SCaCO3. 
Precipitaition of a substitutional solid solution FexCayCO3 (x + y = 1) was detected using XRD, 
as shown in Figure 4.4. By analyzing the shift in peak position in the XRD pattern, it was 
possible to determine the molar fraction of Ca2+ in the corrosion products. The molar fraction 
increased with SCaCO3 value. LPR results showed that the presence of Ca2+ in saturated solutions 
delayed time required to reach pseudo passivation. EIS and PS results confirmed that the 
protectiveness of the fully formed mixed carbonate layer was not jeopardized by the presence 
of Ca2+ in the corrosion products. Uniform corrosion was reported under all experimental 
conditions. 

 
Figure 4.4 Results of X-ray diffraction of the scale formed on the 1Cr at T=80˚C and pH = 6.55 in 1wt.% NaCl solution with 
various  SCaCO3 values. 
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Paper V: 
A flow loop study on the effect of Ca2+ ions in a CaCO3 saturated solution on the CO2 

corrosion of 1Cr carbon steel. 
The corrosion process and scale precipitation are influenced by the mass transfer at the metal-
electrolyte interface. The study presented in Paper III and Paper IV were performed under 
almost stagnant condition. The purpose of this study is therefore to evaluate the effect of flow 
rate on the corrosion of 1Cr carbon steel in presence of Ca2+ in a CaCO3 saturated solution. 
The results are compared with the one obtained in Paper IV at SCaCO3 = 2. The experiment were 
performed in a flow loop set-up at the Instituttt for Energiteknikk (IFE), in Norway. The partial 
pressure of CO2 was kept at 0.5 bar at 80 ˚C at initial pH = 6.34 in order to directly compare it 
with previously obtained results. The overall pressure was set to 3 bara and the flow velocity 
to 3 m/s. Electrochemical measurements such as LPR and EIS were used to follow the 
corrosion process. Weight loss measurements were also performed to correct the LPR results. 
SEM and XRD analysis were performed at the end of the test. 
The precipitation of a substitutional solid solution FexCayCO3 (x + y = 1) was confirmed during 
this test. The presence of Ca2+ did not alter the protectiveness of the layer. The flow, however, 
further delayed the precipitation of the protective layer, without altering its composition. The 
substitution of Fe2+ with Ca2+ left the solution saturated with respect to FeCO3. Only uniform 
corrosion was detected after the removal of the scale. Typical EIS results for this experiment 
are collected in Figure 4.5. 

 
Figure 4.5 Evolution of the EIS measurements in Nyquist plot. T=80 ˚C, initial pH =6.34, pCO2 = 0.5 bar at 3 bara. Flow 
velocity 3 m/s. 
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5 Paper I:  Experimental investigation on the corrosion rate of L80-
1Cr steel in formation water and seawater from a North Sea 
offshore field 
R. Rizzo, A.M. Rao, R. Ambat, Experimental investigation on the corrosion rate of L80-1Cr 
steel in seawater and formation water from a North Sea offshore field, in: NACE Corros., 
Nashville, TN, 2019 
Reproduced with permission from NACE International, Houston, TX. All rights reserved. 
R. Rizzo, A.M. Rao, R. Ambat, Paper 13061 presented at CORROSION/2019, Nashville, TN. 
© NACE International 2019. 
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ABSTRACT 
 
This paper evaluates the effect of seawater ingress on the corrosion behavior of L80-1Cr in an oil 
production environment. The seawater ingress has been simulated by changing the ionic composition 
of the produced fluid from formation water to injected seawater and by testing at temperatures that 
reflect the temperature decrease with time as more seawater is entering the production tubing. The 
composition of the two waters and the testing condition replicates the real field situations experienced 
by operators in the Danish sector of the North Sea. Experiments were carried out at ambient pressure 
in a three-electrode cell setup. The atmosphere constituted of pure CO2 at three different temperatures, 
namely: 40˚C, 60˚C, and 80. Linear Polarization and potentiodynamic sweeps were used to investigate 
the electrochemical behavior. The corrosion products and precipitates were analyzed using SEM-EDS. 
Calcium carbonate together with iron carbonate was the main product found in the corrosion scale, 
which influenced the morphology of the scale by making it more porous and brittle. Results suggest that 
the decrease in temperature, linked to higher water fraction in the production string, could be the factor 
that most significantly reduces the lifetime of the production string. 
 
Key words: CO2, Seawater, Formation water, Steel, Corrosion. 

 
INTRODUCTION 

 
Corrosion is common problem in the Oil&Gas industry and it is often related to the presence of CO2. It 
is soluble in water where it forms carbonic acids and attacks the production tubing material.1,2,3,4 The 
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hydrocarbon phase in not considered corrosive and its inhibitive properties have been reported by 
several authors.5,6,7 However, the use of injecting seawater (water flooding) as a means of enhancing 
oil recovery significantly increases the possibility of corrosion failure of the tubulars as it increases the 
risk of water wetting the steel surface.7 When seawater is injected into the reservoir, it will first displace 
the formation water, which will enter the production tubing together with the oil. As the field ages, and 
more water is pumped through, the fraction of water being produced increases with time. This will 
intensify the risk of water wetting and will change the chemistry of the produced water to the one of the 
injected seawater. Additionally, the lower temperature of the injected seawater will lower the overall 
temperature of the produced fluid. This change will lead to a lower pH as more CO2 will be able to 
dissolve in the fluid, thus creating a more aggressive environment as the field grows older. This new 
environment can lead to premature corrosion and failure which can cause extensive damage and 
losses to an operator to an extent of shutting down a well.1,8,9  

The aim of this project is to investigate on the main parameters that increase the risk of corrosion when 
seawater in injected. Mainly the focus was to investigate the effect of prominent parameters such as the 
change in chemical composition of the water phase due to seawater injection and subsequent 
temperature changes. For this purpose, API steel grade L80-1Cr has been investigated at various 
downhole temperatures typical of the Danish sector of the North Sea namely  at 40˚C, 60˚C, and 80˚C 
and different seawater (SW) and formation water (FW) ratio (100% FW, 100% SW and a 50:50 ratio of 
both). Potentiodynamic curves and Linear Polarization Resistance methods have been used to assess 
the behavior of the material and its corrosion rate with respect to time. High resolution SEM and EDS 
have been employed to characterize the morphology of the corrosion products.  

 
EXPERIMENTAL PROCEDURE 

 
All the experiments were performed in a 1.5-liter electrochemical cell. An Ag/AgCl reference electrode 
was placed in contact with the solution through a lugging capillary and a platinum ring was used as 
counter electrode. The electrolytes were prepared from analytical grade reagents. Composition of the 
electrolyte is summarized in Table 1. Corrosion tests were conducted at temperatures of 40˚C, 60˚C 
and 80˚C. The concentration of dissolved CO2 was left free to settle at each temperature and the 
corresponding CO2 partial pressure (pCO2) and initial pH were calculated with a commercial multiphase 
equilibrium program and reported in Table 2. A L80-1Cr cylindrical specimen of exposed surface area 
of 3.93 cm2 was used as working electrode. Table 3 shows the chemical composition of the alloy in the 
as received condition.  
The electrolyte was left to de-aerate for at least 6 hours and it was then heated up to the desired 
temperature. The pH was adjusted with 1M NaOH solution. All the samples were polished up to SiC 
P1000 grade while being cooled down with deionized water followed by rinsing with ethanol and air-
dried prior to the experiment.  
Corrosion rates were measured for approximatively 7 days using Linear Polarization Resistance (LPR)  
polarizing the sample within a potential range of ±10 mV vs Open Circuit Potential (OCP) at a scan rate 
of 0.167 mV/s to determine the polarization resistance (Rp) value. This value was then converted into 
corrosion current in mA/cm2, and corrosion rate in mm/yr using the following equations: 

 
 

 
Where: 
• EW=equivalent weight of the dissolving metal (27.925 g/equivalent) 
• ρ=density=7.8 g/cm3 
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Table 1 Ionic composition of the different electrolytes 

Ion Seawater 
[ppm] 

Formation 
Water 
[ppm] 

50:50 
[ppm) 

Na+ 11089 23690 17390 
Cl- 20108 40697 30403 
SO4

2- 2780 595 1688 
K+ 408 236 307 
Mg2+ 1370 206 788 
Ca2+ 434 2209 1322 
Sr2+ 7 139 74 
Ba2+ 1 1 1 
HCO3

1- 140 400 270 
 
The Tafel constants, βa and βc, were obtained by performing potentiodynamic sweeps of ±250 mV vs 
OCP at a scan rate of 10 mV/min. Those sweeps were performed as separate tests after one hour 
immersion at the experimental conditions. The resulting Stern–Geary coefficients at specific test 
conditions were used to determine the corrosion rate vs. time for the experimental conditions under 
investigation in this study. After the test was completed, the sample was removed from the electrolyte, 
immediately rinsed with ethanol and air-dried. Samples were stored in a desiccator before being 
analyzed with SEM, EDS. All the electrochemical experiments were performed at least twice in order to 
determine reproducibility. 
 
 
Table 2 pCO2, initial pH at equilibrium and TDS for each electrolyte at different temperature 

Electrolyte Temperature 
[˚C] 

Initial 
pH 

TDS 
mg/KgH2O 

pCO2 
[bar] 

SW 
40 5.1 

36334 
0.9 

60 5.3 0.8 
80 5.6 0.5 

FW 
40 5.5 

68169 
0.9 

60 5.7 0.8 
80 6.0 0.6 

50:50 
40 5.3 

53921 
0.9 

60 5.7 0.8 
80 5.9 0.5 

 
Table 3 Chemical composition of L80-1Cr 

C Cr Mn Mo P Si S Fe 
0.4% 1.1% 0.75% 0.2% ≤0.035% 0.2% ≤0.04% Balance 

 
RESULTS AND DISCUSSION 

 
Potentiodynamic curves at different temperature and electrolytes 
In Figure 1, the potentiodynamic curves for different temperatures and electrolytes are shown after one 
hour immersion. For all the situations, the corrosion potential recorded on the potentiodynamic curves 
after 1 hour immersion laid around -650mV with a minimal variation of ±30 mV at all temperatures and 
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water compositions. At the initial pH values, reduction of carbonic acid becomes a relevant cathodic 
reaction, together with the reduction of hydrogen ions H+.10 In all the cases, the curves exhibited a 
diffusion-limited current in the potential range of -700 to -850 mV due to charge transfer processes of 
the hydrogen and carbonic acid reduction. The dependency of the cathodic reaction to temperature 
increase can be read from the graphs. This is in agreement with the fact that the diffusion coefficient 
depends strongly on the temperature.5 In the case of 50:50 and Formation Water, the limiting current 
was reduced by almost one order of magnitude compared to pure seawater and the cathodic reactions 
were suppressed. Anodic currents showed negligible difference with variation in temperature. At around 
-500mV, a distinct “kick” was observed at high overpotential for the case of 50:50 and Formation Water. 
In order to investigate on the causes of this behavior, the surface of the sample in 50:50 formation 
water was further investigated using high resolution SEM and EDS. As shown in Figure 2, the sample 
was covered with a possible mixture of FeCO3 and CaCO3 layer, which may have precipitated on the 
surface and cracked during high anodic polarization. The mixed carbonates precipitation might be 
attributed to the local increase of pH close to the sample surface due to the reduction of carbonic acid 
to bicarbonate. This precipitation might have been enhanced by the greater availability of free electrons 
released by the high rate of iron dissolution at more positive potential. From the potentiodynamic 
curves, the Tafel parameters were extracted and used together with the respective Stern-Geary 
coefficients used for LPR measurements (Table 4) 
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Figure 1 Potentiodynamic sweep at different temperatures and electrolytes 
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Table 4 Tafel parameters extracted from polarization curves for different temperatures and 

electrolytes 
 

T[˚C] βa 
[mV/decade] 

βc 
[mV/decade] 

Stern-Geary 
coefficient 
[mV/decade] 

Seawater 
40 103 486 37 
60 92 347 31 
80 72 367 26 

50:50 
40 46 190 16 
60 43 217 16 
80 40 220 15 

Formation 
Water 

40 38 176 14 
60 49 292 18 
80 56 309 21 

 

 
Figure 2 SEM and EDS images of the surface of the sample after potentiodynamic polarization. 

T=80C in 50:50 electrolyte 
 
Corrosion behavior and corrosion products at 80˚C 
The averaged corrosion rate and OCP for all electrolytes at 80˚C is summarized in Figure 3. The 
corrosion rate showed an initial increase followed by a decrease with time.  The initial corrosion rate 
was ≈2.0 mm/yr and reached a maximum of ≈3.0 mm/yr for Seawater and for the 50:50 mixture of 
formation and seawater during the period of the experiment.  This was followed by a steady decline 
down to 0.5 mm/yr towards the end of the test. In Formation water, the maximum corrosion rate of 
3.5mm/yr was approached almost 24hours later than the two former cases and even though the rate of 
dissolution declined, the lowest corrosion rate remained high at ≈2.0 mm/yr when the experiment was 
terminated. For all the three cases, the corrosion potential increased from ≈-680 mV up to ≈-580 mV for 
the 50:50 electrolyte, whereas it reached a lower value of ≈-600 mV for the remaining cases. 
The trend can be explained in three stages as suggested by F.Farelas et al., meaning: (i) Active 
corrosion, (ii) Nucleation, and (iii) Passivation.11 
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Active corrosion stage was observed for the first 46 hours, followed by nucleation and growth of a 
protective corrosion scale, which slowed down the corrosion rate meaning that the pseudo-passivation 
stage was reached. According to Pessu et al, the initial increase in corrosion rate is due to the 
formation of Fe3C, which contributes to a rise in OCP due to a faster cathodic reaction as a 
consequence of more Fe3C sites being exposed.12,13 After the maximum was reached, the formation of 
FeCO3 layer above the Fe3C starts to reduce the corrosion rate.  

As it was not possible to isolate the specific influence of each ion, it was decided to analyze the results 
based on the total Ca2+ content, as CaCO3 was a common precipitate collected during testing. Given 
the same temperature, an increase in Ca2+affects both the value of the maximum corrosion rate and the 
time span to reach the highest value. Both parameters increased with increasing amount of Calcium 
ions in the solution. This behavior was especially pronounced for the formation water experiment for 
which the precipitation of non-protective CaCO3 interfered with the formation of protective FeCO3. The 
results are in agreement with Esmaely et al. where the corrosion rate was found to be higher for Ca2+ 
concentration above 1,000ppm.14 The presence of Calcium was confirmed by the SEM cross sectional 
analysis as shown in Figure 4 for the case of 50:50 solution. The corrosion scale consisted of 
approximately 30μm of a mixture of FeCO3 and CaCO3. The presence of Calcium was however not 
uniform and seemed to interfere with the growth of the iron carbonate layer making it less compact and 
brittle. Open channels could be noticed in the corrosion products, which could have resulted in iron 
dissolution as shown by the relatively high corrosion rates detected during these tests. Although not 
shown, similar results were obtained for FW electrolyte, but no traces of calcium were found in the SW 
case.  
Scanning electron microscopy images of the scale (Figure 5) showed shallower corrosion scale with 
increase in calcium content.  A more porous and less dense deposit with islands of CaCO3 covered the 
surfaces of the sample in 50:50 and FW, reflecting the trend of the different corrosion rates. 
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Figure 3 Corrosion rate and potential for the specimen in different electrolytes at T=80degC 
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Figure 4 Cross section SEM/EDS analysis of the specimen exposed to 50:50 solution at 80C 

 
 

 
Figure 5 SEM images from experiments conducted at 80C for different electrolytes 

 
 
 

Corrosion behavior and corrosion product at 60˚C 
 
The change in corrosion rate and OCP during the 7 days experiments at 60˚C is shown in Figure 6. An 
initial corrosion rate of ≈2 mm/yr, which plateaued around 2.5 mm/yr was observed for the Seawater 
and 50:50 electrolytes. On the other hand, experiments in formation water showed an initial decrease 
from 2 mm/yr down to 1.5 mm/yr during the first day of immersion followed by a sharp increase to ≈2.5 
mm/yr where it remained steady until the end of the experiment. However, the corrosion potential for 
formation water showed a constant increase from -680 mV to -620 mV during the first 3days of the 
experiment followed by stable value until the end of the test. No pseudo-passivation due to precipitation 
of protective scale was recorded at for all electrolytes at 60 ˚C. 

The rapid and continuous increase in both OCP and corrosion rate recorded at 60˚C could be attributed 
to the formation of a surface layer of Fe3C and amorphous FeCO3 as discussed in previous 
publications.12,15 The initial increase of corrosion rate at 60˚C was slower than at 80˚C indicating a 
lower rate of dissolution. After an exposure of 3 days, the corrosion rate stabilized at ≈2.5 mm/yr even 
though the potential kept shifting to more positive values. This could be due to the galvanic effect 
between the exposed steel surface and Fe3C as reported in the literature.13 From the morphology of the 

SW 50:50 FW 
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corrosion products shown in Figure 7, a less dense and compact layer was observed for all the cases 
compared to the corrosion product morphology found at 80˚C. The thickness of the layer was only ≈10 
μm as shown in the cross-sectional analysis in Figure 8 unlike the thicker scale for 80˚C.  Furthermore, 
the scale was less adherent and very porous, there explaining the high corrosion rate observed for the 
sample. The presence of Calcium on the bulk steel surface (Figure 8) was probably due to the polishing 
process, where the porous CaCO3 was smudged under the sample. 
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Figure 6 Corrosion rate and potential for the sample in different electrolytes at T=60degC 

 
 

 
Figure 7 SEM images of the samples from experiments conducted at 60C for different 

electrolytes 

8

©2019 by NACE International.
Requests for permission to publish this manuscript in any form, in part or in whole, must be in writing to
NACE International, Publications Division, 15835 Park Ten Place, Houston, Texas 77084.
The material presented and the views expressed in this paper are solely those of the author(s) and are not necessarily endorsed by the Association.



  

 
Figure 8 Cross section SEM/EDS analysis of the specimen exposed to 50:50 solution at 60C 

 
Corrosion behavior and corrosion product at 40˚C 
 
Figure 9 shows the electrochemical behavior of the L80-1Cr in different electrolytes at 40˚C. In all 
electrolytes, the behavior at 40˚C showed an initial decrease from approximatively 1mm/yr down to 
≈0.6 mm/yr within the first five hours of tests. It was then followed by a steady gradual increase that 
settles back again around ≈1 mm/yr towards the end of the experiment without showing any sign of 
pseudo-passivation. The trend in corrosion rate agreed with the corrosion potential variation, which 
shows an increase from ≈-680 mV to ≈-660 mV during the course of the experiment.   
The increase in OCP similar to the earlier cases was in agreement with literature,12 which might be 
attributed to the presence of an Fe3C layer. The stabilization of the corrosion rate might be attributed to 
the formation of amorphous FeCO3 layer, which was not able to effectively protect the underlying steel. 
The morphology of the corrosion product shown in Figure 10 indicated that the surface was significantly 
less compact and dense compared to the scale observed as higher temperatures. Further, the cross-
sectional analysis shown in Figure 11 showed very fractured and broken corrosion scale unlike for 
higher temperatures.  The layer was less adhered to the surface of the steel. Ca2+ was not detected in 
any of the experiments performed at 40 ˚C. A possible explanation to this could be the higher solubility 
of CaCO3 at this temperature which could have prevented its precipitation.16 
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Figure 9 Corrosion rate and potential for the different electrolytes at T=40˚C 

Figure 10 SEM images from experiments conducted at 60C for different electrolytes 

Figure 11 Cross section SEM/EDS analysis of the specimen exposed to 50:50 solution at 40˚C 

SW 

10

©2019 by NACE International.
Requests for permission to publish this manuscript in any form, in part or in whole, must be in writing to
NACE International, Publications Division, 15835 Park Ten Place, Houston, Texas 77084.
The material presented and the views expressed in this paper are solely those of the author(s) and are not necessarily endorsed by the Association.



  

CONCLUSIONS 
 
A systematic study on the corrosion behavior of L80-1Cr in CO2 saturated brines has been presented in 
this paper. The paper investigated the effect of a change in temperature in different electrolytes on the 
corrosion process of carbon steel. Precipitation of calcium carbonate may have interfered with the 
formation of a protective iron carbonate scale, making it more porous and detached. Even though the 
chemical composition of the produced water influenced the kinetics of the corrosion process, the 
temperature seems to dictate the overall behavior in a free to settle and un-buffered pH solution. The 
temperature had an impact on the kinetics of the corrosion process and on the precipitation of the 
protective scale. Increase in temperature increased the corrosion rate; however, it also facilitated the 
precipitation of a thick and compact scale, therefore lowering the overall dissolution rate after the 
maximum has been reached. Despite the higher corrosion rate experienced in Formation Water 
chemistry at 80˚C, the overall behavior of iron dissolution, consisting of an initial peak followed by a 
steady decline, was common for all the three electrolytes at 80˚C. This suggested that the differences 
at higher temperature may have been smoothed out, had the experiment rung for longer time. Results 
could indicate that the main effect of an increase in water fraction on the corrosion resistance of the 
production tubing material may not be due to the change in chemical composition, but an overall 
decrease in the temperature of the produced fluid. A decline in temperature may prevent the 
precipitation of a protective scale keeping the production string exposed to an aggressive environment, 
which may lead to premature failure.  
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6 Summary of IOR effects and goal of further research in this thesis 
The results presented in Paper I have provided the directions for the subsequent research work. 
The main conclusions that were drawn concerned the importance of temperature and the 
presence of calcium ions in the brine. Both these parameters had an effect on the formation of 
the protective FeCO3 corrosion product. The temperature affected the possibility of this layer 
to form. Only at 80 ˚C, this film was formed and pseudo-passivation was recorded by a decline 
in corrosion rate. When this precipitation occurs, calcium ions seemed to affect the time this 
precipitation occurred and its morphology. The time this precipitation occurred was delayed 
with increase calcium ions concentration and presence of Ca2+ was recorded in the corrosion 
product layer.  
Both temperature and the presence of calcium ions are affected by the injection of seawater to 
improve oil recovery. The research was then focused on these two parameters to investigate 
how they affect the corrosion behavior of 1Cr steel in CO2 corrosion under simulated IOR 
conditions. 
Temperature and its effects are well documented in literature, but the use of advanced 
electrochemical techniques, combined with accurate monitoring of the solution chemistry and 
water equilibria have been limited. Therefore, one side of the research work of this Ph.D. uses 
EIS to investigate the evolution of the corrosion behavior occurring at the interface metal-
electrolyte. This process is modelled with an equivalent circuit and its evolution with respect 
to time, temperature and water equilibria is followed. Additionally, X-Ray Computed 
Tomography is used for the first time to study CO2 corrosion of carbon steel ex-situ.  
The effect of calcium on the CO2 corrosion of carbon steel has not been given sufficient 
attention and the conclusions are contradictory. The study of how calcium and calcium 
carbonate precipitation affect the dissolution of carbon steel in CO2 became, therefore, one of 
the main area of research during this Ph.D. work. This investigation resulted in three papers. It 
starts with the understanding of calcium carbonate precipitation on the pseudo-passivated steel 
and develops in an in depth analysis on the effect of calcium ions on the formation of protective 
FeCO3. The importance of flow and mass transport is evaluated. 
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A B S T R A C T

This paper presents the investigation on the effect of temperature on the corrosion behavior of 1Cr carbon steel
at 40 °C and 80 °C in 1 wt. % NaCl aqueous solution saturated with CO2. The evolution of the corrosion process
was followed with Linear Polarization Resistance (LPR) and Electrochemical Impedance Spectroscopy (EIS). X-
ray Computed Tomography was used for 3D structure of the scale ex-situ to correlate with electrochemical
investigation. Additionally, the surface morphology of the corrosion products was analyzed with Scanning
Electron Microscopy (SEM) and structural information using X-ray powder diffraction (XRD). Tomography re-
sults showed protective FeCO3 formation with three different layers at 80 °C, where corrosion underneath the
scale was uniform. The 3D image of the corrosion products formed at 40 °C showed loose and porous, and
consequently did not reduce the corrosion rate unlike for 80 °C. Low temperature test also showed signs of
localized corrosion beneath the corrosion products.

1. Introduction

Corrosion of mild carbon steel due to the presence CO2 is a common
problem in the oil and gas industry. The CO2 gas dissolves in the water
phase and hydrates to carbonic acid, promoting electrochemical reac-
tion at the metal-water interface leading to iron dissolution [1–5].
Despite the extensive literature published on the topic, CO2 corrosion
mechanisms and processes occurring at the metal-electrolyte interface
are yet to be fully understood [6–10].

Siderite (FeCO3) precipitation occurs as a result of the corrosion
mechanism with significant influence on the kinetics of CO2 corrosion
processes. When protective FeCO3 precipitates on the steel surface, it
blocks the active sites of dissolution, which significantly reduces the
corrosion rate of steel. The precipitation of protective FeCO3 depends
on several parameters of which pH, temperature [11–14], CO2 partial
pressure [15,16,14], and concentration of ionic species are the most
important [17–20].

Temperature is one of the most important parameters that influ-
ences the corrosion of mild carbon steel in CO2 environment. At low pH
values (when solubility of FeCO3 is high), an increase in temperature
accelerates both the mass transport in the bulk solutions as well as the
kinetics of chemical and electrochemical reactions at the metal-elec-
trolyte interface. This leads to an increase in the corrosion rate [21]. At

higher pH values, the solubility of FeCO3 is exceeded and an increase in
temperature accelerates the precipitation of protective FeCO3, de-
creasing the corrosion rate [22,21]. The peak in the corrosion rate that
has been reported in literature to be between 60 °C and 80 °C [18–20].
Below 60 °C, no protective layer is formed and the corrosion products
are porous and not well adherent to the steel surface. Above 60 °C, the
FeCO3 layer becomes more dense and adherent to the surface, creating
a solid barrier between the metal and the electrolyte, which reduces the
corrosion rate of the steel [23–27].

In order to sustain oil and gas production, Enhanced Oil Recovery
(EOR) techniques are employed. Seawater injection, amongst the other,
is one of the most common EOR techniques for offshore oil fields
[28,29]. With time, the water fraction in the produced fluid can reach
levels of 95 % or higher, increasing the contact between tube materials
and electrolyte [30]. Additionally, the lower temperature of the in-
jected seawater reduces the temperature of the overall produced fluid.
As the temperature decreases, more CO2 dissolves in the water, in-
creasing its acidity [31]. These effects, combined with the higher so-
lubility of protective scales described before, contribute to an increased
risk of the corrosion of the steel materials used in production tubing,
therefore increasing the mitigation costs as the field ages [30].

X-Ray computed tomography (CT) is a powerful 3D characterization
technique that enables non-destructive imaging of various samples,
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ranging e.g. from applications in medical and biological sciences [32],
to material science [33]. This technique has found increased interest in
the field of in situ and ex situ studies of localized, intergranular and
pitting corrosion on aluminum and steel [34–41]. Stannard et al. [40]
have performed in situ corrosion fatigue experiments in 3.5 wt.% NaCl
solution on pre-corroded 7075 aluminum alloys using synchrotron X-
ray tomography. This techniques allowed the authors to identify pre-
existing cracks as preferential corrosion fatigue initiation sites. The
technique was also implemented in the studies on the crack growth
from pitting corrosion. The in situ and ex situ X-ray tomography have
linked the shape of the pits to the location of the stress corrosion crack
[34,42,43]. Gahari et al. [38] have investigated pitting corrosion of
stainless steel under different applied currents and potentials. By using
X-ray microtomography, the authors have monitored pit evolution at
the tip of stainless steel pins and analyzed how MnS inclusions have
modified the shape of the pits.

Despite its advantages such as non-destructive imaging, the possi-
bility to obtain a full 3D volume and to therefore obtain statistically
relevant information due to virtually cross sectioning of the sample
using the 3D image, the technique has not been used to investigate CO2

corrosion on mild carbon steel. The high atomic number of ferrous
materials goes along with a high photoelectric absorption and therefore
with limited X-ray transmission [44]. High energies are therefore ne-
cessary to image ferrous materials, leading to resolution degradation
and lower quality image [45]. However, today powerful X-ray systems
can effectively image relatively big steel specimens to understand the
corrosion mechanisms and scale growth.

In the present work, ex situ X-ray CT was used to non-destructively
analyze the FeCO3 scale formed on 1Cr steel samples exposed to de-
aerated saturated CO2 aqueous solutions at 80 °C and 40 °C. The results
from X-ray CT were compared with images obtained using Scanning
Electron Microscopy (SEM). The corrosion and scale formation process
was correlated with electrochemical behavior of the material using
Linear Polarization Resistance (LPR) and Electrochemical Impedance
Spectroscopy (EIS). X-ray powder diffraction (XRD) was used to confirm
the presence of FeCO3 precipitated on the steel surface.

2. Materials and methods

2.1. Material and sample preparation

The specimens were made from 1Cr carbon steel with a tempered
martensitic microstructure as described in our previous work [46]. The
chemical composition of the material is shown in Table 1. The material
was machined in cylindrical samples with a diameter of 5mm and
height of 20mm, giving a total surface area of 3.34 cm2. The inside
thread of the sample was machined down to 3mm to the top surface.
This was done in order to reduce the thickness of the sample, and
therefore to increase the X-ray transmission for X-ray CT computed
tomography. Before the experiments, samples were polished with SiC
grade P220, P320, P500 and P1000 using de-ionized water as the lu-
bricant. This was followed by degreasing in acetone, rinsing with iso-
propyl alcohol, and air-drying. After testing, the samples were re-
trieved, rinsed with isopropyl alcohol, and placed in a desiccator. No
additional preparation procedure was used for samples analysed using
XRD or X-ray tomography. However, the samples for the cross-section
analysis were molded in cold epoxy, cut along the cross section, and
polished using water-free method using ethanol with SiC grade P220,
P320, P500, P1000 and P4000, followed by 3 and 1 μm abrasive

particles.

2.2. Electrochemical tests

All corrosion experiments were performed at least twice. The
average value was used in the Results section, where the error bars
represent the maximum and minimum value observed in repeated ex-
periments. A conventional three electrode electrochemical cell was
used for the experiments. The volume of the glass cell was 1.5 L, the
electrolyte used for the experiment was 1 wt. % NaCl prepared using de-
ionized water. The solution was left to de-aerate overnight by purging
the solution with nitrogen gas. The CO2 gas was then purged for 4 h to
allow the solution to saturate, while the temperature was raised to ei-
ther 40 °C or 80 °C. The resulting partial pressure of CO2 (pCO2) was
0.93 bar and 0.53 bar at 40 °C or 80 °C, respectively. The sample were
then inserted into the solution and bubbling of CO2 was kept
throughout the testing in order to minimize oxygen entrance. The ex-
perimental conditions for corrosion studies are summarized in Table 2.

The Ag/AgCl reference electrode was placed in contact with the
solution through a glass lugging capillary and a concentric platinum
wire ring was used as counter electrode. The corrosion potential (Ecorr)
was monitored and the corrosion rate was measured using linear po-
larization resistance (LPR) at every six hours. During LPR measure-
ments, the potential was scanned in a potential range of± 10mV vs.
open-circuit potential (OCP) at a scan rate of 0.165mV/s. The corrosion
current density and corrosion rate were calculated from the polariza-
tion resistance (Rp) by using Eqs. (1) and (2):
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Where, βa and βc are the anodic and cathodic Tafel constants, respec-
tively, EW is the equivalent weight in grams, and 3272 is mm/yr con-
version constant. The β values were obtained from the Tafel inter-
polation of potentiodynamic curves performed on samples polarized
from −250mV to +250mV vs OCP after one hour immersion in 1 wt.
% NaCl solution saturated with CO2 at 40 °C and 80 °C. The final β
values used in Eq. (1) were found to be equal to 20mV/decade and
26mV/decade at 40 °C and 80 °C, respectively.

The EIS measurements were also performed on the sample every six
hours with an AC signal amplitude of 10mV vs. OCP in a frequency
range from 10 kHz to 10mHz.

2.3. Water chemistry and chemical equilibria determination

The pH was left free to settle and monitored in situ, and the solution
was sampled every 48 h to measure the concentration of Fe2+ by
UV–vis spectrophotometry using phenantroline as reagent [47]. The
pHSim software from Scale Consult AS [48] was used to predict sa-
turation ratio (SR) and precipitation of FeCO3.

Table 1
Chemical composition in wt.% of the 1Cr carbon steel material.

Material C Cr Mn Mo P Si S

1Cr 0.40 % 1.10 % 0.75 % 0.20 % ≤0.035 % 0.20 % ≤0.040 %

Table 2
Experimental conditions used for electrochemical experiments.

Parameter Condition

Material 1Cr
Rotation 300 rpm
Solution 1wt.% NaCl in Deionized water
Temperature 40 °C, 80 °C
CO2 partial pressure 0.93 bar (at 40 °C) and 0.5 bar (at 80 °C) at atmospheric

pressure
Initial pH Free to settle
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2.4. X-ray tomography

X-ray tomograms of the samples were obtained using a” ZEISS
XRadia 410 Versa” device. The instrument was operated at 150 kV and
10W using the high energy filter HE3. For overview measurements,
image acquisition was performed using the LFOV objective and 1601
projections with 3 s exposure time per projection. A pixel size of 9.9 μm
was obtained after a 2×2 binning. For scans with a higher spatial
resolution, a 4X objective was used resulting in a pixel size of 2.0 μm.
Also here, a 2×2 binning was used and tomograms were recorded with
3201 projections using an exposure time of 21 s per projection. Image
reconstruction was performed using the inbuilt acquisition and re-
construction software package provided by ZEISS, which is based on a
Feldkamp, Davis and Kress algorithm using filtered back-projection
[49]. For further analysis and visualization, the software “Avizo Lite
2019.1” (Thermo Fisher Scientific) was used.

2.5. Surface and phase analysis

The morphology of the corrosion product and the cross section of
the samples were investigated using a ThermoScientific™ Quanta™ FEG
200 high-resolution scanning electron microscope (SEM) fitted with
energy dispersive X‐ray (EDS) analysis.

The X-Ray diffraction (XRD) was used to determine the phase
composition of the formed layer using Bruker D8 Advance. The in-
strument was operated at 40 kV and 40mA with Cr-Kα radiation (λ
=0.22909 nm), and the 2θ ranged from 30° to 70°, with a 0.02° step,
and a 4 s count time at each step.

3. Results

3.1. The Ecorr and LPR measurements

Results from the LPR measurements (corrosion potential and cor-
rosion rate) on 1Cr steel at the temperature of 80 °C and 40 °C are
shown in Fig. 1 a and b. Results show that the evolution of the corrosion
potential depended on the exposure temperature. For sample exposed
to 80 °C, the corrosion potential was dynamically increasing with time
(Fig. 1a). Over the first two days of exposure, Ecorr increased from ap-
proximately −640mV to approximately -620mV, which remained
without significant change until six days of exposure. A steep increase
in corrosion potential up to −530mV was observed afterwards within
the course of two days, and then remained without significant change.
However, the sample tested at 40 °C showed a different behavior
without significant variation of corrosion potential over the period of
the experiment. Only a slow increase of potential from −660mV to

≈−640mV was measured initially until 18 days, which followed a
plateau until the end of the experiment.

Corrosion rate in Fig. 1b followed a similar trend of higher variation
for 80 °C, while the lower variation for 40 °C. At 80 °C, an initial rapid
increase of corrosion rate is seen from ≈7mm/yr to ≈ 8mm/yr over
the first two days. However, the corrosion rate showed a significant
decrease reaching a value of approximately 1.8mm/year after 10 days
of exposure, followed by slow decrease below 1mm/year. On the other
hand, the sample exposed at 40 °C showed little variation in corrosion
rate, which remained between 2.5 mm/yr and 2.6mm/yr over the
whole length of the experiment.

3.2. Water chemistry equilibria

The evolutions of pH, Fe2+ concentration, and saturation ratio for
FeCO3 (SRFeCO3), for samples exposed to 80 °C and 40 °C, are shown in
Fig. 2a and b, respectively. The pH, Fe2+ concentration, and SR for the
sample exposed to 80 °C (Fig. 2a) showed an increase with time over
nine days of exposure followed by a declining trend. The pH value in-
creased from 4.2 up to 6 (after nine days) finally reaching an equili-
brium value of 5.7 at the end of the experiment. A similar behavior was
observed for the changes in Fe2+ concentration, where the maximum
content of 120 ppm was seen on after eight days of exposure, followed
by a decrease approximately to 70 ppm at the end of the experiment.
Calculated saturation ratios showed that the solution reached values
above the saturation of FeCO3 within the first two days of exposure, and
increasing beyond the equilibrium with a maximum value of approxi-
mately 25 after eight days of exposure. This was followed by a rapid
decline of the saturation degree down to approximately 4 at the end of
the test.

A different trend for the parameters were observed for the experi-
ments at 40 °C as shown in Fig. 2b. The pH of the solution continuously
increased over time from 3.9 to approximately 5.4 at the end of the test.
Similarly, the Fe2+ concentration increased with time, reaching a
maximum level of approximately 120 ppm after 12 days of exposure,
where it stabilized. The solution remained undersatured with respect to
FeCO3 until day 12, where it remained slightly above equilibrium level
until the end of the test.

3.3. Electrical Impedance Spectroscopy investigation

Fig. 3a–f presents results from the EIS measurements shown as
Nyquist and Bode representations. The Nyquist plot, for the sample
exposed at 80 °C (see Fig. 3a) shows two depressed semicircles with
different amplitudes, one at high-medium (HF -MF) frequencies and one
at low frequencies (LF). The amplitude of the second semicircle

Fig. 1. Variation of: (a) Ecorr and (b) corrosion rate from LPR measurements for 1Cr steel at T= 80 °C and T=40 °C in 1wt.% NaCl solution.
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increased with time (Fig. 3a). Similar changes in response can be seen
in the Bode plots in Fig. 3b and c. Two slopes, one at MF and one at LF,
are clearly visible in the log|Z| vs. frequency diagram (Fig. 3b) during
the first 8 days, confirming that more than one time constant is in-
volved in the process. As the experiment proceeded, these slopes seem
to merge at LF with an increase in log|Z| value, with almost overlapping
values after day 15 until the end of the test. The phase angle vs. fre-
quency graph (Fig. 3c) further confirms the hypothesis of two time
constants, where two maxima were recorded, namely one at MF and
one at LF. The maximum at MF increased towards higher degree angles,
while at the same time moving towards lower frequency values as the
experiment proceeded. Similarly, the maximum at LF seems to be
smoothened out by the end of the experiment (Fig. 4).

The Nyquist plot for the sample exposed to the solution at 40 °C
(Fig. 3d) similarly presents two depressed semicircles at HF-MF fre-
quencies and LF frequencies. The second semicircle is more visible
during the initial days of the experiment, but seems to be smoothened
out after day 8. The amplitude of the semicircles grew with the ex-
perimental time. However the growth was considerably lower com-
pared to the sample exposed to 80 °C (Fig. 3a). The log|Z| vs. Frequency
plot (Fig. 3e) has a two-slope response which slightly increased at LF
(from ≈50 Ω∙cm2 ≈80 Ω∙cm2 at 10mHz) with the exposure time. Two
maxima were also detected in the Phase angle vs. Frequency response
(see Fig. 3f), confirming the presence of two time constants. The first
peak at MF increased from -35˚ to -45˚ by the end of the test, while the
maximum at LF was smoothened with exposure time.

The EIS results of the experiments at 80 °C and 40 °C was further
analyzed using the numerical fitting with equivalent circuit shown in
Fig. 5. The modelled equivalent circuit is adapted from the commonly
used circuit with surface of an electrode covered with a low conducting
layer on the top [43,44]. The Rs represents the solution resistance of the
electrolyte, Rpo is the pore resistance of the scale layer, Csc is the the
capacitance of the precipitated layer, Rct is the charge-transfer re-
sistance, and Cdl is the double layer capacitance.

The impedance parameters obtained by fitting the circuit to the EIS
results are shown in Tables 3 and 4, respectively.

3.4. X-diffraction analysis of scale

Fig. 5 shows the XRD analysis of the scale formed on the specimen
during the electrochemical experiments in 1 wt. % NaCl solution at
T= 80 °C and T=40 °C. Siderite (FeCO3) was detected on both sam-
ples as indicated in the figure. The high intensity peak for siderite
corresponded to the (104) plane and was recorded at 2θ=48.403˚ at
both temperatures. The intensity for this peak was lower for the sample
tested at 40 °C. Cementite (Fe3C) was also detected on both samples
with comparable peak intensities at 40 °C and 80 °C.

3.5. X-ray tomography analysis

Results of the ex-situ X-ray tomography analysis of the specimen
exposed at 80 °C is shown in Fig. 6. Fig. 6 a shows a volumetric re-
presentation of the analyzed area showing differential contrast based on
the density of the material and scale. The strongly absorbing 1 Cr base
material on the bottom is followed by three different layers of de-
creased absorption levels suggesting the presence of less dense corro-
sion products. Close to the steel surface, the figure shows a densely
packed initial layer, which is uniformly distributed. A second layer on
the top of the first layer shows coarser crystals of the scales with voids.
A third thinner layer compared to layers forms the outer shell appearing
loosely attached. The image in inset (Fig. 6b) shows the volumetric
reconstruction of the image Fig. 6a without scale. Image shows that the
steel surface is corroded uniformly with no signs of localized attacks,
which is also clear from the virtual cross sections along the XY and XZ
direction shown in Figs. 6c and 6d. The cross sections in Figs. 6c and 6d
also shows that the first layer of the scale is uniformly distributed across
the surface, whilst the second layer contained porosities, which are
covered by the third layer (outer shell).

The volumetric representation of the investigated area of the sample
tested at 40 °C (Fig. 7a) using tomography shows a porous scale pre-
cipitated on the top of the steel surface, while the inset image Fig. 7b
showing steel surface after reconstruction removal of the scale, shows
signs of localized corrosion. The porous scale extends to the a thin outer
layer with a tree like structures as visible in Fig. 7a, which is also
evident in the virtual cross section images in Figs. 7c and 7d. The
images in Figs. 7c and 7d also shows that the scale is more porous
compared to scale observed at 80 °C.

3.6. Scanning electron microscopy and X-ray mapping

Fig. 8 shows the SEM pictures of the sample exposed to 80 °C. The
top view image in Fig. 8a shows the scale covered surface with prism
shape crystals, which is similar to the previously reported literature for
iron carbonate [24,50], and confirmed to be FeCO3 based on the XRD
results. The FeCO3 crystals with average sizes of approximately 20 μm
are coarse and cover the whole surface of the sample uniformly. The
cross section of the sample (Fig. 8b) shows a similar results as in to-
mography with a thick and dense FeCO3 layer on top of which addi-
tional crystals of FeCO3 are precipitated. This second layer is less dense,
as noticeable by the presence of voids and porosities filled with em-
bedding epoxy. These voids are confirmed by the high content of ele-
mental carbon from the epoxy that penetrated in these areas, detected
by the X-ray mapping (Fig. 8c). The outer shell detected during CT
scanning (Fig. 6a–d) is also visible in the SEM cross section (Fig. 8b).

Fig. 9 shows the SEM observations for the sample exposed to 40 °C.
The surface morphology of the scale (Fig. 9a) was similar to the ob-
servation at 80 °C and the scale is made up of FeCO3 crystals. However,
the crystals were smaller (approximately 5−10 μm) compared to the

Fig. 2. Variation of pH, Fe2+ and SR(FeCO3) during the exposure of of 1Cr steel: (a) at T= 80 °C and (b) T= 40 °C in 1 wt.% NaCl solution.
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scale formation observed at 80 °C. At some locations, crystals seemed to
grow in a tree-like structure making the topography of the scale surface
very uneven (see inset picture in Fig. 9a). Below this layer, coarser
FeCO3 crystals have precipitated, forming a porous and less dense
structure than the one observed at 80 °C. Porosities across the FeCO3

layer were visible in the cross section (Fig. 9c) and confirmed by the
high content of elemental carbon from the epoxy, as shown in the X-ray
mapping (Fig. 9c). Signs of localized corrosion were detected at the
interface between steel and the precipitated layer, as shown in Fig. 9b.

4. Discussion

The changes to lower temperature of the produced fluid, due to
seawater injection to enhance oil recovery, can significantly affect the
corrosion resistance of the carbon steel used in production tubing. The
results presented in this paper confirm the importance of the tem-
perature as one of the most important factors influencing the corrosion
behavior of 1Cr carbon steel in CO2 corrosion as it affects the nature
and morphology of the corrosion product layer. This study shows how
the FeCO3 corrosion film formed at different temperatures influences
the CO2 corrosion process and the corrosion resistance of 1Cr steel. This
effect was linked to the characteristics of the FeCO3 layer developed at

Fig. 3. Results of Electrochemical impedance measurements: Nyquist plot (a)at T= 80 °C and (b) T=40 °C ; Bode plot |Z| vs frequency (c) at T=80 °C and (d)
T= 40 °C ; Bode plot Phase vs frequency (e) at T= 80 °C and (f) T= 40 °C.
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different temperatures and how they affected the protectiveness of this
film.

FeCO3 is formed via a one-stage reaction process with carbonates
(Eq. 3) [50] and temperature plays a role in accelerating the kinetics of
FeCO3 precipitation and lowering the solubility of FeCO3 [25,51].

+ →+ −Fe CO FeCOaq aq s( )
2

3( )
2

3( ) (3)

The driving force responsible for FeCO3 precipitation is the sa-
turation ratio of the bulk solution with respect to FeCO3 (SRFeCO3) [52],
defined as:

=
∙+ −

SR
c c

KFeCO
Fe CO

sp
3

2
3
2

(4)

where +cFe2 and −cCO3
2 are the ferrous and carbonate ions concentrations

(in mol/L), respectively, and Ksp is the solubility product of FeCO3.
Solid FeCO3 precipitation in aqueous solution occurs when the con-
centration of Fe2+ and CO3

2− ions exceed the solubility limit Ksp which
depends on temperature and ionic strength as shown in Eq. 5) and Eq.
6) [17]:
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2
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Where ci is the concentration of the species in the solution and zi is the
charge of the species.

The effect of temperature on the solubility limit of FeCO3 was
confirmed during this study. At 80 °C the SRFeCO3 of the bulk solution
followed rapidly the increase in Fe2+ ions, maintaining the solution
above equilibrium (Fig. 2 a). The pH increased as well due to reduction
of carbonic acid to bicarbonate during the cathodic corrosion process,
as previously reported by Dugstad [50]. FeCO3 precipitation occurred
at this temperature after approximatively 8 days, as shown by the de-
cline in both Fe2+ and SRFeCO3 as a consequence. X-ray results con-
firmed the precipitation of siderite as corrosion product (Fig. 5). The
bulk solution of the experiments performed at 40 °C remained mostly
under saturated for most of the time despite the increase in pH and the
high Fe2+ concentration (Fig. 2b). During current study, crystalline
FeCO3 was detected on the steel surface after 18 days of exposure time
(Fig. 5), despite the bulk solution being only slightly oversaturated with
respect to FeCO3 after day 10. Literature reports that a certain degree of
super-saturation with respect to FeCO3 is required in order to facilitate
FeCO3 precipitation [53]. It is believed that the local increase of pH
value close to the steel surface may be the cause for the local higher
SRFeCO3, and consequently higher driving force for FeCO3 precipitation.

Dense crystalline films are formed at high temperature (> 60 °C),
where the precipitation rate is fast and the super-saturation is low [50].
These film are able to provide good protection to the underlying steel.
At lower temperature, non-protective corrosion products are expected
[24]. The results from SEM cross section presented in this study are
consistent with these expectations. The film formed at 80 °C (Fig. 8b)
were denser and more adherent than those formed at 40 °C (Fig. 9b) and
therefore more protective. These differences in nature and morpholo-
gies of the precipitated FeCO3 corroborate the changes in the corrosion
rate at the two temperatures and the differences in the evolution of the
EIS results.

The corrosion process for both temperatures followed therefore a
mechanism of dissolution of iron and precipitation of iron carbonate.

Fig. 4. Schematic representation of the adaptation of the equivalent circuit
used for numerical simulation of the EIS data.

Fig. 5. Results of X-ray diffraction of the scale formed at T= 80 °C and
T=40 °C.

Table 3
Electrochemical impedance parameters obtained from the measured EIS data
circuit fitting for 1Cr steel immersed in 1 wt.% NaCl solution at T=80 °C.

Day Csc Rpo Cdl Rct

mF/cm2 Ω∙cm2 mF/cm2 Ω∙cm2

1 2.4 21.4 76.8 10.8
5 15.9 21.9 201.4 14.4
8 20.6 21.1 155.9 18.8
9 18.8 25.0 122.1 35.8
10 17.6 29.9 49.9 85.8
11 14.4 37.5 45.6 126.9
15 8.4 57.5 27.9 132.1
18 8.0 62.6 27.8 136.0

Table 4
Electrochemical impedance parameters obtained fitted from the measured EIS
data circuit fitting for 1Cr steel immersed in 1 wt.% NaCl solution at T= 40 °C.

Day Csc Rpo Cdl Rct

mF/cm2 Ω∙cm2 mF/cm2 Ω∙cm2

1 6.7 32.1 365.4 15.2
2 8.4 32.7 399.4 15.6
5 13.5 34.8 497.0 13.8
8 17.9 38.7 395.8 14.1
11 20.9 40.1 249.9 14.9
15 22.6 36.2 70.5 24.2
20 24.7 32.4 45.6 33.8
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However, differences in the FeCO3 precipitation kinetics and mor-
phology of the corrosion products at 40 °C and 80 °C, influenced the
corrosion behavior of the 1Cr steel. At 80 °C, the corrosion behavior of
the 1Cr steel was characterized by three stages described by Farelas
et al. in their series of flow loop experiments at 80 °C and pH=6.0,
namely: active corrosion, nucleation and growth of FeCO3 and pseudo-
passivation [54]. The increase in Fe2+ concentration presented in
Fig. 2a and b confirmed the dissolution of the steel substrate and the
release of iron ions in to the solution (active stage). The higher corro-
sion rate at 80 °C compared to 40 °C, during the first eight days of ex-
posure, can be explained by the increased electrode kinetics as a
function of temperature [55–57]. Active corrosion stage was followed
by nucleation and growth of a protective corrosion scale, which re-
sulted in an increase in Ecorr and decrease of corrosion rate at 80 °C (see
Fig. 1a and b, respectively). However, the presence of FeCO3 in a Fe3C
matrix (Fig. 8b) suggests that active dissolution sites were being closed
by FeCO3 precipitation, confirmed by continuous increase in Ecorr. Si-
milar conclusions have been reported by Pessu et al. in their in-
vestigation of pitting corrosion on X65 carbon steel in a CO2 saturated
environment at 80 °C [58]. Authors correlated the increase in OCP with

faster cathodic reaction as a consequence of more Fe3C sites being ex-
posed. In the current results, rapid FeCO3 precipitation occurred be-
tween day 8 and 10 due to the high SRFeCO3 value of the bulk solution.
This was reflected by a steep increase in Ecorr (Fig. 1a), rapid decrease
of the corrosion rate (Fig. 1b) and Fe2+ concentration in the solution
from≈120 ppm to≈90 ppm (Fig. 2a). From day 10 until the end of the
test, a continuous reduction in uniform corrosion rate was observed,
while the potential remained comparatively stable (pseudo-passivation
stage). [54]. Similar conclusions on the evolution of FeCO3 corrosion
products were observed by Ingham et al. [59] and Guo et al. [60]. Both
reported the presence of an amorphous ferrous carbonate phase as
precursor for siderite, but it was not found in the present in the in-
vestigation. The sample exposed to the solution saturated with CO2 at
40 °C showed only small changes in corrosion rate throughout the test,
confirming that the FeCO3 precipitate was not able to protect the un-
derlying steel.

The evolution of the FeCO3 layer was followed by the EIS (Fig. 3a-f).
For the sample exposed to 80 °C, the Csc values increased until day 10
(see results in Table 3). This indicates the growth of the FeCO3 layer as
reported by Farelas et al. in their dissolution study [61]. After day 10

Fig. 6. Results from ex-situ X-ray tomography analysis of 1Cr steel exposed to 1 wt.% NaCl solution at T= 80 °C: (a) volumetric representation, (b) volumetric
representation without showing the corrosion scale, (c) ortho slice in XZ direction,(d) ortho slice in XY direction.

Fig. 7. Results from ex-situ X-ray tomography analysis of CT scanning for the 1Cr steel exposed to 1 wt.% NaCl solution at T=40 °C: (a) volumetric representation,
(b) volumetric representation without showing the corrosion scale,(c) ortho slice in XZ direction,(d) ortho slice in XY direction.

R. Rizzo, et al. Corrosion Science 166 (2020) 108471

7



the Csc drop to almost half of the value. This change to lower Csc has
been linked to the layer becoming more dense and less porous [62], as
confirmed by the increasing values of Rpo. Similar behavior was re-
corded for Cdl and Rct indicating the formation of protective layer,
covering the underlying steel and consequently reducing its corrosion
rate [61,63]. The Rct and Cdl magnitude follow the evolution of the
corrosion rate obtained by LPR, and the increased |Z| module with time
(Fig. 3b) support this mechanism. In addition, the increase of peak
height with exposure time (Fig. 3c) indicates that the response became
more capacitive; indeed as immersion time increased, the pores are
closed by rapid FeCO3 precipitation reducing the current flow through
the defects.

At low temperature several authors suggest that the amorphous
FeCO3 can precipitate on the surface, favored by the low pH of the
solution [60,64]. The formation of this layer could be identified by the
increase in Csc for the sample exposed to 40 °C as reported in Table 4.
This layer was, however, not compact and contained some porosities as
shown in Figs. 7 and 9b. It is likely that solution could have penetrated
the porosities (as evidenced by the approximatively constant low value
of Rpo) and continued the dissolution of the underlying steel layer re-
flected by the decrease in Cdl. The slight increase of Rct suggests that the
precipitated FeCO3 may have still given some degree of protection.
However, these values are too low for claiming the protectiveness of
this layer, and the results confirm the LPR corrosion rate observed in
Fig. 1 b, that was almost constant during the same time.

Several authors report the risk of more localized attack on carbon
steel in CO2 saturated solution at temperature lower than 60 °C
[58,60,64]. They identify the galvanic effect between Fe3C rich regions
and exposed areas of steel within the pores, as a potential cause for
more localized corrosion at low temperature. The results obtained with
X-Ray CT support this findings and have been further confirmed by the

SEM cross section. By changing the threshold used for visualization, it
was possible to only show the under laying steel surface, i.e. to “digi-
tally remove the corrosion scale” (Figs. 6b and 7b). The steel surface
was uniformly corroded and no sign of localized corrosion were de-
tected on the sample exposed to the solution at 80 °C. The ortho slice in
XY direction (Fig. 6d) and the equivalent SEM cross section (Fig. 8b)
showed comparable results confirming a uniform corrosion mechanism.
This is in agreement with a theory regarding reduction of pitting cor-
rosion at 80 °C, as also previously reported by Pessu et al. [58]. The
authors proposed a self-healing mechanism at high temperature based
on the ability of FeCO3 to precipitate under the Fe3C network reducing
pit propagation. Signs of more localized corrosion were detected on the
sample exposed to the solution saturated with CO2 at 40 °C as visible in
the X-ray CT results and SEM cross section.

During this study, X-ray CT was used to investigate the corrosion
scale formed in CO2 saturated solutions at 40 °C and 80 °C ex-situ. The
technique provided access to the different morphologies of the corro-
sion products formed at these two temperatures and has proven to be a
complementary technique to SEM. This was done without any type of
sample preparation (molding, polishing or corrosion products removal)
conserving all the details that may get lost during conventional sample
preparation. Ex-situ results obtained in this study were comparable to
the results obtained with SEM and complementary information were
obtained. X-ray CT has been successfully employed as a complementary
non-destructive technique (NDT) in the investigation of corrosion pro-
ducts from shipwrecks [65] and stress corrosion cracks from failed
pearlitic steel wires [66]. Both studies highlight the ability to obtain
images from within the samples without the need for destructive sec-
tioning. Similarly, in the current research the volumetric representation
of the samples obtained from X-ray CT showed that a denser and more
compact FeCO3 had precipitated at 80 °C, while a looser and more

Fig. 8. SEM and X-ray mapping results of sample exposed to 1 wt.% NaCl solution at T=80 °C: (a) surface morphology of the corrosion product, (b) cross section, (c)
X-ray mapping of the cross section.

Fig. 9. SEM and X-ray mapping results of sample exposed to 1 wt.% NaCl solution at T=40 °C: (a) images of the surface morphology of the corrosion product, (b)
cross section, (c) X-ray mapping of the cross section.
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porous structure was recorded at 40 °C. Similar information were re-
corded with SEM analysis. However, the surface morphology of the
FeCO3 layer formed at 40 °C obtained with SEM (Fig. 9a) seems to
suggest that the FeCO3 was densely packed on top of the steel surface.
Only the cross section of the sample revealed underlying corrosion
features, which in this investigation was possible with X-ray CT analysis
without mechanically cross-sectioning the specimen with fragile scale.
By using X-ray CT Ramandi et al. [66] were able to detect internal
branching of the crack in the bulk specimen, even though it was not
present in the surface. Whilst the technique allows to gain data from
larger regions and detailed 3D analysis of the features of interest, the
quality to resolve this feature of interest can be compromised [67,68].
Recent work from Perini et al. [69] has attempted to improve the re-
solution to the deca-nanometer scale by developing an SEM-based X-ray
tomography system. Whilst the resolution achieved during this research
was still in the order of the micron scale, results show that a combi-
nation of various characterization techniques may be highly advanta-
geous to study feature of interest. This could be beneficial, for example,
for study of pitting corrosion and propagation, where this phenomena
can occur randomly on the sample surface. Potentially, the technique
can be used to perform an overall scan ex-situ of the sample and select
specific area for FIB and TEM analysis as performed by Burnett et al.
[41]. In their study they combined X-ray computed tomography with
FIB-SEM tomography EDS and TEM, allowing them to observe com-
peting mechanism between pitting and intergranular corrosion on a
316H austenitic stainless steel. However, large data volumes can re-
quires considerable computational time for analysis and visualization
[66].

One of the disadvantages of using X-ray CT is the risk of en-
countering artifacts in which the edges of the sample appear brighter
than the center. This is known as beam hardening [70]. During this
study beam hardening was limited by using appropriate software
techniques [71] to correct for it (see Figs. 6a and 7b).

Several authors have demonstrated the advantages of X-ray CT to
investigate corrosion in-situ of aluminium [72], iron based alloys
[73,74] and magnesium alloys [75]. Amongst those, is the possibility of
accessing features of localized corrosion and gaining a more compre-
hensive analysis of the corrosion process. The electrochemical mea-
surement performed in this research gave information on the corrosion
kinetics and the stability and protectiveness of the FeCO3 layer. How-
ever these information were not compared with the visual evolution of
the corrosion process and scale precipitation.

In-situ studies using X-ray CT or Synchrotron tomography in com-
bination with electrochemical measurements can provide further in-
sight into the precipitation, stability and protectiveness of FeCO3 layer
and competition between various corrosion mechanisms, which is
presently being investigated.

5. Conclusions

• Temperature influences both the corrosion kinetics and FeCO3 pre-
cipitation. However, despite the higher corrosion kinetics at 80 °C,
the precipitation of crystalline FeCO3 resulted in a reduction of the
uniform corrosion rate as a function of exposure time. The FeCO3

precipitated at 40 °C was not protective due to the loose and porous
structure that was formed under these conditions.

• The denser FeCO3 layer at 80 °C resulted in lower corrosion rate,
which is ten times lower than the corrosion rate at 40 °C.

• The high SRFeCO3 at 80 °C was responsible for the faster precipitation
kinetics of FeCO3 and its protectiveness.

• EIS results revealed a mechanism of iron dissolution and FeCO3

precipitation. The porosity in the layer influenced the corrosion rate
and its mechanism.

• X-ray tomography enabled non-destructive visualization of the
corrosion scale. Result shows that due to the difference in the sta-
bility of FeCO3 layer at different temperatures, signs of localized

corrosion were detected on the sample exposed to the solution at
40 °C unlike for 80 °C.
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A B S T R A C T

This study investigates the effect of CaCO3 precipitation on the corrosion of 1Cr carbon steel covered by pro-
tective FeCO3 layer. Tests were conducted at atmospheric pressure in 1 wt.% NaCl solution saturated with CO2 at
80 °C. Three different concentrations of Ca2+ (100, 1,000 and 10,000 ppm by mass) were studied. Linear po-
larization resistance (LPR), electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization
were used to investigate the electrochemical behavior. Scanning electron microscopy (SEM) and X-ray powder
diffraction (XRD) were used to analyze the corrosion products. Results suggested the precipitation of CaCO3 led
to an undersaturated solution with respect to FeCO3 followed by dissolution of the protective layer.

1. Introduction

Despite its susceptibility to CO2 corrosion, carbon steel is the most
commonly used material for pipeline in the Oil & Gas production. This
is due to its relatively low price, its availability in the volume required
and the possibility of easily satisfying mechanical and fabrication re-
quirements [1]. When CO2 dissolves in water and hydrates to carbonic
acid (H2CO3), it promotes an electrochemical reaction between the steel
and the aqueous phase, leading to iron dissolution [2–7]. This process
has been under investigation for more than four decades, but the cor-
rosion mechanism occurring at the metal-electrolyte interface is still a
subject of research [8,9]. In addition, precipitation processes of corro-
sion products or mineral scales can occur, which has a significant in-
fluence on the corrosion mechanism.

Siderite (FeCO3) is the most commonly observed corrosion product
in aqueous medium with sodium chloride (NaCl) saturated with CO2

[1,10]. The influence of this layer on the corrosion rate of carbon steel
has been researched and documented in literature [11–15]. Under
certain conditions, it has been shown that FeCO3 precipitation on the
steel surface blocks the active sites of dissolution and creates a barrier
to the diffusion of the electrochemical active species, resulting in a
significant reduction in the corrosion rate. The protectiveness of the
iron carbonate layer is strongly dependent on several parameters such
as CO2 partial pressure [11–14] concentration of ionic species [15–17],
pH and temperature [18–21].

However, the potential effect of divalent ions such as Ca2+ is still
poorly understood. Amongst other ions, Ca2+ is present in the fluids of

geological formations and can react with CO2, resulting in calcium
carbonate (CaCO3) precipitation when solubility limit of CaCO3 is ex-
ceeded [22,23]. This precipitation has been reported to significantly
influence the corrosion rate [24–29]. Calcite (CaCO3) and siderite share
the same crystal structure and several authors state that Ca2+ ions can
substitute Fe2+ in the FeCO3 structure. This substitution is reported to
alter the morphology and protectiveness of the FeCO3 layer [28–33].

How this process influences the corrosion product formation on the
carbon steel material, particularly after a protective iron carbonate
layer has formed, is still not well understood. Most of the studies
[24–29] focus on the effect of simultaneous precipitation of both mi-
neral scaling and corrosion products, even though these processes may
occur at different moment in the lifetime of an oil & gas well due to
ingress of formation water rich in Ca2+ and water injection for en-
hanced oil recovery [30,31].

Also investigations with Ca2+ ions have been reported to elucidate
the effect of divalent ions on the corrosion of carbon steel in CO2 sa-
turated solution. However, the results from these experiments are ra-
ther limited and not fully coherent. Esmaeely et al. [28,29] have per-
formed electrochemical tests on AISI 1018 at low and high
concentration of Ca2+ at 80 °C in 1 bara CO2 at pH 6.6. Results shows
that at low Ca2+ concentration up to 100 ppm, a protective layer was
still able to form, reducing the corrosion rate. At higher concentrations
(1,000 and 10,000 ppm), the layers were not protective and the cor-
rosion rate did not decrease during the experiments. Severe pitting
corrosion at 10,000 ppm was recorded and attributed to Ca2+, as the
Cl− ion content in each experiment were kept constant. The authors
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suggested that this effect could also be caused by the rapid acidification
of the solution when CaCO3 precipitates in the solution at higher Ca2+

concentrations. FexCa1-xCO3 precipitation was recorded and the mole
fraction of Ca2+ calculated. According to the authors when the mole
fraction approached 1, the protectiveness of the scale was reduced.

Tavares et al. [34] have studied the effect of solid CaCO3 on the
corrosion rate of carbon steel. They performed autoclave tests for 28
days at 80 °C and 15MPa pCO2 in absence and presence of CaCO3. The
authors reported the beneficial effect of CaCO3, which reduced the
corrosion rate determined by weight loss. This reduction in corrosion
rate could have been attributed to the increased pH of the solution from
2.71 to 4.7 in CaCO3 containing solution, although authors haven’t
concluded this. The XRD patterns showed a different corrosion product
consisting of FexCa1-xCO3 in solution containing CaCO3, while only
FeCO3 was measured in the absence of CaCO3. The authors have ad-
ditionally reported that the Ca2+-containing layer was more porous and
therefore more sensitive to Cl− permeation and as a consequence,
pitting.

In a more recent work, Hua et al. [27] have investigated the in-
dividual effect of Cl-, Mg2+ and Ca2+ ions on the corrosion behavior of
carbon steel in simulated CO2 storage environments at 60 °C and
100 bar CO2 for 96 h. In order to separate the effects of these afore-
mentioned ions, separate solutions containing only Ca2+ or Mg2+ at
1,000 and 10,000 ppm were produced. The Cl− was kept constant at
35,249 ppm by adding NaCl. Therefore, two additional solutions con-
taining only Cl− at 4,200 and 35,249 ppm were tested to explore the
effect of Cl− ions on corrosion behavior, scale formation and pitting.
Reported results shows that after 6 h, when the protective corrosion
products had not precipitated from the solution, an increase in Cl− and
Mg2+ resulted in an increase in general corrosion rate, while an op-
posite effect was found in presence of Ca2+. The XRD patterns showed
different crystalline products with FeCO3 as the main carbonate in pure
NaCl solution. The presence of Ca2+ and Mg2+ resulted in the forma-
tion of iron- calcium/magnesium carbonate (FexCa/Mg1-xCO3) respec-
tively. More severe pitting propagation has been reported in presence of
Ca2+ compared to Mg2+ containing solutions

Research related to Ca2+ in CO2 corrosion of carbon steel has shown
an influence of this cation on both the general and pitting corrosion
with the precipitation of a mixed iron-calcium carbonate layer
(FexCayCO3 where x+ y=1) [25,28,29,32,34]. According to Mansoori
et al. [34], one of the most important parameters that has often been
omitted in literature is the saturation degrees of carbonates in the so-
lution as it influences the precipitation kinetics of carbonate [36,37].
Most of the research focused on the effect of Ca2+ on the precipitation
and the protectiveness of the carbonate layer on bare carbon steel.

None of these investigations have clearly focused on the effect of
Ca2+ on the stability and protectiveness of an already precipitated
FeCO3 scale, which is a situation that can be experienced during the
lifetime of a well in connection with enhanced oil recovery and water
injection. Therefore, the present study focus on determining the effect
of Ca2+ on the corrosion behavior of carbon steel with an already
formed FeCO3 layer developed at 80 °C at pH 6.5 in an aqueous solution
saturated with CO2 (partial pressure pCO2= 0.5 bar). The influence of
this cation is investigated in terms of structure, thickness, morphology
and composition of the corrosion scale after injection of Ca2+ at dif-
ferent concentrations. The corrosion rates were determined by Linear
Polarization Resistance (LPR), while the properties of the precipitated
layers were investigated using Potentiodynamic Sweep (PS) and
Electrochemical Impedance Spectroscopy (EIS). Morphology of the
scale, of the cross section and of the corrosive attack on the steel surface
were investigated using scanning electron microscopy, energy dis-
persive X-ray analysis, and X-ray diffraction.

2. Material and methods

2.1. Materials and specimen preparation

The specimens were made of 1Cr steel with a chemical composition
shown in Table 1. The material presented a tempered martensitic mi-
crostructure visible in Fig. 1. The specimens were machined into cy-
lindrical shape with an exposed surface area of 3.95 cm2. The surface of
the samples was polished mechanically with SiC grade P220, P320,
P500 and P1000, while being cooled down with de-ionized water.
Immediately after polishing, the samples were degreased with acetone,
flushed with isopropyl alcohol and air-dried. The dried sample were
then mounted on the sample holder and immersed into the solution.
Two additional samples were placed in the solution for surface char-
acterization of the morphology and composition of the corrosion pro-
ducts. At the end of the test the samples were retrieved, rinsed with
isopropyl alcohol, dried in air and stored in a desiccator.

2.2. Electrolyte preparation

All the tests were conducted in a 1 wt.% NaCl solution at 80 °C and
atmospheric pressure. The Ca2+ ions were added from a stock solution
of CaCl2∙2H2O. Before the sample was inserted in the solution, the
electrolyte was purged overnight with nitrogen to deoxygenate. The gas
was then switched to CO2 and purged for 4 h in order to saturate the
solution with test gas. The pH was adjusted to 6.5 by adding NaHCO3 in
order to facilitate FeCO3 precipitation. After pH adjustment the solution
was left to de-aerate for at least one hour with test gas to remove
possible oxygen that may have entered during this operation. During
testing, the electrolyte was continuously purged with CO2 to maintain
the solution saturated and avoid oxygen entrance.

2.3. Experimental conditions and procedure

All the experiments were performed at least twice to ensure re-
producibility. The average value was used in the Results section, where
the error bars represent the maximum and minimum values observed in
repeated experiments. All the tests were performed in a standard three-
electrode corrosion cell, described in the Electrochemical measure-
ments Section. Test conditions are summarized in Table 2 and the

Table 1
Chemical composition in wt.% of the L80-1Cr material.

Material C Cr Mn Mo P Si S

1Cr 0.40% 1.10% 0.75% 0.20% ≤0.035% 0.20% ≤0.040%

Fig. 1. Microstructure of the 1Cr steel after etching with Nital. Magnification
50×10.
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experimental procedure is shown in Fig. 2. This procedure was designed
to investigate the effect of Ca2+ on the corrosion of carbon steel in CO2

environment in the presence of a pre-deposited FeCO3layer. Four dif-
ferent Ca2+ concentrations were tested, namely: 0, 100, 1,000 and
10,000 ppm. During the initial stage (Step 1), the sample was left to
corrode in the solution until Fe2+ ions were sufficient to super-saturate
the solution and precipitated as FeCO3. This event, described in the
literature as Pseudo-Passivation [38,39], was detected by a steep rise in
the corrosion potential and a decrease in corrosion rate below 0.1 mm/
yr. This layer was left to stabilize for approximatively 15 h (Stage 2),
after which a de-aerated stock solutions of CaCl2∙2H2O was diluted in
the electrolyte by means of a syringe to achieve the desired con-
centration of Ca2+ ions (Stage 3). The stock solution was de-aerated for
at least 4 h with test gas, before being added to the test solution. The
test continued until a stable value of corrosion potential and corrosion
rate was reached. The changes in corrosion rate were measured
throughout the test by Linear Polarization Resistance (LPR) and the
related corrosion potential was recorded. Water samples were taken at
the end of each stage to evaluate variation in water chemistry and link
them to the corrosion behaviour. Electrochemical Impedance Spectro-
scopy (EIS) were performed at the end of Stage 3 in order to study the
evolution of the electrical charge transfer characteristics of the system.
These measurements were followed by Potentiodynamic Sweeps (PS) to
evaluate the changes in electrochemical behaviour of the pseudo-pas-
sivated sample after Ca2+ addition.

Two additional tests were performed. One without Ca2+ injection
and one where the pH of the solution was reduced during Stage 3. The
former one was carried out in order to have a reference test for com-
paring the results. The latter test was performed in order to relate the
effect of Ca2+ addition to pH changes. In this experiment the pH of the
test solution without calcium was reduced from 6.5 down to 5.4 by
adding HCl during Stage 3. The final pH value of 5.4 represented the
equilibrium pH for the 10,000 ppm Ca2+ experiment recorded during
this test. This equilibrium value was confirmed to be accurate by cal-
culating the equilibrium pH of a 1 wt.% NaCl solution saturated with
CO2 at 80 °C containing 10,000 ppm Ca2+. The equilibria calculations
have been performed with pHSim software from Scale Consult AS [39].

Additional samples were placed in the solution for surface char-
acterization of the morphology, and composition of corrosion products
were evaluated using Scanning Electron Microscopy (SEM), Energy
Dispersive X-Ray Spectroscopy (EDS) and X-Ray Diffraction (XRD).
These samples were quicly removed from the cell and their inlet im-
mediately plugged just before the potentiodynamic sweep in Step 3 in
order to avoid the influence of possible changes in the solution

occurring during anodic and cathodic polarization. Oxygen con-
tamination during this operation was avoided by continuously purging
the solution with test gas and the samples were removed quickly and
their inlet immediately plugged.

2.4. Electrochemical measurements

The corrosion tests were carried out in a 1.5 L glass cell arranged as
a standard three-electrode cell. A schematic of the test cell is shown in
Fig. 3. An Ag/AgCl reference electrode was placed in contact with the
solution through a glass luggin capillary and a concentric platinum wire
ring was used as the counter electrode. The instantaneous corrosion
rates were monitored with linear polarization resistance (LPR) mea-
surements every two hours. Using the obtained polarization resistance
(Rp) and Tafel slopes, the corrosion current density and corrosion rate
were calculated using Eq. (1) and (2):
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where βa and βc are the anodic and cathodic Tafel constant respectively,
EW is the equivalent weight in grams and 3272 is a constant factor used
to convert values in mm/yr. The β value was obtained by Tafel inter-
polation of the potentiodynamic curves obtained on samples polarized
from −250mV to +250mV vs OCP after one hour immersion in 1 wt.
% NaCl solution saturated with CO2 at 80 °C and pH=6.5. The β value
was equal to 26mV and was kept constant throughout the experiments.
During LPR measurements the potential was scanned in a range of±
10mV vs. open-circuit potential (OCP) at a scan rate of 0.165mV/s.

The EIS measurements were performed by applying an AC signal
amplitude of 10mV vs resting potential in a frequency range from
10 kHz to 10mHz. The potentiodynamic scans were carried out from
the OCP down to −900mV vs Ag/AgCl reference electrode with a scan

Table 2
Test conditions and electrolyte composition.

Parameter Condition

Material 1Cr
Rotation Stagnant
Solution 1wt.% NaCl in Deionized water
Ca2+ concentration [ppm] in Stage 3 0, 100, 1,000, 10,000
CO2 partial pressure 0.5 bar at atmospheric pressure
Initial pH 6.5

Fig. 2. Experimental procedure for corrosion study at different Ca2+ concentrations.

Fig. 3. Schematic of experimental cell.
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rate of 10mV/min. The OCP was then left to stabilize back to its ori-
ginal value (approximately 30min duration). The anodic scan was then
performed from OCP to−400mV vs Ag/AgCl under the same scan rate.

2.5. Water chemistry and chemical equilibria determination

The pH was monitored in situ and the solution was sampled at the
end of each stage to measure the concentration of Fe2+ and Ca2+.
10mL of solution were retrieved for Fe2+ analysis and transferred to a
50mL volumetric flask containing 4mL of 10% hydroxylamine hydro-
chloride solution and 4mL 0.3% o-phenanthroline solution. De-ionized
water was added to the 50mL mark and the sample was analyzed by
UV–vis spectrophotometry against pre-recorded standard curves. A UV-
2600 UV–vis spectrophotometer from Shimadzu was used for the ana-
lysis. 10 additional mL of test solution were retrieved for Ca2+ analysis
by inductive coupled plasma (ICP) spectroscopy with a Thermo
Scientific ICAP 7200 ICP-OES Analyzer.

The Fe2+ and Ca2+ values recorded were then inserted in pHSim
software to predict saturation degree of FeCO3 (SFeCO3) and CaCO3

(SCaCO3).

2.6. Surface characterization and phase analysis

The morphology and elemental analysis of the corrosion product
were investigated using a ThermoScientific™ Quanta™ FEG 200 high-
resolution scanning electron microscope (SEM) assisted with energy
dispersive X‐ray (EDS) analysis equipment. The cross-section was ana-
lysed with SEM by moulding the sample in cold epoxy resin in order to
avoid damage of the corrosion products. The sample was then sliced
along the cross-section and polished with ethanol with SiC grade P220,
P320, P500, P1000 and P4000, followed by 3 and 1 μm abrasive par-
ticles. The morphology of the steel surface after corrosion products
removal was investigated with SEM to evaluate possible changes in the
corrosion mechanism. The corrosion products were removed by wiping
the surface of the samples with a cotton pad and immersing it in
Clarke’s solution as per ASTM Standard G1-03 [40].

X-Ray diffraction (XRD) was used to determine the phase compo-
sition of the formed layer using Bruker D8 Advance. The instrument
was operated at 40 kV and 40mA with Cr-Kα radiation (λ
=0.22909 nm), resulting in a penetration depth of up to 17 μm

3. Results

3.1. The pH monitoring

The changes in pH during the three stages (see Fig. 2) are shown in
Fig. 4. At 100 ppm Ca2+ concentration, the pH values remained stable
during the whole test interval, while the addition of 1,000 and
10,000 ppm Ca2+ during Stage 3 resulted in a marked drop in pH,
which decreased from ≈6.5 down to 6.0 and 5.4 respectively.

3.2. The OCP and LPR measurements

The results of OCP and corrosion rate measurements during the
three experimental stages are summarized in Fig. 5a & b, where the
error bars represent the maximum and minimum values observed in
repeated experiments. Stage 1 was characterized by a continuous in-
crease of both potential and corrosion rate. This behavior was followed
by a sharp increase in the corrosion potential from ≈-650mV to
≈-500mV and by a rapid decrease of the corrosion rate from
≈2.5mm/yr down to values lower than 0.1mm/yr due to FeCO3 pre-
cipitation. Stage 2 was characterized by a stable value of both potential
and corrosion rate without significant variation with time. The addition
of 100 ppm of Ca2+ at the end of Stage 2 did not influence the corrosion
behavior of the steel as the corrosion rate essentially remained similar
to that prior to addition of calcium. This is indicated by the stable value

of the OCP and corrosion rate until the end of Stage 3, which is com-
parable to the experiment with no Ca2+. With the injection of
1,000 ppm Ca2+ ions, the OCP rapidly decreased, which stabilized at
≈150 mV below the stable potential observed under Stage 2. When the
concentration of Ca2+ was increased to 10,000 ppm, the value of the
OCP instantaneously decreased by approximately 200mV, which was
followed by a slow increase of about 20mV. This behavior was reflected
on the corrosion rate, which jumped from the steady value of 0.1 mm/
yr at the end of Stage 2 to 1.5mm/yr, which remained almost stable
until the end of the test. Similarly, the lowering of the pH at the end of
Stage 2 from 6.5 to 5.4 (marked as “pH Drop” in Fig. 5a, b) led to a
sharp decrease of the OCP and increase of corrosion rate. The in-
troduced pH change at the end of stage 2 has resulted in a steady in-
crease of the corrosion rate unlike the case for calcium ion addition
experiments. Just to confirm Cl− ions are not influencing the corrosion
process after the FeCO3 has been formed, an additional experiment was
performed. In this experiment 17,692 ppm Cl− were injected during
Stage 3 corresponding to the Cl− concentration of the 10,000 ppm Ca2+

experiment. The Cl− ions were injected as NaCl. This experiment is
marked as “NaCl” in Fig. 5b. For clarity purpose only the corrosion rate
is reported. As noticeable, after the injection of 17,692 ppm Cl− the
corrosion rate remained unchanged until the end of the test. Therefore,
further analysis on the sample exposed to high chloride environment
have been omitted.

3.3. The Fe2+ and Ca2+ ion concentration monitoring

The concentration of Fe2+ and Ca2+ ion was monitored during the
three different stages of the experiments and analyzed together with the
pH results in order to evaluate the chemical equilibria and possible
precipitations in the solution. The high initial Fe2+ concentration
during Stage 1, decreased to a value less than 1 ppm during Stage 2
when the protective layer of FeCO3 precipitated on top of the sample
(Fig. 6a). At the end of Stage 3, the amount of Fe2+ in the solution
increased with increased amount of injected Ca2+ (Fig. 6a). The highest
Fe2+ concentration recorded for the corresponding pH drop reflects the
higher corrosion rate experienced by the sample during the Stage 3 of
this test. The solution with the addition 100 ppm of Ca2+ during Stage 3
did not show an increase of Fe2+ by the end of the experiment.

The variation of FeCO3 saturation degree (SFeCO3) with time is
shown in Fig. 6b. It can be seen that after Stage 2, all the solutions
remained under-saturated with respect to FeCO3 until the end of the
test. The saturation ratio for CaCO3 was based on pH and Ca2+ con-
centrations injected at the start of Stage 3 and measured at the end of

Fig. 4. pH change vs. time during the three different stages of corrosion in 1%
wt. NaCl solution with calcium ions, T= 80 °C, initial pH=6.5.
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Stage 3 (Fig. 7). Precipitation was visually recorded in the solution at
1,000 and 10,000 ppm, which turned “cloudy”. At 100 ppm Ca2+ the
solution remained clear. The final measured concentrations were 52,
511 and 5,526 ppm for the 100, 1,000 and 10,000 ppm Ca2+ respec-
tively, confirming that precipitation occurred in Stage 3 until the
equilibrium was reached. The unexpected undersaturation recorded at
the end of Stage 3 for the 10,000 ppm Ca2+ (Fig. 7) could be due the

error related to the calcium ion measurement values from the ICP.

3.4. Electrochemical Impedance Spectroscopy investigation

Fig. 8 shows the results of impedance measurements under stage 3
of the experiments as in Fig. 1. A Nyquist diagram was used to in-
vestigate the effect of the different Ca2+ concentrations at the end of
Stage 3 on the stability and protectiveness of the FeCO3 layer (Fig. 8a).
The 0 ppm test showed two loops with different amplitudes. At High
Frequency (HF), a small semicircle was present and at Medium-Low
Frequency (MF-LF) a second loop with higher amplitude was seen. The
presence of two responses was further confirmed by a Bode Plot
(Fig. 8b, c). Two slopes which are typical of a system with more than
one time constant were recorded in the |Z|vs frequency graph. Similarly
in Fig. 6c the presence of two maximum points at MF and HF indicates
that more than one time constant resulted in the process [41]. The
addition of 100 ppm Ca2+ did not lead to significant changes in the
shape of the Nyquist and Bode Plot from the pseudo-passivated sample.
The diameter of the Nyquist plot decreased, however, only with the
addition of 1,000 and 10,000 ppm Ca2+, which suggested a re-initiation
of the corrosion process for both cases. This was further confirmed by
the value |Z|for 1,000 and 10,000 ppm Ca2+ (Fig. 8b) which decreased
during the whole frequency range compared to the previous values at 0
and 100 ppm Ca2+. The sample exposed to 1,000 ppm Ca2+ recorded a
higher |Z| at the LF range than for 10,000 ppm. The |Z| values

Fig. 5. Variation of: OCP (a) and corrosion rate (b) of 1Cr steel at different Ca2+ concentration injected during Stage 3 in 1% wt. NaCl solution, T= 80 °C, initial
pH=6.5. The error bars represent the maximum and minimum values observed in repeated experiments.

Fig. 6. Variation of Fe2+ concentration (a) and saturation ratio of FeCO3 (b)
exposed to different Ca2+ ppm at different stages of corrosion in 1% wt. NaCl
solution, T= 80 °C, initial pH=6.5.

Fig. 7. Saturation Ratio of CaCO3 at different Ca2+ concentrations during Stage
3 of corrosion experiment in solution with 1 wt. % of NaCl, T= 80 °C, initial
pH=6.5.
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converged to similar values at High Frequencies. A more capacitive
behavior at HF was recorded in the phase diagram plot for 1,000 and
10,000 ppm with values of the phase angle closer to -90˚ (Fig. 8c). A
second maximum with a decrease in phase angle values was recorded in
the LF range, confirming the presence of more than one time constant.
The sample that underwent a pH drop from 6.5 to 5.4, behaved very
similarly to the one exposed to 10,000 ppm Ca2+ during Stage 3. For
both conditions, two suppressed loops were also recorded which
showed a further decrease in diameter (Fig. 8a) and lower |Z| at LF
(Fig. 8b)

The evolution of various interfaces on the sample surface after Ca2+

addition can be characterized by an equivalent circuit (Fig. 8d), which
is commonly used to simulate the surface of an electrode with a low
conducting layer present on the top [42,43]. The Rs represents the so-
lution resistance of the electrolyte, Rpo and Csc are the pore resistance
and capacitance of the scale, Rct is the charge-transfer resistance and Cdl

the capacitance of the double-layer. The impedance parameters ob-
tained by circuit fitting are listed in Table 3. The polarization resistance
values obtained with EIS showed similar trend with the one measured
with LPR with increase calcium addition.

3.5. Potentiodynamic polarization results

The potentiodynamic polarization curves obtained at the end of
Stage 3 is shown in Fig. 9. The anodic polarization for the 0 and
100 ppm Ca2+ showed a slow increase in current density with increase
in over potential, while the difference between the two concentrations
is minimal. The addition of 1,000 and 10,000 ppm Ca2+ enhanced the
anodic reaction compared to the 0 and 100 ppm Ca2+ cases. A passive
area was recorded for the addition of 1,000 ppm Ca2+ between −550
and −450mV, above which it sharply increased. This passive area

Fig. 8. Impedance results obtained for a 1Cr Steel after the addition of Ca2+ ions: Nyquist plots (a), Bode plots (b), Phase angle (c) and equivalent circuit (d).

Table 3
Electrochemical impedance parameters fitted from the measured EIS data.

Ca2+ concentration pH Drop

0ppm 100 ppm 1,000ppm 10,000ppm 5.4

Csc [uF/cm2] 4.03 4.18 129 190 691
Rpo [Ohm∙cm2] 182 160 101 27 50
Cdl [uF/cm2] 1,598 1,646 548 368 29,554
Rct [Ohm∙cm2] 2,215 2,278 428 95 38

Fig. 9. Potentiodynamic curves performed at the end of Stage 3 for different
Ca2+ concentrations.
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disappeared with the addition of 10,000 ppm Ca2+ and with the drop in
pH and was substituted by a rapidly increasing anodic current as soon
as the over potential turned positive. Similarly, an enhanced cathodic
reaction was recorded for each increase in Ca2+ concentration above
100 ppm Ca2+ ions and for the drop in pH.

3.6. The XRD analysis of the scale

Results from X-Ray diffraction analysis of the scale formed under
different conditions are shown in Fig. 10. The XRD patterns showed that
FeCO3 was the predominant corrosion product on the surface of all
samples. A CaCO3 layer was detected only on the sample exposed to
10,000 ppm Ca2+ ions during Stage 3, suggesting that CaCO3 pre-
cipitated on an already formed layer of FeCO3. The presence of an Iron
peak was detected at 1,000 and 10,000 ppm Ca2+ ions suggesting dis-
solution of the carbonate layer so that X-ray beam could penetrate to
the steel. Similar results were obtained for the case were the pH was
lowered from 6.5 to 5.4.

3.7. Surface morphology of scale using SEM

The surface morphology of the scale and the cross section analysis is
shown in Fig. 11. The SEM images are presented in top view and cross
section of the samples at the end of Stage 3. Typical prism-shaped
crystals covering the whole surface were detected at 0 and 100 ppm,
which formed a dense and compact layer (noticeable in the cross sec-
tion images), which is confirmed as FeCO3 from the previous XRD re-
sults. The thickness around the cross section for the samples exposed to
0 and 100 ppm averaged to approximatively 19 μm. The presence of an
initial porous cementite layer (Fe3C) with FeCO3 precipitated within
the Fe3C network can also be seen in the cross section. A top film
consisting only of FeCO3 precipitated on top of this initial layer. Similar
structure was recorded on the surface of the sample exposed to the
solution where 1,000 ppm Ca2+ was injected. However, the cross sec-
tion analysis revealed a partially dissolved and more porous inner film
just underneath the top layer. At 10,000 ppm, the surface deposit
showed a platelet-like morphology, which produced a less densely
packed structure. The cross section area exhibited significant FeCO3

inner film dissolution and on the top of which a loose CaCO3 layer had
formed (see layered image determined by EDS in Fig. 11). Similarly, the
cross section for the pH Drop experiment showed a dissolving FeCO3

layer with a loose and porous structure above the steel surface.
The morphology of the surface after the removal of the corrosion

products is shown Fig. 12. Uniform corrosion was clearly detected on
the sample exposed to 100 ppm and 1,000 ppm Ca2+ during Stage 3 as
noticeable by the evenly corroded surface (Fig. 12a and b). At higher

concentrations and for the pH Drop case (Fig. 12c and d), the attack
started to be more localized showing areas of larger dissolution. These
areas increased with increased Ca2+ content during the third stage of
the experiment. Even though pits were not found at these high con-
centrations, the sites of more confined corrosion could represent in-
itiation areas of localized attack, which could have further develop into
pits had the experiment run for longer time.

4. Discussion

Calcium and iron carbonates are commonly observed scales in the
oilfield industry [31]. Calcium is present in the formation brine or the
injected seawater, whilst iron can be released from the production
string due to the corrosion process [44]. Ca2+ ions can precipitate as
CaCO3 in the production string on top of a pre-existing iron carbonate
layer [22,27,29,32,35].

This study has identified that the introduction of Ca2+ ions can
change the stability of the protective FeCO3 layer formed on top of a
1Cr steel and therefore its electrochemical behavior. When Ca2+ ions
precipitate in the form of CaCO3, they can lead to acidification of the
solution according to Eq. (3).

+ → ++ +Ca H CO CaCO H2aq aq s aq( )
2

2 3( ) 3( ) ( ) (3)

Precipitation of iron carbonate and calcium carbonate is highly
dependent on their saturation degree with respect of the bulk solution
[35,36]. Precipitation occurs when the saturation degree is greater than
one. The saturation degree with respect of FeCO3 and CaCO3 depends
on ion concentration, pH and temperature as shown in Eq. (4) and Eq.
(5) for FeCO3 [45] and Eq. (6) and Eq. (7) for CaCO3 [46], where
KSPFeCO3 and KSP,CaCO3 are the solubility products of FeCO3 and CaCO3,
respectively, and I the ionic strength (Eq. (8)) [35]:

=
+ −

S
Fe CO

K
[ ][ ]

FeCO
SP

2
3
2

FeCO
3

3 (4)

= − − ∙ − + ∙

+ ∙ − ∙

LogK T
T

LogT

I I

59.3498 0.041377 2.1963 24.5724

2.518 0.657

SP

0.5

FeCO3

(5)

=
+ −

S
Ca CO

K
[ ][ ]

CaCO
SP

2
3
2

CaCO
3

3 (6)

= − − ∙ + + ∙LogK T
T

LogT1228.732 0.299444 35512.75 485.818SPCaCO3

(7)

∑=I c z1
2 i

i i
2

(8)

where T is temperature in Kelvin.
When the concentration of Ca2+ was slightly above the saturation

level with respect to CaCO3, as for the case where 100 ppm Ca2+ were
added to the solution, the protectiveness of the FeCO3 layer was not
affected. This can be seen in a stable corrosion rate and potential during
Stage 3 which remained around comparable values of the pseudo-pas-
sivated sample in Stage 2 (Fig. 5a & b). The potentiodynamic curves for
those cases were almost overlapping indicating a comparable electro-
chemical behavior of the reference experiment and the addition of
100 ppm Ca2+ (Fig. 9). The slow increase of the anodic current density
for the reference and the 100 ppm Ca2+ test suggests the presence of a
protective layer, which limited the dissolution of iron. The presence of a
thick layer able to create a diffusion barrier which prevented further
metal dissolution was also confirmed by the high impedance at LF
(Fig. 8a) and Rpo and Rct values recorded (Table 3). The SEM images
support these results showing a solid, dense, and intact layer of FeCO3

on top of a mixture of FeCO3-Fe3C layer, still able to ensure corrosion
protection to the underlying steel (Fig. 11). The presence of this Fe3C

Fig. 10. Results of XRD analysis of scale formed on 1Cr steel exposed to dif-
ferent Ca2+ concentration and lower pH during Stage 3.
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Fig. 11. Surface morphology and cross section of the samples at 0, 100, 1,000, 10,000 ppm Ca2+and pH Drop.
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layer has been reported in literature and estimated to be beneficial,
since it can act as an anchoring point for iron carbonate precipitation
[47]. Similar morphologies have been described by Esmaeely et al. with
the presence of 100 ppm Ca2+ at the start of the experiment. Authors
reported that Ca2+ in low concentration does not affect the formation
of the FeCO3 layer and the corrosion rate [29].

The higher the saturation degree at a specific temperature and pH
with respect to CaCO3, given by the higher concentration of Ca2+ ions
added to the solution, the stronger the pH drop to reach equilibrium
(Fig. 4). The drop in pH below the saturation degree with respect to
FeCO3 is able to chemically remove the protective layer to an extent
that is dependent on the level of under saturation in the solution [20].
This effect was recorded by an increase in corrosion rate and fall in OCP
for both high SCaCO3 and forced pH Drop (Fig. 5a & b). The increase in
corrosion rate was followed by an increase in Fe2+ counts during the
third Stage as shown in Fig. 6a. Similar observation was made by Ruzic
et al. [20] in their series of dissolution experiments after FeCO3 was
formed. The authors showed strong dependence of FeCO3 removal ki-
netics on the level of saturation in the solution, determined by the pH
level.

The low pH kept the solution under saturated with respect to FeCO3

until the end of the test (Fig. 6b) preventing possible precipitation
during the last stage. The re-initiation of the corrosion processes for
these cases was supported by the smaller diameter of the Nyquist plot
and the lower |Z| module at LF (Fig. 8a & b). The smaller diameter of
the second semicircles was related in this experiment to the FeCO3

selectively being dissolved from the top of the bare steel. The Rct re-
presents polarization resistance of the steel substrate [48,49]. There-
fore, the lower values detected with increasing SCaCO3 and pH Drop
further confirmed the re-initiation of the corrosion process during Stage
3. As shown in Table 3, the value of Csc increased with increasing Ca2+

concentration and decreasing pH, followed by a decrease of the pore
resistance Rpo. These changes have in previous studies been linked to an
increase in the porosity of the layer as the exposed area increases as
more pores are revealed [50,51]. Similarly, the changes in Csc and Rp

obtained at higher Saturation Ratio of CaCO3 and lower pH, suggested
the partial dissolution of the protective FeCO3 layer, re-exposing the
underlying steel to the corrosive environment. The presence of a thick
FeCO3 layer which was dissolved by adding Ca2+ ions was further
confirmed by the absence of the iron peak at 0 and 100 ppm Ca2+. The
thickness of the FeCO3 layer under these conditions (≈19 μm) was
higher than the penetration depth for the Cu radiation (up to 17 μm),
which did not reach the steel substrate. Similar observations were made
by Esmaeely et al. [29] where they confirmed the presence of a thick
FeCO3 layer by the absence of the main peak of α-Fe linked to dif-
fraction from steel substrate. The dissolving protective layer partially
exposed the underlying steel as suggested by the Iron peaks detected in
the XRD patterns for 1,000, 10,000 ppm Ca2+ ions, and pH Drop
(Fig. 10). The thickness of the FeCO3 layer was reduced to ≈8 μm for
the 1,000 ppm case. For the 10,000 ppm and the pH Drop, full FeCO3

dissolution was recorded on several areas along the cross section. The
cross section images showed for these cases a loose and porous FeCO3

layer in which the solution could penetrate and re-initiate the corrosion
process, and in agreement with the results from electrochemical testing.
This porous structure could behave like initiation sites of localized
corrosion and pitting as detected by SEM images of the samples at 1,000
and 10,000 ppm Ca2+ after the removal of corrosion products (Fig. 12).
Comparable morphology was found on the sample that underwent a pH
drop during the third stage. The dissolution of the FeCO3 protective
layer could also be seen in the Potentiodynamic curves for 1,000 and
10,000 ppm Ca2+ and forced pH Drop (Fig. 9), where both the anodic
and cathodic current densities are enhanced by the dissolution of this

Fig. 12. Surface of the sample after scale removal with Clarke Solution: (a) 100 ppm; (b) 1,000 ppm; (c) 10,000 ppm Ca2+, (d) pH Drop.
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film. The passive area recorded on the potentidynamic curves from
≈−550mV to ≈−450mV for the sample at 1,000 ppm Ca2+ confirm
the presence of a thinner FeCO3 layer compared to the 0 and 100 ppm
cases. This layer was broken down at higher anodic potential.

By evaluating the shift in peak position for FeCO3 and CaCO3,
several authors report the formation of a mixed iron-calcium carbonate
layer when Ca2+ ions are present in the solution [25,27–29]. This
compound results from the isostructurality of FeCO3 and CaCO3, where
Ca can replace Fe in the structure of siderite and form a substitutional
solution with larger d-spacing [52]. The mixed iron-calcium carbonate
was not found during this study. The XRD peak for both siderite and
calcite (Fig. 10) did not shift with increasing Ca2+ concentrations. The
high intensity peak for siderite (104) was recorded at 2θ=48.403˚
under all concentrations, suggesting that none of the atoms were sub-
stituted. The Ca2+ was injected after the FeCO3 layer had stabilized.
After it precipitated as CaCO3 it left the solution under-saturated with
respect to FeCO3. This salt could therefore not precipitate again within
the experimental time, removing the possibility of a mixed iron-calcium
carbonate deposition as detected by other researchers.

Results reinforced previous conclusions, where the bulk saturation
degree with respect to the associated carbonate is more relevant than
the individual ions concentration when investigating their influence in
CO2 corrosion of mild steel [34]. Results confirmed that the bulk sa-
turation degree, which depends not only on ion concentration but also
on temperature and pH, was the main driving force of carbonate pre-
cipitation and subsequent pH drop, leading to the dissolution of the
FeCO3 protective layer. This dependence can be made clearer by plot-
ting the corrosion rate measured at the end of Stage 3 against the SCaCO3
corresponding to 100, 1,000 and 10,000 ppm Ca2+ in the solution at
80 °C and pH=6.5 (Fig. 13). A high SCaCO3 leads to higher corrosion
rate, due to the drop in pH below the solubility limit of FeCO3 and
subsequent dissolution of the protective layer. Had the solution been
under-saturated with respect to CaCO3 at the same Ca2+ concentrations
tested in this paper (because of low temperature and/or pH), there
would not have been a fall in pH and subsequent FeCO3 dissolution and
increase in corrosion rate.

The results obtained in this paper could suggest that a similar effect
could be recorded with other ions that consume carbonates from the
solution reducing the pH. Amongst those, Mg2+ is frequently present in
oil and gas production and is able to precipitate as MgCO3, despite this
event being less common than CaCO3 precipitation [25,27]. This pre-
cipitation may occur during production and it may lower the pH of the
fluid, dissolving the protective FeCO3 layer depending on its saturation
degree.

Despite the similarities, the corrosion behavior for the sample that
underwent a pH drop during the last stage differed from the
10,000 ppm Ca2+ Stage. The former showed a continuous increase of
the corrosion rate, whilst the latter stabilized shortly after the addition.
This difference could be due to the CaCO3 which precipitated on top of
the dissolving FeCO3 layer (see cross section at 10,000 ppm and pH
Drop in Fig. 11). This layer could create, depending on the conditions,
an additional barrier that could limit the rate of iron dissolution. Based
on these results, the authors speculate that the CaCO3 generated in
aqueous CO2 environment may lead to some level of protection against
further corrosion, although inferior to FeCO3. However more detailed
investigation is required to validate this hypothesis.

The CaCO3 precipitation is a common event within Oil & Gas pro-
duction [22,23,44]. The result presented in this paper shows that
CaCO3 precipitation may be able to dissolve a previously formed FeCO3

protective layer. This effect was determined not only by the individual
concentrations of Ca2+ in the solution, but by the bulk saturation de-
gree with respect to calcium carbonate, which is influenced also by pH
and temperature [31,46]. Further studies aiming at investigate the ef-
fect of calcium in CO2 saturated solutions, should therefore focus on the
bulk saturation degree of CaCO3 and should define and document the
water chemistry of the system throughout the testing. The present study
is conducted in stagnant condition with the purpose to investigate the
effect of CaCO3 precipitation on the stability of a previously formed
FeCO3 protective layer. Emphasis was given to changes in saturation
degree of the bulk solution with respect to CaCO3 and FeCO3 and their
effect on the corrosion rate. Corrosion processes and scale precipitation
are, however, significantly affected by concentration gradients and
therefore by mass transfer between the bulk solution and the metal
surface [53]. Changes in these parameters may affect results and are
beyond the scope of this research. Dedicated studies, aiming at eluci-
dating the influence of mass transfer on the stability of a previously
formed FeCO3 layer under CaCO3 precipitation, should be performed

5. Conclusions

The effect of Ca2+ on the protective FeCO3 layer formed on top of
1Cr steel and its influence on the corrosion behavior was investigated in
CO2-saturated aqueous NaCl solution in the presence of 100, 1,000 and
10,000 ppm Ca2+ at atmospheric pressure and 80 °C. Focus was given
to understanding the influence of CaCO3 precipitation during oil and
gas production on the morphology and structure of the protective
FeCO3 layer, as well as the consequences for general and localized
corrosion. The following conclusions can be drawn from this study:

• The effect of Ca2+ addition is linked to the saturation ratio of CaCO3

as main driving force for CaCO3 precipitation and the subsequent pH
drop of the solution to equilibrium levels.

• The larger the SCaCO3 the larger the drop in pH from saturated to
equilibrium conditions.

• Equilibrium pH values that made the solution conditions drop below
the saturation degree of FeCO3 were identified as the cause for
FeCO3 dissolution and an increased corrosion rate.

• Electrochemical studies supported a mechanism of protective layer
dissolution and increased porosity which allowed the solution to
enter the voids and re-initiate the corrosion process.

• SEM images confirmed that selective dissolution of FeCO3 occurred
which exposed the underlying steel to the aggressive environment.
These exposed areas could become potential sites of localized cor-
rosion.
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Abstract 

This paper presents the investigation on the effect of calcium on the corrosion behavior of 1 Cr 
carbon steel under various level of initial CaCO3 saturation (SCaCO3) of the bulk solutions. All 
the experiments were performed at 80 ˚C in 1 wt.% aqueous NaCl solution saturated with CO2. 
Four initial SCaCO3 levels were investigated, namely 0, 0.6, 2, and 10. The corrosion process 
was followed using Linear Polarization Resistance (LPR), potentiodynamic sweeps (PS), and 
Electrochemical Impedance Spectroscopy (EIS). The surface morphology of the corrosion 
products was analyzed with Scanning Electron Microscopy (SEM) and structural information 
using X-ray powder diffraction (XRD). Precipitation of a substitutional solid solution of 
FexCayCO3 (x + y = 1) was found on the steel surface. The growth of this layer was delayed by 
Ca2+ ions in the solution, but its protectiveness was not affected, and was comparable to the 
pure FeCO3 corrosion product. No signs of localized corrosion were detected on the material.  

 

Keywords: Carbon steel, CO2 corrosion, corrosion product film, calcium carbonate, iron 
carbonate. 
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Introduction 
The mechanism of CO2 corrosion of carbon steel has been investigated by several researchers 
[1][2][3][4][5] and the influence of FeCO3 (siderite) precipitation on the corrosion process is 
well documented [6][7][8][9]. Most of the studies have been performed in aqueous media 
containing various concentration of sodium chloride. Despite the presence of calcium ions in 
the brines[10][11], little attention was given to the effect of Ca2+ on the CO2 corrosion of carbon 
steel [12]. Calcium can react with CO2 and precipitate as calcite (CaCO3) when the solubility 
limit of CaCO3 is exceeded [13][14]. Calcite and siderite share the same hexagonal crystal 
structure [12]; Ca2+ ions can therefore substitute Fe2+ in the FeCO3 structure, forming a 
substitutional solution of mixed metal carbonate, designated as FexCayCO3 (x + y = 1). Several 
researchers report that this substitution can alter the protectiveness and the morphology of the 
FeCO3 layer [15][16][17][18][19][20]. 

Literature concerning the effect of Ca2+ ion on CO2 corrosion of carbon steel and the 
protectiveness of FexCayCO3 appears often contradictory. Whilst some researchers [17][18] 
claim that calcium ions contribute to a lower general corrosion rate, others report the opposite 
[16][21]. Jiang et al. [22] reported a beneficial effect of calcium ions in postponing pitting 
corrosion; other studies [15][18] have stated that Ca2+ ions can initiate pitting corrosion. 
Mansoori et al. [12] have stated that these contradictions may be due to the poorly controlled 
water chemistry of the bulk solution. All these studies relied mostly on the initial Ca2+ 
concentration rather than the saturation degree with respect to CaCO3 (SCaCO3) of the bulk 
solution. The saturation degree of the salt is a parameter more important than the individual 
ions concentration as it acts as the main driving force for precipitation [23][24][25]. 

One of the first studies of CO2 corrosion on carbon steel in which the solution was saturated 
with respect to CaCO3, has been performed by Tavares et al. [17]. The authors monitored the 
corrosion rate of steel samples over 28 days after immersing in CaCO3-saturated and CaCO3-
free solutions. Experiments were performed at 15MPa at 80 ˚C. A thinner scale composed of 
FexCayCO3 was reported in the CaCO3-saturated solutions and the average corrosion rate was 
lower in presence of CaCO3. The higher initial pH of the CaCO3-saturated solution (4.4) 
compared to the CaCO3-free one (2.4), could be the reason for the lower corrosion rate, rather 
than the direct effect of Ca2+ ions. In order to monitor and maintain the water chemistry of the 
bulk solution (pH, Fe2+concentration), Mansoori et al. [19] have developed an improved 
experimental setup based on ion exchange resins. They reported that the mixed iron-calcium 
carbonate scale formed in the CaCO3-saturated solution was as protective as the FeCO3 layer 
formed in absence of CaCO3. All the experiments were performed in solutions saturated with 
CO2 at 80 ˚C under ambient pressure and pH 6.2. In a more recent work, Mansoori et al. [26] 
have evaluated the protectiveness of FexCayCO3 ( x + y = 1 and y > x) and CaCO3 scale in the 
presence of high concentrations of calcium ions. Results show that both scales acted as a mass 
transfer barrier promoting protective FeCO3 precipitation. Uniform corrosion was reported 
under all experimental conditions. None of these investigations has clearly focused on the 
effect of calcium on the CO2 corrosion of carbon steel and its effect on the FeCO3 precipitation 
in various initial saturation degrees of the bulk solution with respect to CaCO3 (SCaCO3). 

Our previous studies [27] showed that  the precipitation of CaCO3 led to an undersaturated 
solution with respect to FeCO3 and subsequent dissolution of the protective layer. The 
saturation ratio of the bulk solution with respect to CaCO3 was determined to be the driving 
force for FeCO3 dissolution. In this study, the event of FeCO3 formation and CaCO3 
precipitation were treated as two separate events, in which the first one (FeCO3 precipitation) 
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was not influenced by the presence of calcium in the solution. Calcium was only added after 
the protective layer of iron carbonate was formed. In reality, calcium ions are already present 
in the produced brine during the corrosion process under different saturation degree. Therefore, 
to get a complete understanding of the mechanism of precipitation of corrosion products 
(FeCO3) and scale (CaCO3) in a system with Ca ions are present, it is important to investigate 
the presence of Ca ions from the beginning.  

The main objective of the current research is therefore to understand the presence Ca2+ ions 
affect the formation of FeCO3 and its precipitation in aqueous solutions at 80 ˚C at pH 6.55, if 
Ca2+ ions are present prior to the formation of FeCO3. The effect was investigated at various 
initial saturation levels of CaCO3, namely 0, 0.6, 2 and 10.  The corrosion rate was monitored 
by Linear Polarization Resistance (LPR), while the evolution and the properties of the 
precipitated layer were investigated using Electrochemical Impedance Spectroscopy (EIS) and 
potentiodynamic Sweeps (PS). The influence of SCaCO3 on the structure and morphology of the 
corrosion scale were investigated using Scanning Electron Microscopy (SEM), Energy 
Dispersive X-ray analysis (EDX) and X-ray Diffraction (XRD). 

Materials and methods  

Materials and specimen preparation 
The specimens were made from quenched and tempered 1Cr carbon steel with a tempered 
martensitic microstructure. The chemical composition of the material is shown in Table 1. The 
material was machined in cylindrical samples with a diameter of 10 mm and height of 10 mm 
having a total surface area of 3.925 cm2. Before the experiments, samples were polished with 
SiC papers of grades P220, P320, P500, and P1000 using de-ionized water as the lubricant. 
Samples were then degreased in acetone, rinsed with de-ionized water, and flushed with 
isopropyl alcohol followed by air-drying. At the end of the experiment, the samples were 
retrieved, rinsed with isopropyl alcohol, and placed in a desiccator. The samples used for 
surface morphology and phase analysis were directly taken from the desiccator. The samples 
for cross-section analysis were molded in cold epoxy, cut along the cross section, and polished 
using water-free method using ethanol with SiC papers of grades P220, P320, P500, P1000 and 
P4000, followed by 3 and 1μm abrasive diamond particles. 

Table 1 Chemical composition in wt.% of the 1Cr material 

Material C Cr Mn Mo P Si S 

1Cr 0.40% 1.10% 0.75% 0.20% ≤0.035% 0.20% ≤0.040% 

 

Electrolyte preparation and experimental conditions 
The volume of the solution was 1.5 L, and the electrolyte used for the experiment was 1 wt. % 
NaCl prepared using de-ionized water. In order to understand the effect of the saturation value 
of the bulk solution with respect to CaCO3, four different initial SCaCO3 were tested in this 
research work, namely:  10, 2 and 0.6. These values corresponded to an initial Ca2+ 
concentration of 400, 160 and 40 ppm, respectively. The first value represents a highly super 
saturated solution, where rapid precipitation of CaCO3 would occur in the electrolyte followed 
by unity saturation. Precipitation would also occur at SCaCO3 = 2, but with less availability of 
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Ca2+ ions and CaCO3 in the system. At SCaCO3 = 0.6, the solution is under saturated with respect 
to CaCO3, but Ca2+ ions are still present in the bulk solution. An additional test without calcium 
(SCaCO3  = 0) was performed to obtain a baseline experiment to use as reference. In order to 
obtain the desired saturation, CaCO3 ACS reagent from Sigma Aldrich was added to the 
solution. Table 2 summarizes the experimental parameters for each experiment together with 
the chemistry of different solutions. 

Table 2 Experimental conditions used for corrosion studies and electrolyte concentrations. 

Parameter Condition 

Material 1Cr 
Temperature 80 ˚C 
Initial pH 6.55 
pCO2 0.53 bar 
Electrolyte 1 wt.% NaCl 
Initial calcium carbonate saturation degree 
(SCaCO3) and corresponding initial Ca2+ 
concentration 

0 (0 ppm), 0.6 (40 ppm), 2 
(160 ppm), 10 (400 ppm) 

 

The solution was left to de-aerate overnight by purging with nitrogen gas. The CO2 gas was 
then purged for 4 hours to allow the solution to saturate, while the temperature was raised to 
80 ˚C. The resulting partial pressure of CO2 (pCO2) was 0.53 bar. The pH value was kept at 6.55 
for all the tests by adding NaHCO3. This corresponded to the equilibrium pH for the solution 
with SCaCO3  = 10 without addition of NaHCO3. Before inserting the sample, the electrolyte was 
deaerated for additional two hours in order to remove any oxygen from the pH adjustment.  The 
sample was then inserted into the solution and bubbling of CO2 was kept throughout the testing 
in order to minimize oxygen entrance.  The experiments were performed until stable pseudo 
passivation due to carbonate precipitation was reached. This event was marked by a sharp 
decline in corrosion rate and steep increase of corrosion potential [28]. 

Electrochemical measurements 
All corrosion experiments were performed at least twice and the average value was used in the 
Results section, where the error bars represent the maximum and minimum value observed in 
repeated experiments.  A conventional three-electrode electrochemical cell was used for the 
experiments. The Ag/AgCl reference electrode was placed in contact with the solution through 
a glass lugging capillary and a concentric platinum wire ring was used as counter electrode. 
The corrosion potential (Ecorr) was monitored and the corrosion rate was measured using linear 
polarization resistance (LPR) every hour. During LPR measurements, the potential was 
scanned in a potential range of ± 10mV vs. open-circuit potential (OCP) at a scan rate of 0.165 
mV/s. The corrosion current density and corrosion rate were calculated from the polarization 
resistance (Rp) by using equation (1) and (2): 

𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝛽𝛽
𝑅𝑅𝑝𝑝

           1) 

𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙3272∙𝐸𝐸𝐸𝐸
𝜌𝜌

          2) 
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Where, β is the proportionality constant, EW is the equivalent weight in grams, ρ is the density 
of the steel, and 3272 is unit conversion constant for mm/yr. A β value of 26 mV is well 
accepted in literature to be relevant under these conditions[19][26][27] and it was used during 
this study. This value was not based on Tafel slope, but on weight loss measurements in 
comparison with current densities [29][30][31]. 

The EIS measurements were also performed on the sample every hour with an AC signal 
amplitude of 10 mV vs OCP in a frequency range from 10 kHz to 10 mHz. Potentiodynamic 
sweeps were performed at the end of each test in order to characterize the electrochemical 
properties of the scale formed under different SCaCO3 values and compare them. The sweeps 
were performed from -100 mV vs OCP up to an anodic overpotential at which an anodic current 
of 1 mA/cm2 was measured. The scanning rate during potentiodynamic polarization was kept 
at 10 mV/min. 

Water chemistry and chemical equilibria determination 
The pH was set to 6.55 and monitored in situ, and the solution was sampled every 24 hours to 
measure the concentration of Fe2+ by UV-Vis spectrophotometry using phenantroline as 
reagent [32]. A UV-2600 UV–vis spectrophotometer from Shimadzu was used for the analysis. 
The Ca2+ concentration was performed by inductive coupled plasma (ICP) spectroscopy with 
a ThermoScientific ICAP 7200 ICP-OES Analyzer. The pHSim software from Scale Consult 
AS [33] was used to predict saturation ratio (SR) and precipitation of FeCO3 and CaCO3. The 
Fe2+ and Ca2+ values recorded were then inserted in pHSim software to predict saturation 
degree of FeCO3 (SFeCO3) and CaCO3 (SCaCO3). 

Surface characterization and phase analysis 
The morphology of the corrosion product and the cross section of the samples were investigated 
using a ThermoScientific™ Quanta™ FEG 200 high-resolution scanning electron microscope 
(SEM) fitted with energy dispersive X‐ray (EDS) analysis.  Risk of localized corrosion was 
evaluated by removing the corrosion products using Clarke´s solution [34]. 

The X-Ray diffraction (XRD) was used to determine the phase composition of the precipitated 
layer using Bruker D8 Advance. The instrument was operated at 40 kV and 40 mA with Cr-
Kα radiation (λ = 0.22909 nm), and the 2θ ranged from 30° to 70°, with a 0.04° step, and a 4 s 
count time at each step. By analysing the XRD pattern, the fraction of calcium in the mixed 
iron-calcium carbonate was determined following the procedure suggested by Esmaeely et al. 
[15] and used by other researchers [19][26]. 

Results  
The LPR measurements 
Results from the LPR measurements on 1 Cr steel under different SCaCO3 at 80  ˚C and pH = 
6.55 are shown in Figure 1 a and b. The corrosion rate (Figure 1 a) showed a general trend for 
all SCaCO3 values with an initial increase from ≈ 2m/yr until a maximum point is reached, and 
followed by a decrease to reach a plateau level around 0.1 mm/yr.  Table 3 summarizes various 
observations from Figure 1 a and b. The table shows that the time to reach maximum and 
minimum corrosion rate increased with increase in SCaCO3.  For the baseline experiment, the 
maximum corrosion value was recorded after ≈ 18 h, whilst the minimum after ≈ 30 h.  
However, at the highest saturation level of SCaCO3, the time has almost doubled.   The maximum 
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value of the corrosion rate was not significantly affected by the increase in saturation value as 
shown in Table 3.  

 

Figure 1 Variation of (a) corrosion rate and (b) potential from LPR measurements for 1Cr steel at T=80˚C and pH = 6.55  in 
1wt.% NaCl solution with various  SCaCO3 values. 

Similarly, the overall behavior of the variation in corrosion potential (Figure 1 b) was not 
affected by the increase SCaCO3. The initial slow rise of Ecorr was followed by a steep increase 
followed by a plateau was observed for all the saturation values. The final corrosion potential 
value did not vary significantly with saturation levels; however, the time for reaching the stable 
value has changed as shown in Table 3. No significant change for the initial and final value of 
the corrosion potential was observed with increase SCaCO3 value. The initial value was 
approximately -675 mV; however, the final equilibrium value recorded was in the range of -
550 mV and -525 mV under all conditions. The time necessary to reach this equilibrium value 
was delayed by the increase in initial SCaCO3 degree. 

Table 3 Various parameters deduced from Figure 1 a and b. 

SCaCO3 

Time to reach 
maximum 

corrosion rate 
[h] 

Time to reach 
minimum 

corrosion rate 
[h] 

Max corrosion 
rate [mm/yr] 

Time to reach 
equilibrium       

Ecorr [h] 

0 18 30 3.6 38 
0.6 24 50 3.8 50 
2 30 56 3.7 55 
10 35 60 3.0 60 

 
Water chemistry equilibria 
The evolution of pH, Fe2+ concentration, and saturation ratio for FeCO3 (SFeCO3), for samples 
exposed to 80oC  at pH = 6.55 at various SCaCO3 are shown in Figure 2 a, b, and c. Under all 
conditions, the pH remained stable around 6.55 during the exposure period (Figure 2 a). The 
iron concentrations for the different SCaCO3 values (Figure 2 b) showed an initial increase 
followed by a decrease. For the baseline test (SCaCO3 = 0), there was a sharp decrease of iron 
concentration from ≈ 20 ppm down to values close to unity. However, the decline in Fe2+ 
concentration became less rapid with increase SCaCO3 value and the final Fe2+ concentration in 
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the bulk solution increased with higher saturation. At SCaCO3  = 0.6, the Fe 2+ concentration was 
also close to unity, but it required extended time of ≈ 20 h to reach this value. At SCaCO3 = 2 
and 10, there was still significant amount of iron ions in the solution by the end of the 
experiments (≈ 10 and 15 ppm respectively). All the solutions were super-saturated with 
respect to FeCO3 (SFeCO3) during the first 24 h (Figure 2 c).  Only the solutions with SCaCO3 = 
0 and 0.6 reached equilibrium with respect to FeCO3 by the end of the experiment, whilst at 
SCaCO3 = 2 and 10 the solutions remained super-saturated. 

 

Figure 2 Variation of (a) pH, (b) Fe2+ and (c) S(FeCO3) during the exposure of 1Cr steel T=80˚C and pH = 6.55  in 1wt.% NaCl 
solution with various  SCaCO3 values. 

The final Ca2+ concentration, measured at the end of the experiment were 38, 114 and 173 ppm 
for the solution at SCaCO3 = 0.6, 2 and 10, respectively. The solution with SCaCO3 < 1 remained 
under-saturated with respect to CaCO3, while the super-saturated solution reached equilibrium. 

The EIS measurements 
Figure 3 a – d shows a selection of curves from the most representative results from EIS 
measurements as Nyquist plot for the 1Cr steel exposed at 80oC  at pH = 6.55 at various SCaCO3 
values. The Bode diagrams of the results are collected in the Appendix A as Fig A.1. In general, 
the impedance results corresponding to different SCaCO3 values shows similar behaviour. 
Nyquist plot shows two semicircles with different amplitudes recorded respectively at low 
frequencies (LF) and medium-high frequencies (MF-HF) (see the plot in inset) suggesting two 
time constants.   The presence of more than one time constant is further confirmed by the log|Z| 
vs. frequency graphs (two different slopes), and by the phase angle vs. frequency graphs (two 
maxima at different frequencies) (See Fig A.1).  The amplitude of the LF semicircle increased 
with time after an initial decrease. The time at which the amplitude increased was delayed by 
the initial level of SCaCO3 of the solution. The impedance for the baseline experiment stabilized 
after 25 h (Figure 3 a). Comparable results of impedance were delayed by 10 h, 14 h, and 23 h 
for the samples exposed to SCaCO3 = 0.6, 2, and 10 respectively. Similar results can be seen in 
the Bode diagrams in which an increase in log|Z| with time and the shifting of the LF peak 
towards lower degrees were delayed by the higher SCaCO3 of the solution. 
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Figure 3 Results of Electrochemical impedance measurements as Nyquist plot for 1Cr steel at T=80˚C and pH = 6.55  in 1wt.% 
NaCl solution at (a) SR = 0, (b) SR=0.2, (c) SR=2 and (d) SR=10. 

The EIS results of the experiments at 80 ˚C under increase in initial SCaCO3 values were further 
modelled by fitting the equivalent circuit (EC) in Figure 4. The EC used for fitting corresponds 
to the commonly used  circuit for electrode surfaces covered with a low conducting layer 
[35][36]. The Rs is the solution resistance of the solution, Rpo is the pore resistance of the 
precipitated layer, Csc is the capacitance of the scale, Cdl is the double layer capacitance, and 
Rct is the charge transfer resistance. The results of the fitting for all the EIS measurements is 
shown in Figure 5 a – d. 

 

Figure 4 Schematic representation of the adaptation of the equivalent circuit used for numerical simulation of the EIS data. 
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The Csc and Cdl (Figure 5 a and c) displayed a similar behavior with two maxima and a steady 
decline by the end of the test. The time required to reach these peaks was delayed by the initial 
saturation degree. The final Csc values were comparable among the experiments, while the Cdl 
value displayed an almost six fold increase from SCaCO3= 0 to SCaCO3

 = 10. Opposite behavior 
was recorded for Rpo values (Figure 5 b), where the values showed initial decline followed by 
a gradual increase. The behavior was more scattered in presence of calcium. The Rct (Figure 5 
d) displayed identical behavior under various SCaCO3 levels and was characterized by a sharp 
rise, which was delayed by the saturation level. The total contribution of the Rpo was minimal 
compared to the Rct and the Rct values under different levels of SCaCO3 were comparable to the 
baseline experiment. 

 

Figure 5 Evolution of the impedance element obtained by numerical fitting for the 1Cr atT=80˚C and pH = 6.55  in 1wt.% 
NaCl solution with various  SCaCO3 values. 

Potentiodynamic polarization experiments 
The potentiodynamic polarization scan was carried out at the end of the experiments. Figure 6 
shows the anodic and cathodic polarization curves for all the saturation values.   All polarization 
curves shows similar behavior with minimal effect on the in SCaCO3. The equilibrium potential 
under all experiments lied around -550 mV and the anodic current densities developed without 
significant differences among the various electrolytes.   
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Figure 6 Potentiodynamic polarization curves performed at the end of each test on the 1Cr at T=80˚C and pH = 6.55  in 1wt.% 
NaCl solution with various  SCaCO3 values. 

Phase analysis and mole fraction determination of Ca2+  
Figure 7 shows the XRD analysis of the scale formed on the specimens exposed to different 
SCaCo3 in 1 wt. % NaCl solution at T=80˚C and pH = 6.55. At SCaCO3 < 1, only siderite (FeCO3) 
was detected, while for SCaCO3 > 1 the peaks of calcite (CaCO3) were also identified. Cementite 
Fe3C was detected under all experimental conditions. The strongest line for both siderite and 
calcite corresponds to the [104] interplanar d-spacing, located at 2θ = 48.360 ˚ [37] and 44.323 
˚ [38], respectively. The [104] peak for siderite in the baseline experiment was also recorded 
2θ = 48.360 ˚, whereas the peak shifted to a lower 2θ value with increase SCaCO3 value. 
Additionally the [104] peak for siderite at SCaCO3 = 10, appears to be asymmetric. The [104] 
peak of calcite recorded at SCaCO3 = 2 and 10 overlapped the reference peak and did not shift 
with increase saturation value.  

 

Figure 7 Results of X-ray diffraction of the scale formed on the 1Cr atT=80˚C and pH = 6.55  in 1wt.% NaCl solution with 
various  SCaCO3 values. 
1PDF 05-0586 
2PDF 29-0696 
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The corresponding mole fraction of Ca2+ in FexCayCO3 (x + y = 1) was calculated using the 
unit cell parameter c for each tested condition [15]. Results deduced from the XRD spectra is 
shown in Table 4.  The d- spacing increased with increase in SCaCO3 and the calculated unit cell 
parameter c followed this trend. The corresponding molar fraction y of Ca2+ in the mixed 
calcium carbonate went from 0 at SCaCO3 = 0 (pure FeCO3) up to 0.37 for SCaCO3 = 10. The 
calcite recorded for SCaCO3 > 1 precipitated as pure CaCO3 without substitution of Ca2+. 

Table 4 Unit cell parameters and composition of the FexCayCO3 solid solutions calculated from shifts in the [104] interplanar 
d-spacing of siderite. 
1PDF 29-0696 
2PDF 05-0586 

Experimental conditions 
FeCO3 1 CaCO32 SR 0 SR 0.6 SR 2 SR 10 

2θ position for strongest line 
([104] interplanar d-spacing) 
for FeCO3 

48.360 - 48.335 47.854 47.574 47.334 

2θ position for strongest line 
([104] interplanar d-spacing) 
for CaCO3 

- 44.323 - - 44.323 44.323 

d [Å] 2.795 3.035 2.795 2.823 2.838 2.852 
c [Å] for FeCO3 15.386 - 15.386 15.692 15.862 16.011 
c [Å] for CaCO3  17.062   17.062 17.062 
x (molar fraction of Fe in 
FexCayCO3) 1 0 1 0.82 0.72 0.63 

y (molar fraction of Ca in 
FexCayCO3) 

0 1 0 0.18 0.28 0.37 
 

      

FexCayCO3 (x+y=1)   FeCO3 Fe0.82Ca0.18CO3 Fe0.72Ca0.28CO3 Fe0.63Ca0.37CO3 

 
Surface morphology and cross section  
Figure 8 a - d shows the SEM images of the surface morphology and cross section of the 
samples exposed to various SCaCO3 levels at 80 ̊ C and pH = 6.55. Results from the EDS analysis 
are also shown in the same figure. At SCaCO3 = 0 (Figure 8 a), the surface was covered by 
crystals of FeCO3, as confirmed by previous XRD results. This layer was dense and compact 
and it was evenly distributed along the cross section in coexistence with a Fe3C matrix. As 
expected the EDS results did not show any traces of calcium were detected in the baseline test. 
With increasing SCaCO3 value, the cubic crystals of FeCO3 change to a solid solution of 
FexCayCO3 with a more platelets-like shape. This is especially true for the sample exposed to 
SCaCO3 = 0.6 (Figure 8 b) and 2 (Figure 8 c). The cross section of the aforementioned samples 
showed two distinct layers: one close to the surface rich in iron, carbon, and oxygen with traces 
of calcium, and on the top of which a calcium rich layer deposited. Whilst the calcium rich 
layer was uniformly distributed on the top of the sample exposed to SCaCO3 = 2, it was only 
detected on some areas of the sample exposed to SCaCO3 = 0.6 where most of the surface 
appeared similar to the baseline test. At SCaCO3 = 10 crystals of FexCayCO3 deposited together 
with clusters of smaller size crystals of CaCO3. Also for this sample, two different layers were 
detected on the surface namely one rich in iron with traces of calcium and the other rich in 
calcium. The morphology of the Fe-rich layer did not seem to be affected by the presence of 
calcium and it resembled the layer found at lower SCaCO3 value. The Ca-rich layer for SCaCO3 = 
10 was, however, thicker but less uniform. This layers deposited in clusters that branched out 
from the inner FexCayCO3 layer. After removal of corrosion products and scale, only uniform 
corrosion was detected on the sample, under all experimental conditions. 
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Figure 8 Surface morfoly, cross section and EDS results for the 1 Cr steel exposed to T=80˚C and pH = 6.55  in 1wt.% NaCl 
solution at (a) SCaCO3 = 0, (b) SCaCO3 = 0.6, (c) SCaCO3 = 2 and (d) SCaCO3 = 10 . 

Discussion 
The presence of calcium ions in the produced fluid can influence the corrosion resistance of 
carbon steel used oil & gas production by Ca2+  precipitating in the form of CaCO3. This is 
more important today due to the entrance of water in the production tubing, increased by the 
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use of improved oil recovery methods. In our previous work, we have shown that CaCO3 
precipitation after formation of the FeCO3 layer led to the dissolution of the protective FeCO3 
layer, and re-initiating the corrosion process [27]. Present work shows the scenario where the 
calcium ions are present in the beginning, and how it will influence the protective corrosion 
layer with or without involvement of calcium ions in the layer.  Calcite and siderite can co-
precipitate as a mixed solid solution of FexCayCO3 (x + y = 1) during CO2 corrosion of carbon 
steel in presence of Ca2+ ions. The driving force for this precipitation is the saturation degree 
of the bulk solution with respect to the carbonate salt [25][39].  The equilibria governing the 
saturation degree for both FeCO3 and CaCO3 depend on ion concentration, pH and temperature 
as shown in Eq. (3) and Eq. (4) for siderite [40] and Eq. (5) and Eq. (6) for calcite [41]. KSPFeCO3 
and KSPCaCO3 represents the solubility products of FeCO3 and CaCO3 and I the ionic strength 
(Eq. 7) [25]: 

𝑆𝑆𝐹𝐹𝑟𝑟𝐹𝐹𝐹𝐹3 = �𝐹𝐹𝑟𝑟2+�[𝐹𝐹𝐹𝐹32−]
𝐾𝐾𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹3

          3) 

𝐿𝐿𝐿𝐿𝐿𝐿𝐾𝐾𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹3 = −59.3498 − 0.041377 ∙ 𝑇𝑇 − 2.1963
𝑇𝑇

+ 24.5724 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿𝑇𝑇 + 2.518 ∙ 𝐼𝐼0.5 −
0.657 ∙ 𝐼𝐼           4) 

𝑆𝑆𝐹𝐹𝑟𝑟𝐹𝐹𝐹𝐹3 = �𝐹𝐹𝑟𝑟2+�[𝐹𝐹𝐹𝐹32−]
𝐾𝐾𝑆𝑆𝑆𝑆𝐹𝐹𝐶𝐶𝐹𝐹𝐹𝐹3

          5) 

𝐿𝐿𝐿𝐿𝐿𝐿𝐾𝐾𝑆𝑆𝑆𝑆𝐹𝐹𝐶𝐶𝐹𝐹𝐹𝐹3 = −1228.732 − 0.299444 ∙ 𝑇𝑇 + 35512.75
𝑇𝑇

+ 485.818 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿𝑇𝑇  6) 

𝐼𝐼 = 1
2
∑ 𝑐𝑐𝑖𝑖𝑧𝑧𝑖𝑖2𝑖𝑖            7) 

where T is temperature in Kelvin. 

The results presented in this study confirmed the substitution of Fe2+ ions with Ca2+ ions in the 
crystal structure of siderite. With the exception of the baseline experiment, a substitutional 
solution of FexCayCO3 (x + y = 1) precipitated under all experimental conditions as confirmed 
by the XRD results (Figure 7). The presence of calcium in the precipitated layer was also 
recorded in the EDS measurements of the cross sections of the corroded steel samples (Figure 
8 b – d). The FexCayCO3 film was uniformly precipitated on the surface, on top of which pure 
CaCO3 was detected.  Precipitation of a substitutional solution occurred regardless of whether 
the solution was saturated or not with respect to CaCO3. Interestingly, CaCO3 precipitated also 
at SCaCO3 = 0.6, despite the electrolyte being below saturation degree with respect to CaCO3 
(see cross section in Figure 8 b). It is believed that the local increase in pH close to the steel 
sample, due to the local release of Fe2+ and consumption of H+ ions during the corrosion 
process[6][42], might have brought the solution close to the steel surface above SCaCO3 level 
and caused local CaCO3 precipitation.  

The shift of the strongest line peak for FeCO3 towards lower 2θ angles, displayed by the XRD 
pattern (Figure 7) confirmed the enlargement of the original FeCO3 crystal structure. This effect 
increased with increased initial SCaCO3 value, as more Ca2+ ions were available in the solution. 
This effect was further confirmed by the increasing molar fraction of Ca2+ in FexCayCO3, with 
higher saturation degree (see Table 4).  Additionally, the asymmetry of the [104} peak for 
FeCO3 recorded at SCaCO3 = 10, suggest the presence of a concentration gradient within the 
precipitated layer. Similar results were obtained by Esmaeely et al. [15] in their study on the 
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effect of calcium incorporation. The authors reported concentration gradients in the deposited 
film in presence of 1.000 and 10.000 ppm Ca2+. 

Several authors report that Ca2+ substitution in the FeCO3 crystal structure has an influence on 
the overall corrosion behavior of carbon steel in CO2 [15] [17][19][26]. The corrosion behavior 
of the 1Cr steel (Figure 1 a) was characterized by three stages namely: active corrosion, 
nucleation and growth of carbonates, and pseudo-passivation. Details of these stages are not 
discussed here because it is beyond the scope of this discussion, however it is widely covered 
in the literature [19][43][44][45]. The stage of nucleation and growth of protective carbonate 
scale was delayed by the presence of Ca2+ ions and CaCO3 in the solution. The time required 
to reach the pseudo-passivation stage increased with increasing SCaCO3 level, suggesting that 
Ca2+ interfered with the precipitation of FeCO3. The solubility of calcite is about two order of 
magnitude higher than siderite [46]. In their study of interaction between ferrous ions and 
calcium ions, Alsair et al. [47] reported that calcium ions have a strong influence in increasing 
the solubility of siderite, delaying its precipitation. Substitution of Fe2+ by Ca2+, as found in the 
present investigation (Figure 7 and Table 4) might therefore alter the solubility of the mixed 
metal carbonate compared with pure FeCO3. The extent of this delay was proportional to the 
SCaCO3 level, and therefore to the molar fraction of Ca2+ in the precipitated FexCayCO3 solution. 
This delay in the kinetics of formation of the protective corrosion layer was also reported by 
Mansoori et al. in their tests under CaCO3-saturated solution [19]. The authors reported 
additionally that the protectiveness of the fully developed FexCayCO3 corrosion layer was not 
jeopardized by the presence of Ca2+ in solution saturated with CaCO3. The corrosion rates, 
measured at the end of the experiments by LPR and weight loss were almost identical in the 
presence and absence of Ca2+. During the current study, the results reported by Mansoori et al. 
were extended to different level of initially saturated solution as well as non-saturated solution 
with respect to CaCO3 (SCaCO3 = 0.6). The corrosion rate by the end of each experiment and the 
protectiveness of the precipitated layer were not affected by the presence of Ca2+ in saturated 
(SCaCO3  = 2 and 10) and non-saturated (SCaCO3 = 0.6) solutions.  A thick and adherent initial 
layer of FexCayCO3 was found during the SEM cross sectional analysis of the exposed samples 
(Figure 8). The morphology of this layer did not differ significantly from the pure FeCO3 layer 
obtained in the baseline experiment. 

The overlapping curves obtained by the potentiodynamic sweeps (Figure 6), further confirm 
that the degree of protection given by the fully developed precipitated layer was not affected 
by the presence of Ca2+ in the crystal structure of FexCayCO3.Therefore, from the protective 
point of view, the scale can be considered as  equivalent to the FeCO3 precipitated during the 
baseline test.  

The saturation degree of FeCO3 (SFeCO3) is a crucial parameter to understand the corrosion 
behavior of carbon steel in CO2 corrosion as it influences the precipitation rate of FeCO3 [4]. 
The increase in Fe2+ concentration (Figure 2 b) reflects the progressive dissolution process [44]. 
Due to the high availability of Fe2+ ions, all the solutions were supersaturated after 24 hours 
(Figure 2 c). The precipitation of FeCO3 for the baseline experiment was confirmed by a drop 
in the concentration of Fe2+ ions and the subsequent equilibrium of the solution with respect to 
FeCO3. Similar conclusion can be arrived about the sample exposed to the solution at SCaCO3 = 
0.6. At higher initial SCaCO3 degree (2 and 10), the Fe2+ concentrations remained high and the 
solution stayed saturated with respect to FeCO3, despite pseudo-passivation had occurred. 
Based on the obtained results, a possible explanation to this behavior can be found in the 
substitution of Fe2+ ions with Ca2+ ions in the FexCayCO3 structure. When this substitution 
occurs, less Fe2+ ions are required to form the mixed carbonate layer. When this layer 



Chapter IX 

118 

precipitates, the Fe2+ ions, which did not participate in the process, remain in the solution and 
keep it saturated with respect to FeCO3.  The higher SFeCO3 above equilibrium, measured at the 
end of the test for the solutions with SCaCO3 > 1, appears to contradict the results proposed by 
Mansoori et al. [26]. The authors performed a series of experiments in 1 wt.% NaCl solution 
saturated with CO2 at 80 ˚C at pH = 5.5 in presence and absence of 6.000 ppm Ca2+ added as 
CaCO3, which provided a saturated solution with respect to CaCO3.  By the end of the 7 days 
experiment, they reported an almost ten times higher SFeCO3 for the baseline test than for the 
solution with Ca2+. The final SFeCO3 values were 1.2 and 10.8 with and without Ca2+ respectively. 
Tin order to investigate the protectiveness of pure CaCO3 that the sample in presence of 
calcium was cathodically polarized. This minimized the Fe2+ production.   

The evolution of the film formation was followed by EIS (Fig 3 a –d). Under all SCaCO3 level, 
the Csc increased until a first maximum was reached (Figure 5 a). This development was 
accompanied by a corresponding decrease of Rpo until a minimum value was reached.  Previous 
studies have linked these changes to an increase in porosity of the layer due to higher exposed 
area in which solution could penetrate [48][49]. Together with the respective low values of Rct 
(Figure 5 d), the described changes in Csc and Rpo, support the formation of the cementite 
network as a consequence of selective dissolution. Similar conclusions were reposted by 
Farelas et al. in their series of flow loop experiments.[50]. This cementite layer was detected 
by XRD results (Figure 7) and was visible in the SEM cross sections (Figure 8 a-d) under all 
experimental conditions. The Fe3C layer has been reported to be beneficial as it creates 
anchoring points for the subsequent FeCO3 precipitation  [51]. Both The initial maximum value 
of Csc and minimum value of Rpo for each experiment, corresponded to the maximum corrosion 
rate measured by LPR (Figure 1 a) and they were delayed by the same amount of time with 
increasing saturation value.  This delay further confirms the increased solubility of the 
FexCayCO3 with increase Ca molar fraction, as previously discussed. The second peak of Csc 
recorded, after an initial decline, suggests that sudden massive precipitation of FeCO3 (for the 
baseline test) or FexCayCO3 (for SCaCO3 > 0) had occurred. This event could not be visually 
proved, as samples were left in the solution until the end of the tests. This layer started then to 
become more dense and compact as shown by the decreasing value of Csc and increasing value 
of Rpo. Interestingly, the Rpo for the solutions at SCaCO3 > 0 was more scattered than the one 
recorded for the baseline experiment. This could suggest that the CaCO3 in the solution could 
have interacted with the layer formation. However, this hypothesis could not be tested during 
this study and dedicated experiments are required to validate it. The decrease in Cdl and 
corresponding increase in Rct (Figure 5 c and d) confirmed the formation of a protective layer 
above the steel surface, which reduced the corrosion rate [48][49] [50]. The Rct values 
measured by EIS followed the evolution of the respective corrosion rates obtained by LPR. The 
time delay required for a significant increase in Rct also supports the increase solubility of 
FexCayCO3 with increased Ca2+ molar fraction and SCaCO3 level in the solution. The similar Rct 
values under increase saturation degree obtained by the end of each test, further corroborate 
previously obtained results, in which the degree of protection of the fully developed FexCayCO3 
layer was not affected by the Ca2+ presence in saturated solution on CaCO3 [19][26]. Based on 
the presented results of Rct for SCaCO3 = 0.6, the same conclusions can be extended to non-
saturated solutions. 

The lack of localized corrosion obtained during this study is in agreement with the results 
proposed by Mansoori et al. [19][26] and Jiang et al. [22]. This result is however in contrast 
with the results presented by Esmaeely et al.[16] and Hua et al. [20]. Both papers report pitting 
in presence of 10.000 ppm of calcium. The lower pH (5.5) of the solution because of CaCO3 
precipitation, reported by Esmaeely et al., could have played a role in initiating localized 
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corrosion as suggested by Pessu et al. [52]. Similarly, the higher pressure (100 bar) and lower 
temperature (60 ˚C) tests by Hua et al. may have triggered pitting corrosion in presence of 
10.000 ppm of calcium. Several authors reports higher risk of localized corrosion on carbon 
steel exposed to CO2 saturated solution with decrease in temperature [44][45]. Dedicated 
studies are required to elucidate the effect of calcium ions on localized corrosion of carbon 
steel in CO2 environment. 

Concentration gradients and mass transfer between the bulk solution and the metal surface are 
very important parameters in the study of CO2 corrosion processes [53]. The present research 
was conducted under light stirring of the solution (200 rpm) with the purpose of investigating 
the effect of the initial saturation degree of the solution with respect to CaCO3 on the corrosion 
rate of carbon steel and protective scale precipitation. Emphasis was given to the chemistry of 
the bulk solution and how it affected the corrosion behavior of carbon steel. Dedicated studies 
aiming at understanding the effect of changes in concentration gradients and mass transfer to 
the CO2 corrosion behavior of carbon steel in presence of calcium should be performed. 

Conclusions 

• LPR results showed that the presence of calcium delayed the precipitation of the 
protective corrosion products. This delay increased with increased initial SCaCO3 value. 

• The evolution of the corrosion process, followed by EIS, was not altered by the 
presence of calcium ions in the solution.  

• Electrochemical results confirmed that the protectiveness of the fully developed 
corrosion product was not affected by the presence of Ca2+ ions both in saturated and 
un-saturated solutions with respect to CaCO3. 

• A substitutional solid solution of FexCayCO3 (x + y = 1) precipitated on top of carbon 
steel exposed to increased initial level of saturation degree of the solution with respect 
to CaCO3. 

• The molar fraction of Ca2+ in the substitutional solid solution was calculated from XRD 
results and found to increase with the initial SCaCO3 degree. The higher the molar fraction 
of Ca2+ in the crystal structure, the longer the time required for the corrosion products 
to precipitate. 

• Measurements of Fe2+ concentration and calculated SFeCO3 confirmed that calcium 
substituted Fe2+ in the precipitated corrosion layer. The substituted iron ions kept the 
solution saturated with respect to FeCO3.  

• Uniform corrosion was reported under all investigated conditions and no signs of 
localized attack were identified as a consequence of Ca2+ in the solution. 
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Appendix A 

 
Figure A.1 Results of Electrochemical impedance measurements as Bode plot for 1Cr steel at T=80˚C and pH = 6.55  in 1wt.% 
NaCl solution. 
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Abstract 

This paper investigates the effect of calcium on the CO2 corrosion behavior of 1Cr carbon steel 
under the effect of flow. The experiments were performed in a flow loop system in 1 wt.% 
NaCl solution at 80 ̊ C, pH = 6.34 with initial SCaCO3 = 2 and pCO2 = 0.53 bar. The flow velocity 
was kept at 3 m/s and the system was pressurized to 3 bara. The corrosion process was 
monitored with Linear Polarization Resistance (LPR) and Electrochemical Impedance 
Spectroscopy (EIS). Phase analysis of the corrosion products was obtained using X-ray powder 
diffraction (XRD) and the surface morphology was characterized with Scanning Electron 
Microscopy (SEM). Results shows that the flow delayed the precipitation of substitutional solid 
solution of Fe0.31Ca0.69CO3, deferring the pseudo passivation stage. The flow did not cause 
Mesa attack or localized corrosion. The protectiveness of this film was not affected by the 
presence of calcium and was comparable to the one of pure FeCO3.  
Keywords: Carbon steel, CO2 corrosion, corrosion product film, calcium carbonate, iron 
carbonate. 
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Introduction 
The CO2 corrosion of carbon steel and the protectiveness of its corrosion product (siderite) 
have been extensively investigated in mostly diluted NaCl solutions [1][2][3][4][5][6][7][8]. 
Only few studies have focused on the effect of Ca2+ ions, despite them being present in brines 
from many geological formations [9][10]. Ca2+ can react with CO2 and precipitate as calcite 
(CaCO3), when the solubility limit of CaCO3 is exceeded [11][12]. As the source of Ca2+ ions 
is the bulk solution, calcite is considered as scale, whilst siderite (FeCO3) a corrosion product. 
Calcite and siderite (FeCO3) share the same hexagonal unit cell [13]. This isostructurality 
suggests that Ca2+ can substitute Fe2+ ions in the siderite, forming a substitutional mixed 
carbonate solution FexCayCO3 (x + y = 1) [14]. This substitution can potentially influence the 
corrosion mechanism of carbon steel in CO2 environment [15][16][17]. 
The results of the studies on the effect of Ca2+ ions on CO2 corrosion are often contradictory. 
Whilst some studies claim lower corrosion rate in presence of calcium ions [18][19] [20], others 
reports exactly the opposite [21][22]. Similarly, disagreement exists concerning the risk of 
pitting corrosion. Some studies report that Ca2+ ions initiate pitting corrosion [19][21][23], 
others claim that Ca2+  can postpone pitting corrosion  [23] or that they do not have an effect at 
all [16]. In their review on the effect of Ca2+ and Mg2+ ions on CO2 corrosion of carbon steel, 
Mansoori et al. [13] point to the poorly controlled water chemistry and different flow conditions 
as possible cause for these discrepancies.  
Flow is indeed one of the parameter that has not been given enough attention when studying 
the effect of Ca2+ ions on CO2 corrosion of carbon steel. Corrosion processes and scale 
precipitation are, however, significantly affected by concentration gradients and therefore by 
mass transfer between the bulk solution and the metal surface [24]. Gao et al. [25], performed 
one of the few experiment of CO2 corrosion in presence of Ca2+, in which the flow was reported.  
They conducted autoclave tests in simulated brines containing 64 ppm Ca2+ and 72 ppm Mg2+. 
Different flow rates (0, 0.5 and 1 m/s) and partial pressures of CO2 (0.1, 0.3 and 1 MPa) were 
investigated at 65 ̊ C. Under dynamic conditions the composition of the corrosion products was 
(Fe,Ca)CO3. Under static conditions distinct phases of FeCO3, CaCO3 and MgCO3 formed at 
0.1 MPa pCO2, as well as (Fe,Ca,Mg)CO3 and (Fe,Ca)CO3 at 0.3 and 1 MPa, respectively. Both 
the general and localized corrosion rates increased with increasing flow rate and CO2 partial 
pressure; however, the solution pH was not reported.  In a more recent work Mansoori et al. 
[16], developed a setup based on ion exchange resin to accurately control the water chemistry 
to understand the effect of CaCO3 saturated solutions on CO2 corrosion of mild steel. 
Experiments were performed at ambient pressure in CO2 saturated solution at 80 ˚C at pH = 
6.2 in a supersaturated solution with respect to CaCO3 under stirring condition using an 
impeller. A baseline experiment without CaCO3 was also conducted.  They characterized the 
mass transfer of the glass cell by performing cathodic potentidynamic sweeps on nickel under 
different rotations in a ferri-ferrocyanynide aqueous solution. The mass transfer was then 
related to the geometry of the glass cell and found to be equivalent to 0.5 m/s in a pipe flow. 
The authors reported the formation of a substitutional solid solution Fe0.898Ca0.102CO3 in 
presence of Ca2+. The protectiveness of the layer was not affected by the presence of Ca2+ in 
CaCO3 saturated solutions and the final corrosion rate was comparable to the one of the 
baseline experiment. 
In our previous study [15], the effect of CaCO3 precipitation on the stability of the FeCO3 layer 
was investigated in an aqueous solution saturated with CO2 at 80 ˚C and pH = 6.5. It was found 
that calcite precipitation led to an under saturated solution with respect to FeCO3. This change 
caused the dissolution of the protective siderite layer and re-initiation of the corrosion process. 
However, in this study, the precipitation of CaCO3 and FeCO3 were treated as separate events, 
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each of them occurring at different time. In our further investigation [26], the effect of calcium 
ions on the precipitation of protective FeCO3 was evaluated at various initial saturation ration 
of the solution with respect to CaCO3, namely 0, 0.6, 2 and 10. It was determined that the 
presence of calcium resulted in precipitation of substitutional solid solution FexCayCO3. This 
substitution increased the solubility of FeCO3 and delayed its precipitation.  
Both these research works were performed in almost stagnant conditions as they focused solely 
on the mechanism of precipitation and influence of Ca2+ ions. Flow, however, influences 
concentration gradients and the mass transfer between the bulk solution and the metal surface. 
These parameters can significantly affect the CO2 corrosion process and film formation [24] 
and need to be assed in the presence of calcium ions. Flow loop systems have been widely used 
to understand the effect of different flow rates and characteristics on CO2 corrosion of mild 
steel [24][27][28][29][30][31]. To the authors´ best knowledge, flow loop studies on the effect 
of Ca2+ ions on CO2 corrosion of mild steel have not been performed. 
This study investigates the effect of flow conditions under CO2 conditions on the corrosion of 
carbon steel in presence of Ca2+ ions in a CaCO3 saturated solution. The experiments were 
performed in a closed flow loop at 80 ˚C and pH 6.5 at CO2 partial pressure of 0.53 bar. The 
flow rate was kept at 3 m/s. The corrosion rate was monitored by Linear Polarization Resistance 
(LPR) calibrated against weight loss measurements. The evolution of the corrosion mechanism 
was followed with Electrochemical Impedance Spectroscopy. The morphology and the cross 
section of the corrosion products were characterized by Scanning Electron Microscope (SEM). 
The composition of the precipitated film was determined by X-Ray Diffraction (XRD). 

Materials and methods 
Material and sample preparation 
The samples were made of quenched and tempered 1Cr steel with a martensitic microstructure. 
The chemical composition is collected in Table 1. The specimens were machined to tubulars. 
The working electrodes had a length of 50 mm, an outer diameter of 20 mm and inner diameter 
of 15 mm, giving a total surface area of 23.6 cm2. Shorter rings of 15 mm length were used as 
counter and reference electrodes (more details in the Flow loop Section). Before the 
experiments, samples were polished with SiC grade P220, P320, P500 and P1000 using water 
as the lubricant. This was followed by degreasing in acetone, rinsing with isopropyl alcohol, 
and air-drying. After testing, the samples were retrieved, rinsed with isopropyl alcohol, and 
placed in a desiccator. Samples were then split opened and cut to allow for SEM 
characterization of the surface morphology and cross section and XRD phase analysis. The 
samples for the cross-section analysis were molded in cold epoxy and polished using water-
free method with SiC grade P220, P320, P500, P1000 and P4000, followed by 3 and 1μm 
abrasive particles. 
Table 1 Chemical composition of the 1Cr steel used for experiments. 

Material C Cr Mn Mo P Si S 

1Cr 0.40% 1.10% 0.75% 0.20% ≤0.035% 0.20% ≤0.040% 

Flow loop system 
The loop system (Figure 1) consists of a main circulation circuit with a reservoir tank (not 
shown in the drawing), a centrifugal pump with canned motor, and a water control system. The 
total volume of the loop system was 64 L, of which 54 L was filled with brine, leaving a 10 L 
volume for the gas phase. The loop was pressurized to a gauge pressure of 2 bar overpressure 
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by means of N2. The total pressure for the flow loop system was 3 bara. Electrical heating 
elements were used to control the temperature to 80 ˚C. The CO2 concentration in the brine 
was monitored by gas chromatography and set to pCO2 = 0.5 bar. The loop has two specimen 
racks that can house tubular specimens. The specimens are separated from each other and from 
the loop with Teflon or PEEK spacers. One test section consisted of two working electrodes 
(WE), two counter electrodes (CE) and one reference electrode (RE).  All the electrodes were 
made of the same 1Cr material and assembled as shown in Figure 2. The test sections can be 
individually bypassed allowing retrieval of the test sections during testing without oxygen 
ingress. 

 
Figure 1 A schematic representation of the Flow loop setup used for investigation. 

 
The loop was de-aerated by performing several cycles of vacuum and N2 gas filling. The 
electrolyte consisted of de-ionized water containing 10 g/l of NaCl and 2.4 g/l of NaHCO3. The 
brine was de-aerated and sucked into the loop by applying vacuum to the system. Calcium was 
added subsequently to the brine by injecting 80 ml of de-aerated stock solution containing 28.6 
g/l CaCl2∙2H2O (corresponding to 140 ppm Ca2+) directly into the loop. For a 1% NaCl solution 
at pH = 6.34 this yielded an initial supersaturation SRCaCO3 = 2 (SR = 1 for saturated solutions). 
Calcium carbonate precipitation is expected to have occured resulting in a solution containing 
40 ppm Ca2+ in the solution and 100 ppm of Ca2+ precipitated as CaCO3. These were measured 
by titration using a combined calcium ion-selective electrode. After the specimens were 
mounted in the dry test sections, the sections were closed and de-aerated with vacuum and N2 
gas filling, before the brine was allowed to flow through at 3 m/s. 
 

 
Figure 2 Typical specimen assembly with PEEK spacers used in the flow loop. 
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Corrosion measurements 
Linear polarization measurements were performed in a potential range of ± 10mV vs. open-
circuit potential (OCP) at a scan rate of 0.165 mV/s. 
The corrosion current density and corrosion rate were calculated from the polarization 
resistance (Rp) by using Eq. (1) and (2): 

𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝛽𝛽
𝑅𝑅𝑝𝑝

           1) 

𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙3272∙𝐸𝐸𝐸𝐸
𝜌𝜌

          2) 

The Stern-Geary coefficient β was empirically selected such that the LPR corrosion rates 
averaged over the entire exposure time matches the measured weight loss corrosion rate (see 
below). EW is the equivalent weight in grams, and 3272 is mm/yr conversion constant. 
EIS measurements were also performed on the samples every 24 hours with an AC signal 
amplitude of 10 mV vs. OCP in a frequency range from 10 kHz to 10 mHz.  
Weight loss measurements (WL) were performed by removing the corrosion products with 
Clarke solution [32]. The corrosion rate in mm/yr was calculated using Eq. (3): 

𝐶𝐶𝐶𝐶 = 87.6 𝐸𝐸
𝐷𝐷𝐷𝐷𝑟𝑟

          (3) 

Where W is the mass loss in mg, D is the density of the metal in g/cm3, A is the surface area in 
cm2 and t is the exposure time in hours. 

Water chemistry and chemical equilibria determination 
The pH was monitored in situ using a pH probe suitable for operation at elevated pressures and 
the solution was sampled every 24 hours to measure the concentration of Fe2+ by UV-Vis 
spectrophotometry using phenantroline as reagent [33]. The Ca2+ concentration was measured 
by titration using a combined calcium ion-selective electrode for direct measurement and 
titration from Metrohm. The pHSim software from Scale Consult AS [33] was used to predict 
saturation ratio (S) and precipitation of FeCO3. 

Surface and phase analysis 
The morphology of the corrosion product and the cross section of the samples were investigated 
using a ThermoScientific™ Quanta™ FEG 200 high-resolution scanning electron microscope 
(SEM) fitted with energy dispersive X‐ray (EDS) analysis.  
The X-Ray diffraction (XRD) was used to determine the phase composition of the formed layer 
using Bruker D8 Advance. The instrument was operated at 40 kV and 40 mA with Cr-Kα 
radiation (λ = 0.22909 nm). 

Results 
The LPR results 
Results from the LPR measurements on 1Cr steel at 80 ˚C, pH = 6.34, pCO2 = 0.5 bar at 3 bar 
absolute pressure at initial SCaCO3 = 2 are shown in Figure 3. The results have been adjusted 
with the weight loss measurements. The flow results are compared with the ones obtained in 
the static experiments [26]. During the first 24 hours, the corrosion rate is seen to increase 
rapidly from ≈ 0.8 mm/yr up to ≈ 1.5 mm/yr, where it plateaued. After 60 h, the corrosion rate 
started to steadily decline.  The corrosion rate decreased for ≈ 160 h (≈ 200 h total experimental 
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time), after which it stabilized at a value lower than 0.1 mm/yr. Corrosion rate also showed 
high scatter in the beginning, however over longer exposure time showed a more stable value 
as the scale build up.  
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Figure 3 Corrosion rate from LPR measurements for 1Cr steel at T=80˚C and pH = 6.34 in 1wt.% NaCl solution with initial 
SCaCO3 = 2. Static results are obtained from [26]. 

The static data were not adjusted with weight loss measurements; therefore, the corrosion rate 
cannot be directly compared with the ones obtained in the flow loop. The time required to reach 
pseudo passivation was, however significantly reduced during the static experiments. 
Protective corrosion products were formed after 50 hours as recorded by the drop in corrosion 
rate to value close to zero. 

Water chemistry equilibria 
The evolutions of Fe2+ concentration measured using UV-Vis spectrophotometry, and 
saturation ratio for FeCO3 (SFeCO3), for samples exposed to 80 ˚C pH = 6.5 pCO2 = 0.53 bar at 
3 bar at initial SCaCO3 = 2 are shown in Figure 4. Both values showed an increase with time over 
≈ 100 h of exposure followed by a decline. The maximum iron concentration of ≈ 4 ppm was 
reached after 100 h of exposure, followed by a decrease to ≈ 2 ppm at the end of the experiment. 
The pH at the end of the test was 6.47. Calculated saturation ratios showed that the solution 
reached values above the saturation of FeCO3 from the very beginning of the experiment. The 
SFeCO3 value increase beyond the equilibrium with a maximum value of approximately 15 after 
100 h of exposure. This was followed by a decline of the saturation degree down to 
approximately 5 at the end of the test, where the solution stayed saturated with respect to FeCO3. 
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Figure 4 Variation of Fe2+ and S(FeCO3) during the exposure of 1Cr steel at T=80˚C and pH = 6.34 in 1wt.% NaCl solution with 
initial SCaCO3 = 2. 

The EIS results 
Figure 5 a and b show the evolution of the EIS measurements performed on the 1Cr steel during 
the experimental time. These results have been split in two separate graphs for scale reasons. 
At the beginning of the test (0 h in Figure 5 a), one single semicircle was recorded. The 
amplitude of this semicircle was reduced during the first 24 hours, when a second semicircle 
of smaller amplitude was recorded at low frequencies (LF). The amplitude of both semicircles 
increased after 24 h and appeared to merge in a single semicircle after 96 h. Until the end of 
the test, a steady growth of the real and imaginary impedance is recorded until 240 h, where it 
stabilized with small fluctuations until the end of the test. 

 
Figure 5 Results of Electrochemical impedance measurements as Nyquist plot during the exposure of 1Cr steel at T=80˚C and 
pH = 6.34 in 1wt.% NaCl solution with initial SCaCO3 = 2. 
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The EIS results were further analyzed using the numerical fitting with equivalent circuit shown 
in Figure 6. The modelled equivalent circuit is adapted from the commonly used circuit with 
surface of an electrode covered with a low conducting layer on the top [34][35]. The Rs 
represents the solution resistance of the electrolyte, Csc is the the capacitance of the precipitated 
layer, Rpo is the pore resistance of the scale layer Rct is the charge-transfer resistance, and Cdl is 
the double layer capacitance.  The impedance parameters obtained by fitting the circuit to the 
EIS results are shown in Table 2. 

 
Figure 6 Schematic representation of the adaptation of the equivalent circuit used for numerical simulation of the EIS data. 

 
Table 2 Electrochemical impedance parameters obtained by fitting equivalent circuit for EIS data. 

Time (h) 0 24 48 72 96 168 192 240 264           

Csc 
(mF/cm2) 3.46 14.69 19.63 22.26 19.04 10.07 7.94 6.57 6.42 
Rpo  
[Ohm cm2] 98.86 48.31 49.80 53.64 74.13 345.74 615.02 1761.50 1862.28 
Cdl 
[mF/cm2] 2030 324 458 489 358 92.78 43.22 10.89 10.22 
Rct  
[Ohm cm2] 0.63 17.82 28.39 31.53 38.11 126.83 252.28 2258.05 2409.56 

 
Whilst the Rct increased constantly during the experimental time, Rpo showed an initial decrease 
during the first 24 h, followed by a steady increase. Csc increased almost 5 times in the first 72 
hour and then decreased constantly until 240 h experimental time, where it stabilized. Similar 
behavior, but with an initial decrease during the first 24 h, was recorded for Cdl. 

XRD results 
Figure 7 shows the XRD analysis of the scale formed on the specimens exposed to initial SCaCO3 
= 2 in 1 wt. % NaCl solution at T=80˚C, pH = 6.5 and pCO2 = 0.53. Aside from the iron peak, 
siderite (FeCO3) and cementite Fe3C were detected both after 60 h and at the end of the 
experiment. The strongest line for both siderite and calcite corresponds to the [104] interplanar 
d-spacing, located at 2θ = 48.360 ˚ [36] and 44.323 ˚ [37], respectively. The [104] peak for 
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siderite for the sample retrieved after 60 h was recorded at 2θ = 47.574 ̊ , whereas it was shifted 
to a lower 2θ = 47.494 ˚ for the sample retrieved at the end of the experiment. However, calcite 
was not identified in either sample.  

 
Figure 7 Results of X-ray diffraction of the scale formed on the of 1Cr steel at T=80˚C and pH = 6.34  in 1wt.% NaCl solution 
with Initial SCaCO3 = 2. 

 
The corresponding mole fraction of Ca2+ in FexCayCO3 (x + y = 1) was calculated using the 
unit cell parameter c for each tested condition [14]. The calculated fraction of Ca2+ were 0.28 
and 0.31 for the sample retrieved after 60 hours and at the end of the test, respectively. For the 
sample retrieved after 60 hours, the substitutional solid solution can be described as 
Fe0.28Ca0.72CO3. A higher fraction of Ca2+ was recorded by the end of the test, indicating a 
composition of Fe0.31Ca0.69CO3. 

SEM results 
The SEM images of the surface morphology and corresponding elemental analysis for the 
samples retrieved after 60 and 264 h are shown in Figure 8 a and b. Both surfaces show area 
covered with substitutional solid solution FexCayCO3. The typical prism-shaped crystals of 
FeCO3 are not detected in these images. Instead, the FexCayCO3 layer appeared flattened over 
the underlying steel.  On top of the FexCayCO3 layer, Ca2+ rich crystals (see EDS analysis) were 
found. When comparing the two images, the main difference lies in the way calcium was 
distributed on the surface. For the sample retrieved after 60 hours, calcium was mostly 
clustered in round-shaped precipitates, whilst it was more uniformly distributed across the 
surface for the sample retrieved after 264 h. 
The cross sections from the same samples, together with the related EDS analysis, are shown 
in Figure 9 a and b. The surface layer thickness increased during the experimental time within 
the Fe3C porous structure. A thin and more localized FexCayCO3layer was detected after 60 
hours, whilst the layer recorded at 264h was more dense and compact. Calcium was recorded 
on both cross sections, with a more intense signal for the sample retrieved at the end of the 
experiment.   
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Figure 8 Surface morphology analysis of the corroded surface using SEM and EDS analysis of the sample after a) 60 h and b) 
264 h immersion. 

 
Figure 9 Cross sectional SEM of the corroded specimens and EDS analysis of the sample after a) 60 h and b) 264 h immersion. 
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Discussion 

The presence of flow can affect CO2 corrosion of carbon steel; the most common effects are 
related to the mass transfer and mechanical interactions with the corrosion product film [24]. 
Additionally, the presence of calcium ions in the produced fluid can affect the precipitation of 
protective corrosion products and influence the corrosion rate of carbon steel in CO2 
environment. The results presented in this study confirmed that both factors could significantly 
affect the corrosion process and the precipitation of protective scale.  
Flow enhances the transport of species to and away from the metal surface. The increased mass 
transfer rate, transports ferrous ions away from the metal surface reducing the concentration of 
Fe2+ ions on the surface [38]. This removal of iron ions makes it harder to form protective 
FeCO3 layer according to Equation 4 

𝐹𝐹𝐹𝐹2+ + 𝐶𝐶𝑂𝑂32−  
𝐾𝐾𝑠𝑠𝑝𝑝(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹3)
��������  𝐹𝐹𝐹𝐹𝐶𝐶𝑂𝑂3(𝑠𝑠)        (4) 

where Ksp(FeCO3) is the solubility product constant, which is a function of temperature and ionic 
strength [39]. 
A comparison of the LPR results from this investigation (Figure 1) with the one obtained under 
ambient condition and similar water chemistry [26] shows that the time required to reach 
pseudo passivation increased compared to the static experiment. Approximatively 150 hours 
were required to reach this stage in presence of flow, while only 50 hours were required for the 
stagnant experiment. Similar conclusion can be drawn when comparing the current results with 
the ones from Mansoori et al. [16]. In their research work, the authors studied the effect of 160 
ppm calcium at 80˚ C and pH =6.2 with a flow rate equivalent to 0.5 m/s. The pseudo 
passivation stage was reached after approximately 96 hours, confirming the negative effect that 
an increase in flow velocity has on the precipitation of the protective film, obtained in our 
results. 
The dynamic effect of flow can also be seen in the SEM images of the surface morphology in 
Figure 8. The scale appears disorderly distributed and differs significantly from the FeCO3 
crystals reported by several authors [8][40][41] in the absence of flow. Similar morphologies 
were obtained by Gao et al. [25] in their study of the mechanical properties of CO2 corrosion 
products formed in absence of calcium ions at various flow rates (0, 0.5 and 1 m/s) at 65 ˚C. 
The magnitude of the mechanical forces that the fluid exerts on the pipe wall (shear stresses) 
may exceed the adhesive strength of the protective surface film. This can cause mesa attack in 
low to medium flow and can occur when a partially protective film is formed. Nyborg [29], 
performed video observation on different carbon steels exposed to flow rates from 0.1 to 7 m/s 
in flow loop systems at 80 ˚C, 1.8 bar pCO2 and pH value around 5.8. Mesa attack occurred on 
all steels without chromium exposed to flow rate of 4 m/s or higher. The author proposed a 
mechanism of initiation and growth of mesa attack in CO2 corrosion, in which the mesa attack 
initiates at small pits beneath the porous corrosion film. The mechanical forces remove the 
corrosion film after the metal below has dissolved.  These pits then grow together into a wider 
mesa attack of uniform depth. This attack grows with high corrosion rate in both depth and 
width as long as protective films are not reformed. In the present study mesa attack was not 
recorded, even in the presence of calcium ions. The use of 1Cr steel can also contribute to 
reducing mesa attack as reported by Nyborg. The author performed flow loop experiments on 
carbon steels with chromium and Nickel additions up to 1%. Tests were carried out at 40 and 
80 ˚C, 1.8 bar pCO2 and pH value of 5.8 and  mesa attack was not detected on steels containing 
0.5 – 1 % chromium. It is suggested that protective films reform more easily in Cr containing 
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steels, reducing the risk for mesa attack[30].  Additionally, the risk of localized attack is 
reduced at flow rates lower that 4 m/s, where corrosion products reform more easily.  
Ca2+ ions can substitute Fe2+ ions in the crystal structure of siderite, leading to the precipitation 
of a substitutional solution with chemical formula FexCayCO3 (x + y = 1). The enlargement of 
the original FeCO3 unit cell was confirmed by the shift towards lower 2θ angles of the strongest 
line peak for FeCO3, detected by XRD (Figure 7). The substitution of Fe2+ with Ca2+ increased 
with the exposure time as confirmed by the higher molar fraction of Ca2+ in the sample retrieved 
by the end of the test (0.31 vs. 0.28 after 60 h).  The increase presence of calcium in the 
precipitated layer with increased exposure was also confirmed by EDS analysis of the surface 
morphologies and cross sections (Figure 8 a and b and Figure 9 a and b). For longer exposure, 
the presence of Ca2+ was extended beyond the calcium rich particles, and was uniformly 
distributed along the cross section of the precipitated layer. Comparable values of the Ca2+ 
molar fraction (0.28) were obtained in our unpublished work at the same initial SCaCO3 value of 
2 in stagnant conditions and ambient pressure [26]. This result suggests that flow velocity does 
not affect the amount of calcium ions, which can substitute iron ions in the original FeCO3 
corrosion product. The molar fraction of calcium in the substituted solid solution appears to be 
influenced only by the amount of Ca2+ available in the electrolyte. 
Opposite to what occurred in stagnant conditions, pure CaCO3 did not precipitate on the sample 
surface in presence of flow, despite CaCO3 had actually occurred as confirmed by water 
analysis. Similar conclusion were reported by Gao et al. [25]. The authors reported FeCO3 and 
CaCO3 precipitation in static conditions, while the composition of the scale was (Fe,Ca)CO3 
under dynamic conditions, however the reason for this behavior was not explained.  Calcite is 
considered a scale and not a corrosion product; therefore, its nucleation can occur therefore in 
the bulk solution, away from the metal surface. The presence of flow may have further 
disturbed its precipitation, which could have occurred away from the metal surface. 
Additionally, the geometry of the flow system differs significantly from the corrosion cells 
used in our static experiment. This difference may have influenced the location of CaCO3 
deposition. Geometry is therefore an important factor to be taken into consideration when 
studying co-precipitation of corrosion products and scale. 
The presence of Ca2+ in CaCO3 saturated solution did not affect the overall corrosion behavior 
of the 1Cr steel (Figure 3). This was still characterized by the three stages (active corrosion, 
nucleation and growth of carbonates, and pseudo-passivation) defined by Farelas et al. [42], 
and described extensively in other research work [8][16][43]. Calcium is reported to delay the 
kinetics of formation of the protective corrosion layer, due to its higher solubility [44]. The 
protectiveness of the fully developed corrosion layer is however not jeopardized, as reported 
by Mansoori et al. [16]. The low corrosion rate recorded in the present research by the end of 
the test support the conclusion from Mansoori. Despite the presence of Ca2+ in the precipitated 
layer, its protectiveness was comparable to the one of pure FeCO3 as noticeable by the adjusted 
corrosion rate lower than 0.1 mm/yr.  
The saturation degree with respect to FeCO3 (SFeCO3) supports the understanding of the 
corrosion process in presence of Ca2+. The increase in Fe2+ concentration (Figure 4) reflects 
the proceeding of the dissolution process [8] and led to a saturated solution with respect to 
FeCO3. The drop in Fe2+ ions after ≈ 100 h confirmed the precipitation of a protective layer 
containing iron. The solution however did not reach equilibrium with respect to FeCO3. The 
substitution of Fe2+ with Ca2+ ions in the FexCayCO3 structure required less Fe2+ to precipitate. 
Therefore, the iron ions that did not precipitate remained in the solution and maintained it 
saturated. 



Chapter X 

138 

EIS was used to follow film formation (Figure 5 a and b). The initial dissolution of the metal 
sample, can be seen by the increasing Csc and Cdl values until 72 hours and the corresponding 
decrease in the Rpo. This was linked to the formation of a porous Fe3C network as a 
consequence of selective dissolution [28]. The subsequent decrease in Csc and the 
corresponding increase in Rpo indicate that the precipitated layer became denser with increased 
exposure time and reduced the corrosion rate [45][46][28]. The reduction of the corrosion rate 
with time can be seen by the continuously increase of the charge transfer resistance, confirming 
the protectiveness of the precipitated layer. 
The growth of the protective layer was visible in the cross section images obtained by EDS 
(Figure 9 a and b). The presence of FexCayCO3 was already detected after 60h. However, it was 
not uniformly distributed and unprotected areas were left in contact with the solutions. With 
time, this layer grew in both thickness and coverage. Ca2+ rich particles were distributed across 
the surface. The higher presence of Ca2+ in these particles may have created a concentration 
gradient on the surface, explaining the asymmetry of the [104] peak detected by XRD under 
different exposure time (Figure 7).   
The mechanism of CO2 corrosion of carbon steel in presence of calcium is complex; however, 
it is an important aspect due to the presence in the production fluid. Precipitation of 
substitutional solutions such as iron-calcium carbonate further complicates the understanding.  
Parametric investigations on the effect of various flow rates and regimes in presence of Ca2+ 
ions could broaden the understanding on their influence in CO2 corrosion. Importantly, the 
saturation degree of the solution with respect to the carbonate should be determined in order to 
guarantee the reliability and reproducibility of the test results. 

Conclusions 

• The presence of flow delayed the time necessary to reach pseudo-passivation stage. 
Approximately 100 hours were required to reach this stage, which was significantly 
higher than the time required under ambient pressure without flow conditions. 

• A substitutional solid solution of Fe0.31Ca0.69CO3 precipitated on top of carbon steel 
exposed to a CaCO3 saturated solution at 80 ˚C, initial pH = 6.34, pCO2 = 0.53 at 3 bara 
at a flow velocity = 3 m/s. 

• The flow did not affect the composition of the substitutional solid solution, which was 
found comparable to the one precipitated under stagnant conditions. 

• The presence of Ca2+ in the substitutional solution did not jeopardize the protectiveness 
of the precipitated layer. When the layer was fully formed, the protectiveness was 
comparable to the one of pure FeCO3. The substitution of Fe2+ with Ca2+ left the 
solution saturated with respect to FeCO3. 

• The EIS results confirmed that calcium ions do not alter the corrosion mechanism. The 
process was still characterized by dissolution followed by precipitation of corrosion 
products. 

• Calcium ions in under tested flow conditions did not produce any mesa attack to the 
steel and only uniform corrosion was detected after the removal of the scale. 
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11 General discussion 
The appended papers (Chapter 5-10) offer detailed discussions on the specific results obtained 
in this thesis. In this section, the attempt is to provide a discussion overviewing the whole result 
in this thesis. The results and observation will be discussed in a broad context and related to 
existing literature about CO2 corrosion of carbon steel and to the original research objectives. 
The behavior of carbon steel in terms of corrosion rate, precipitation and growth of protective 
film and chemistry of the bulk solution is presented in view of the goal of understanding the 
effect of seawater ingress in the production tubing to improve oil recovery. 
The use of injecting seawater as a means to improve oil recovery could alter the lifetime of the 
production pipelines. These studies brought a greater understanding on the CO2 corrosion 
behavior of carbon steel under conditions of improved oil recovery, with focus on changes to 
lower temperature and ingress of Ca2+ ions in the produced fluids. 
Temperature was confirmed as being one of the most important parameters that influences the 
corrosion behavior of carbon steel in CO2 corrosion. Temperature influences both the kinetics 
of the electrochemical process and the solubility of the FeCO3 corrosion product layer. The 
solubility is identified by the saturation degree of the solution with respect to the carbonate. In 
agreement with existing literature, the corrosion rate decreases when temperature is around and 
above 80˚ C, due to the precipitation of a dense and adherent FeCO3 layer. Precipitation and 
growth of protective FeCO3 monitored with EIS was able to protect the underlying steel, 
reducing the dissolution of the steel measured by LPR. This layer was characterized by low 
porosity and high adherence to the steel surface.  An opposite behavior was observed at lower 
temperature, where the corrosion rate remained constant. The higher risk of localized corrosion 
at low temperature was confirmed during this study. Low temperature, defined in literature 
around 60 ˚C, could therefore have severe consequences to the lifetime of the tubing material. 
From an operational point of view, it helps to explain the higher corrosion failures experienced 
on the top part of the well, where temperatures could be as low as 20 ˚C, and the reduced time 
between workovers. Due to seawater breakthrough, the new tubing may be installed at a lower 
temperature than the temperature at which the well started to produce. The protective scale may 
not be able to form again, resulting in a steady high corrosion rate of the tubing material, 
leading to premature failure. Similar situation could occur during scale removal operation to 
increase production, where the bare steel is re-exposed to the production fluid.  
Ca2+ ions are present in the formation water and their presence can increase due to EOR. 
Literature related to the effect of calcium ions on the CO2 corrosion of mild carbon steel is 
contradictory. There is no agreement on the effect of these ions on the precipitation and 
protective properties of corrosion products. Additionally, their influence on initiating pitting 
corrosion is still under debate. The studies showed that when calcium precipitates as CaCO3, it 
leads to the acidification of the solution. The degree of acidification of the solution correlated 
with the initial saturation level of the bulk solution with respect to CaCO3. The acidification of 
the solution was found to be responsible for the protective layer dissolution and re-initiation of 
the corrosion rate. Calcium can, however, substitute Fe2+ ions in the unit cell and precipitate as 
a substitutional solid solution FexCayCO3 (x + y = 1). The higher solubility of calcium delayed 
the precipitation of the protective layer, but did not affect its protectiveness. Flow appeared to 
further delay this precipitation but not affect the composition of corrosion products precipitated 
on top of the steel. Our results showed, additionally, that calcium did not trigger pitting 
corrosion. Both these results find agreements and disagreements within literature and the topic 
requires further investigations to be clarified. It is the author´s belief that in order to obtain 
consistent and repeatable results concerning the effect of Ca2+ on CO2 corrosion of carbon steel, 
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the saturation ratio of the bulk solution with respect to CaCO3, rather than the individual ions 
concentration, needs to be reported. This is related not only to the ions concentration, but also 
to the pH and temperature of the bulk solution. Substantially different results can emerge 
depending on whether calcium is added as CaCl2∙2H2O or as CaCO3. The former one creates a 
pH buffer in the solution and keeps the pH from increasing until full precipitation is achieved. 
The latter increases the pH until equilibrium is reached. Two different water chemistries are 
therefore obtained depending on the chemical chosen to add calcium to the solution. By instead 
referring to SCaCO3, and therefore not only to the ions concentration but also to the pH and 
temperature, the type of chemical becomes irrelevant and the results could be more comparable. 
This research highlights, additionally, the importance of the chemistries at the interfaces. 
Corrosion processes and scale precipitation are affected by mass transfer between the metal 
surface and the bulk electrolyte. The chemistry of the bulk solution, such as ion concentrations 
and pH, may differ significantly from the local one at the metal electrolyte interface.  During 
this study, FeCO3 and CaCO3 precipitation were reported also in situations where the bulk 
solution was under-saturated with respect to the carbonates. The corrosion process caused a 
local increase of pH close to the metal surface, which was not detected by measurements. This 
difference could cause a certain degree of unpredictability on the results. Changes in flow could 
further complicate the local chemistry, by increasing the diffusion of ion species away from 
the surface. 
The obtained results suggest that the mechanism of protection of carbon steel in CO2 corrosion, 
namely the precipitation of protective FeCO3, may be compromised as consequence of 
seawater injection. In order to extend the lifetime of the well, proper workover and maintenance 
need to be addressed. The periodic monitoring of temperature, chemistry and pH could support 
the prediction of the necessary action to take in order to increase the lifetime of the field, when 
seawater is injected. Using carbon steel when the produced fluid is at low temperature and with 
high water fraction may require corrosion inhibitor in order to survive the design lifetime. More 
alloyed steel such as 13Cr or CRAs (Corrosion Resistance Alloys) could be an alternative. The 
risk of more localized form of corrosion of these materials and their costs need however, to be 
assessed. Alternatively, non-metallic or composite materials such as carbon or glass fibers 
could be considered. Their performance is still under observation. 
The findings presented in this thesis provided the analysis of some of the parameters, which 
can be significantly affected by the seawater injection, namely the temperature and the presence 
of calcium ions. It highlights their importance in the corrosion process of carbon steel and how 
changes in these parameters can alter this process. It provides the operator with a broader 
understanding of the consequences of seawater injection on the corrosion of production tubing 
materials and therefore means to limit this attack.
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12 Conclusions 
Detailed conclusions obtained from the experimental work are available in the experimental 
chapters (5-10).Overall key-conclusions, based on the experimental work and discussions, are 
given below. 

• Temperature is one of the most important parameters influencing the corrosion behavior 
of carbon steel in CO2 atmosphere. 

• Temperature affects the solubility and therefore the precipitation of FeCO3 protective 
corrosion products. This process is governed by the saturation degree of the solution 
with respect to FeCO3 

• Experiments at 80 ˚C exhibited a behavior characterized by three stages: active 
corrosion, nucleation and precipitation of corrosion products, pseudo-passivation. 
When pseudo-passivation occurred, the material was protected by precipitated FeCO3 
film. At 40 ˚C, only active corrosion was detected.  

• The morphology of the precipitated layer influenced its ability to protect the underlying 
steel. The protective film was dense, compact, and uniformly distributed across the 
surface. The film precipitated at 40 ˚C was porous and coarse.  

• Localized corrosion can more easily occur at low temperature due to the porosities in 
the layer, which allow aggressive solution to permeate the layer and concentrate the 
attack. 

• CaCO3 precipitation lead to acidification of the solution, making the solution under-
saturated with respect to FeCO3, and because of acidification, the FeCO3 protective 
layer dissolved. This caused the re-initiation of the corrosion process. 

• Calcium ions in the solution at 80˚C substituted Fe2+ atoms in the unit cell of FeCO3. 
This effect led to the precipitation of a substitutional solid solution FexCayCO3 (x + y 
=1). This substitution delayed the precipitation of the protective corrosion layer. This 
delay was proportional to the fraction of calcium in the precipitated film. 

• The precipitation of a protective substitutional solution FexCayCO3 (x + y =1) was 
further delayed by the increase flow rate. 

• Flow did not influence the composition of the precipitated substitutional solution, 
which was comparable to the one obtained under stagnant conditions. 

• The presence of calcium in the precipitated layer did not jeopardize the protectiveness 
of the film. The protectiveness was found comparable to the one of pure FeCO3. 

• The saturation degree of the solution with respect to FeCO3 and CaCO3 was determined 
to be one of the main parameters to evaluate when studying CO2 corrosion of carbon 
steel. 
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13 Future work 
The mechanism of CO2 corrosion is complex and yet to be fully to be understood. The 
continuous changes caused by seawater injection further complicates this mechanism. Among 
the changes due to IOR, this work has focused on temperature and presence of calcium ions. 
Other changes, like pH, pCO2 and possible oxygen entrance have not been studied. Based on 
the results obtained and the outlook of the industry, a brief summary of potential areas of 
research is proposed below. 

• The effect of calcium ions on CO2 corrosion of carbon steel is still a matter of debate, 
especially at low temperature (below 80 ˚C). At these temperatures, protective FeCO3 
precipitation is difficult to achieve. However, the presence of calcium ions could further 
complicate the attack or be beneficial. Research in this area should clearly identify the 
saturation ratio of the solution with respect to CaCO3 (SCaCO3), to obtain comparable 
and reproducible results.  

• Flow rate affect mass transport of species at the metal – electrolyte interface. This can 
influence the corrosion process, as well as the corrosion products and scale 
precipitation. How the flow can affect the properties of the substitutional solid solution 
FexCayCO3 (x + y =1) should be clarified. 

• Other ions such as Mg2+, K+, and Sr2+ are present in the injected seawater. Their effect 
on CO2 corrosion of carbon steel should be verified. 

• Despite the attempts to reduce the oxygen content of the injected seawater, oxygen can 
still be present in the produced fluid. This presence further complicates the corrosion 
mechanism by adding an additional cathodic reaction with faster kinetics. While some 
research has been performed in this area, the results were limited by the excessive and 
not realistic amount of oxygen used in the experiments. This is mostly due to the 
technical difficulties in accurately controlling the oxygen level. Further investigations 
in understanding how traces of oxygen (max 50 ppb) affect the corrosion mechanism 
in CO2 corrosion. 

• The technique of X-Ray CT has proven to be effective in investigating the corrosion 
products ex-situ. The use of in-situ X-Ray CT could give further insights on the 
precipitation of FeCO3 and clarify the mechanism of localized attack reported at low 
temperatures. 
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Appendix I 
Table A-1 Sizes, masses, wall thickness, grade and applicable end finish for API tubing. 
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Table A-2 Process, manufacture and heat treatment for API tubing. 

 

Table A-3 Chemical composition, mass fraction %. 
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