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ABSTRACT 
 

Corrosion models of carbon steel in aqueous solutions under the 

atmospheric environment and the oxygen depleted environment have 

been reviewed by focusing the cathodic reaction and the corrosion film 

formed on carbon steel as a function of pH and anions. Development in 

corrosion models assuming the oxygen diffusion and the corrosion film 

formation process has been reviewed. In neutral solutions under an 

atmosphere which contains oxygen, the critical pH to form the corrosion 

film, the precipitation ratio of dissolved iron ions depending on pH and 

the parabolic growth rate law are discussed. Under an oxygen depleted 

environment, H2O works as an oxidizing agent to oxidize Fe to produce 

the Fe3O4 film with an evolution of H2 gas. At high temperatures, the 

dissolution process of the Fe3O4 film controls the corrosion rate, whereas, 

at lower temperatures, the film growth process controls the corrosion rate 

and a steady dissolution rate of Fe3O4 film determines the corrosion rate 

after a long exposure time. When carbonate and/or sulphide ions are 

included in the environment, FeCO3 or FeS corrosion film is formed and 

the corrosion rate after a long exposure time is determined by the 
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dissolution rate of the film. A quantitative estimation of the corrosion rate 

of the carbon steel canister by the digital simulation based on the above 

model could provide the basic data for establishing the reliable repository 

facility which is exposed to the oxygen depleted environment at the deep 

underground. 

 

Keywords: carbon steel, corrosion film, oxygen diffusion, H2O diffusion 

through the film, corrosion rate, steady film dissolution, corrosion life 

estimation 

 

 

1. INTRODUCTION 
 

Corrosion of carbon steel has been and will be a central issue in 

corrosion science and corrosion engineering. During the long history of 

using iron and steel as structural and functional materials, plenty of 

knowledge and information on the corrosion behavior of carbon steel has 

been accumulated. Matsushima [1] had published a comprehensive review 

on corrosion of carbon steel in fresh water, soils, and sea water. Corrosion 

data in the neutral environment, open to the atmospheric air, occupied a 

large part in his review, or in the actual fields and in research laboratories, 

but detailed examinations, even for well recognized data, sometimes 

reveals that there are contradictions among data. The most important factor 

which should be discussed is the corrosion film formation process with 

time and a steady corrosion rate.  

In the present paper, the important corrosion process of carbon steel in 

the neutral solution is reviewed at first. The environment which includes 

oxygen or depletes oxygen has been discussed by focusing the cathodic 

reaction and the corrosion film formation, both of which decide the 

corrosion rate and the failure life of steel structures. The corrosion failure 

of carbon steel tubes in boilers and the corrosion life estimation in an 

underground deep depth facility for high level radioactive waste in the 

nuclear industry are reviewed and corrosion models of carbon steel in both 

cases are discussed. A quantitative estimation of the corrosion rate could 

provide confidence to design the reliable facility. 
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2. CORROSION ENVIRONMENT 
 

Environmental conditions in the geological system could be illustrated 

by the figure of oxidation-reduction potential (Eh) as a function of pH. In 

the geological chemistry, Eh and pH at a site in the environment are 

measured by the electrochemical Pt sensor with the pH glass electrode. The 

measured value of Eh is proportional to the logarithmic concentration of 

oxidative species existing in the environment and the pH value indicates 

the acidity of the environment. A lot of measured values obtained in 

various sites including rivers, lakes, sea/ocean, deep sea and mines have 

been shown in Figure 1 [2]. Each point in the figure represents the 

environmental condition at the measured site.  

 

 

Figure 1. Environmental conditions in the geological system are illustrated by the 

figure of the oxidation-reduction potential (Eh) as a function of pH [2]. 

The lower line indicated as H2/H+ in Figure 1 is the thermodynamic 

equilibrium line of hydrogen evolution reaction (1) shown as:  

 

2H+ + 2e = H2 (1) 
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The thermodynamic equilibrium potential of hydrogen evolution (1) is 

expressed by the following equation: 

 

EH+/H2＝E0
 H+/H2 + (RT/2F)ln([H+]) + (RT/2F)ln(pH2) = -0.0591pH (2) 

 

because E0
 H+/H2 = 0 and ln(pH2 = 1 atm) = 0. R, T, F, [H+] and pH2 are the 

gas constant and absolute temperature (T = 273.2 + 25.0 = 298.2 K), 

Faraday’s constant, the concentration of protons, and partial pressure of 

hydrogen gas. 

The upper line indicating O2/H2O means the thermodynamic 

equilibrium potential of the oxygen reduction reaction (3),  

 

(1/2)O2 + H2O + 2e = 2OH- (3) 

 

and Eh of the line is expressed by:  

 

EO2/OH = E0
O2/OH + (RT/2F)ln([H+]) + (RT/2F)ln(pO2) = 1.228-0.0591pH  

 (4) 

 

where E0
O2/OH, = 1.228 volt is the standard potential of Equation (3). R, T, 

F, [H+] and pO2 are the gas constant, the absolute temperature (T = 273.2 +  

25 = 293.2), Faraday’s constant, the concentration of proton and the partial 

pressure of oxygen (pO2 = 1 atm).  

As can be seen in Figure 1, two Eh lines of oxygen reduction and 

hydrogen evolution reaction have the same slope of -0.0591 against pH and 

the wide area between the two lines is the thermodynamic stable region of 

water (H2O) in which various steel structures and systems are exposed.  

It is quite interesting that a lot of measured values are distributed and 

scattered, but make a broad cluster showing a decreasing trend along with 

the oxygen line. The region below the oxygen line corresponds to the 

surface region of the river, lake or ocean. A cluster of measured values 

existing in the surface of the river, lake or ocean can also be seen along a 

line that declined from Eh = +700 mV to Eh = +400 mV between pH = 3.5 

and pH = 8.2. In addition, Eh values at around pH = 8 show a downward 
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trend to Eh = -400 mV at the deep depth of sea level because dissolved 

oxygen comes to zero at deep sea. 

In corrosion science and corrosion engineering, the same figure of Eh 

vs pH is used for illustrating the thermodynamic equilibrium state of 

corrosion systems and is called the Pourbaix diagram [3]. The Pourbaix 

diagram of Fe (carbon steel) is shown in Figure 2, in which the 

thermodynamic states of Fe, Fe2+, Fe3+, Fe3O4, Fe2O3 are shown at 298.2K. 

The concentration of Fe2+and Fe3+ ions is set at 10-6 M.  

Carbon steel is used in various environments, but mostly in the neutral 

environment including tap water, industry water, and river, lake, and sea 

water, the domain of which could be shown as the flattened circle (A) 

below the oxygen line in the Pourbaix diagram of Figure 2.  

 

 

Figure 2 Pourbaix diagram of Fe, in which the thermodynamic stable state of  

Fe, Fe2+, Fe3+, Fe3O4, and Fe2O3 are indicated at 298.5 K. Concentration of ions is set  

at 10-6 M. 

Carbon dioxide in atmospheric air dissolves into the surface water of 

lakes and rivers, resulting in a weak acidic solution around pH = 5.2, and 

the surface water of the ocean shows an almost constant value of pH = 8.2 

due to the buffer capacity of the ocean which is shown as the long shaped 

circle (B). In the case of oceans, the concentration of oxygen decreases 
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with depth and the corresponding potential goes down to the hydrogen line. 

The deep underground environment exists as the oxygen depleted 

condition which is shown as the circle (C) near the hydrogen line. In the 

case of boiler corrosion, oxygen is removed from the boiler water as low as 

possible to reach the oxygen depleted condition because oxygen 

accelerates corrosion. Thus, the environmental conditions for carbon steel 

corrosion discussed in the following section are depicted as A, B, and C 

circles in the Pourbaix diagram as shown in Figure 2. Carbon steel is 

mainly used in the oxidative region around the neutral solution with 

dissolved CO2 and O2 from the atmosphere and corrosion proceeds by 

oxygen reduction in the solution. Deep underground however, oxygen is 

depleted and steel reacts directly with H2O, resulting in hydrogen 

evolution.  

 

 

3. CORROSION RATE AS A FUNCTION OF PH AND TIME 
 

Figure 3 shows the corrosion rate (CR) of carbon steel as a function of 

pH, in which the curve assigned as “a” is well known in data by Whitman  

et al. [4]. It is usually understood that based on the curve designated as “a”, 

the dissolution of carbon steel in an acid solution proceeds rapidly with the 

evolution of hydrogen gas and decreases to a lower corrosion rate with an 

increase of pH and approaching a constant rate in the pH range of between 

pH = 3 and pH = 10 due to the constant oxygen diffusion rate in the neutral 

solution. The decrease of CR in the alkaline region is said to be caused by 

the film formation.  

It is believed that in the neutral solution, the corrosion rate shows a 

constant value irrespective of pH, because it is controlled by the diffusion 

limited current density of the oxygen reduction. The constant CR data 

reported by Whitman et al. [4] was obtained in the unbuffered HCl/NaOH 

solutions, but other data shown in b [5], c [5], d [6], e [7] which were 

obtained in the buffered CO2/HCO3 solutions exhibited an increasing trend 

with pH or a maximum value around pH = 9.  
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These contradicting trends reported for the buffered solution suggest 

that factors other than pH, especially the presence of corrosion film on the 

steel surface have a profound effect on the CR.  

 

 

Figure 3. Corrosion rate of carbon steel as a function of pH and time. 

 

Figure 4. Change in the corrosion rate (CR) of steel pipes with operation time [8]. 

In addition, a gradual decrease in the CR with operation time in a 

neutral solution has been clearly accepted for carbon steel pipes operated 

for utility water in chemical industry plants as shown in Figure 4. The data 

was reported by Nakahara [8] who made the detailed analysis for 280 
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carbon steel pipe units reported by 8 chemical companies. The CR was 

obtained from the maximum corrosion depth which was estimated by the 

extreme value statistical analysis.  

The CR observed at the initial inspection after 1 year shows 2.3 or  

1.65 mm/y and decreased with every inspection year, reaching 0.2 mm/y 

after 10 years and 0.1 mm/y after 25 years. The CR after 2.5 years and 25 

years were plotted at pH = 8 in Figure 3. It is clearly seen that the CR 

shows a high rate at the beginning of operation, but decreases after long 

operation to a quite low value of 0.1 mm/y.  

A similar decrease in the CR with time was also reported by Takasaki 

et al. [9] for carbon steel pipes used in the cooling water system, 

containing inhibitors. The CR decreases with time according to the t-0.61 

law, from which the CR after 1 year and 10 years were calculated and 

plotted at pH = 7 in Figure 3.  

When the corrosion film is not formed at the very initial stage in a 

neutral solution or in a weak acidic solution, the CR of carbon steel could 

be controlled purely by the oxygen diffusion current density expressed by: 

 

iO2 = nFCD/δ (5) 

 

where n, F, C, D and δ are the number of the valence electrons of O2 

reduction, Faraday’s constant, the concentration of dissolved oxygen in the 

solution, the diffusion constant of dissolved oxygen and the thickness of 

Nernst layer, respectively. By assigning the values in Equation (5) to n = 4, 

C = 8 ppm = 2.5x10-7mol/cm3 at 298K, and D = 1.95x10-5 cm2/s at 298K,  

δ = 0.05cm at 298K, then iO2 = 3.76x10-5 A/cm2  = 37.6μA/cm2 is obtained. 

This iO2 is equal to the corrosion current density, icorr, which is observed at 

an initial time as shown in Figure 3. 

The corrosion current density icorr, however, has to decrease with time 

because the corrosion film will deposit and inhibit the corrosion rate. A 

detailed model when the corrosion film is formed will be formulated in the 

following chapter. 
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4. CORROSION PROCESS IN AIR OPEN SOLUTION 
 

To understand the corrosion process in neutral solutions open to the 

atmospheric air, it is important to analyze the diffusion process of oxygen 

in the solution as well as in the corrosion film formed on carbon steel. In 

the early 1960’s, G. Okamoto had started the corrosion research on carbon 

steel and published a series of papers [10, 11, 12, 13] studying the 

diffusion process of oxygen with or without the corrosion film formation at 

the well-controlled flaw condition.  

 

 

4.1. Mass Transfer Process of Oxygen Diffusion  

and Film Formation  
 

Okamoto and his colleagues [10, 11] had used the rotating cylindrical 

electrode to analyze the effect of the flow rate on the polarization curves 

and corrosion of carbon steel in the acidic or neutral solution saturated with 

air.  

Anodic reaction of carbon steel proceeds according to: 

 

Fe  Fe2+ +2e  (6) 

 

Counter cathodic reaction is oxygen reduction expressed by:  

 

(1/2)O2 + H2O + 2e  2OH- (3) 

 

Fe2+ ions dissolved from Fe by Equation (6) react with OH- in solution 

and precipitates as Fe(OH)2: 

 

Fe2+ + 2OH-  Fe(OH)2 (7) 

 

which forms the corrosion film on the surface of carbon steel in neutral 

solutions. At high temperatures, the precipitated Fe(OH)2 changes to Fe3O4 

by the following Schikorr reaction (8):  
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3Fe(OH)2  Fe3O4 + 2H2O + H2 (8) 

 

In an acidic solution, the precipitation reaction of Equation (7) does 

not take place because [OH-] is less than [H+] and oxygen reduction takes 

place on the film free surface of carbon steel.  

In this case, the diffusion limiting current density of oxygen reduction, 

iL, is clearly observed on the polarization curve and the cross point 

between iL or iO2 and the anodic current density, ia , provides the corrosion 

current density, icorr, as shown in Figure 5 [10]. 

The diffusion limiting current density observed on the rotating 

cylindrical electrode in Figure 5 was analyzed by using the dimensionless 

equation which could be applied in the turbulent flow region at  

1000 < Re < 100,000 and 840 < Sc < 1,150. 

 

 

Figure 5. Effect of the flow rate on the polarization curves observed by using  

the rotating cylindrical electrode [10]. 
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Re is the Reynolds number defined by Re = duρ/μ = du/ν and Sc is the 

Schmidt number defined by Sc = ν/D and Sh is the Sherwood number 

defined by Sh = iL(d/nFDC), where d is a characteristic linear dimension, u 

is the velocity of the fluid, ρ is the density of the fluid, μ is the dynamic 

viscosity of the fluid, ν is the kinematic viscosity of the fluid, and D is the 

mass diffusivity. In the case of the cylindrical electrode, Sh is given by 

Equation (9): 

 

Sh = 0.791Re0.7Sc0.356 (9) 

 

then, 

 

iL = 0.791(nFDC/d)(dv/ν)0.7(ν/D)0.356 (10) 

 

Data obtained in an acidic solution as can be seen in Figure 6 [11] 

could be fitted to: 

 

kd/D = 0.35(Re)0.62(Sc)0.3 (11) 

 

 

Figure 6. Effect of the flow rate on the CR of the carbon steel cylindrical electrode in 

an acidic solution as a function of Re [11]. 
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Figure 7. Effect of the flow rate on the CR of the carbon steel pipe in acidic solution as 

a function of Re [12]. 

 

Figure 8. The cathodic current density in neutral solution changes with time [13]. 

Using another pipe flow system [12], the corrosion rate was similarly 

analyzed and was found to obey the following dimensionless expression as 

shown in Figure 7 [12]. 
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In the turbulent flow region: 

 

kd/D = 0.018(Re)0.83(Sc)0.3 (12) 

 

was found. In the laminar flow region however, a smaller dependence on 

Re was found as shown in Equation (13): 

 

kd/D ～ Re0.4 (13) 

 

In a neutral solution however, the diffusion limiting the current density 

of oxygen reduction is not constant, but decreases with increasing 

immersion time as shown in Figure 8 [13], indicating the corrosion film 

formation which inhibits the cathodic reaction of oxygen.  

In this case, the CR can be expressed by a combination of the mass 

transfer coefficient, k2, for the corrosion film which increases with time 

due to film growth and k1 for the boundary layer in the solution. 

 

icorr = 4F(C-C0)(1/k1+1/k2) (14) 

 

 

Figure 9. Change in k2 which decreases with time [13]. 
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The change of 1/k2 with time was found to be proportional to time t as 

shown in Figure 9 [13] and 1/k1 is a function of the flow condition. C and 

C0 are the concentrations of oxygen at the surface of carbon steel and in the 

solution far from the surface. 

 

 

4.2. Precipitation of Corrosion Film as a Function of pH 
 

The rotating disk electrode (RDE) is very useful for the analysis of the 

corrosion process controlled by the diffusion process of oxygen in the 

laminar flow region because the Levich equation [14] shown below, 

 

ilim = icorr = 0.62nFD2/3ν-1/6Cω1/2 (15) 

 

can be applied for the analysis. Where D, ν and ω are the diffusion 

constant, the kinematic viscosity and the speed of rotation. 

 

 

Figure 10. The limiting current density of oxygen reduction, io2, observed on the Pt 

disk electrode (RDE) and the corrosion current density, icorr, of the carbon steel disk 

electrode (RDE) in acidic solution (pH = 2.50) are plotted as a function of the square 

root of the disk rotation speed [15]. 
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In Figure 10 [15], icorr for the carbon steel and ilim for the oxygen 

reduction current measured on the Pt electrode by RDE in an acidic 

solution are plotted as a function of the rotating speed of ω1/2(rad/s). Both 

currents of ilim and iO2 obey the Levich equation of Equation (15) and 

indicate that the corrosion current is just equivalent to the oxygen 

reduction current. By using RDE, the corrosion loss at a constant rotation 

rate was measured in various pH’s solutions and the corrosion rate which 

was calculated by the slope of the corrosion loss curves were shown in 

Figures 11 (a) and (b) [15].  

It is easily seen that the corrosion loss in Figure 11 (a) increases 

linearly with time in acidic solutions below pH = 3.5 and the 

corresponding corrosion rate does not change with time as shown  

in Figure 11 (b). 

Above pH = 3.5 however, the corrosion loss curves in Figure 11 (a) 

were found not to be linear but curved downward with time and the 

corresponding CR in Figure 11 (b) decreases with time. This fact indicates 

that the CR decreases with time due to the corrosion film formed by 

precipitation of dissolved Fe2+ ions on the steel surface which takes place 

above pH = 3.5. 

 

 
(a)       (b) 

Figure 11. (a) Corrosion loss with time. (b) The CR decreases with time in various pH 

solutions [15] in solutions above pH = 3.5 [15]. 
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Figure 12. Comparing iO2 and iH+ measured on Pt and icorr of Fe at the constant rotation 

speed of RDE [15]. 

The precipitation reaction rate might be controlled by two factors. The 

main and first controlling factor is the solubility product of Fe(OH)2 and 

the precipitation rate itself could be decided by both concentrations of Fe2+ 

and OH- on the steel surface. The production rate of Fe2+ is proportional to 

icorr and the production rate of OH- is proportional to io2. The concentration 

of OH- which is produced by oxygen reduction on the steel surface is 

consumed by H+ which is supplied from the bulk solution. Then [OH-] on 

the steel surface could be decided by a balance between the production rate 

of OH- decided by iO2 and the supplied flux of H+, that is, iH+.  

The pH dependency of iO2 and iH+ are compared in Figure 12 [15], 

from which the cross point of iO2 and iH+ is found to be at pH = 3.5. This is 

the critical pH, over which the precipitation takes place due to the high 

concentration of OH- on the steel surface. In acidic regions below pH = 3.5, 

[H+] at the steel surface is equal to the bulk concentration and no 

precipitation occurs.  
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4.3. Precipitation Ratio of Fe2+ Ions as a Function of pH 
 

Precipitation of Fe2+ ions takes place above the critical value of  

pH = 3.5, and part of the dissolved Fe2+ ions transfer to bulk solution 

without precipitation. The precipitation ratio was decided as a function of 

pH using the air saturated bicarbonate solution, the pH of which was 

adjusted by controlling the partial pressure of CO2 in the aerated air [16]. 

The total corrosion loss of Fe, qT, is the sum of Fe, qf, included in corrosion 

film and dissolved Fe, qs, in solution as expressed by:  

 

qT = qf + qs (16)  

 

The corrosion film formed on the steel surface was dissolved 

completely in the acid solution and the concentration of Fe ions was 

analyzed by the calorimetric method. Dissolved Fe in the solution was also 

analyzed by the same calorimetric method. Figure 13 [16] shows an 

example of the experimental result at pH = 6.70 at 303K.  

 

 

Figure 13. Total corrosion loss which is the sum of precipitated Fe as corrosion film 

and dissolved Fe in solution as a function of time [16]. 
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Figure 14. Precipitated film is proportional to the total corrosion loss [16]. 

 

Figure 15. Precipitation ratio as a function of pH [16]. 

The total corrosion loss, qT, as well as qf in film and qs in solution, 

increase with time according to a parabolic type curve. Similar behavior 

was observed at pH = 7.20, 7.50 and 8.20, but most of the Fe precipitated 

as corrosion film and a small portion of corroded Fe transferred to solution. 

It is interesting that the amount of precipitated Fe in the film is 

proportional to the total amount of corrosion loss irrespective of pH as 

shown in Figure 14 [16].  
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The precipitation ratio R, defined by 

 

R = qf/qT = qf/(qf+qs) (17) 

 

could be decided by the slope of the linear line between qf and qT.  

R, decided by the slope is plotted as a function of pH in Figure 15 [16], 

from which R is found to increase with pH as expressed as: 

 

R = A + B・pH (18)  

 

Similar precipitation ratios had been reported for the corrosion of 

carbon steels in synthetic sea water and other neutral solutions saturated 

with air, which were summarized in Figure 16 [16]. It is clearly seen that 

the precipitation ratio is found to increase with pH from R = 0 at pH = 3.5 

to R = 1 at around pH = 10. The change in R with pH could be compared 

with the change in the solubility curves of Fe(OH)2, Fe(OH)3 and FeCO3 as 

a function of pH. 

 

 

Figure 16. Precipitation ratio, R, as a function of pH [16]. 
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5. CARBON STEEL CORROSION UNDER AN  

OXYGEN DEPLETED ENVIRONMENT 
 

The corrosion reaction of carbon steel is mostly concerned with the 

environments including oxygen as discussed in previous sections. The 

oxygen depleted environment for carbon steel corrosion, however, has 

been accepted recently as another important environment because the 

corrosion rate of carbon steel in the oxygen depleted environment is not 

high but a key factor to control corrosion failure for assuring the safe and 

long operation of carbon steel structures. 

The high temperature water corrosion at the steam boiler and the 

nuclear power station has been known to occur in oxygen depleted water 

for long time, but again attracted special concern for its corrosion 

mechanism and mitigation technology because a rupture incident of a large 

carbon steel pipe due to flow assisted corrosion (FAC) in high temperature 

water occurred at the Mihama nuclear power plant located at Fukui, Japan 

in 2004 [17, 18]. 

Another important oxygen depleted environment for carbon steel 

corrosion is the deep underground, where the repository facility using 

carbon steel overpacks has been planned for enclosing the high level 

radioactive waste (HLW) [19].  

 

 

5.1. Carbon Steel Corrosion in High Temperature Water 
 

In order to avoid the corrosion of carbon steel in high temperature 

water [17], oxygen is intentionally removed, but still, the corrosion 

reaction proceeds by cathodic reduction of H2O with evolution of H2 gas. 

 

2H2O + 2e  2OH- +H2 (19) 

 

Anodic dissolution of carbon steel takes place by:  

 

Fe  Fe2+ +2e  (6) 
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Dissolved Fe2+ is precipitated as Fe(OH)2 according to Equation (7) as 

corrosion film, 

 

Fe2+ + 2OH- Fe(OH)2 (7) 

 

which further changes to Fe3O4 as a reaction to high temperature according 

to Shikorr:  

 

3Fe(OH)2 Fe3O4 + 2H2O + H2 (20) 

 

Examination or the corrosion film formed in high temperature water 

had revealed that the double layer structure consisting of the inner layer of 

amorphous structure of (Fe(OH)2 +Fe3O4) and the outer layer of crystalline 

Fe3O4 [20] is acceptable. 

Based on the engineering data accumulated in the plant operation to 

use carbon steel in high temperature water, the factors to control the 

corrosion rate of carbon steel could be summarized as follows [17]: 

 

a. CR decreases with a decrease of oxygen in water. 

b. Flow velocity accelerates CR which is proportional to Re0.820. 

c. A very specific temperature effect showing the maximum CR at 

150℃. 

d. CR decreases rapidly above pH = 10. 

e. CR increases with an increase of dissolved H2 in water. 

f. Beneficial effect of alloying elements such as Cr, Mo and Cu to 

suppress CR. 

 

Several engineering design codes to fit the observed empirical CR 

have been developed and are used to control the plant operation. In 

addition to the engineering approach, mechanistic studies have been 

reported to rationally explain the above six factors. A mass transport model 

with film dissolution developed by EDF [21] might be accepted as a 

rational model. The model discussed by Bouchacourt et al. [21] assumes 

the pore structure in the double layer corrosion film, through which Fe2+ 
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ions, dissolved at the bottom of a pore, diffuses to the surface of the outer 

layer, at which Fe2+ ion deposits as Fe(OH)2 and further change to Fe3O4 

with the evolution of H2. A simplified model based on the discussion by 

Bouchacourt et al. [21] is shown in Figure 17.  

The CR is controlled by the diffusion rate of Fe2+ ions through pores 

and the dissolution rate of corrosion film through the Nernst boundary 

layer adjacent to the corrosion film. Both processes are combined in series 

and the CR is expressed by:  

 

CR = fk1(Ceq-Ci) = k2(Ci-C0) = (1/(1/fk1+1/k2))(Ceq-C0) (21) 

 

where f is the pore faction in the film. k1 is the mass transfer coefficient for 

the diffusion process through the corrosion film and k2 is the mass transfer 

coefficient through the boundary layer which depends on Re. Ceq, Ci and 

Co are the concentrations of Fe2+ ions at the bottom of the pore, at the 

surface of the film and in the bulk solution, respectively.  

 

 

Figure 17. Corrosion model assuming diffusion of Fe2+ ion through pores in 

the corrosion film which dissolves through the Nernst boundary layer. 

It is assumed that the concentration of Fe2+ ions at the bottom of the 

pore, Ceq, is decided by the equilibrium constant of the Fe3O4/Fe2+/H2 
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reaction if the pH at the bottom of pore is given. For example, the effect of 

flow rate on the CR could be rationally explained through a change in k2 

depending on Re. Temperature dependence of the CR showing the 

maximum CR at 150℃ could be rationalized by assuming a similar 

temperature change in the pore fraction of the corrosion film. 

 

 

5.2. Carbon Steel Corrosion at an Underground Repository 
 

High-level radioactive waste (HLW) has to be isolated from people 

and the environment for thousands of years. In Japan [19, 22], HLW 

produced by reprocessing spent fuels had been planned to be fixed in a 

glass solid body which is enclosed in a stainless steel canister which is 

further enclosed in the metal overpack which is embedded into holes with 

packed clay at tunnels of the deep underground repository. 

Carbon steel is the best candidate for the material to be used for the 

overpacks, because the corrosion rate of carbon steel is known to be less 

than 10 μm/year at an assumed deep underground repository which is kept 

in an oxygen depleted condition. Actual corrosion rate data of the 

candidate steel have been accumulated in the laboratory [22], and the 

corrosion rate of carbon steel in this environment has been found to be 

almost 10 μm/year at the initial stage, which decreases gradually with time 

according to an inverse power rate law or an inverse parabolic rate law. 

Simulation experiments in the laboratory suggest to exhibit a low and 

steady corrosion rate after long time operation. 

 

5.2.1. Corrosion Film on Carbon Steel in a Deep  

Underground Environment 

The corrosion process of carbon steel at the deep underground 

repository is not different from the high temperature water corrosion 

process except for the temperature condition.  

A similar mechanism to the high temperature water corrosion could be 

applied to the corrosion process at the deep underground repository. An 

anodic reaction of Fe proceeds by Equation (6)  
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Fe  Fe2+ +2e  (6) 

 

Dissolved Fe2+ is precipitated as Fe(OH)2 according to Equation (7) as 

corrosion film, 

 

Fe2+ + 2OH- Fe(OH)2 (7) 

 

which further changes to Fe3O4 according to the Shikorr reaction (20), 

 

3Fe(OH)2  Fe3O4 + 2H2O + H2 (20) 

 

The counter cathodic reaction is H2O reduction with H2 gas evolution 

expressed by Equation (19).  

 

2H2O + 2e  2OH- +H2 (19) 

 

Then, the corrosion film consists of Fe(OH)2 and Fe3O4 which are 

products of Equations (7) and (20). 

In the deep underground repository environment, the surface of the 

carbon steel overpack is surrounded by a clay layer which contains silicate 

materials and various ions such as carbonate ions and sulphate ions [19]. 

Then, the precipitation of siderite (FeCO3) as corrosion film might be 

expected to take place according to: 

 

Fe2+ + CO3
2-  FeCO3 (22) 

 

Also, the precipitation of sulphide (FeS) film could be proceed  

according to: 

 

Fe2+ + S2-  FeS (23) 

 

5.2.2. Corrosion Current Decreasing with Time 

The corrosion rate, or the corrosion current density in the oxygen 

depleted environment has been measured in the laboratory by using several 
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methods such as the weight loss method [23], the hydrogen gas evolution 

method [25], the electrochemical methods including polarization 

resistance, AC impedance and the hydrogen permeation current method 

[26]. The standard method is the weight loss method which, however, 

could not get the continuous CR data. Instead, the hydrogen gas evolution 

method and the hydrogen permeation current method could provide the 

continuous CR data as a function of time. 

In the oxygen depleted solutions which simulate the cement extracted 

solutions with various pH, the corrosion current density of carbon steel, 

icorr, measured by the hydrogen permeation current method [26] and the 

hydrogen gas evolution method [25] was found to decrease with time, t, as 

shown in Figure 18, according to the following inverse parabolic rate law; 

 

icorr = kt-1/2 (24) 

 

 

Figure 18. Corrosion current density measured by the hydrogen permeation current 

method (iH) and the hydrogen gas evolution method as a function of time [27]. 

Since the corrosion current density is expressed as 

 

icorr = dq/dt  (25)  
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then the amount of corrosion loss, q, increases by following the parabolic 

rate law, 

 

q = ∫icorr dt = kt1/2 (26) 

 

 

Figure 19. Corrosion model under the oxygen depleted environment assuming the 

formation of corrosion film such as Fe3O4 or Fe(OH)2 and diffusion of chemical 

species such as Fe2+, O2-, and H2O in pore or through the film [28]. 

The parabolic rate law means that the corrosion rate of carbon steel is 

controlled by the diffusion of chemical species through the precipitated 

corrosion film or through pores in the precipitated corrosion film as 

illustrated in Figure19 [28].  

 

5.2.3. Corrosion Model under an Oxygen Depleted Environment 

According to the mass transport model [28], assuming series 

combination of diffusion of chemical species through the corrosion film 

and the boundary layer in solution, the corrosion rate or the corrosion 

current density, icorr, is expressed by: 

 

icorr = nFD(C-C0)/(1/fk1+1/k2) (27)  
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where k1 and k2 are the mass transport coefficients in the corrosion film 

and the boundary layer, respectively. D, C, C0 and f are the diffusion 

constant, concentration of species at the interface and in the bulk solution 

and the pore fraction in the corrosion film. 

In order to rationalize the observed corrosion rate law under the 

oxygen depleted environment, the carbon steel corrosion model assuming 

the aqueous phase diffusion of chemical species such as Fe2+ and H2O 

through pores or the solid phase diffusion of H2O in the precipitated 

corrosion film such as Fe3O4 or Fe(OH)2 has been developed [28]. 

 

5.2.4. Digital Simulation of Corrosion Model 

The digital simulation [28] for the corrosion model expressed by 

Equation (28) is carried out by using an Excel spread sheet. Flux, J(t), 

which is equivalent to icorr , is given by the following Equation (28):  

 

J(t) = nFD⊿C/(G+HQ(t-1)M/ρnF) = (nF)2D⊿Cρ/M(G’+HQ(t-1))  

 (28) 

 

where G is 1/fk1 and Q(t) is the amount of coulombs passed. And Q(t) 

times H provides the precipitated amount, which is converted to the film 

thickness multiplied by M/ρnF. 

The precipitation ratio, H, for carbon steel corrosion in air saturated 

neutral solution had been found to be expressed as a function of pH [16] as 

follows: 

 

H = (pH-3.5)/6.5 (29) 

 

The same expression as Equation (18) is assumed to be applied in the 

oxygen depleted neutral solution. In the oxygen depleted alkaline solution 

[25], H has been found to obey the following Equation (25). 

 

H = (14-pH)/4 (30) 
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Figure 20. Results of digital simulation by assuming diffusion of Fe2+ ion or H2O 

molecule which diffuses in aqueous solution in pores and the solid phase diffusion of 

H2O through the corrosion film such as Fe3O4 or Fe(OH)2 [27]. 

It is pointed out that the change in H depends on the solubility product 

of Fe(OH)2 and the maximum precipitation takes place at pH = 10. J(t) and 

Q(t) can be easily calculated as a function of time by using the Excel 

spread sheet. 

By assuming appropriate species with a reasonable diffusion constant, 

a digital simulation using the Excel spread sheet had been executed and 

compared with the experimental data. 

After repeated trials for the liquid phase diffusion of Fe2+ ion and H2O 

through the pore in the film and the solid phase H2O diffusion in the film, 

it was concluded [28] that a reasonable simulation could be obtained in 

case of the solid phase diffusion of H2O molecule through the corrosion 

film as shown in Figure 20. 

 

5.2.5. Improved Model with Fe3O4 Film Dissolution 

Recently, an improved model has been proposed by assuming that the 

dissolution of precipitated Fe3O4 film takes place simultaneously with the 

film growth [28]. The initial stage of the corrosion process, however, is 

mainly controlled by the film growth, the rate of which decreases with time 
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and approaches a constant dissolution rate of the film after a long time. At 

this moment, the whole corrosion process of carbon steel is controlled by 

the dissolution of the corrosion film because the film growth becomes 

negligible.  

It is assumed that the corrosion film composed of Fe3O4 dissolves as 

Fe(OH)b
(2-b)+ ions which are in equilibrium with solid Fe3O4 and transferred 

by liquid phase diffusion through the boundary layer of δ to bulk solution 

as shown in Figure 21. The dissolution current density, id, is expressed as  

 

id = nFD(CT-C0)/ δ (32) 

 

where n is the number of valence electron of Fe(OH)b
(2-b)+ion, F is 

Faraday’s constant.  

D is the diffusion constant and δ is the length of Nernst diffusion layer, 

respectively. 

The dissolution current density, id, is expressed as:  

 

id = nFD(CT-C0)/ δ (32) 

 

where n is the number of valence electrons of Fe(OH)b
(2-b)+ion, F is 

Faraday’s constant, D is the diffusion constant and δ is the length of Nernst 

diffusion layer, respectively. CT and C0 are the concentrations of  

Fe(OH)b
(2-b)+ ion at the surface of the corrosion film and in the bulk 

solution. Fe(OH)b
(2-b)+ species (b = 0, 1, 2, 3) which are in equilibrium with 

Fe3O4 in solid state are Fe2+, Fe(OH)+, Fe(OH)2, and Fe(OH)3
-, equilibrium 

equations of which can be expressed by: 

 

(1/3)Fe3O4 + (2-b)H+ + (1/3)H2Fe(OH)b
(2-b)+ + (4/3-b)H2O  (33) 

 

where b = 0, 1, 2, 3 means Fe2+, Fe(OH)+, Fe(OH)2 and Fe(OH)3
-1 

respectively. Then CT can be calculated by:  

 

CT = (pH2)1/3{K0[H+] + K1[H+]2 + K2 + K3/[H+]}  (34) 
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The equilibrium constants of Kb (b = 0, 1, 2, 3) have been provided by 

Sweeton, et al. [29]. 

 

 

Figure 21. Improved corrosion model assuming the Fe3O4 film formation and the Fe3O4 

film dissolution. 

Then the dissolution current density, id, is calculated by Equation (32) 

and plotted as a function of pH and partial pressure of hydrogen gas, pH2, 

as shown in Figure 22. It should be noted that id decreases with pH and 

shows a minimum value at pH = 10. It is also interesting to note that id 

decreases with the decrease in partial pressure of hydrogen gas which 

might be brought about by the escape of evolved hydrogen gas to the 

outside environment. 

The corrosion current density in the case of the improved model which 

introduces the film dissolution is given by:  

 

icorr= nFD(CT-C0)/(1/k1+1/k2)+id (35) 

 

because the improved model simulates the whole process by adding the 

film dissolution, id, to the film growth. The digital simulation based on 

Equation (35) is executed by the same procedure using the Excel spread 

sheet and the result is plotted in Figure 23 [28].  
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Figure 22. Dissolution current density of Fe3O4 film as a function of pH and partial 

pressure of hydrogen gas, pH2 [28]. 

 

Figure 23. Comparison between the previous model and the improved model which 

assumes the dissolution of the Fe3O4 film [28]. 

It is clearly seen in Figure 23 that the initial corrosion current 

decreases with time, but a steady and constant corrosion current density of 

10-3μAcm-2 is predicted after 109s (～32 years), for which, however, exact 

experimental data has not yet been obtained because of a limitation of time 

in the laboratory experiment. The simulation, by using Equation (35), 

however, predicts that the steady and constant corrosion current density 
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appears after 109 sec and this constant corrosion current density shows the 

lowest value at pH = 10 as can be seen in Figure 22.  

It has to be emphasized that the minimum and lower constant corrosion 

current density will be expected at pH = 10, at which the precipitation of 

Fe2+ ion to corrosion film proceeds perfectly and suppresses the corrosion 

current density. 

 

5.2.6. Corrosion Loss Data by Simulation Compared with Laboratory 

and Field Data 

Simulation data for corrosion loss based on the original model is 

plotted as ‘icorr without id’ and data for the improved model is plotted as 

‘icorr with id’ in Figure 24.  

In the same figure, the laboratory data which was measured by 

Taniguchi et al. [23] in synthetic sea water and an aqueous solution 

containing bicarbonate ions and chloride ions for 10 years was plotted. 

Also, the field data which was reported by Sumiyama et al. [30] for carbon 

steels buried in soil for a long term was shown. Sumiyama et al. reported 

an empirical relation of Q = 0.298t0.502 between corrosion loss (Q/μm) and 

time (t /sec) which was indicated in the upper part and a predicted straight 

line was drawn in Figure 24. 

 

 

Figure 24. Corrosion loss data by the simulation in the case of Fe3O4 film formation 

and dissolution compared with the laboratory data and field data [28]. 
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It is interesting that the slope of the line (=0.502) is almost identical to 

that of Equation (26) which was observed in the laboratory experiment. 

The experimental data by Taniguchi et al. shows lower values of corrosion 

loss than that of the field data by Sumiyama et al. and Honda et al. [31], but 

changes with a similar slope in log-log scale plot. It is important to 

recognize that the corrosion loss estimated by the previous model increases 

with the slope = 1/2, but the improved model predicts the linear increase 

with the slope = 1 after 109 s. 

 

5.2.7. Improved Model with FeCO3 Film Dissolution 

Taniguchi et al. [23, 24] have executed a simulation experiment of 

carbon steel corrosion in the oxygen depleted environment for a long time 

by using the corrosion loss measurement method. The steel plate specimen 

was embedded in bentonite clay and enclosed in a capsule made of Ti. The 

capsule was immersed in three solutions of synthetic sea water and 

aqueous solutions containing bicarbonate ions (0.5 M and 0.25 mM) and 

chloride ions (0.5 M and 2.5 mM) under a nitrogen atmosphere in which 

oxygen concentration was controlled to less than 1 ppm. The corrosion loss 

of the specimen was measured after 1, 2, 3, 4 and 10 year exposure and the 

corrosion film was analyzed by XRD and EPMA.  

The experimental results obtained for 1, 2, 3, 4 and 10 years exposure 

tests showed that FeCO3 was found in the corrosion film for almost every 

year in three solutions. This fact suggests that the FeCO3 corrosion film 

originates from bentonite clay contacting the steel surface in three 

solutions, but does not come from the solutions because no 

carbonate/bicarbonate ions were included in synthetic sea water. It is very 

interesting to notice that Fe3O4 and FeS were found only after 10 years 

exposure in the low concentration (2.5 mM) of bicarbonate solution, 

whereas the FeCO3 corrosion film was always admitted in the high 

concentration (0.1M) bicarbonate solution. 

In the case of the siderite (FeCO3) film formed on carbon steel 

according to Equation (22) in the oxygen depleted environment containing 

carbonate ion, a similar dissolution rate equation to Equation (36) could be 
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applied to estimate the dissolution current density as shown in Figure 25 

[32]. 

 

 

Figure 25. Corrosion model in the oxygen depleted environment containing carbonate 

ions, which causes the formation of the FeCO3 corrosion film [32]. 

The dissolution current density of the FeCO3 corrosion film can be 

calculated by: 

 

id  = nFD(C-C0)/ δ (36) 

 

where C and C0 are the concentration of Fe2+ ions at the surface of FeCO3 

and in the bulk solution. 

The equilibrium reactions of carbonic acid/bicarbonate/carbonate are 

given by the following equations:  

 

H2CO3 = H+ + HCO3
-         log(Ka1) = -6.3  (37) 

 

HCO3
-=H++ CO3

2-              log(Ka2)=-10.3 (38) 

 

Ion fractions for three species of H2CO3, HCO3
- and CO3

2- can be given 

by:  

 

αH2CO3 = [H+]2/([H+]2 + [H+]Ka1 + Ka1Ka2)  (39)  
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αHCO3-= [H+]Ka1/([H+]2 + [H+]Ka1 + Ka1Ka2) (40) 

 

αCO32-= Ka1Ka2/([H+]2 + [H+]Ka1+Ka1Ka2) (41) 

 

The concentration of Fe2+ ions at the surface of the FeCO3 film  

is given by: 

 

C = [Fe2+] = Ksp/[CO3
2-] (42) 

 

where Ksp is the solubility product of FeCO3 and [CO3
2-] is the 

concentration of CO3
2- ions which is decided by the carbonate equilibrium 

as a function of pH and the total carbonate concentration CTC shown by 

Equation (43). Fortunately, the solubility product, Ksp, has been reported 

by Bénézeth et al. [33]. 

 

[CO3
2-] = CTC(Ka1Ka2/([H+]2 + [H+]Ka1+Ka1Ka2))  (43) 

 

The dissolution current density of the siderite (FeCO3) film calculated 

by using Equation (36) for two cases of CTC = 2.5 mM and CTC = 0.1 M is 

plotted as a function of pH and compared with id for the magnetite (Fe3O4) 

film in Figure 26. 

 

 

Figure 26. Dissolution current density of the FeCO3 film and the Fe3O4 film as a 

function of pH [32]. 
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It is interesting to note that the dissolution current density of the Fe3O4 

film shows a minimum at pH = 10 and increases again in the alkaline 

region, while id of the FeCO3 film shows an almost constant value above  

pH = 10. It is important to recognize that id of the FeCO3 film depends on 

pH and CTC and id of the Fe3O4 film depends on pH and pH2. The 

experimental result indicates that the FeCO3 film forms more preferentially 

than the Fe3O4 film in the high concentration of carbonate ions (0.1 M) and 

the high pH solution because id is the lower value than that of the Fe3O4 

film. 

 

5.2.8. Improved Model with the FeS Film Dissolution 

The other improved model for the sulphide (FeS) film formed on 

carbon steel in the oxygen depleted environment containing sulphide ions 

is shown in Figure 27 [33].  

The carbon steel dissolves by the anodic reaction (6) at the Fe/FeS 

interface to Fe2+ ion. 

 

FeFe2++2e (6) 

 

Then, Fe2+ ions produced, react with S2- ions in the solution and 

precipitate as FeS.  

 

Fe2++S2-
FeS (23) 

 

Through the FeS corrosion film, H2O diffuses to the interface of 

Fe/FeS and reacts as the counter cathodic reaction with H2 evolution by 

Equation (19): 

 

2H2O + 2e  H2 + 2OH (19) 

 

With the formation of FeS film, the dissolution of FeS film proceeds 

simultaneously according to: 

 

FeS Fe2++S2- (44) 
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Figure 27. Corrosion model in the oxygen depleted environment containing sulphide 

ions, which cause the FeS corrosion film formation [33]. 

A similar dissolution rate equation of Equation (36) could be applied to 

estimate the dissolution current density of FeS film as shown in Figure 24 

[33]. 

 

id = nFD(C-C0)/ δ  (36) 

 

where C and C0 are the concentration of Fe2+ ions at the surface of FeS 

and in the bulk solution. 

The concentration of Fe2+ ions at the surface of the FeS film is given 

by: 

 

C = [Fe2+] = Ksp/[S2] (45) 

 

where Ksp is the solubility product of FeS and [S2-] is the concentration of 

S2- ions. 

The sulphate equilibrium is given by: 

 

H2S = HS- + H+pKa1 = 7.02  (46) 

 

HS-= H+ + S2- pKa2 = 13.9  (47) 
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And the fraction of each species is expressed by: 

 

αH2S = [H+]2/([H+]2 + [H]Ka1 + Ka1Ka2)  (48) 

 

αHS-= [H+]Ka1/([H+]2 + [H+]Ka1 + Ka1Ka2)  (49) 

 

αS2-= Ka1Ka2/([H+]2 + [H+]Ka1 + Ka1Ka2)  (50) 

 

Accordingly, [S2-] is given by: 

 

[S2-] = CTCKa1Ka2/([H+]2 + [H+]Ka1+ Ka1Ka2) (51) 

 

CTC was 10 mM which was estimated from the experimental 

condition of Taniguch et al. [23. 24].  

The dissolution current density of the sulphide (FeS) film calculated by 

using Equation (45) is plotted as a function of pH and compared with id for 

the magnetite (Fe3O4) film and the siderite (FeCO3) film in Figure 28 [33]. 

 

 

Figure 28. Dissolution current density of Fe3O4, FeCO3 and FeS as a function of pH 

[33]. 
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It is interesting to note that the dissolution current density of the 

Fe3O4 film shows a minimum at pH = 10 and increases again in the 

alkaline region, while id of the FeS film shows an almost constant value 

above pH = 14 like the siderite (FeCO3) film. It is important to recognize 

that id of the FeS film is the lowest value compared with that of Fe3O4 and 

FeCO3. This fact explains why FeS was found in the corrosion film after 

10 years exposure in the solution of CT = 2.5mM. In the higher 

concentration (CT = 0.1M), however, FeS was not found even after  

10 years exposure, but it is possible to precipitate if the experiment 

continues for a much longer time. In Figure 28, the corrosion rate of  

icorr= 0.077μA/cm2 (0.89μm/year) in the 2.5 mM and pH = 9.1 solution 

and icorr= 0.0044μA/cm2 (0.051μm/year) in the 0.1 M and pH = 8.5 

solution which are reported by Taniguchi et al. [23]. As can be seen in 

Figure 28, the higher concentration of bicarbonate ions caused the lower 

dissolution rate of the FeCO3 film as well as the corrosion rate of carbon 

steel. 

The FeCO3 film forms more preferentially than the Fe3O4 film in the 

high concentration of bicarbonate solution and the high pH solution 

because id of the FeCO3 film is the lower value than that of the Fe3O4 

film. 

 

5.2.9. Validity of Carbonate Film Dissolution Model 

As discussed in sections 5.2.7 and 5.2.8, the improved model could 

estimate a reasonable corrosion rate of carbon steel covered by the siderite 

(FeCO3) corrosion film or the sulphide (FeS) corrosion film. The improved 

model assumes that the film dissolution is controlled by the mass transport 

process expressed by Equation (36).  

In the fields of geochemistry and mining, wide aspects of dissolution 

phenomena of chemical compounds such as oxide, carbonate, sulphide 

have been studied and reported. In relation to the corrosion mechanism 

reported in this chapter, the dissolution mechanism of carbonate is 

reviewed in this section. 
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5.2.9.1. Dissolution Mechanism of Carbonate 

In Figure 29, the dissolution current density of siderite (FeCO3) [34], 

calcite (CaCO3) [35], dolomite (CaMg(CO3)2) [35], magnesite (MgCO3) 

[35] is plotted as a function of pH. The original dissolution rate data had 

been obtained for fine powder in various pH solutions and the mass loss 

rate (mole/s) divided by the surface area (cm2) is converted to the 

dissolution current density by using Faraday’s law. It can be seen that the 

dissolution current density of carbonate decreases with pH and approaches 

the constant value at the higher alkaline solution. The solubility product of 

calcite (CaCO3), magnesite (MgCO3) and siderite (FeCO3) is known to be 

log(Ksb) = -8.48, log(Ksb) = -8.20 and log(Ksb) = -10.9. The order of the 

dissolution current density is likely to be a similar order t the solubility 

product as seen in Figure 28. In acidic regions, id decreases with pH and 

changes with ω1/2 at the rotating disk electrode experiment. Then id is 

controlled by diffusion of H+ in acidic solutions. In alkaline solutions 

however, id does not depend on pH and the rotation speed. The dissolution 

mechanism in alkaline solutions is not the mass transport process, but the 

surface chemical reaction. 

 

 

Figure 29. Dissolution current density of various carbonates as a function of pH. 
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5.2.9.2. Dissolution of Calcite 

E. L. Sjoberg and D. T. Rickaed [36] had studied the dissolution 

reaction of CaCO3 by using the rotating disk electrode, and concluded that 

the dissolution reaction of CaCO3 in acidic solutions is controlled by  

H+ diffusion in the solution and the surface chemical reaction and the 

transport process of dissolved species plays a major role in alkaline 

solutions. 

From neutral to alkaline regions, the mass transport rate, RT,  

 

RT = kT(Cs-Cb) (52) 

 

and the chemical reaction rate, RC, 

 

RC = kC(Ceq-Cs) (53) 

 

are admitted. Where C is the concentration of Ca2+ ion and Cs, Cb and Ceq 

are the concentration of Ca2+ at the surface of CaCO3, in the bulk solutions 

and the equilibrium concentration decided by the solubility constant. 

At the high temperature condition in neutral and alkaline solutions, 

Ca2+ ions dissolved from the surface of CaCO3 transfer to solutions by the 

mass transport process which can be confirmed by the rotating disk 

electrode. The mass transport rate (52) can be analyzed by the Levich  

equation (54). 

 

kT = D/δ = 0.62D2/3ν-1/6 ω1/2  (54) 

 

The dissolution rate increases with ω1/2 and D is the diffusion constant 

of Ca2+ ions in the solution and ν is the kinetic viscosity of water. 

From high temperature to room temperature, the dissolution 

mechanism changes to a mixed control of RT and RC and the dissolution 

rate R, is expressed by: 

 

1/R = 1/RT + 1/RC (55) 
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Figure 30. Change in dissolution mechanism of calcite depending on pH  

and temperature [36]. 

The dissolution rate measured by the rotating disk electrode is 

expressed by:  

 

1/R = (1.61ν1/6)/(D2/3Ceqω1/2) + 1/(kCCeq) (56) 

 

On the other hand, the dissolution rate in acidic solutions is controlled 

by the diffusion of H+ in the solution to the surface of CaCO3, and obeys 

the following equation (57): 

 

R = RT = 0.62D2/3ν-1/6 ω1/2C  (57) 

 

The exact form observed in the experiment is known to be  

R = k’T[H+]-0.9 which can be seen in Figure 30. 

The change in the dissolution mechanism as a function of pH and 

temperature mentioned above is illustrated in Figure 29 [36].  

It is quite important to note that the diffusion process of the dissolved 

Ca2+ ions through the double layer on the surface of the calcite was clearly 

identified in alkaline solutions at high temperature by using the rotating 

disk rode experiment. The dissolution rate can be easily estimated by 

Equation (54) if the parameter of C, D and ν are known. At the lower 
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temperature region however, the first order chemical reaction plays the 

dominant role. The dissolution rate expressed by Equation (53) could not 

be obtained easily because the parameter of kC has to be decided by the 

other experiment.  

The corrosion rate of carbon steel in alkaline solutions has been 

estimated by the improved model assuming the mass transport kinetics. 

The calculation of Equation (36) to estimate id could be done easily, 

because every constant in Equation (36) could be obtained in the data book 

and literature without the experiment. It is quite easy to estimate id based 

on Equation (36) and to design the failure time of the carbon steel structure. 

 

 

CONCLUSION 
 

Carbon steel is the most important metal which is widely used as 

structural and functional materials in various industries, infrastructures and 

daily use commodities because of good workability, appropriate strength 

and toughness. Corrosion however, is a drawback of the versatile carbon 

steel because corrosion causes degradation of the steel structure which 

sometimes causes accidents. During the long history of using iron and steel 

as structural and functional materials, plenty of knowledge and information 

on corrosion have been accumulated and published in literature and text 

books, but a detailed examination, even for well recognized data, 

sometimes reveals that there are contradictions among the data. 

Corrosion models of carbon steel in a neutral environment which 

includes oxygen or depletes oxygen has been discussed by focusing 

cathodic reactions and corrosion film formations. The critical pH (=3.5) 

observed for the precipitation of corrosion film was rationalized by 

referring to the diffusion limiting current of O2 and H+. The carbon steel 

corrosion model assuming the diffusion of H2O molecule through the 

precipitated corrosion film (Fe3O4) has been developed for rationalizing the 

observed corrosion rate law under an oxygen depleted environment. The 

improved model was proposed by assuming that the dissolution of 

precipitated Fe3O4 film takes place simultaneously with the film growth. 
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The dissolution rate is assumed to be controlled by the mass transfer 

process through the boundary diffusion layer in the solution. Digital 

simulation based on the corrosion model with suitable numerical values for 

concentration of dissolved species of Fe3O4 at the surface of the corrosion 

film and their diffusion constant has been executed to simulate the 

corrosion rate change with time as a function of pH and partial pressure of 

hydrogen gas to predict a low and steady state corrosion rate after a long 

time exposure. A similar discussion in the case of the siderite (FeCO3) film 

and suphide (FeS) film was provided. The model of carbon steel under the 

oxygen deleted environment could be applied to estimate the reasonable 

corrosion rate after a long exposure time. 
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