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Abstract 

Corrosion scales were formed on micro-alloyed steel designated as P110X and compared with API 5L 

X65 in CO2saturated 3.5wt% NaCl at 600C and pH 6.5 using Potentiostatic polarization at three different 

anodic potentials for 24 hours. The electrochemical behaviour of the corrosion scales were investigated 

using EIS and surface analysis techniques. The results revealed that the scales were non-protective 

demonstrating a decrease in film stability with increase in potential. It was generally observed that due to 

chemical composition and microstructures API 5L X65 exhibited better general corrosion resistance but 

showed more prone to pitting corrosion than steel P110X. 

 

Keywords:A - Steel,   B - Potentiostatic, B - EIS, B - SEM,  C - Acid corrosion. 

 

1.0  Introduction 

Micro-alloying of steels was first reported in early 1920s by A. L. Field and F. M. Becket when Zr was 

added to plain carbon steel. However, the term micro-alloying was scientifically recognised from  1959  

with the addition of Nb to carbon steels[1]. From this period, micro-alloyed (high-strength low-alloy - 

HSLA) steels have become an important class of structural materials [2] providing desirable 

combinations of excellent properties which could not be attained with conventional carbon steel [3]. 

Micro-alloyed steels cost less than carbon steel and low alloy steel and have been materials of choice in 

auto mobile and oil and natural gas industries[4].This excellent combination of properties can be 

attributed to the presence of fine grain structures achieved by the addition of small quantity of alloying 

elements, controlled processing technologies and appropriate heat treatments[3, 5]. The extensive use of 

micro-alloyed steels is based on a number of factors such as (1) the ability to form protective corrosion 

film that covers the surface of the steel (thereby physically blocking the corrosion species from reaching 

the substrate and thus reduced corrosion rate), (2) the use of corrosion inhibitors, (3) availability of iron 

and (4) relatively low production cost [6-8]. 

mailto:pmlio@leeds.ac.uk
mailto:Kale@leeds.ac.uk
mailto:mnsam@leeds.ac.uk
https://en.wikipedia.org/wiki/Carbon_steel
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Both experimental and field evidence have shown that sweet (CO2) corrosion  is the most challenging 

problem in the oil and gas industry leading to more than 60% failures in equipment and facility with the 

attendant capital expenditure (CAPEX) and operating expenditure (OPEX) [9, 10]. Dry CO2 is by itself 

non-corrosive but hydrates in the presence of water to carbonic acid (H2CO3), a weak but corrosive acid. 

Carbonic acid (H2CO3) dissociates in two steps to bicarbonate (𝐻𝐶𝑂3−) and carbonate (𝐶𝑂32−) ions 

respectively. These ions, depending on temperature, pH and CO2 partial pressure react with oxidized 

ferrous (Fe2+) ion to form iron carbonate (FeCO3). This involves a sequence of chemical and 

electrochemical reactions as summarised by Hany, et al  [6]: 

 

The precipitation of FeCO3 is thermodynamically possible as in Eq. 1 when the concentrations of ferrous 

ions (𝐶𝐹𝑒2+) and carbonic ions (𝐶𝐶𝑂32−) exceed the solubility product (𝐾𝑠𝑝) of FeCO3[11, 12]. The driving 

force for precipitation of FeCO3 is the super-saturation level which is defined in Eq. 7 

    SFeCO3  =  CFe2+∗ CCO32−Ksp       (7) 

Where C is concentration and Ksp is the solubility product of FeCO3. 

 

Stainless steels when exposed to an oxidizing environment spontaneously form extremely thin passive 

films of Cr2O3 on the surface. These passive films offer significant protection leading to increase in 

corrosion resistance. The effect of passive films on the corrosion resistance of stainless steel have been 

extensively reported in literature. Luo, et al[13] potentiostatically grew passive film on stainless steels at 

different potential values chosen within the passive and trans-passive regions in 1 wt% NaCl. The EIS 

results demonstrated that the corrosion behaviour of the steels was significantly affected by the potential 

used in forming the passive films. It shows that increasing the formation potential within the passive 

section, increased the corrosion resistance but showed opposite behaviour within the trans-passive 

section. Della, et al [14, 15] observed similar corrosion behaviour within the passive and trans-passive 

regions of shape memory stainless steels (SMSSs) in acidic environment and they reported that the 

structure, thickness, composition, and semiconducting properties of the film determine the protectiveness 

of passive films formed on stainless steels. 

 

Depending on the environmental conditions in the bulk solution, actively corroding steels in carbon 

dioxide saturated solution may form protective or non-protective corrosion products [9, 16]. FeCO3 is the 

main corrosion product of carbon steel in CO2 environment. The protectiveness of FeCO3 depends on the 

materials characteristics and environmental parameters [17]. The effects of these parameters on the 

formation mechanism of FeCO3 and its subsequent protective properties have been widely studied [8, 18, 

19]. 
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Alizadeh and Boardbar [18] investigated the protectiveness of corrosion scale formed on weld joints of 

steel grade API X70 after 90 days immersion in a mixture of three sodium salts at different 

concentrations and pH 9.7.  The results showed that microstructures occasioned by heat treatment have 

significant effects on the electrochemical behaviour of the steel. Using potentiostatic polarization, Sun, et 

al [9] grew corrosion product scales on low alloyed steels at different time and employed EIS to 

investigate the electrochemical characteristics of the corrosion scale. The results showed that the 

electrochemical behaviour is associated with the formation of corrosion product scale which in turn 

depend on the microstructure of the steel. Islam and Farhat [20] formed corrosion product layer on API 

X42 by immersion in CO2 saturated 2 g/l NaCl solution at different time schedule and characterized the 

corrosion scale using SEM, XRD and XPS. Very few studies have been conducted on the stability and 

protectiveness of potentiostatically grown corrosion product on micro-alloyed steels in CO2 saturated 

brine. In this work, corrosion product films were anodically grown on the surface of micro-alloyed steel 

designated as P110X and compared with API 5L X65 steel at different formation potentials. 

Electrochemical Impedance Spectroscope (EIS) was used to observe the corrosion behaviour of the films 

while surface analysis techniques such as SEM/EDS, XRD and white light profilemetry were used to 

characterise the structure, thickness, composition of the film and pitting tendency.  

 

2.0.  Experimental Procedures 

2.1.  Materials and Electrolytes 

A micro-alloyed steel of API equivalent grade ISO11960/API 5CT P110 PSL1 and designated as P110X 

with chemical composition shown in Table 1 was used in this work. The steel has a rectangular surface 

area of 2.88 cm2 with a quenched and tempered ferrite-pearlite microstructure. API 5L X65 steel with 

cylindrical surface area of 4.91 cm2 also with ferrite-pearlite microstructure and chemical composition 

listed in Table 1 was used as reference specimen. The SEM surface morphology of the supplied 

specimens are displayed in Fig. 1. Copper wire was welded on the non-working area of the specimens to 

serve as an electrical contact point with the potentiostat and then imbedded in a non-conductive resin 

leaving the test area uncovered. 

 

Table 1: Chemical composition of the test sample (wt%) 

Steels C Si Mn P S Cr V Ti Nb Mo Cu Fe 

P110X 0.22 0.032 1.4 0.012 0.001 0.25 0.005 0.023 0.002 0.07 0.03 Balance 

X65 0.12 0.18 1.27 0.008 0.002 0.11 0.057 0.001 0.054 0.17 0.12 Balance 

 

The test surface was sequentially grinded with silicon carbide paper to P1200 grit fineness. Acetone was 

used to erase any grease,   while deionized water was employed to clean before the surface was dried 
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with warm air. The specimen was immediately immersed in a solution of 3.5 wt% NaCl in 1 litre glass 

cell at atmospheric pressure, 600C and pH 6.5 after CO2 gas was bubbled for about 3 hours. The pH of the 

solution was adjusted using Hydrochloric acid (HCl) while the desired temperature was maintained using 

a hotplate with a controlled thermocouple immersed in the solution. The hotplate was set at a rotating 

speed of 200 rpm and with a magnetic stirrer, a homogeneous condition was maintained within the bulk 

electrolyte. Three tests were conducted for each specimen in order to ensure repeatability. 

 

 

Fig. 1: SEM surface morphology of the supplied specimens (a) Steel P110X and (b) X65  

 

2.2.  Potentiostaic polarization measurement 

The conventional three-electrode electrochemical cell consisting of platinum counter electrode, Ag/AgCl 

reference electrode and the specimen as working electrode was used. Solartron analytical Model SI 1287 

electrochemical interface analyser equipped with CorrWare and CorrView was used for potentiostatic 

polarization. Before the electrochemical measurements, the working electrodes were reduced 

potentiostatically at -800 mV vs open circuit potential (OCP) for 30 minutes to remove the surface oxide 

film formed while immersing the specimens into the electrolyte.   Corrosion Product films were then 

grown anodically on the specimens using applied potentials of 100, 150 and 200 mV vs OCP respectively 

for 24hours during which the evolution of current density were recorded versus time.  

 

2.3.  Electrochemical impendence measurement 

A two-electrode electrochemical cell, in which the steel specimen was the working electrode and 

platinum coil the counter electrode was used for electrochemical impedance spectroscopy (EIS). EIS 

measurement was conducted at OCP with potential perturbation of 5 mV and at a frequency range of 100 

KHz to 0.1 Hz after 24 hours potentiostatic polarization. Solartron SI 1260 impedance/gain-phase 

analyser equipped with ZPlot was used for data collection while the experimental results were interpreted 

based on an equivalent electrical circuit by using a suitable fitting procedure of ZView. 
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2.4 Surface Analysis 

After electrochemical tests, electrodes were removed, cleaned in deionized water and surface dried using 

warm air. The surface morphologies of the corrosion films were characterized using Carl Zeiss EVO 

MA15 with Oxford Instruments Aztec Energy EDS system while the phase analyses were obtained using 

XRD Bruker D8 Detector. Also the corroded steels were vertically embedded with epoxy resin, cross 

sectioned to reveal the thickness of the corrosion product, ground with silicon carbide paper to P1200 grit 

fineness and the properties of the exposed corrosion film characterized using SEM and Fiji ImageJ 

analysis. 

 

The layers of the corrosion film on the surface of the specimens were chemically removed using a 

specific chemical solution consisting of 500mL of HCl, 450mL of deionized water and 5g of urotropine 

(hexamethylenetetramine). The specimens were vigorously stirred in the solution for 10 minutes, cleaned 

in deionized water and surface dried using warm air. The surface of the cleaned specimens was examined 

in SEM and pits were identified. The identified pits were characterized using white light interferometer. 

Top ten average pit depth were recorded for each test condition and repeated to obtain an average value. 

Pit identification was in accordance with standard procedures as stipulated in ASTM G46-94 for pitting 

corrosion examination and evaluation  [21]. Multiple region analysis was used to obtain relevant statistics 

such as location and threshold of the formed pit depths. The scanned areas were stitched by adding a 

series of small datasets of suitable dimension.  

 

3.0  Results and Discussions 

3.1 Potentiostatic Polarization Measurements 

Fig. 2 shows the evolution of current density versus time of the specimens for three anodically applied 

potentials in 3.5 wt% NaCl solution containing CO2 at 600C and pH6.5. These plots show that the current 

density increased as the applied potential increased. This agreed with literature reports [7, 22, 23]which 

suggest that current density increased with potential within the active region due to activation control 

reaction. It is also evident from Fig. 2 that the measured current density of API 5L X65 steel is lower 

than that of steel P110X within the range of applied potential. This was ascribed to the variation in 

chemical composition and microstructures of the specimens. Steel P110X as shown in Table 1 has more 

carbon content with finer grain size. This translated to greater pearlite/ferrite ratio and more micro 

galvanic cells [24] which provided more surface area for corrosion attack [25]. 
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Fig 2: Evolution of current density with time of the specimens for 24 hours potentiostatic polarization at 

different anodic potentials in 3.5 wt% NaCl solution containing CO2 at 600C and pH 6.5 

 

3.2 Electrochemical Impedance Spectroscopy Measurements 

Fig.3 shows the EIS spectra of P110X and X65 steels in CO2 containing 3.5 wt% NaCl at 600C and pH 

6.5 after corrosion product was grown at different anodic potentials for 24 hours. The specimens are 

actively corroding steels and the applied potentials were within the active regions. It can be seen from 

Fig.3 (a) that the Nyquist plots for the two steels in the three applied potentials displayed similar features 

of one semi-capacitive-Loops at high frequency resulting from the non-homogeneity of the surface, 

frequency dispersion and mass transport resistant[13, 25]. 

 

Fig 3: EIS plots of the specimens after potentiostatic polarization at different anodic potentials in 3.5 

wt% NaCl solution containing CO2 at 600C and pH 6.5. (A) Nyquist and (B) Bode  

 

It can be seen from the Nyquist plots (Fig.3 (a)) that increase in applied anodic potential decreased the 

radius of the capacitive Loop demonstrating the effects of high applied potential on actively corroding 

steels. Experimental  evidence have shown that increase in capacitive Loop indicates an increase in the 

film stability (ie ability to resist corrosion) and vice versa [26]. Thus it is obvious from Fig.3(a) that the 

impedance response for the film formed at 100mV(OCP) (particularly for X65)  was higher when compared 

with that of 150 mV(OCP) and 200 mV(OCP) indicating better corrosion resistance for film formed at 100 
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mV(OCP). This shows that increasing the applied anodic potential decreases the radius of the semi-Loops. 

This is the characteristics of actively corroding steels that increase in potential increases the anodic 

current density [23]. This behaviour can be attributed to the ferrite-pearlite microstructure of the 

specimens as presented  schematically by Sun, et al [9]. 

 

The radius of the impedance semi-Loop represents the interface resistance of the charge transfer which 

corresponds to the corrosion resistance[9, 25].  Similar work conducted using active-passive metals 

(alloy 59 in 0.5 m H2SO4 [27], ultrahigh-strength stainless steel in 1 wt% NaCl [13], shape memory 

stainless steels (SMSSs) in 0.5 M H2SO4 [15] and stainless steel type 304 in 0.5 M H2SO4 [15]) with 

different formation potentials within the passive region exhibited opposite results. These results indicated 

that for passive steels the capacitive Loops and the corresponding charge transfer resistance became 

larger as the applied potentials increased. This was attributed to the passive film which blocked the 

corrosive species from reaching the steel substrate. This means that the passive films formed at higher 

applied potentials are more protective and stable than that formed at lower applied potentials on active-

passive steels. This is contrary to the behaviour observed with actively corroding micro-alloyed steels 

used in this work. 

 

The Bode plots in Fig 3 (b) shows that the high frequency impedance magnitude (|Z|), which represents 

the solution resistance (Rs), is about 16 Ωcm2 while the phase angle is 00 for both specimens and with all 

the applied potentials. This means that at high frequency, the impedance value is determined by the 

resistance of the electrolyte only. Alternatively, the charge transfer resistance (Rct), which is the low 

frequency value of impedance lie between 3000 – 8000 Ωcm2. The maximum phase angle values for all 

the specimens appeared within the intermediate frequencies with the specimen polarized at 100 mV (OCP) 

exhibiting the highest phase angle of 700. This shows that the phase angle values for the two steels 

decreased with increased anodic (applied) potentials. Similar trend was observed at the low frequency 

phase angles demonstrating medium values between 400 - 600 [13, 26]  

 

To elucidate how applied anodic potentials affect the EIS results on the specimens in CO2 containing 3.5 

wt% NaCl solution at 600C and pH6.5, the simple Randle cell (equivalent circuit, EC) model consisting 

of a parallel combination of a double layer capacitance (Cdl) and a charge transfer resistance (Rct) 

corresponding to the corrosion reactions at the metal/electrolyte interface and the electrolyte resistance 

(Rs) between the working and reference electrodes as shown in Fig. 4 was used. The constant phase 

element (CPE) was introduced in the equivalent circuit (EC) instead of pure double layer capacitance. 

This is to reduce the effect of surface irregularities and compositional inhomogeneity of the steels [13, 

25]. The impedance of CPE is defined in Eq. 8. 
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ZCPE =  1Yo  (jω)−n       (8) 

 

Where Yo is the magnitude of CPE, 𝜔 = 2𝜋f is the angular frequency, f is the ordinary 

frequency (measured in Hertz), j is the imaginary number and n is the dispersion coefficient related to 

surface non-homogeneity. Depending on the value of n, CPE may be pure resistor (ie if n = 0 then Z0 = 

R), pure capacitor (meaning that n = 1 when Z0 = C) or inductor (ie when n = 0.5 and Z0 = W) [9, 25, 26]. 

 

Fig 4: Equivalent circuit used for fitting EIS data of the specimen after 24 hours potentiostatic 

polarization at different anodic potentials in 3.5 wt% NaCl solution containing CO2 at 600C and pH 6.5. 

 

To validate the proposed EC, the simulated parameters and the % error of the impedance data obtained 

for the anodically polarised specimens are presented in Table 2. The virtually perfect fits of the Nyquist 

curves (Fig. 3(a)) and the simulated data attest to the reliability of the proposed equivalent circuit 

revealing acceptable relative % errors for the corresponding fitted values as indicated in Table 2. This 

table showed that as the applied potential increased, the CPEdl representing the surface heterogeneity 

increased reflecting the porosity of the corrosion product film. Alternately, the charge transfer resistance, 

Rct, decreased as the anodic potential increased indicating faster rate of reactions at the corrosion 

product/electrolyte interface. This signified that when the applied potential increased, the corrosion rate 

also increased.  This effect was attributed to micro-galvanic effect. The EIS results are in agreement with 

the trend of the corrosion film formed at different potentials demonstrating a decline  in impedance as the 

applied potential is increased [15, 23]. 

 

 

 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/Ordinary_frequency
https://en.wikipedia.org/wiki/Ordinary_frequency
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Table 2: Fitted EIS data for the specimens after 24 hours potentiostatic polarization at different potentials 

in 3.5 wt% NaCl solution containing CO2 at 600C and pH6.5. 

Potential 

(mV) 
Specimens 

Rs CPEdl N Rct 

Value  

(Ω.cm2) 
% Error Value (µF-1cm-2) % Error Value % Error 

Value  

(KΩ.cm2) 
% Error 

100 
P110X 16.19 1.31 2.2 * 10-4 2.38 0.983 0.68 6.514 5.48 

X65 14.39 1.6 2.0 *10-4
 2.5 0.91 0.72 25.501 7.59 

150 
P110X 14.18 1.2 6.70 * 10-4

 2.4 0.87 0.92 3.526 8.75 

X65 15.78 1.4 3.51 * 10-4 2.68 0.88 0.84 5.052 7.32 

200 
P110X 14,93 1.04 7.04 *10-4

 2.25 0.82 0.84 1.993 7.08 

X65 15.4 1.18 4.86 * 10-4 2.26 0.83 0.75 4.665 7.82 

 

To further buttress the reliability and effectiveness of the fitted data for the proposed EC, the relative 

residual errors for the real (ηre) and imaginary (ηim) components of the impendence were calculated using 

Eqs. 9 and 10 respectively[23].  

 𝜂𝑟𝑒 = (𝑍𝑟𝑒.𝑒𝑥𝑝− 𝑍𝑟𝑒.𝑓𝑖𝑡𝑍𝑟𝑒.𝑒𝑥𝑝 ) * 100%        (9) 𝜂𝑖𝑚 = (𝑍𝑖𝑚.𝑒𝑥𝑝− 𝑍𝑖𝑚.𝑓𝑖𝑡𝑍𝑖𝑚.𝑒𝑥𝑝 ) * 100%        (10) 

 

Where 𝑍𝑟𝑒.𝑒𝑥𝑝 and 𝑍𝑟𝑒.𝑓𝑖𝑡 are the real impedance obtained from EIS experimental results and EC fitting 

respectively while 𝑍𝑖𝑚.𝑒𝑥𝑝 and 𝑍𝑖𝑚.𝑓𝑖𝑡 are the imaginary impendences measured from EIS experimental 

results and EC fitting respectively. The residual errors can be used to elucidate the quality of the fitting 

obtained from the EC.  

 

Fig. 5 shows the relative residual error curves from the equivalent circuits of the specimens after 24 hours 

potentiostaic polarization in 3.5 wt% NaCl solution containing CO2 at 600C and pH 6.5. The two steels 

exhibited similar curves in all the applied potentials demonstrating relative error values within the range 

of 6% to 8%. This is almost the same with the values of the relative % errors obtained with ZView 

interpretation of the EC. This indicates that the quality of the fit is within acceptable error and attested to 

a good choice of EC. 
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Fig 5: Relative residual error resulting from the equivalent circuits of the specimens after 24 h 

potentiostaic polarization in 3.5 wt% NaCl solution containing CO2 at 600C and pH 6.5 for P110X (a) 

100 mV(OCP), (b) 150 mV(OCP) and (c) 200mV(OCP); for X65 (d) 100 mV(OCP), (e) 150 mV(OCP) and (f) 200 

mV(OCP) 

 

From the potentiostatic polarization and the impedance measurement results, it is observed that API 5L 

X65 steel demonstrated better resistance to general corrosion than steel P110X. This could be attributed 

to variation  in microstructures and elemental specification  of the steels [8]. Both steels consist of ferrite-

pearlite microstructure as shown in Fig. 1. During an electrochemical corrosion of micro-alloyed steels 

consisting of ferrite-pearlite microstructures, the ferrite phase is selectively dissolved first while the 

pearlite (Fe + Fe3C) phase is left on the surface of the steel undissolved. With further dissolution of 

ferrite, more Fe3C is exposed leading to galvanic effect and large cathodic site for hydrogen evolution 

reaction (HER) [24, 28]. The more the cathodic sites which signifies higher pearlite-ferrite ratio, the more 

the corrosion attack [29, 30]. With increase in applied potential, there was  an increase in selective 

dissolution of ferrite leaving more protruding Fe3C which in turn resulted in increased 

electrode/electrolyte interface area with the corresponding increase in corrosion rate[9]. It has been 

reported that increase in carbon content increases the pearlite phase. [4, 31]. It is then expected that the 

specimens with higher carbon content should possess more pearlite phase which translates to greater 

cathode to anode ratio with the attendant higher corrosion rate.  Fiji ImageJ analysis of the specimens 

reported previously [32] showed that API 5L X65 steels has larger grain size than steel P110X. Seikh, et 

al [25], observed higher corrosion rate on  steels with small grain microstructures signifying greater  

surface area for corrosion thereby demonstrating higher susceptibility to corrosion attack. It can therefore 
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be concluded that lower cathode-anode ratio and bigger grain size attributed to steel API 5L X65 

presenting less general corrosion rate than steel P110X. 

 

3.3 Surface Analysis of Corrosion Product Formed  

Fig. 6 shows SEM micrograph of the steels illustrating the evolution of surface morphology after 24 

hours potentiostatic polarization at 100, 150 and 200 mV(OCP) in 3.5 wt% NaCl solution containing CO2 

at 600C and pH 6.5. 

 

Fig. 6: SEM surface morphology of  the specimens after 24 hours potentiostatic polarization in 3.5 wt% 

NaCl solution containing CO2 at 600C and pH 6.5 for P110X (a) 100 mV(OCP), (b) 150 mV(OCP) and (c) 

200mV(OCP); for X65 (d) 100 mV(OCP), (e) 150 mV(OCP) and (f) 200 mV(OCP) 

 

The micrographs showed the deposition of porous corrosion layers on the surface of the steels which 

progressively increased in thickness but decreased in density as the applied potentials increased. This was 

also revealed by the Fiji ImageJ analysis of the film which showed an increase in percent porosity with 

increase in applied potentials. The micrographs also showed propagation of cracks on the corrosion 

layers. These cracks became wider and the corrosion layer less adhesive (flaky) with increase in applied 

potential indicating the formation of double corrosion layers as presented in Fig. 7 for steel P110X. 

Similar double corrosion layer has been reported in literature [16, 20, 33] as primary (inner) and 

secondary (outer) layers respectively. The primary scale was formed directly on the surface of the steel 

and is usually thin, non-uniform and adherent to the steel surface. On the other hand, the secondary layer 

is thick, porous and less adherent to the primary layer. 
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Fig 7: SEM micrographs showing the primary layer and the partially detached secondary layer of steel 

P110X after 24 hours potentiostatic polarization in 3.5 wt% NaCl solution containing CO2 at 600C and 

pH 6.5: (a) 100 mV (OCP), (b) 150 mV(OCP) and (c) 200mV(OCP) 

 

The increase in thickness of the corrosion layer with increase in the polarization potential is illustrated in 

the SEM micrographs of the cross-section of the corroded steels shown in Fig. 8 for steel P110X. It can 

be seen from this figure that the layers are thick and porous with some cracks. Also there are separations 

between the steels and the scale demonstrating a small gap where electrochemical active species can 

penetrate and have contact with the steels. This gap is more pronounced at higher scale formation 

potentials and the contact of the solution under the scale with the steel surface enabled continuous 

corrosion regardless that the scale appeared to have covered the surface of the steels. This is consistent 

with the observation  of  de Moraes, et al [33] indicating the porosity of the corrosion layer. This also 

could have contributed to the observed high impedance values at higher potentials fitted results of EIS 

data presented in Table 2 

 

Fig. 8SEM cross section of corrosion products on anodically polarized P110X in 3.5 wt% NaCl solution 

containing CO2 at 600C and pH 6.5: (a) 100 mV (OCP), (b) 150 mV(OCP) and (c) 200mV(OCP) 

 

EDS examination showed that the main elemental composition of the corrosion products are Fe, C, and O 

with few traces of some alloying elements. The analysis of the corrosion double layer revealed that the 

primary layer consists of about (average taken from 4 different points on each layer of steel P110X 

passivated at 150 mV) 87 %Fe, 2 %O2 and 6 %C while the secondary layer showed about 69 %Fe, 13 

%O2 and 7 %C. This showed that there are more Fe in the primary layer and more O2 in the secondary 
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layer. The presence of higher oxygen content in the secondary layer is in agreement with the oxide of 

iron identified by XRD analysis as Fe3O4 while the primary layer was identified to consist of mainly 

Fe3C. Similar observation was reported by Moiseeva and Rashevskaya [34] ascribing the presence of 𝐹𝑒3𝑂4 in the XRD patterns to the decomposition of 𝐹𝑒(𝑂𝐻)2 by the reaction shown in Eq.11. 3𝐹𝑒(𝑂𝐻)2  →  𝐹𝑒3𝑂4 +  2𝐻2𝑂 +  𝐻2     (11) 

Where 𝐹𝑒(𝑂𝐻)2 is the product of the overall anodic electrochemical reaction for ferrous metals as 

expressed in Eq. 12. This is in accordance with the pH dependent anodic reaction steps proposed by 

Bockris [35] 𝐹𝑒 +  2𝐻2𝑂 →  𝐹𝑒(𝑂𝐻)2(𝑠) +  2𝐻+ +  2𝑒−     (12) 

It is interesting to note that the Fe3C identified in the XRD results is not a corrosion product but merely 

existed in the scale as a result of its presence in the ferrite-pearlite microstructures as cathode and the 

ferrite as anode [24, 25, 36].  

 

To assess the extent of pitting, the corrosion products formed on the three repeated test specimens of 

same composition were cleaned before conducting scan and profilometry tests. Pits were recorded 

beneath the corrosion products due to the porosity, non-compact and non-adherent characteristics of the 

corrosion scales. The average depth of ten deepest pits for three repeated specimens were found to be 

nearly same. Therefore, the deepest among the three test results was utilised for the analysis presented in 

this work. The SEM micrographs showing the evolution of pits after 24 hours anodic polarization at 100 

mV (OCP), 150 mV(OCP) and 200 mV(OCP) in 3.5 wt% NaCl solution containing CO2 at 600C and pH 6.5 for 

the two specimens are shown in Fig 9. It is evident from this figure that pits became wider and deeper 

with increase in applied potentials in agreement with the potentiostatic polarization (increase in current 

density with increase in anodic potential) and EIS (decrease in capacitive semi-Loop with increase in 

anodic potential) results of this work. A closer observation of Fig. 9 showed that steel P110X recorded 

wider but shallow pits than X65 which exhibited deeper but narrow pits. 
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Fig. 9: SEM micrographs of the evolution of pits after 24 hours potentiostatic polarization in 3.5 wt% 

NaCl solution containing CO2 at 600C and pH 6.5 for P110X (a) 100 mV(OCP), (b) 150 mV(OCP) and (c) 

200mV(OCP); for X65 (d) 100 mV(OCP), (e) 150 mV(OCP) and (f) 200 mV(OCP) 

 

The identified pits were characterized using multiple region analysis tool of the white light profilometer. 

The 3D white light profilometry images showing samples of pits with top-ten average (for deepest pits) 

pits after 24 hours of 100mV(OCP), 150 mV(OCP) and 200 mV(OCP) potentiostatic polarizations in 3.5 wt% 

NaCl solution containing CO2 at 600C and pH 6.5 are shown in Fig. 10 for steels P110X and X65. These 

figure demonstrated an increase in pit depth of 22 µm, 40 µm and 73 µm with increase in anodic 

polarization potentials of 100 mV (OCP), 150 mV (OCP) and 200 mV (OCP) respectively for steel P110X. 

Also, the same behavioural trend was observed for API 5LX65 steel which recorded pit depths of 45 µm, 

69µm and 81µm for 100 mV (OCP), 150 mV (OCP) and 200 mV (OCP) potentials respectively. Similar trend 

was reported recently for API 5L X65 steel by Mohammed , et al [22]. 
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Fig 10: 3D White light profilometry images of deepest pit formed on the specimens after 24 h 

potentiostaic polarization in 3.5 wt% NaCl solution containing CO2 at 600C and pH 6.5 for P110X (a) 

100 mV(OCP), (b) 150 mV(OCP) and (c) 200mV(OCP); for X65 (d) 100 mV(OCP), (e) 150 mV(OCP) and (f) 200 

mV(OCP) 

 

The average maximum pit depth (average of the pit depths recorded at different potentials) for P110X 

and X65 are 45 µm and 65 µm which corresponds to an average pit penetration rate (pit depth/time) of 

16.41 mm/year and 23.75 mm/year respectively. This shows that steel P110X is more resistance to pitting 

corrosion than API 5L X65 steel which is in agreement with the SEM micrographs of the evolution of 

pits shown in Fig. 9. 

 

Conclusions 

Corrosion products were formed on steels P110X and X65 using anodic polarization potentials of 100 

mV(OCP), 150mV(OCP)  and 200 mV(OCP)  for 24 hours in CO2 containing 3.5 wt% NaCl solution at 600C 

and pH 6.5. Electrochemical impedance spectroscopy (EIS) and surface analysis methods were used  to 

assess the physical characteristics of the corrosion product films. The results showed that both steels 

exhibited increase in current density with increase in applied potential. This demonstrated the 

characteristics behaviour of actively corroding steel which show continues increase in anodic current 

density with potential within the active region due to activation control reactions. Increase in anodic 

current density means increased dissolution of iron which corresponds to increase in corrosion rate. This 

was corroborated with the results of the EIS Nyquist plots which indicated larger capacitive Loops for 

lower applied potentials.  

 

The properties of the corrosion scales are associated with the chemical composition and microstructure of 

the steels. Both specimens have ferrite-pearlite microstructures. The specimen with more carbon content 

obviously showed greater pearlite/ferrite ratio. Pearlite (α-Fe + Fe3C) is known to act as cathode while 

ferrite acts as anode. The more the cathodic sites (higher pearlite-ferrite ratio) the more the corrosion 

attack. Therefore with increase in applied potential, there is an increase in selective dissolution of ferrite 

leaving more protruding Fe3C which in turn resulted in increased electrode/electrolyte interface area with 

the corresponding increase in corrosion rate. This must have contributed to API 5L X65 steel having 

better general corrosion resistance than Steel P110X. The fine grain size is known to provide large 

surface area for corrosion attack. This also could have caused the witnessed high uniform corrosion 

exhibited by steel P110X. 
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The SEM examination also showed that the corrosion product films formed at higher formation potentials 

were more porous and non-compact with some cracks on the surface of the corrosion films. These cracks 

allowed the electrochemical corrosive species to percolate between the steel and corrosion film and there 

by continued the corrosion attack. The white light profilometry characterization featured maximum pit 

depths which increased with increase in anodic polarization potentials presenting an average pit 

penetration rate of 16.41 mm/year and 23.75 mm/year for steels P110X and API 5L X65 respectively. It 

can therefore be concluded that within the experimental conditions of this work API 5L X65 carbon steel 

is more prone to pitting corrosion but demonstrated better uniform corrosion resistance than steel P110X. 
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