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Abstract 17 

This study investigates the corrosion performance of X65 carbon steel at elevated 18 

temperatures (up to 250oC) and CO2 partial pressures (up to 28.5 bar pCO2). A detailed 19 

appraisal of how the corrosion products can protect against general and localised 20 

corrosion is presented. The morphology and chemical composition of corrosion products 21 

were determined using various microscopic and spectroscopic techniques, with localised 22 

corrosion rates being determined by surface profilometry. An increase in temperature or 23 

reduction in CO2 partial pressure favours the formation of a protective magnetite layer. It 24 

is thermodynamically more stable and more protective than iron carbonate in these 25 

conditions. 26 

Keywords: Fe3O4, FeCO3, CO2 corrosion, carbon steel 27 

 28 

1.0 Introduction 29 

Carbon dioxide (CO2) corrosion of carbon steel pipelines is a common occurrence in the 30 

oil and gas industry. The CO2 corrosion mechanism has recently received renewed 31 

interest, resulting in an improved understanding of the anodic and cathodic reaction 32 

pathways at low temperatures (<90oC) [1, 2, 3]. Despite the CO2 corrosion mechanism 33 

below 90oC being widely investigated, the electrochemical reactions and formation of 34 

corrosion products beyond 90oC have received significantly less attention.  35 
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When carbon steel is exposed to CO2 environments, the main anodic reaction which 36 

occurs is the dissolution of iron:  37 

 𝐹𝑒(𝑠) → 𝐹𝑒(𝑎𝑞)2+ + 2𝑒− (1) 

The corresponding cathodic reactions below 90oC have been confirmed to be hydrogen 38 

evolution from a combination of H+, H2CO3, HCO3
- and H2O reduction (noting that H2CO3 39 

and HCO3
- contribute to the cathodic reaction via a ‘buffering effect’ whereby they 40 

dissociate at the steel surface, producing the H+ ions which subsequently undergo 41 

hydrogen-evolution): 42 

 2𝐻(𝑎𝑞)+ + 2𝑒− → 𝐻2(𝑔) (2a) 

 2𝐻2𝐶𝑂3(𝑎𝑞) +  2𝑒− → 𝐻2(𝑔) + 2𝐻𝐶𝑂3(𝑎𝑞)−  (2b) 

 2𝐻𝐶𝑂3(𝑎𝑞)− +  2𝑒− → 𝐻2(𝑔) + 2𝐶𝑂3(𝑎𝑞)−  (2c) 

 2𝐻2𝑂(𝑙) +  2𝑒− → 𝐻2(𝑔) + 2𝑂𝐻(𝑎𝑞)−  (2d) 

The formation of corrosion products is normally a key process in the CO2 corrosion 43 

mechanism and their presence can significantly alter the rate and mechanism of 44 

corrosion. The corrosion products capable of forming on carbon steel vary depending 45 

upon the exposed environment and operating conditions, affording different levels of 46 

protection to the steel substrate depending upon their formation kinetics, chemistry and 47 

morphology [4, 5, 6, 7, 8]. Failure to account for the presence of such products can result in 48 

over-prediction of the corrosion severity and a high degree of conservatism being 49 

integrated into CO2 corrosion prediction models. 50 

Research indicates that the most common corrosion product to form on carbon steel is 51 

iron carbonate (FeCO3) at temperatures up to 90oC in CO2 environments [9, 10, 11, 12]. When 52 

carbon steel is exposed to CO2-saturated solutions, Fe2+ ions can accumulate within the 53 

process fluid. Once the product of the activities of Fe2+ and CO3
2- ions reach and exceed a 54 

particular saturation limit, FeCO3 can precipitate via Equation (3): 55 

 𝐹𝑒(𝑎𝑞)2+ + 𝐶𝑂3(𝑎𝑞)2− → 𝐹𝑒𝐶𝑂3(𝑠) (3) 

A FeCO3 layer can reduce the corrosion rate by over one order of magnitude in some 56 

instances[4, 11, 13]. The formation of such a layer can block active sites on the steel surface 57 

and restrict the transport of electrochemically-active species [8, 10, 11, 13, 14]. Authors have 58 
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also reported that FeCO3 films can adopt a double-layer structure under specific 59 

conditions, consisting of an outer crystalline layer and an inner amorphous or nano-60 

crystalline film. In this instance, the protection afforded to the substrate has been 61 

suggested to arise predominantly from the inner layer[10, 15]. 62 

In addition to the formation of FeCO3, a number of additional corrosion products have 63 

been reported at temperatures below 90oC, some of which include iron hydroxide 64 

(Fe(OH)2), chukanovite (Fe2(OH)2CO3) and magnetite (Fe3O4)[16, 17, 18, 19]. Towards higher 65 

pH and higher temperature, researchers tend to report the dominance of either FeCO3, 66 

Fe2(OH)2CO3 or Fe3O4
[15, 16, 18, 19, 20]. 67 

From literature, it is evident that transitions to different corrosion products occur as 68 

temperature is increased, owing to a change in the thermodynamic stability of different 69 

compounds. At low temperature (<60oC), the steel surface is typically free from corrosion 70 

products, except in specific circumstances where solution pH is high or the solution is 71 

highly supersaturated with respect to corrosion products at the steel-electrolyte 72 

interface for prolonged periods[9, 19, 21].  73 

As the operating temperature exceeds 60oC, numerous authors have reported corrosion 74 

rates declining with increasing temperature, with dissolution rate typically peaking in the 75 

range 60 to 120oC, depending upon the exact operating conditions [4, 11, 16, 21, 22]. Critical 76 

factors influencing the sensitivity of the location of the corrosion peak include CO2 partial 77 

pressure[11, 16, 22], pH[23, 24], water chemistry and flow characteristics [25, 26]. Typically, only 78 

FeCO3 can be observed on the surface of carbon steel immersed in a NaCl solution 79 

saturated with CO2 at temperatures of around 80oC. However, as temperatures rises 80 

beyond this temperature, authors have reported both changes in the appearance of the 81 

FeCO3 layer (in terms of thickness and grain sizes), as well as transitions in the surface 82 

species formed, with Fe3O4 being commonly reported. As an example, Shannon[27] 83 

evaluated the formation of corrosion products in geothermal brines. At a pH of 4.8, no 84 

corrosion products were observed at 50oC, whilst FeCO3 was recorded at 150oC. Further 85 

increase of temperature to 250oC resulted in a corrosion product comprising of 70% 86 

Fe3O4 and 30% FeCO3. Increasing pH to 7.5 resulted in Fe3O4 forming at both 150 and 87 

250oC, suggesting that increased pH and temperature favour the formation of Fe3O4. 88 

In another study, Yin et al.[20] reported a change in corrosion product structure in their 89 

experiments, with finer FeCO3 crystals and thinner layers being associated with superior 90 
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corrosion protection as temperature was increased from 50 to 180oC for carbon steel 91 

exposed to CO2 environments. Again, above 100oC, the onset of trace amounts of Fe3O4 92 

formation was reported in conjunction with FeCO3. This observation was supported by 93 

the findings of Han et al.[17] who utilised grazing incidence XRD and TEM to study the 94 

protective layers formed on carbon steel at pH 8 and 80oC in a CO2-saturated NaCl brine 95 

solution. Their results showed that FeCO3 was able to form under such conditions, 96 

however, the high local pH within the film created a favourable environment for the 97 

formation of Fe3O4 at the boundaries between FeCO3 and the steel substrate. 98 

Tanupabringsen et al.[18] constructed Pourbaix diagrams for an Fe-CO2-H2O system at 99 

elevated temperatures using thermodynamic theory. The diagrams were correlated with 100 

the observed corrosion products on carbon steel up to 250oC through consideration of 101 

surface pH within each experiment. For the 4 day experiments performed between 80 102 

and 150oC, FeCO3 and Fe2(OH)2CO3 were observed as the dominant corrosion products, 103 

with corrosion rate peaking at 120oC, whereas Fe3O4 was detected at 200 and 250oC. 104 

Variation of exposure time showed that Fe2(OH)2CO3 ultimately transformed into FeCO3, 105 

consistent with the calculated relative thermodynamic stability of each compound. 106 

Supplementary experiments were performed by Tanupabringsen et al.[24] in another 107 

study over 20 hours to evaluate the susceptibility of carbon steel to corrosion at 108 

temperatures of 80°C, 120°C, 150°C and 200°C. In these experiments the pH and 109 

dissolved CO2 was controlled at 0.030M to determine the isolated effect of temperature. 110 

Their findings indicated that the corrosion rates reduced with increasing temperature 111 

and that the corrosion product was exclusively FeCO3 below 150oC, but comprised of 112 

FeCO3 and Fe3O4 when the temperature reached 150°C. 113 

Despite the recent research into the CO2 corrosion mechanism at elevated temperatures, 114 

there still remains some questions regarding the preferential formation of the surface 115 

products and their controlling factors. In addition, the formation of Fe3O4 and the extent 116 

to which it protects carbon steel from localised attack has not been thoroughly 117 

investigated.  118 

This current study is conducted over a wide temperature range of 90°C to 250°C in an 119 

effort to determine the role of simultaneous increases in temperature, CO2 partial 120 

pressure and pH on the corrosion products and how these relate to general and localised 121 



5 

 

corrosion behaviour. Furthermore, studies are performed to isolate the effects of 122 

temperature and CO2 partial pressure on FeCO3 and Fe3O4 formation. 123 

In the first series of the experiments, the starting pressure and pH in the autoclave are 124 

allowed to evolve naturally with temperature (achieved by shutting in the system at room 125 

temperature and pressure before heating). In the second series of tests, the pH, CO2 126 

partial pressure and temperature are all controlled to isolate the individual effects of CO2 127 

partial pressure and temperature, and draw conclusions regarding the role of each 128 

parameter. 129 

2.0 Experimental procedure 130 

2.1 Material and Methods 131 

The chemical composition of carbon steel (API 5L X65) used in this study is provided in 132 

Table 1. The mass loss samples were machined into discs of 25mm diameter and 133 

thickness of 5 mm. The steel sample surfaces were wet-ground up to 600 grit SiC paper, 134 

followed by rinsing with distilled water, ethanol and drying with compressed air. Samples 135 

were weighed immediately using an electronic balance (within an accuracy of 0.01 mg). 136 

Two samples (27 cm2) were exposed to a 650 ml solution within a one litre capacity 137 

autoclave in each experiment. 138 

Table 1: Elemental composition of X65 steel (wt.%) 139 

C P Si Cr Mn Ni S Mo 

0.12 0.008 0.18 0.11 1.27 0.07 0.002 0.17 

Cu B Sn Ti Al Fe Nb V 

0.12 0.0005 0.008 0.001 0.022 Balance 0.054 0.057 

 140 

Figure 1 shows a schematic representation of the autoclave setup. The brine used in all 141 

experiments was de-aerated by continuously purging with CO2 for a minimum of 12 142 

hours. Two samples were placed on a Polyether ether ketone (PEEK) sample holder 143 

within the autoclave. Before transferring the test solution into the autoclave, all the lines 144 

were flushed out using high pressure CO2. The prepared CO2-saturated brine was then 145 

carefully delivered into the autoclave, followed by pressurising to a specific CO2 partial 146 

pressure at 25°C before heating to the required test temperature. The various test 147 
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conditions evaluated within this study are provided in Table 2 and Table 3. The initial 148 

solution pH at elevated temperatures and CO2 partial pressures were predicted using 149 

MultiScale software[28] and are also provided in Table 2 and Table 3. 150 

 151 

Figure 1: Schematic of autoclave setup 152 

Table 2: Test matrix for corrosion tests for samples exposed to various 153 

temperatures  154 

Brine 

composition

, mg/L 

Temp, 

°C 

Measured 

CO2 

pressure at 

25°C, bar 

Predicted pH 

at elevated 

temperature  

CO2 partial 

pressure, 

bar 

Total 

pressure, 

bar 

Immersion 

time, 

hours 

 

NaCl 

solution, 

Cl-: 29503, 

NaHCO3: 

585, 

pH: 5.6 

90  

 

 

10 

 

4.9 13.3 14  

 

 

48 

 

150 5.3 14.3 19 

200 5.7 15.4 31 

250 6.3 15.4 55 

 155 

 156 

 157 

Table 3: Test matrix for corrosion tests under various CO2 partial pressure 158 

Brine 

composition

, mg/L 

Temp, 

°C 

Measured CO2 

pressure at 

25°C, bar 

Predicted 

pH at 

200 °C 

CO2 partial 

pressure, bar 

Total 

pressure, 

bar 

Immersion 

time, 

hours 

 

NaCl 

solution, 

 

 

 

1 6.4 2.7 18  

 

48 3 6.1 6.5 22 



7 

 

Cl-: 29503, 

NaHCO3: 

585,  

pH: 5.6 

200 

 

 

10 5.7 15.4 31  

20 5.4 28.5 44 

 159 

Upon completion of each test, the samples were removed from the autoclave, cleaned 160 

with distilled water and dried thoroughly. In accordance with ASTM Standard G1-03[29], 161 

the corrosion products on the surface were removed with Clarke’s solution, followed by 162 

rinsing with distilled water and ethanol before drying with compressed air. 163 

The corrosion rates were calculated by using Equation (4):  164 

 𝑉c = 87600∆𝑚𝜌𝐴𝑇   (4) 

where VC is the corrosion rate of the sample in mm/y, ∆m is the mass loss in grams, ρ is 165 

the density of the sample in g/cm3, A is the exposed area in cm2 and T is the immersion 166 

time in hours. 167 

2.2 Surface analysis 168 

All SEM images were acquired using a Carl Zeiss EVO MA15 scanning electron microscope 169 

(SEM). A 20 keV accelerating voltage and 8 mm working distance were used for all images. 170 

The crystalline nature of corrosion products was determined using X-ray diffraction (XRD) 171 

(D8 advance, Bruker) and obtained by employing Cu Kα radiation over a scattering angle 172 

range of 2ϴ=10 to 70°. The step size was 0.033 per second and approximately 49 minutes 173 

were required per scan.  174 

Raman spectroscopy was used to identify potential amorphous corrosion products 175 

formed on the surface which XRD would be unable to detect. An Ar ion laser with low 176 

intensity power (less than 1%) was used and approximately 40 minutes was required for 177 

each scan point.  178 

2.3 Focused ion beam scanning electron microscopy and transmission electron 179 

microscopy 180 

The corrosion product formed at the material interface in specific experiments was 181 

sectioned using a focused ion beam scanning electron microscope (FIB-SEM) and 182 

analysed further using transmission electron microscopy (TEM). More details relating to 183 
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the techniques applied and the microscope operating parameters can be found in a 184 

previous publication.[6] 185 

2.4 Non-contact interferometry   186 

To quantify the localised attack on the carbon steel samples, an NPFLEX 3D Surface 187 

Metrology System was used.  The corrosion products formed on the surface were first 188 removed by using Clarke’s solution. Localised corrosion was the quantified through the 189 

implementation of ASTM Standard G46-94.[30] 190 

3.0 Results 191 

3.1 General corrosion behaviour of X65 with increasing temperature 192 

Figure 2 presents the corrosion rates and corrosion product mass of X65 carbon steel 193 

exposed to CO2-saturated 4.9 wt.% NaCl solution for 48 hours at elevated temperatures. 194 

The results show that X65 has highest corrosion rate of 3.19 mm/year at the lowest 195 

temperature of 90°C. General corrosion rates of 0.57, 0.36 and 0.38 mm/year are 196 

recorded for temperatures of 150°C, 200°C and 250°C, respectively over 48 hours of 197 

exposure. The general corrosion rate decreases with increasing temperature, with nearly 198 

an order of magnitude reduction being recorded by increasing temperature from 90 to 199 

200oC. Interestingly, the corrosion product mass reduces in conjunction with the 200 

corrosion rate, signifying that the lowest corrosion rate is associated with the lowest 201 

corrosion product mass. The results suggest that with increasing temperature, protective 202 

film formation is accelerated. The analysis of corrosion product morphology and 203 

composition are described in the following sections. 204 

 205 
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Figure 2: Average general corrosion rates of X65 carbon steel over 48 hours of 207 

exposure to a CO2-saturated 4.9 wt.% NaCl solution as a function of temperature. 208 

Exact test conditions at each temperature are outlined in Table 2. 209 

 210 

3.2 Analysis of corrosion product morphology and composition 211 

The reduction in X65 general corrosion rate in conjunction with increased temperature 212 

(Figure 2) suggests that protective film formation plays a critical role in the CO2 corrosion 213 

mechanism. Figure 3 shows SEM images of the steel surface after 48 hours of exposure to 214 

each test temperature evaluated in Figure 2. After 48 hours, a dense and compact 215 

corrosion product layer appears on the steel surface at temperatures of 90°C and 150°C 216 

(Figure 3(a) and (b)) which cover the entire steel surface. As the temperature is increased 217 

to 200°C, gaps between the crystals become evident and their coverage reduces. At 250°C, 218 

crystals are randomly distributed on the steel surface and become fewer in number. 219 

Perhaps intuitively, it may be expected from analysis of the SEM images that the corrosion 220 

product formed at 250oC would be the least protective. However, the reality is on the 221 

contrary, with the substrate having the lowest coverage of crystals possessing the lowest 222 

general corrosion rate over the duration of the experiment. 223 

XRD was employed to determine the crystal structure of the various corrosion products 224 

formed on each steel surface and the corresponding diffraction patterns are shown in 225 

Figure 4. The patterns show that the dominant crystalline phase detected on all steel 226 

surfaces is FeCO3, which relates to the large, cubic crystals clearly visible at temperatures 227 

of 90°C, 150°C and 200°C. Traces of Fe3O4 coexisting within the FeCO3 corrosion product 228 

were also detected at a temperature of 250°C. It is possible that Fe3O4 exists on the steel 229 

surface at 200oC, however, its amount is below the detection limit of XRD. The lower 230 

corrosion rates at higher temperature, and the gradual transition from FeCO3 to Fe3O4 231 

suggests that the Fe3O4 layer offers superior corrosion protection compared to FeCO3. In 232 

addition, the increase in temperature up to 250oC resulted in Fe3O4 becoming the more 233 

stable corrosion product compared to FeCO3 under these conditions. 234 
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(a)  (b) 

  
(c) (d) 

Figure 3: SEM images of the corrosion products formed on X65 carbon steel 235 

surfaces after 48 hour exposure to a CO2-saturated 4.9 wt.% NaCl brine at 236 

temperatures of (a) 90°C, (b) 150°C, (c) 200°C and (d) 250°C. Exact test conditions 237 

at each temperature are outlined in Table 2. 238 

 239 

Figure 4: XRD patterns of the corrosion products formed on X65 steel surfaces 240 

after 48 hour exposure to a CO2-saturated 4.9 wt.% NaCl brine at temperatures 241 

90°C 
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ranging from 90 to 250oC. Exact test conditions at each temperature are outlined 242 

in Table 2. 243 

3.3 The influence of CO2 partial pressure on the general corrosion rates of X65 at 244 

200°C 245 

The effect of CO2 partial pressure on the corrosion behaviour of X65 carbon steel at a fixed 246 

temperature of 200°C was evaluated, with the substrate mass loss and corrosion product 247 

mass results provided in Figure 5.  248 

Figure 5 shows that the general corrosion rate increased as CO2 partial pressure 249 

increased. The lowest corrosion rate of 0.17 mm/year was recorded at 200°C and 2.7 bar 250 

of CO2 partial pressure. A general corrosion rate of 0.41 mm/year was recorded when 251 

CO2 partial pressure increased to 28.5 bar at the same temperature of 200°C. This effect 252 

can at least partly be attributed to the reduction in pH achieved with increasing CO2 253 

partial pressure, which increases the corrosivity of the test solution by increasing the H+ 254 

concentration, which is able to support the cathodic hydrogen evolution reaction. 255 

 256 

Figure 5: Average general corrosion rates of X65 carbon steel over 48 hours of 257 

exposure to a CO2-saturated 4.9 wt.% NaCl solution at 200oC as a function of CO2 258 

partial pressure. Exact test conditions at each temperature are outlined in Table 259 

3. 260 

 261 

3.4 Analysis of corrosion product morphology and their compositions 262 

SEM images for X65 exposed to different CO2 partial pressures at a fixed temperature of 263 

200°C and immersion time of 48 hours are shown in Figure 6. Traces of crystalline 264 
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corrosion products (confirmed as FeCO3 from XRD patterns in Figure 7) can be observed 265 

at 2.7 bar CO2 partial pressure, as shown in Figure 6(a), in conjunction with Fe3O4, also 266 

determined from XRD analysis in Figure 7. Increasing CO2 partial pressure to 6.5 bar 267 

(Figure 6(b)) resulted in a greater quantity of FeCO3 forming on the steel surface. Gaps 268 

between the precipitated crystals are still evident as the CO2 partial pressure is increased 269 

to 15.4 bar (Figure 6(c)). However, a dense and compact FeCO3 layer forms on the steel 270 

surface at a CO2 partial pressure of 28.5 bar (Figure 6(d)). The images reveal that 271 

increasing CO2 partial pressure has the opposite effect on the formation of FeCO3 272 

compared to increasing temperature i.e. reduced CO2 partial pressure and increased 273 

temperature both supress the formation of FeCO3 and favour the formation of Fe3O4. 274 

The XRD patterns for the samples exposed to various CO2 partial pressure for a fixed 275 

temperature of 200°C (Figure 7) indicated that the crystalline phases were FeCO3 and 276 

Fe3O4 at 2.7 and 6.5 bar CO2 partial pressure. Larger crystals which are clearly visible on 277 

the X65 steel at 15.4 and 28.5 bar of CO2 partial pressure were determined to be FeCO3 278 

according to the XRD analysis in Figure 7. It was not clear whether Fe3O4 coexisted within 279 

the corrosion products at these two higher pressures.  280 

  
(a) (b) 
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(c) (d)  

Figure 6: SEM images of the corrosion products formed on X65 carbon steel 281 

surfaces after 48 hour exposure to a CO2-saturated 4.9 wt.% NaCl brine at 200oC 282 

and CO2 partial pressures of (a) 2.7 bar, (b) 6.5 bar, (c) 15.4 bar and (d) 28.5 bar. 283 

Exact test conditions at each temperature are outlined in Table 3.  284 

 285 

Figure 7: XRD patterns of the corrosion products formed on X65 carbon steel 286 

surfaces after 48 hour exposure to a CO2-saturated 4.9 wt.% NaCl brine at 200oC 287 

and different CO2 partial pressures. Exact test conditions at each temperature are 288 

outlined in Table 3. 289 

3.5 Localised corrosion assessment 290 

One particular concern in such severe high temperature and high pressure environments 291 

is the occurrence of localised/pitting corrosion. Figure 8 provides a comparison between 292 

the general and localised corrosion behaviour of carbon steel across all test conditions 293 

outlined in Tables 2 and 3.  Figure 9 shows the morphologies of the localised/pitting 294 

attack at various temperatures and CO2 partial pressures. 295 

The localised corrosion rates shown in Figure 8 produce a similar trend with increasing 296 

temperature and pressure to the general corrosion rates presented in the same figure. 297 

From Figure 8(a), the localised corrosion rate was found to reduce with increasing 298 

temperature from 9.2 mm/year to 0.9 mm/year as temperature was increased from 90 299 

to 250oC. Furthermore, it is interesting to note that the sizes and depths of the 300 

localised/pitted regions decreased as temperature was increased from 90°C to 250°C, as 301 

shown in Figure 9(a) and 9(b). 302 
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Figure 8(b) indicates that as CO2 partial pressure was increased at a constant 303 

temperature of 200°C, the extent of localised corrosion increased with the general 304 

corrosion behaviour, with localised material loss rates increasing from 0.74 to 3.7 305 

mm/year as CO2 partial pressure was increased from 2.7 to 28.5 bar. Large regions of 306 

localised attack can be observed after removal of the corrosion products on the surface 307 

as shown in Figure 9(c) and 9(d). 308 

In all the tests performed, the localised corrosion rates are approximately two or three 309 

times higher than the general corrosion rates over this particular period of time. It is 310 

important to stress that these measurements provide an indication as to the extent of 311 

pitting/localised attack over 48 hours only and should not be extrapolated to long term 312 

behaviour without further analysis. Nonetheless, they provide a comparison of the 313 

severity of each environment over the initial stages of localised attack within 48 hours. 314 

       315 
(a)                                                                                 (b) 316 

Figure 8: Average general and localised corrosion rates of X65 carbon steel over 317 

48 hour exposure to a CO2-saturated 4.9 wt.% NaCl solution as a function of (a) 318 

temperature with CO2 pressure ranges between 13.3 and 15.4 bar and (b) CO2 319 

partial pressure at a fixed temperature of 200oC. Exact test conditions at each 320 

temperature are outlined in Tables 2 and 3. 321 

 322 

 323 

0.1

1

10

100

90 °C 150 °C 200 °C 250 °C

C
o

rr
o

si
o

n
 r

a
te

 (
m

m
/y

e
a

r)

General corrosion rate, mm/year

Localised corrosion rate, mm/year

0.1

1

10

2.7 bar 6.5 bar 15.4 bar 28.5 barC
o

rr
o

si
o

n
 r

a
te

 m
m

/y
e

a
r

General corrosion rate, mm/year

Localised corrosion rate, mm/year



15 

 

 

 

 
(a)  

 

 

 
(b) 

90°C and 13.3 bar200°C 

Localised/Pitting 

attack 

250°C and 15.4 bar Localised/Pitting 

attack 



16 

 

 

 

 
(c)  

 

 

 

200°C and 28.5 bar 

200°C and 15.4 bar 

Localised/Pitting 

attack 

Localised/Pitting 

attack 



17 

 

 
(d) 

Figure 9: Examples of profilometry and SEM images of the localised/pitting attack 324 

identified after removal of corrosion products on X65 carbon steel surfaces at 325 

various temperatures and CO2 partial pressures of (a) 13.3 bar at 90°C, (b) 15.4 326 

bar at 250°C, (c) 15.4 bar at 200°C and (d) 28.5 bar at 200°C. 327 

 328 

3.6 Isolating the role of temperature  329 

One aspect which is not fully clear from the previous tests is the role of solely temperature 330 

on the formation of Fe3O4 and how this influences the ratio of FeCO3/Fe3O4 on the steel 331 

surface. To provide some indication as to the individual effect of temperature, the role is 332 

considered here through an additional experiment at 250oC with the pH maintained at 333 

4.92 and a similar partial pressure to the test conducted at 90oC earlier (13.3 bar).  334 

The result from the additional test in comparison to the previous experiment at 90oC is 335 

shown in Figure 10. Increasing temperature from 90 to 250oC whilst maintaining pH at 336 

~4.9 results in a reduction in corrosion rate from 3.2 to 0.9 mm/year. However, this not 337 

as substantial a reduction as when pH is increased from 4.9 to 6.3 at 250oC, where the 338 

corrosion rate was reduced to 0.3 mm/year. The SEM images in Figure 10 show that 339 

solely increasing temperature also reduces the amount of FeCO3 on the steel surface and 340 

promotes Fe3O4 (validated by XRD), in agreement with the findings of Tanupabrungsun 341 

et al.[18] through the development of their Pourbaix diagrams. Furthermore, comparing 342 

Figure 10(b) with Figure 3(d), it can also be seen that increasing pH at constant 343 

temperature of 250oC favours Fe3O4 formation and supressed the precipitation of FeCO3.  344 
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   345 

Figure 10: SEM images of the corrosion products formed on X65 carbon steel 346 

surfaces after 48 hour exposure to a CO2-saturated 4.9 wt.% NaCl brine at pH 4.9 347 

and temperature of (a) 90oC and (b) 250oC  348 

3.7 Isolating the role of CO2 partial pressure 349 

A similar analysis to that with temperature can be made to show the role of solely CO2 350 

partial pressure changes on the formation of FeCO3 and Fe3O4. Additional experiments at 351 

200oC with the pH maintained at 5.4 and CO2 partial pressures of 2.7 and 28.5 bar are 352 

performed in this section. The general corrosion rate behaviour of X65 are shown in 353 

Figure 11 in conjunction with SEM images of each steel surface. Interestingly, the 354 

significant increase in CO2 partial pressure has little effect on the general corrosion rate, 355 

increasing it from 0.3 to 0.4 mm/year. However, comparison of the SEM images in Figure 356 

11 shows that there is a change in the proportion of FeCO3 on the steel surface as a result 357 

of the partial pressure increase i.e. increasing partial pressure increases the quantity of 358 

FeCO3 on the steel surface. 359 

    360 

Figure 11: SEM images of the corrosion products formed on X65 carbon steel 361 

surfaces after 48 hour exposure to a CO2-saturated 4.9 wt.% NaCl brine at pH 5.4 362 

and 200oC with CO2 partial pressures of (a) 2.7 bar and (b) 28.5 bar 363 

3.2 mm/year 0.9 mm/year 

0.3 mm/year 0.4 mm/year 
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 364 

3.8 Further analysis of FeCO3 and Fe3O4 formation on X65 steel surface at 200°C 365 

To further understand the chemistry of the corrosion product layer developed on the 366 

steel surface at 200oC (the experiment which produced the lowest general corrosion rate), 367 

a combination of Raman spectroscopy and FIB-SEM/TEM was employed. The use of 368 

Raman spectroscopy enabled the determination of the corrosion product film locally on 369 

the X65 steel surface. The spectra provided in Figure 12 relate to two scans conducted at 370 

the surface; one on a large cubic crystal as shown in Region A and one within Region B. 371 

The spectrum for Region A shows two main peaks located at 290 and 1086 cm-1, 372 

confirming the crystals as FeCO3. The two main peaks within the spectrum for Region B 373 

located at 543 and 668 cm-1 confirms the presence of Fe3O4 between the FeCO3 crystals. 374 

It is this layer of Fe3O4 which appears to be largely responsible for the increased general 375 

and localised corrosion resistance of X65 under these conditions, given its dominance as 376 

a surface coverage when compared to the FeCO3 crystals.  377 
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 379 

Figure 12: Raman spectra of the corrosion products formed on X65 surface at 380 

200°C for 48 hours and a CO2-saturated 4.9 wt.% NaCl solution at 2.7 bar CO2 381 

partial pressure; Region A is a scan of an FeCO3 crystals, whilst Region B is a scan 382 

of a fine crystalline Fe3O4 layer. 383 

 384 

3.7 FIB-SEM and TEM analysis 385 

To complement the Raman spectroscopy analysis, FIB-SEM/TEM was used to further 386 

characterise the corrosion product formed between FeCO3 crystal and substrate. The 387 

sample exposed to 200°C and 2.7 bar of CO2 partial pressure for 48 hours was selected 388 

and two locations covered with different corrosion products were selected, as shown in 389 

Figure 13. 390 

Figures 13(a) and (c) shows SEM images of the two selected areas of the sample surface. 391 

The FIB samples prepared from each of these two regions were attached to Cu TEM grids 392 

(Figure 13(b) and (d)). The FIB-SEM image in Figure 13(b) shows that the interface 393 

between the FeCO3 crystal and the steel substrate is separated by a thin interfacial layer 394 

(approximately 200 nm thick). Based on the analysis of the cross-section from Figure 395 

13(d), the thin layer is present across the entire steel surface as well as below the FeCO3 396 

crystals. Therefore, the low general corrosion observed under these conditions can be 397 

attributed this thin layer (identified through Raman analysis as Fe3O4).  398 
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Region B 

2.7 bar 



21 

 

 

 

(a) (b)  

  

(c) (d) 

Figure 13: SEM images and FIB prepared cross-sections of two regions on the 399 

surface of X65 carbon steel exposed to a CO2-saturated 4.9 wt.% NaCl solution at 400 

200°C for 48 hours with a CO2 partial pressure of 2.7 bar. 401 

Further analysis of the interlayer between the FeCO3 crystal and the substrate depicted 402 

in Figure 13(b) was performed using selected area electron diffraction. Figure 14(a) 403 

provides a higher magnification TEM image of the sample shown in Figure 13(b). Figures 404 

14(b), (c) and (d) indicate the local electron diffraction patterns from different areas 405 

across the sample. Based on the analysis of the diffraction patterns, the interlayer is 406 

shown to comprise crystalline and nano-polycrystalline Fe3O4. 407 
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(a)   (b)  

  
(c)   (d)  

Figure 14: (a) TEM image of corrosion product in Figure 10(b), identifying regions 408 

where selected area electron diffraction patterns were collected; (b)/(c)/(d) 409 

selected area electron diffraction patterns corresponding to Regions A, B and C, 410 

respectively.  411 

Figure 15(a) provided a higher magnification TEM image of corrosion product imaged in 412 

Figure 13(d). Indexing of the diffraction patterns produced from the thin corrosion layer 413 

observed on the sample surface (Figure 15(b)) produced d-spacing values characteristic 414 

of Fe3O4. The EDX line scan analysis in Figure 15(c) corroborates with the diffraction 415 

patterns collected from the TEM in that only Fe and O can be identified from the corrosion 416 

product layer and have an atomic ratio with one another which bears a strong 417 

resemblance to Fe3O4.  418 
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(a) (b)   

 

(c) 

Figure 15: (a) TEM image of corrosion product in Figure 10(d), identifying the 419 

region where the selected area electron diffraction pattern and the EDX line scan 420 

were collected; (b) selected area electron diffraction pattern corresponding to 421 

region A; (c) EDX line scan result through the substrate and corrosion product 422 

layer. 423 

4.0 Discussion 424 

4.1 Proposed film formation mechanism 425 

Referring to the literature, it is well known that in a CO2 environment, the solution pH at 426 

the steel-electrolyte interface can be significantly higher than that of the bulk solution[32]. 427 

This is as a result of the flux of Fe2+ from the steel surface and the consumption of H+ as a 428 

result of the cathodic hydrogen evolution reaction at the steel surface[17]. According to 429 

measurements by Han et al.[32] for a bulk solution at pH 4, the surface pH was recorded 430 

as being approximately 6. However, as the bulk pH increased to 6.6, the discrepancy 431 

between the bulk and surface pH significantly reduced.  A surface pH of ~6.9 was 432 
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measured under these conditions (determined through the application of a mesh capped 433 

pH probe).   434 

In the experiment performed within this study at 200oC and CO2 partial pressure of 2.7 435 

bar, the bulk solution pH was calculated at ~6.4. Although the surface pH will be higher 436 

than this, based on the measurements performed by Han et al.[32], the anticipated surface 437 

pH will be higher than this. Furthermore, the significant suppression of corrosion rate as 438 

a result of the Fe3O4/FeCO3 film minimises the surface flux of Fe2+ from the steel surface, 439 

as well as the consumption of H+.  This means that their effect on the local pH is also 440 

minimised once the protective layer becomes established, reducing the discrepancy 441 

between bulk and surface pH.  442 

In view of the TEM images and the SEM images at 200oC, it is suggested that the higher 443 

local pH at the steel–electrolyte interface results in the formation of the thin Fe3O4 layer 444 

via Reaction (5) and (6) (noting that these reactions produce H+ ions, potentially 445 

acidifying the interface during formation): 446 

 3𝐹𝑒𝐶𝑂3 + 𝐻2𝑂(𝑎𝑞) → 𝐹𝑒3𝑂4(𝑠) + 3𝐶𝑂2(𝑔) + 2𝐻(𝑎𝑞)+ + 2𝑒−  (5) 

 3𝐹𝑒2+ + 4𝐻2𝑂(𝑎𝑞) → 𝐹𝑒3𝑂4(𝑠) + 8𝐻(𝑎𝑞)+ + 2𝑒− (6) 

The reaction is followed by a decline in interfacial pH (due to the reduction in corrosion 447 

rate and also potentially the production of H+ as a result of Fe3O4 formation).  448 

In terms of other experiments performed in this study, as the operating conditions change, 449 

the thermodynamic stability and the kinetics of Fe3O4 and FeCO3 evolves with the 450 

operating conditions. Consequently, the corrosion product which dominates the surface 451 

clearly depends on their relative thermodynamic stability in the environment, but also 452 

the kinetics of formation of each corrosion product (which is governed by temperature 453 

and CO2 partial pressure). 454 

4.2 Isolating the role of temperature  455 

Figure 10 illustrates the effect of temperature on the formation of corrosion products 456 

more clearly between 90 and 250oC for a constant CO2 partial pressure of 10 bar at 25°C. 457 

At a temperature of 90oC, the stable state of corrosion product is FeCO3. As temperature 458 

is increased to 250oC, Fe3O4 becomes thermodynamically more stable relative to FeCO3.  459 



25 

 

Based on Figure 8 and Figure 9, a reduction in general and localised corrosion rates is 460 

recorded as the temperature increases which can be related to the protective capability 461 

of the corrosion products (FeCO3 or Fe3O4) formed on the steel surface. Numerous 462 

authors report that FeCO3 is able to block active sites on the steel surface as well as acting 463 

as a diffusion barrier to electrochemically active species.[4, 13, 14] However, the lowest 464 

corrosion rate was observed at 250°C when only trace amounts of FeCO3 were apparent 465 

on the steel surface and Fe3O4 was present in detectable levels using XRD. The results 466 

suggest that the formation of Fe3O4 appears to be more effective at reducing the 467 

susceptibility of the surface to general (and localised corrosion for that matter) as 468 

opposed to the crystalline FeCO3 layer.  469 

4.3 Isolating the role of CO2 partial pressure 470 

Similar observations in terms of the reduced general and localised corrosion rates as well 471 

as the corrosion product coverage on the surface were observed as CO2 partial pressure 472 

decreased from 28.5 bar to 2.7 bar. Figure 11 illustrates the effect of CO2 partial pressure 473 

on the formation of corrosion products between 2.7 and 28.5 bar for a constant 474 

temperature of 200°C. The increase in CO2 partial pressure appears to make the 475 

formation of FeCO3 more favourable relative to Fe3O4 on the surface. The observations 476 

suggest that the increased coverage of FeCO3 was attributed to the increased CO2 partial 477 

pressure and that the formation of Fe3O4 appears to be more effective at reducing the 478 

susceptibility of the surface to general and localised corrosion. 479 

5. Conclusions 480 

The corrosion behaviour of X65 carbon steel in CO2-saturated brine was studied at 481 

temperatures from 90°C to 250°C and CO2 partial pressures between 2.7 bar and 28.5 bar 482 

in experiments of 48 hour duration. From this study, the following conclusions can be 483 

made:  484 

A very dense and compact FeCO3 crystalline layer was detected at 90°C and the corrosion 485 

products were mainly comprised of FeCO3 and Fe3O4 at 250°C. Localised corrosion was 486 

also shown to reduce with increasing temperature.  487 

The lower CO2 pressures favoured the formation of Fe3O4, while higher CO2 pressures 488 

favoured the transition to the FeCO3 phase. 489 



26 

 

The superior corrosion resistance at lower CO2 pressures and high temperatures was 490 

attributed to the thin Fe3O4 layer. 491 

Increasing temperature and pH promoted Fe3O4 formation, while the increased 492 

precipitation of FeCO3 is observed as a result of increasing CO2 partial pressure.  493 
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