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Abstract 20 

The corrosion behaviour of 3Cr steel at CO2 partial pressures (pCO2) of 2.7/28.5 bar and 200oC was 21 

investigated. The evolution of double-layered corrosion scales was analysed by surface analysis to 22 

identify physical and chemical nature and results are combined with an analysis of thermodynamic 23 

calculations. Both experimental and thermodynamic results show that the corrosion scales comprise 24 

a crystalline FeCO3 outer layer and an inner Fe3O4, FeCr2O4, and Cr(OH)3 at 2.7 bar pCO2. At 28.5 bar 25 

pCO2, the inner layer evolves to be a mixture of FeCr2O4 and Cr(OH)3 containing concentrated Cl- ions, 26 

and this induces an enhancement of localised corrosion. 27 
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1.0 Introduction 29 

The corrosion behaviour of pipeline and tubing steels in CO2-containing geothermal environments 30 

has received significant attention, yet the control of material corrosion remains an important issue 31 

for researchers due to the essentially complicated corrosion processes.[1] Considering economic 32 

savings, to find a low-cost material with improved corrosion resistance is one of the logical and key 33 

strategies for corrosion control to geothermal energy production. 34 

Several researchers reported the variation of chromium (Cr) content on influence of corrosion 35 

resistance for different low alloy tubing. [1-10] To date, researchers have considered to replace carbon 36 

steel by 1-5% Cr steels based on their improved corrosion resistance and enlarge the scope of 37 

applications. This is important as demands for corrosion resistance material from renewable energy 38 

sources such as geothermal. Materials must provide the required performance while proving to be 39 

an economic alternative. Recently, 3Cr steel has become one of the common potential candidates 40 

because it is significantly cheaper than stainless steel and has promising improved corrosion 41 

protection compared to carbon steel within oil and gas application. 42 

Several works have been conducted to evaluate the corrosion behaviour in terms of general and 43 

localised corrosion of 3Cr steels under high temperature and high pressure (HTHP) environments 44 

and to understand the corrosion mechanisms or the corrosion product formation in CO2-saturated 45 

aqueous environments. 46 

1.1 Research reviews relevant to general corrosion behaviour of 3Cr steels in CO2 environments 47 

Xu et al.[1] investigated the corrosion behaviour of two 3Cr steels (Bainite-Ferrite (BF) and Ferrite-48 

Pearlite (FP) microstructures) in CO2-saturated conditions at 80 °C and 8 bar. They found that the 49 



3 

 

formation of the corrosion product scales reduces corrosion rates and suggested that the observed 50 

low corrosion rates are attributed to enrichment of Cr within the corrosion scales which this layer 51 

can protect to the steel. Their report recommended that BF-3Cr steels provide better corrosion 52 

resistance than FP-3Cr steels. Muraki et al.[2] indicated that an increase in Cr level from 0 to 5% 53 

progressively decreases the general corrosion rates, and mainly due to forming protective corrosion 54 

product scales and suggested that this enriched Cr layer effectively suppresses the general corrosion 55 

rate. Takabe and Ueda[3] compared the general corrosion rates of low Cr-bearing steels in the CO2 56 

environment a 60 °C and 100 °C with test periods of 24, 48, 96 and 720 hours. Results showed that 57 

the general corrosion rate was reduced by increasing the Cr content and the enriched Cr was 58 

observed in the protective corrosion product scales. Kermani et al.[4] reported the corrosion 59 

behaviour of 3Cr steel for 1 and 22 months in actual field conditions and the results indicated that 60 

the protective Cr rich layer on the steel surface is stable and capable of forming at a relatively low 61 

pH such as 3.8. One important message from Kermani et al’s[4] work for 3% Cr steel was related to 62 

the economics of the alloy, 3Cr steel has less than 1.5 times cost penalty compared to conventional 63 

grades of carbon steel, with promising improved corrosion protection by 3 to 40 times compared to 64 

carbon steel in oil & gas applications. Zhu et al.[5] tracked the film growth at 80 oC and 8 bar of pCO2 65 

via the EIS method and divided the formation processes of the film into three periods; dynamic 66 

adsorption, an incomplete-coverage film and a fully covered film. Their results suggested that the 67 

fast dissolution process of 3Cr steels mainly occurs in the first 2 hours with the absence of film or 68 

the surface was covered by an incomplete-coverage film. Guo et al’s work[6] in the same condition 69 

further clarified that corrosion product scales include an inner Cr(OH)3 layer (containing nano-70 

quasicrystalline and nanocrystalline grains) and outer FeCO3 crystals precipitated on the inner layer, 71 
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suggesting that the decrease in anodic dissolution current over long periods was due to the inner 72 

layer than the outer FeCO3 layer. Lu et al.,[7] used electrochemical measurements to examine 3Cr 73 

steels under 3 bar CO2 at various temperatures up to 90 °C. Their corrosion rates increased with 74 

rising the temperatures. A double-structure corrosion product layer was observed at low 75 

temperatures of 30-50 °C, it can be noted that a single FeCO3 layer was reported at 70-90 °C. 76 

Liu et al.[8] conducted long-term corrosion tests from 168 hours to 1008 hours at 80oC, 2.3 bar CO2 77 

partial pressure, and a velocity of 2.5 m/s and the results suggested that a three-layered structure 78 

can be observed. Both inner and outer layers are identified as FeCO3, and the enrichment of Cr is 79 

exhibited in a cement-like middle layer and mixture with FeCO3. Li et al.,[9] performed corrosion tests 80 

on 3Cr exposed to CO2-saturated solutions at 8 bar CO2 and 80 °C for 240 hours. They reported that 81 

3Cr with a martensite microstructure has the best corrosion resistance compared to other types of 82 

3Cr with bainite or ferrite/pearlite microstructure. Wang et al.,[10] indicated that the addition of Ca2+ 83 

can change the morphology and composition of the corrosion products on the surface. The initial 84 

corrosion rates were measured smaller due to the presence of Ca2+ compared to that of the absence 85 

of Ca2+ condition, suggesting the Ca2+ ions accelerate the precipitation of initial corrosion scales. As 86 

for the harsh conditions for low Cr bearing alloys, Hua et al.[11] reported the poor corrosion 87 

resistance of low Cr steels, including 3Cr, at 60oC and 100 bar CO2 and indicated that the low Cr 88 

steels cannot provide better corrosion resistance compared to X65 carbon steel over long term 89 

exposure. 90 

1.2 Research review on the localised corrosion behavior of 3Cr steels in CO2 environments 91 
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In 2001, Takabe and Ueda[3] studied the corrosion product formation for C-Mn steel and 1-5% Cr 92 

steels with martensitic microstructure at 60 °C and 100 °C and various immersion times. The results 93 

indicated that the Cr content within the inner corrosion product scale increases from 12.5% to 50 % 94 

mass Cr. 3Cr and 5Cr steels provide better localised corrosion resistance than 1Cr steel. The work of 95 

Chen et al.[12] showed that Cr content in the steel increased up to 4% results in improved pitting 96 

resistance. The formation of protective corrosion scales is comprised of Cr(OH)3, Cr7C3, FeCO3 and 97 

Cr2O3 and the inner layer is mainly Cr(OH)3. The results suggested that the inner layer was 98 

responsible for significantly improving the pitting resistance. Lin et al.,[13] conducted experiments 99 

for 3Cr exposed to the solution containing CO2-O2. They reported that the presence of O2 reduces 100 

the corrosion product protection to the steel surface. The dissolved 5% O2 increases the pitting 101 

corrosion occurring on the surface due to the measured nonuniform Cr-rich areas. Wei et al.,[14] 102 

performed the experiments for X70, 3Cr and 6.5Cr steels exposed to CO2-saturated solution at 80 °C 103 

and pressure of 100 bar. The results indicated that the additional 3Cr increases the general corrosion 104 

rate, but the localised corrosion decreases under the flow rate of 1 m/s. The corrosion rates were 105 

decreased significantly as Cr content increased to 6.5 wt.%. An inner Cr-rich layer was proved to 106 

protect the localised corrosion. The results from Hua et al.[11] in a 100 bar CO2 condition suggested 107 

that the Cr-riched inner layer formed on 3Cr and 5Cr steels appears to accelerate the pit propagation. 108 

The formation of the inner layer with increasing Cr content is less dense and compact compared 109 

with FeCO3 formed on carbon steel thus failed to improve localised corrosion resistance at 60oC and 110 

CO2 partial of 100 bar. Similarly, the results of Liu et al.[8] revealed the Cr(OH)3 locally co-precipitated 111 

with FeCO3 over long exposure times and the presence of co-precipitated corrosion scales increases 112 

the localised corrosion. 113 
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Based on the literature above, 3Cr steel is considered as an improved corrosion resistance 114 

alternative to carbon steel, whilst it is significantly cheaper than stainless steels. However, little 115 

information exists in the literature relating to the corrosion behaviour in terms of general and 116 

localised corrosion for 3Cr steels exposed to conditions that reflect geothermal environments 117 

(where temperatures > 150 °C). The purpose of this research is to fill this knowledge gap via studying 118 

the protective capability of the corrosion product scales formed on 3Cr steel surfaces at various CO2 119 

partial pressures as well as the corrosion capabilities of 3Cr steel in terms of the general and 120 

localised corrosion behaviour under a high temperature (200°C) CO2 environment. We have also 121 

merged the results from the detailed characterisation of the physical and chemical nature of the 122 

corrosion scales with an analysis of Pourbaix diagrams. We propose a CO2 corrosion mechanism for 123 

3Cr steels immersed in CO2-saturated solution, clarifying that the Cl- ions induce localised corrosion 124 

at HTHP. 125 

2.0 Experimental procedure 126 

2.1 material and methods 127 

The elemental compositions of 3Cr steel are 0.21 wt.% Si, 0.24 wt.% C, 0.005 wt.% P, 0.0015 wt.% S, 128 

0.53 wt.% Mn, 3.1 wt.% Cr and balance with Fe, its microstructure as shown in Figure 1. The disc 129 

sample with a 25 mm diameter and 5 mm in thickness.  130 

The sample surface was wet-ground to 1200 grit SiC abrasive paper. It was then abraded with a 3µm 131 

diamond suspension to achieve a mirror finish. According to the ASTM E3-01[15] and E407-99 132 

standards[16], the etchant solution was 3% Nital and the sample was immersed in the Nital solution 133 
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for 15s. The microstructure image of 3Cr steel was performed via a LEICA DM 6000M upright optical 134 

microscope. Carbides are randomly distributed within the 3Cr steel as shown in Figure 1. 135 

 136 

Figure 1. The microstructure of 3Cr steel. 137 

Figure 2 represents the whole autoclave setup. The experimental procedure can be found in our 138 

previous publications[17, 18]. The ratio of the volume of the solution to the sample area was 33mL/cm2. 139 

The experimental matrix is provided in Table 1. The predicted pH and Pourbaix diagrams were 140 

calculated by using OLI software.[24] The considered species to generate the diagrams have been 141 

provided in Table S1 in the supplementary document. 142 

 143 

Figure 2. A schematic diagram of the experimental setup for the corrosion tests. [17, 18] 144 

20 µm 
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Table 1: Test conditions 145 

Brine (mg/L) 
Temp, 

oC 

CO2 

pressure at 

25 °C, bar 

pH 
CO2 pressure 

at 200°C, bar 

Total 

pressure at 

200°C, bar 

Immersion 

time, hours 

NaCl solution: 

Cl-: 29503, 

NaHCO3:585 

200 

1 6.41 2.7 18 

5/20/48/120 

20 5.39 28.5 46 

 146 

After immersion tests, the autoclave was cooled down to 80 °C within 10 minutes, followed by the 147 

depressurisation of the vessel. The corroded specimens were immediately rinsed with distilled 148 

water and dried with compressed air. The corrosion scales were removed according to ASTM G1-03 149 

standards[19] using Clark’s solution (20 g antimony trioxide + 50 g tin(II) chloride + 1000 ml 38% 150 

hydrochloric acid). The corrosion rate was calculated by the following equation. 151 

 𝑅corr = 8.76 × 107 × ∆𝑚𝑆 × 𝑇 × 𝜌  (1) 

Where Rcorr is the general corrosion rate, mm/year; ∆m is the weight loss, g; S is the exposed surface 152 

area, cm2; ρ is the density of the steel, g/cm3; and T is the immersion time, hours. 153 

2.2 Surface analysis 154 

One sample with covered corrosion scales from each condition was used to perform surface analysis. 155 

The characterisation of morphology and chemical composition via a combination of scanning 156 

electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX) throughout a Carl Zeiss EVO 157 

MA15 SEM combined with a focused ion beam (FIB) would contribute an important part of this study. 158 

In addition, the composition and state of naturally formed corrosion scales were analysed by X-ray 159 

diffraction (XRD) and Raman spectroscopy respectively. 160 
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After the removal of corrosion scales, profilometry measurements were conducted by an NPFLEX 161 

3D Surface Metrology System. According to ASTM Standard G46-94 [20], the top 10 deepest pits were 162 

used for the pitting depth characterisation of scanned areas from each sample. The localised 163 

corrosion rates were calculated by using Equ (2)  164 

 𝑅rL = 8.76 × 𝐷𝑇  (2) 

Where RrL is the localised corrosion rate, mm/year; D is the average localised/pitting depth of ten 165 

deepest pits from the sample in µm; T is immersion time in hours. 166 

3.0 Results 167 

3.1 Effect of pCO2 168 

The total mass loss values and average corrosion rates of 3Cr steels at 2.7 and 28.5 bar of pCO2 at 169 

200°C after 5, 20, 48, and 120 hours of exposure are provided in Figure 3. The results indicate that 170 

3Cr steel has the highest corrosion rates of 2.86 and 7.67 mm/year in the first 5 hours for 2.7 and 171 

28.5 bar CO2 partial pressure, respectively. The high corrosion rates in the first 5 hours suggest the 172 

fast dissolution of the metal ions from the 3Cr matrix. The average corrosion rates gradually decline 173 

over time, reaching 0.26 and 0.33 mm/ year after 120 hours for 2.7 bar and 28.5 bar of pCO2 174 

respectively.  175 

The slowly increased mass losses between 5 hours and 20 hours result in a sharp drop of the initial 176 

corrosion rates, suggesting the corrosion product scales formed on the surface and protected the 177 

3Cr surface from the corrosion. The mass loss for 3Cr gradually was recorded from 12.83 to 27.88 178 

g/m2 between 5 hours and 120 hours at 2.7 bar of pCO2, but it is stable at around 35.67 g/m2 under 179 

28.5 bar of pCO2 over this period, suggesting the different protectiveness of the corrosion scales 180 
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formed on the surface at various pCO2. 181 

 182 

Figure 3. The total mass loss values and average corrosion rates for 3Cr steels at 2.7 and 28.5 bar 183 

of pCO2 at 200°C after 5, 20, 48, and 120 hours of exposure 184 

3.2 Characterisation of corrosion scales developed on the surface at both pCO2 185 

Figure 4 represents the morphology of the corrosion product scales formed on the surface after 5, 186 

20, 48 and 120 hours. The crystals are found after 5 hours of exposure at both conditions. The 187 

crystals at 2.7 bar of pCO2 are randomly distributed (Figure 4a) in comparison to the situation at pCO2 188 

of 28.5 bar where the 3Cr surface is completely covered by corrosion scales. The scatter crystals on 189 

the surface significantly increased in number from 20 to 48 hours at 2.7 bar of CO2 (Figure 4 c and 190 

e), followed by increasing in size after 120 hours as shown in Figure 4g. 191 

Under the high pCO2 of 28.5 bar, in-complete surface coverage was observed after 5 hours of 192 

exposure, gaps between the corrosion scales were found. 3Cr surface is covered by dense and 193 
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compact corrosion scales after 20 hours of exposure, and there are no visible differences for the 194 

corrosion product scales after generating the compact and dense scales on the surface after 20 195 

hours as shown in Figures 4f and 4h. 196 

  

  

  

(a) 5 hours-2.7 bar 

(e) 48 hours-2.7 bar 

(c) 20 hours-2.7 bar 

(b) 5 hours-28.5 

(d) 20 hours-28.5 bar 

(f) 48 hours-28.5 bar 
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Figure 4. Surface morphology of 3Cr steels at 200°C under different pCO2 with different 197 

immersion time. 198 

In Figure 5, the cross-section SEM images of corrosion product scales formed at pCO2 of 2.7 bar and 199 

28.5 bar and different immersion times are presented. For 2.7 bar pCO2, the outer crystals are found 200 

after 5 hours of exposure while the inner layer is thin and approximately around 1µm. After 20 hours, 201 

the thickness of the inner layer increased locally to 2-3 µm. The inner corrosion layer is non-202 

uniformly developed over the immersion time.  203 

For 28.5 bar pCO2, the inner corrosion film is distributed non-uniformly with a thickness range 204 

between 0.1 and 5 μm over the various immersion times.  205 

  

(g) 120 hours-2.7 bar (h) 120 hours-28.5 bar 

(b) 5 hours-28.5 bar (a) 5 hours-2.7 bar 

Inner layer 

Outer layer 

Inner layer 
Outer layer 
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Figure 5. Cross-section images of 3Cr steel at 200°C under different pCO2 with different immersion 206 

time. 207 

Figure 6 illustrates the elemental distribution for the double-layered scales formed on 3Cr steel after 208 

20 hours and 120 hours of exposure at 200oC and 2.7 bar of CO2. The outer crystalline layer is 209 

comprised of Fe, O and C compounds and precipitated on a Cr-enriched inner layer. It can be seen 210 

(e) 48 hours-2.7 bar 

(g) 120 hours-2.7 bar 

(c) 20 hours-2.7 bar 

(h) 120 hours-28.5 bar 

(f) 48 hours-28.5 bar 

(d) 20 hours-28.5 bar 

Inner layer 
Outer layer 

Inner layer 

 

 

Outer layer 

Inner layer 

 

 

Outer layer 

Inner layer 
Outer layer 

Inner layer 

 

 

Outer layer 

Inner layer 
Outer layer 
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that the high chromium content accumulated at the matrix/inner layer interface after 20 hours and 211 

120 hours. 212 

  213 

 214 

  215 

 216 

Inner layer 

 

Outer layer 

O Cr Fe 

Inner layer 

 

 

Outer layer 

Fe O Cr 

(a) 
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Figure 6. Elemental distribution of double-layered scale formed on 3Cr steel in (a) 20 hours and 217 

(b) 120 hours at 200oC and 2.7 bar pCO2. 218 

A similar Cr-rich inner layer was detected on the 3Cr steel surface at 200°C and 28.5 bar of pCO2 as 219 

shown in Figure 7. A high concentration of Cr layer was observed throughout the inner layer after 220 

20 hours. The development of the outer layer becomes uniform and the overall thickness of the 221 

corrosion product layers is 20-25 µm over 120 hours of exposure. 222 

  223 

 224 

  225 

Inner layer 
Outer layer 

Fe O Cr 

Inner layer 
Outer layer 

(b) 

(a) 
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 226 

Figure 7. Elemental distribution of double-layered scales formed on 3Cr steel in (a) 20 hours and 227 

(b) 120 hours at 200oC and 28.5 bar pCO2. 228 

A combination of Raman spectroscopy and XRD was employed to determine the composition of the 229 

corrosion scales developed on the steel surface at various immersion times. Fig. 8 shows the XRD 230 

patterns of the corrosion scales formed on the surface for both pCO2, highlighting that the detected 231 

dominant crystalline phase on the steel surface is FeCO3. In Figure 8a, it is interesting to note that 232 

the intensity of the Fe peak located at 44.5o decreased with the enhanced FeCO3 peaks (are located 233 

at 24.8o and 32.1o) as the exposure time is prolonged. The results suggest that the thickness of the 234 

crystalline FeCO3 increased via the precipitation processes at pCO2 of 2.7 bar. Moreover, a peak 235 

located at around 35.5o is detected which belongs to a spinel structure at various immersion times. 236 

Previous studies reported that the peak at 35.5° is typical spinel (Fe3O4 or FeCr2O4)[21]. However, the 237 

indistinguishable diffraction peaks for these corrosion scales require further tests to determine the 238 

composition. 239 

As the pCO2 increased to 28.5 bar, only FeCO3 and Fe peaks were detected on the surface as shown 240 

in Figure 8b and the peak intensities show no differences at various immersion times. 241 

Fe O Cr 
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 242 

 243 

Figure 8. XRD of 3Cr steel with different immersion times at 200°C, (a) 2.7 bar and (b) 28.5 bar 244 

pCO2.  245 

The Raman spectra for samples exposed to the CO2-saturated solution at various immersion times 246 

are provided in Figure 9. For 2.7 bar pCO2, the results in Figure 9a indicate that the precipitation of 247 

the outer FeCO3 crystals is located at 1086 cm-1 and the inner Fe3O4 layer is at 667 cm-1 from 5 to 48 248 

hours of exposure. It is interesting to note that the peak is located at 667 cm-1 becoming wider after 249 

48 hours and implies the formation of the mixed compounds for the inner layer over longer 250 

(a) 

(b) 

120 hours 

48 hours 

20 hours 

5 hours 

120 hours 

48 hours 

20 hours 

5 hours 
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immersion times. The local Raman spectra was measured via the cross-section as shown in Figure 251 

9a confirmed that the inner layer contains FeCr2O4 and Cr(OH)3 after 120 hours, which in agreement 252 

with EDS measurements that a rich-Cr inner layer is detected as shown in Figure 6. 253 

For the corrosion product scales formed on the surface at 28.5 bar of CO2 (Figure 9b), similar to the 254 

results for 2.7 bar of pCO2, the double-layered scales are comprised of a FeCO3 outer layer and the 255 

inner layer insisting of both Cr(OH)3 and FeCr2O4. 256 
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Figure 9. Raman spectra of 3Cr steel with different immersion time at 200°C and (a) 2.7 bar CO2, 258 

(b) 28.5 bar CO2. 259 

3.3 Localised corrosion behaviour of 3Cr steels immersed to the CO2-saturated solution at pCO2 of 260 

2.7 and 28.5 bar 261 

After the removal of the corrosion scales from the surface according to ASTM G 01-03[19], 262 

profilometry was performed on the surface and the average pitting depths were calculated by 263 

considering the top 10 deepest pits from each sample. The results are provided in Figure 10. For 264 

pCO2 of 2.7 bar, the average pit depth increased from 2.5 to 5.3 μm between 5 and 120 hours; this 265 

suggests that the pits grow slowly at low pCO2. Conversely, an average pitting depth of 11.6 μm was 266 

measured after 5 hours at the condition of 28.5 bar pCO2, and it increased slightly to 13.4 μm after 267 

20 hours. The pit depth maintains relatively stable at approximately 13.7 μm after 120 hours with 268 

the formation of the double-layered corrosion product scales on the surface. 269 
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The examples of 2D profilometry images of 3 mm x 3 mm scanned areas from the 3Cr surface are 270 

provided in Figure 10. The results exhibit that 3Cr suffers a higher localised corrosion attack at 200oC 271 

and 28.5 bar pCO2 compared to low pCO2 of 2.7 bar. There is no obvious development of the localised 272 

corrosion attack over the immersion time at 2.7 bar. However, the increased pCO2 from 2.7 bar to 273 

28.5 bar, resulting in the level of localised attack is 5 times higher and suggests that the localised 274 

corrosion rates become severe with increasing pCO2.275 
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 276 

 277 

 278 

 279 

  280 

Figure 10. Profilometry of 3Cr steel after 5, 20, 48 and 120 hours of exposure at 200°C and pCO2 of 2.7 and 28.5 bar respectively. 281 
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Figure 11 shows the surface morphology of the sample after the removal of the corrosion 282 

scales. As shown in Figure 11 a and c, localised/pitting was observed on the surface after 5 283 

and 20 hours of exposure at pCO2 of 2.7 bar. The pits on the surface develop onto large and 284 

wide localised corrosion over-long immersion periods as shown in Figure 11 g. For the 28.5 285 

bar of pCO2, the pits are randomly distributed on the surface in the early stages. It can be seen 286 

that the sample surface suffers localised attack over long-term exposure.  287 

  

  

(c) 20 hours-2.7 bar 

(b) 5 hours-28.5 bar 

(d) 20 hours-28.5 bar 

(a) 5 hours-2.7 bar 
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Figure 11. SEM images of 3Cr steel after removing corrosion scales after 5, 20, 48 and 120 288 

hours of exposure at 200°C and pCO2 of 2.7 and 28.5 bar.  289 

3.4 Characterisation of the localised corrosion and inner corrosion layer at steel interface 290 

To further understand the correlation between the measured localised corrosion and the 291 

corrosion product scales formed on the 3Cr surface, FIB combined with high-resolution SEM 292 

and EDS were applied. The cross-section prepared by FIB provides the analysis region of the 293 

corrosion scales formed on the surface at 200oC and 2.7 bar of pCO2 as shown in Figure 12. 294 

Figure 12b exhibits the inner layer is approximately 1 μm in thickness, and it covered the 295 

entire surface including the areas beneath the outer crystalline FeCO3, suggesting good 296 

general corrosion protection to the steel surface (Figure 3). However, the localized/pits were 297 

(e) 48 hours-2.7 bar 

(g) 120 hours-2.7 bar 

(f) 48 hours-28.5 bar 

(h) 120 hours-28.5 bar 

Localised attack 

Localised attack 
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observed at the matrix/inner layer interface in regions 1 and 2 (Figure 12b). The line-scans in 298 

regions 1 and 2 show no obvious Cl- ion distributed in the inner layer, indicating a relatively 299 

mild localised corrosion for 3Cr steel at 200oC and 2.7 bar of pCO2 without the acceleration by 300 

Cl-, consistent with the observation of the localised corrosion shown in Figure 11. 301 
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 304 

Figure 12. SEM images of analysis region (200oC and 2.7 bar pCO2 sample) after 20 hours, 305 

showing (a) where ion milling was performed, (b) the cross-section milled away within the 306 

surface, and EDS line-scans from (c) line-1 and (d) line-2. 307 

Figure 13 provides the analysis region of the corrosion scales for the samples immersed in the 308 

solution at 28.5 bar of pCO2 and the sample was prepared via FIB. Figure 13b shows that the 309 

inner layer appears to be non-uniform, approximately between 1 and 5 μm. The 310 

localised/pitting was observed at the matrix/inner layer interface. The line-scan as shown in 311 

Figure 13c indicates that a high Cl- concentration is contained within the inner layer, 312 

suggesting that the defects of the inner layer cause the Cl- ions easily to penetrate, resulting 313 

in high localized corrosion occurred on the surface.  314 
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   315 

316 

 317 

Figure 13. SEM images of analysis region (200oC and 28.5 bar pCO2 sample) after 20 hours, 318 

showing (a) where ion milling was performed, (b) the cross-section milled away within the 319 

surface, and (c) EDS line-scan. 320 
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4.0 Discussion 322 

4.1 The compositions of double-layered corrosion scales for 3Cr at 2.7 bar of pCO2 323 

4.1.1 The development of the double-layered corrosion scales for Fe-H2O-CO2-Cl- system at 324 

200oC and 2.7 bar pCO2 325 

To reveal the formation of the double-layered corrosion scales on the 3Cr surface exposed to 326 

the CO2-saturated solution at various pCO2 values for a constant temperature of 200oC, 327 

Pourbaix diagrams were employed to ascertain the various thermodynamically stable 328 

corrosion scales formed on the surface. Considering the relative low Cr concentration within 329 

the system since Fe is the major contributed dissolution ion in the early stage, Figure 14 330 

illustrates the constructing Pourbaix diagram for 2.7 bar pCO2 conditions at 200oC for the Fe-331 

H2O-CO2-Cl- systems, where the red and purple represent solid and aqueous phases, 332 

respectively. The detected corrosion scales by XRD and Raman spectra confirmed that the 333 

corrosion scales are mainly comprised of a Fe3O4 inner layer and the outer FeCO3 layer at 2.7 334 

bar of pCO2 and 200oC after 5 hours of exposure, which is consistent with the constructing 335 

Pourbaix diagram. The potential anodic processes for the dissolution and the solid-phase 336 

formation at the surface of 3Cr steel [30, 31]: 337 

 𝐹𝑒 ↔ 𝐹𝑒2+ + 2𝑒− (2) 

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

  𝐹𝑒(𝑠) + 𝐻2𝐶𝑂3(𝑎𝑞)+↔ 𝐹𝑒𝐶𝑂3(𝑠) + 2𝐻+(𝑎𝑞) + 2𝑒− (4) 

 3𝐹𝑒𝐶𝑂3(𝑠) + 4𝐻2𝑂 ↔ 𝐹𝑒3𝑂4(𝑠) + 3𝐻2𝐶𝑂3(𝑎𝑞) + 2𝐻+(𝑎𝑞) + 2𝑒− (5) 
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The thermodynamic equilibrium electrode potential for the above reactions is presented as 338 

follows and marked as boundary lines in Figure 14. 339 

𝐸𝐹𝑒2+/𝐹𝑒 = 𝐸𝐹𝑒2+/𝐹𝑒0 + 2.3𝑅𝑇𝑛𝐹 𝑙𝑔𝑐𝐹𝑒2+ ········· 𝑙𝑖𝑛𝑒 ① (6) 

𝐸𝐹𝑒3𝑂4/𝐹𝑒2+ = 𝐸𝐹𝑒3𝑂4/𝐹𝑒2+0 + 2.3𝑅𝑇𝑛𝐹 𝑙𝑔 𝑐𝐻+8𝑐𝐹𝑒2+3 ········· 𝑙𝑖𝑛𝑒 ② 
(7) 

𝐸𝐹𝑒 𝐹𝑒𝐶𝑂3⁄ (𝑝𝐻 < 7.17) = 𝐸𝐹𝑒 𝐹𝑒𝐶𝑂3⁄0 + 2.3𝑅𝑇2𝐹 𝑙𝑔 𝑐𝐻+2𝑐𝐻2𝐶𝑂3 ········· 𝑙𝑖𝑛𝑒 ③ 
(8) 

𝐸𝐹𝑒𝐶𝑂3 𝐹𝑒3𝑂4⁄ = 𝐸𝐹𝑒𝐶𝑂3 𝐹𝑒3𝑂4⁄0 + 2.3𝑅𝑇2𝐹 𝑙𝑔𝑐𝐻+2 ∙ 𝑐𝐻2𝐶𝑂33 ········· 𝑙𝑖𝑛𝑒 ④ (9) 

In the early stage, ferrite ions are preferentially dissolved via reaction (2) and this suggests 340 

the development of Fe3O4 via crossing boundary ①-② at the pH below 6.38. The inner layer 341 

continuously forms and simultaneously dissolves by the equilibrium reaction (3). The ferrous 342 

ions stay thermodynamically stable in the aqueous phase (pH<6.94), indicating the 343 

consumption of the inner layer and a relatively high corrosion rate at this stage. 344 

The development of the corrosion scales at the solution/inner layer interface leads the 345 

cathodic reactions consuming acidity via as follows: 346 

 2𝐻+(𝑎𝑞) + 2𝑒− ↔ 𝐻2(g) (10) 

 2𝐻2𝐶𝑂3(𝑎𝑞) + 2𝑒− ↔ 2𝐻𝐶𝑂3−(𝑎𝑞) + 𝐻2(g) (11) 

 2𝐻𝐶𝑂3−(𝑎𝑞) + 2𝑒− ↔ 2𝐶𝑂32−(𝑎𝑞) + 𝐻2(g) (12) 

 2𝐻2𝑂 + 2𝑒− ↔ 2𝑂𝐻−(𝑎𝑞) + 𝐻2(g) (13) 
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The increase in solution pH, shifting the thermodynamic region to the FeCO3 region in the 347 

aqueous phase. At this stage, FeCO3 replaces ferrous ions and coexists with Fe3O4. For the 348 

prolonged time, the observation of the outer FeCO3 crystals over 5 hours at 2.7 bar pCO2 349 

(Figure 4) verify the precipitation of FeCO3 which nucleates after the supersaturation (SR) 350 

exceeding a critical value (SRcritical): 351 

 𝑆𝑅 = [Fe2+][CO32−]𝐾SP ≥ 𝑆𝑅critical (14) 

Where [Fe2+] is the concentration of Fe2+, [CO32−] is the concentration of CO3
2-, and KSP is 352 

the solubility product for FeCO3
[27]. 353 

The scattered FeCO3 increases in number between 5 hours and 48 hours which corresponds 354 

to a relatively high SR; it increases in size over 120 hours, corresponding to the decrease of 355 

SR. The declination of SR indicates the improvement of the corrosion product layer against 356 

Fe2+ diffusion, suggesting the inner layer that coexists with FeCO3 is protective of the steel 357 

surface, consistent with the results proposed by Hua et al. [17]. However, the development of 358 

FeCO3 processes is via kinetics, Pourbaix diagram is considered the thermodynamic which is 359 

the limitation for this system. 360 
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  361 

Figure 14. Pourbaix diagrams for Fe-H2O-CO2-Cl- systems in the CO2-saturated solution at 362 

200°C and 2.7 bar pCO2. 363 

4.1.2 The development of the inner corrosion scales for the Fe-Cr-H2O-CO2-Cl- systems at 364 

200oC and pCO2 of 2.7 bar  365 

The dissolution processes affect the thermodynamically stable product form on the 3Cr steel 366 

surface. [Fe2+] and [Cr3+] concentrations were introduced based on the mass loss of 3Cr 367 

immersed in the solution after 20 hours of exposure and simplified allocated as the elemental 368 

composition (Fe: Cr = 97 wt%: 3 wt %) for Pourbaix diagram calculation. Figure 15 illustrates 369 

the constructing Porbaix diagram for the Fe-Cr-H2O-CO2-Cl- systems in comparison to the Fe-370 

H2O-CO2-Cl- systems (the calculated pH is 6.41 and corrosion potential is -0.48 V/SHE in the 371 

system) as shown in Figure 14. The Cr is considered under this circumstance due to the 372 

accumulation of Cr compounds (FeCr2O4 and Cr(OH)3) during the whole corrosion processes. 373 

The formation of the spinel structure FeCr2O4 is via the reaction (15). 374 

𝐹𝑒(𝑠) + 2Cr3+ + 4𝐻2𝑂 ↔ 𝐹𝑒𝐶𝑟2𝑂4(𝑠) + 8𝐻+(𝑎𝑞) + 2𝑒− (15) 

6.94 6.41 

① 

② 

③ 

④ 

6.38 
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The Fe3+ sites occupy by Cr3+ in the spinel structure improves the film protectiveness of the 375 

inner layer owing to the stronger binding energy replaced by Cr-O bond[22]. The involvement 376 

of Cr in the inner layer decreases the corrosion rate as shown in Figure 3 and gradually reduces 377 

the metal ion diffusion throughout the inner layer. 378 

Meanwhile, the accumulation of Cr3+ accelerates the precipitation of Cr(OH)3 within the inner 379 

layer via reaction (16), which is reported as a typical compound for the Cr-bearing steels at 380 

relatively low pH environments[8, 23]. 381 

 𝐶𝑟3+(𝑎𝑞) + 3𝐻2𝑂 ↔ 𝐶𝑟(𝑂𝐻)3(𝑎𝑞) + 3𝐻+ (16) 

The precipitation of Cr(OH)3 consumes alkalinity and results in a decrease of localised pH, 382 

following by subsequently enhances matrix dissolution and accelerates the formation of 383 

FeCr2O4 and Cr(OH)3. 384 

 385 

Figure 15. Pourbaix diagrams for Fe-Cr-H2O-CO2-Cl- systems in the CO2-saturated solution 386 

at 200°C and 2.7 bar pCO2.  387 

6.41 
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4.2 The compositions of double-layered corrosion scales for 3Cr at 28.5 bar of CO2 partial 388 

pressure 389 

4.2.1 The development of the double-layered corrosion scales for Fe -H2O-CO2-Cl- systems at 390 

pCO2 of 28.5 bar 391 

Figure 16 indicates the constructing Pourbaix diagram at 28.5 bar pCO2 and 200oC for Fe-H2O-392 

CO2-Cl- systems. As increasing the pCO2 to 28.5 bar, FeCO3 becomes the thermodynamically 393 

favorable corrosion product, which presents as the extension of the thermodynamically 394 

stable region to the lower pH and noble potential in Figure 16. 395 

Despite the enlarged FeCO3 region, no thermodynamically stable solid phase can be formed 396 

in the initial stages of a system dominating by the hydrogen evolution reaction at a low pH of 397 

5.39. The accumulation of Fe2+ and Cr3+ ions and consuming the acidity are via the cathodic 398 

reactions. The precipitation of FeCO3 is via the following reaction as well as the surface pH 399 

increased at least to 5.91 and marked as boundary ⑤ as shown in Figure 16. Again, the 400 

Pourbaix diagram only considers the thermodynamic reactions, the precipitation of FeCO3 401 

over time can be controlled by the crystal kinetics. 402 

𝐹𝑒2+(𝑎𝑞) + 𝐻2𝐶𝑂3(𝑎𝑞) ↔ 𝐹𝑒𝐶𝑂3(𝑠) + 2𝐻+(𝑎𝑞) (17) 

𝑝𝐻𝐹𝑒2+/𝐹𝑒𝐶𝑂3 = −log (𝐾(𝐹𝑒2+/𝐹𝑒𝐶𝑂3) ∙ 𝑐𝐹𝑒2+ ∙ 𝑐𝐻2𝐶𝑂3)12 ········ 𝑙𝑖𝑛𝑒 ⑤ (18) 
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 403 

Figure 16. Pourbaix diagrams for Fe-H2O-CO2-Cl- systems in the CO2-saturated solution at 404 

200°C and 28.5 bar pCO2. 405 

4.2.2 The development of the inner corrosion scales for the Fe-Cr-H2O-CO2-Cl- systems at 406 

200oC and pCO2 of 28.5 bar 407 

The presence of Fe2+ and Cr3+ ions affects the thermodynamically stable product formed on 408 

the 3Cr steel surface. Figure 17 illustrates the constructing Porbaix diagram for the Fe-Cr-H2O-409 

CO2-Cl- systems based on the mass loss results after 20 hours in comparison to the Fe-H2O-410 

CO2-Cl- systems at 28.5 bar of pCO2 (Figure 16). Refer to the calculate pH of 5.39 and corrosion 411 

potential of -0.57 V/SHE in the system, the corrosion scales of FeCr2O4 and Cr(OH)3 become 412 

thermodynamically stable, and this consistent with the XRD and Raman measurements for 413 

the inner layer compositions. The growth of the inner layer directly depresses the general 414 

corrosion rates, and reactions (15) and (16) cause the local acidification at the matrix/inner 415 

layer interface, resulting in the inner corrosion layer develops non-uniformly over long-term 416 

immersion time of 120 hours as shown in 7b. 417 

5.39 

5.91 

⑤ 
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 418 

Figure 17. Pourbaix diagrams for Fe-Cr-H2O-CO2-Cl- systems in the CO2-saturated solution 419 

at 200°C and 28.5 bar pCO2. 420 

4.3 Localised corrosion of 3Cr steels induced by the formation of the inner layer containing 421 

Cl- ions 422 

3Cr suffered severe anodic dissolution in the initial stages at a high temperature of 200oC, 423 

which is believed to be promoted by the presence of Cl- [25, 26]. The Cl- ions are preferentially 424 

adsorbed on the bare surface： 425 

 𝐹𝑒(𝑠) + 𝐶𝑙−(𝑎𝑞) ↔ [𝐹𝑒𝐶𝑙]−(𝑎𝑑𝑠) (19) 

The formation of [𝐹𝑒𝐶𝑙]− is believed to act as a catalyse, promoting the anode dissolution 426 

process by the following mechanism [28, 29]: 427 

 [𝐹𝑒𝐶𝑙]−(𝑎𝑞) + 𝐻2𝑂(𝑙) ↔ [𝐹𝑒(𝐶𝑙)𝑂𝐻]−(𝑎𝑑𝑠) + 𝐻+(𝑎𝑞) + 𝑒− (20) 

 [𝐹𝑒(𝐶𝑙)𝑂𝐻]−(𝑎𝑑𝑠) ↔ [𝐹𝑒(𝐶𝑙)𝑂𝐻](𝑎𝑑𝑠) + 𝑒−
 (21) 

 [𝐹𝑒(𝐶𝑙)𝑂𝐻](𝑎𝑑𝑠) + 𝐻+(𝑎𝑞) ↔ 𝐹𝑒2+(𝑎𝑞) + 𝐶𝑙−(𝑎𝑞) + 𝐻2𝑂(𝑙) (22) 

5.39 

5.91 
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For 2.7 bar of pCO2, the inner corrosion layer is rapidly covered the entire surface including the 428 

areas beneath the outer crystalline FeCO3 with low recorded corrosion rates as shown in 429 

Figure 3, the Cl- ions are blocked by the dense and compact inner layer which restrict the 430 

catalytic dissolution process, the inner layer provides good corrosion protection to the steel 431 

surface. The line-scans in Figure 12 c and d show no obvious Cl- ions are distributed within the 432 

inner layer. A relatively mild localised corrosion for 3Cr steel without the acceleration by Cl-, 433 

consistent with the observation of the localised corrosion shown in Figure 11.  434 

However, according to the SEM images of the condition of 28.5 bar pCO2, as shown in Figure 435 

4, the precipitation of the Cl-rich inner layer was due to the fast anodic dissolution in the initial 436 

stage, in which the positive metal irons generated and adsorbed the negative Cl- ions, forming 437 

a Cl-rich inner layer with a defective amorphous feature. The abundance of H+ becomes to be 438 

involved in the formation of the defects of the inner Cr(OH)3 layer (Reaction 16), forming a 439 

local positive charge region and further attracting the penetration of Cl- ions inward. The Cl- 440 

ions accumulate at the sites where the localised acidification occurs and induce the local 441 

anodic dissolution with concentrated Cl- ions, resulting in the sediment of the unescapable Cl- 442 

ions within the inner layer and accelerates the localised attack. Hua et al.,[11] reported that 443 

enrichment of Cr within the product layers formed on low Cr-containing steel exhibiting to 444 

have implications for the localised corrosion. The precipitation of amorphous Cr(OH)3 in the 445 

inner layer at 28.5 bar pCO2 and 200oC is accompanied with the severe mass loss catalysed by 446 

aggressive ions attack, such as Cl-, provides a susceptibility for the penetration of Cl-, resulting 447 

in the generation of the localised corrosion as shown in Figure 10. 448 
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4.4 Proposed evolution mechanism of the corrosion scales on the surface   449 

Figure 18 indicates the schematic diagram of the formation and evolution of the corrosion 450 

scales on the 3Cr steel surface at 200oC and different pCO2. The double-layered corrosion 451 

scales at low pCO2 of 2.7 bar mainly composes Fe3O4 and scattered FeCO3 crystals in the early 452 

period. The covered inner layer on the substrate plays a major role in the protection of the 453 

surface compared to the outer crystalline FeCO3 layer. The enrichment of Cr improved the 454 

protectiveness of the inner layer via the formation of the FeCr2O4 and Cr(OH)3 but the increase 455 

in localised corrosion where the local acidification occurs during the inward growth by local 456 

anodic reactions. No obvious Cl- accumulation exists in the corrosion scales, corresponding to 457 

a relatively low localised corrosion attack for the 3Cr samples immersed in the solution at 2.7 458 

bar of pCO2 and 200oC. 459 

For 28.5 bar pCO2, the inner layer mainly composed a mixture of FeCr2O4 and Cr(OH)3; and the 460 

outer layer is a compact and dense FeCO3 layer. The formation of dominate Cr(OH)3 at 461 

relatively low pH suggests the amorphous and highly defective features for the inner layer. 462 

The Cl- ions easily diffuse into the defects of the inner layer, accelerating the localised 463 

corrosion at the interface where the local dissolution is catalysed by Cl-. The formation of the 464 

Cr-riched inner layer and outer crystalline FeCO3 layer enhances the protectiveness for the 465 

general corrosion. However, the results suggest that the corrosion scales are disability against 466 

the localised attacks in a Cl--containing environment at 200oC and 28.5 bar pCO2. 467 
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 468 

Figure 18. Schematic diagrams of the evolution of corrosion scales for 3Cr steels at 200oC 469 

and different pCO2. 470 

5.0 Conclusions 471 

The characterisation of the double-layered corrosion scales on the surface and the localised 472 

corrosion behaviour of 3Cr steel under a geothermal environment has been investigated at 473 

2.7 and 28.5 bar of pCO2 for a constant temperature of 200°C. The study is mainly focused on 474 

the corrosion behaviour and the evolution of the corrosion product scales on the 3Cr surface. 475 

The following main conclusions can be made: 476 

1. At 200oC and 2.7 bar of pCO2, the developed corrosion product scales on 3Cr include three 477 

periods: for period I, the formation of inner Fe3O4-dominated layer (containing small 478 

amount of Cr(OH)3) and the precipitation of outer FeCO3 crystals; Stage II, Fe3O4 transited 479 

to FeCr2O4 and Cr(OH)3 precipitation. Stage III, the growth of the crystalline FeCO3.  480 

2. The outer layer of corrosion product scales for 3Cr steel at 200oC and 2.7 bar of pCO2 are 481 
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scattered crystalline FeCO3 outer layer and an inner layer composes of FeCr2O4 and 482 

Cr(OH)3 over 120 hours of exposure. 483 

3. For the condition of 28.5 bar of pCO2, the corrosion scales are mainly comprised of the 484 

outer crystalline FeCO3 and inner layers of FeCr2O4 and Cr(OH)3. The formation of the 485 

crystalline FeCO3 layer is dense and compact after 5 hours in comparison to the scattered 486 

FeCO3 crystals observed at 2.7 bar of pCO2. 487 

4. The formation of the corrosion layers at 28.5 bar of pCO2 acts as a barrier against general 488 

corrosion. However, the localised corrosion is high due to the level of Cl- content within 489 

the inner layer at 28.5 bar of pCO2, which accelerates the localised attacks compared to 2.7 490 

bar after 120 hours of immersion. 491 
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