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ABSTRACT 
 
The objective of the present study is to evaluate the corrosion properties of carbon steel in supercritical 
CO2/brine mixtures related to the deep water oil production development. Corrosion tests were 
performed in 25 wt.% NaCl solution under different CO2 partial pressures (4, 8, 12 MPa) and 
temperatures (65, 90oC). Corrosion behavior of carbon steel was evaluated by using electrochemical 
methods (linear polarization resistance [LPR] and electrochemical impedance spectroscopy [EIS]), 
weight loss measurements and surface analytical techniques (scanning electron microscopy [SEM], 
energy dispersive X-ray spectroscopy [EDS], X-ray diffraction [XRD] and infinite focus microscopy 
[IFM]). The corrosion rates measured at 65oC showed a high corrosion rate (~ 10 mm/y) and slight 
difference with pressure. Under these conditions, the sample surface was locally covered by iron 
carbide (Fe3C) which is porous and non-protective. However, the corrosion rates measured at 90oC 
increased with time at the initial period of the test and decreased to very low value (~ 0.05 mm/y) due to 
the formation of protective FeCO3 layer regardless the CO2 partial pressure. 
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INTRODUCTION 
 
Demand for energy in the world is fueling non-conventional oil discoveries such as deep water 
production; this brings many challenges that have necessitated engineering changes, design 
adaptations and selection of alternative materials and systems.1-3 A major issue in deep water 
production is corrosion and materials technology because of the extreme conditions (high pressure, 
high temperature, high CO2 and high chloride).4 Even though corrosion resistance alloy (CRA) has 
been available as a materials selection option for these severe environments, carbon and low alloy 
steels are still widely used as tubing materials because of their strength, availability and cost.5-7   
 
The main difference between conventional oil production and deep water production is the reservoir 
pressure which exceeds 30 MPa often with significant amounts of CO2.

1 Consequently, the CO2 might 
be in its supercritical state if the temperature and the pressure are over 31.1oC and 7.38 MPa, 
respectively. Based on the literature, it is known that the corrosion rate of carbon steel under 
supercritical CO2 without protective FeCO3 is very high (≥ 20 mm/y).8-12 At certain conditions, the 
corrosion rate can decrease to low values (< 1 mm/y) in long-term exposure due to the formation of a 
protective film of FeCO3.

10-13 Although studies related to general aqueous CO2 corrosion at high CO2 
pressures have been carried out and reported recently, there are no comprehensive studies available 
for crude oil/CO2/brine environments at supercritical CO2 condition.  
 
The overall objective of the study was to evaluate corrosion behavior of carbon steel in crude 
oil/supercritical CO2/brine mixtures related to the deep water oil production development. In the present 
study (part 1), the corrosion properties of carbon steel were evaluated under different CO2 partial 
pressures (4, 8 and 12 MPa) and temperatures (65 and 90oC) in 25 wt.% NaCl solution. The part 2 
study14 aimed to evaluate the corrosion behavior of carbon steel exposed to crude oil/supercritical 
CO2/brine mixtures at different water cuts (0, 30, 50, 70, and 100%) in a flowing 25 wt.% NaCl solution. 
 

EXPERIMENTAL PROCEDURE 
 
The test specimens were machined from carbon steel (API(1)5CT L80) with two different types: a 
rectangular type with a size of 1.27 cm × 1.27 cm × 0.254 cm for weight loss measurement and surface 
analysis, and a cylinder type with 4.94 cm2 exposed area for electrochemical measurements. The 
composition of steel is given in Table 1. Prior to exposure, the specimens were ground with 600-grit 
silicon carbide (SiC) paper, cleaned with isopropyl alcohol in an ultrasonic bath, and dried.  
 

Table 1 
Element Analysis by Atomic Emission Spectroscopy for the Carbon Steel used in the Tests 

(wt.%) 

C Cr Mn P S Si Fe 

0.30 0.85 0.91 0.015 0.008 0.29 Balance 

 
The corrosion experiments were carried out in a 4-liter static stainless steel autoclave which contained 
a working electrode, a high pressure/high temperature Ag/AgCl reference electrode and a platinum 
coated niobium counter electrode. Schematic of the autoclave with experimental set up is shown in 
Figure 1. All tests were conducted in 25 wt.% NaCl aqueous solution.  
 
Table 2 shows the test conditions. During experiment, corrosion rates were monitored with LPR and 
EIS measurements made at regular time intervals. LPR measurements were performed in a range of 
±5 mV with respect to the open circuit potential (OCP), and a scan rate of 0.125 mV/s. EIS 
measurements were conducted in the frequency range from 10 kHz to 10 mHz, with an AC signal 

                                                 
(1) American Petroleum Institute (API), 1220 L St. NW, Washington, DC 20005. 
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amplitude of 5 mV (rms) at the OCP. The polarization resistance (Rp) obtained from LPR and EIS 
techniques, was used to calculate the corrosion current density (icorr) by using Eq. (1):  
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where aβ is the anodic Tafel constant (40 mV/dec), cβ is the cathodic Tafel constant (120 mV/dec). 

Then, the icorr was converted into corrosion rate using Eq. (2): 
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where EW is the equivalent weight in grams and 0.00327 is a constant factor used for dimension and 
time conversion. 
 

   
 
Figure 1: Schematic of autoclave system equipped for electrochemical measurements (stagnant 

condition without any agitation). 
 

Table 2 
Test Matrix for Corrosion Testing 

 CO2 pressure (MPa) 

Temperature (oC) 4 8 12 

65 Gas phase Supercritical Phase Supercritical Phase 

90 Gas phase Supercritical Phase Supercritical Phase 

 
After the experiment, the specimen was taken to additional ex-situ analyses. The morphology and 
compositions of corrosion products were analyzed with SEM, EDS, XRD and IFM.  

Gas outlet 

Gas inlet 

Ag/AgCl reference electrode 

Working electrode 

pH electrode 
Pt coated Nb counter 
electrode 
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RESULTS 
 

Experiments at 65oC 
 

Figure 2 shows the variations of corrosion rate and OCP with time for carbon steel with different CO2 
partial pressures at 65oC. As shown in Figure 2 (a), the initial corrosion rate was about 5.5 mm/y for all 
three conditions; it increased with time for approximately one day and then stayed constant after that. 
At the end of the test the corrosion rates showed slight difference with pressure, i.e., it showed higher 
value at higher pressure. This behavior can be attributed to the concentration of carbonic acid (H2CO3) 
in the brine. As the partial pressure of CO2 increases, the concentration of H2CO3 also increases, 
accelerating the cathodic reactions and therefore increasing the corrosion rate.9,15 This can also be 
supported by the potential changes with time shown in Figure 2 (b). Slightly more noble potential was 
measured for higher CO2 partial pressure conditions indicating higher cathodic reaction rate. 

 

        
(a)                                                                           (b) 

  
Figure 2: Variations of (a) corrosion rate and (b) corrosion potential with time for carbon steel 

with different CO2 partial pressures at 65oC. 
 

Figure 3 compares the average corrosion rate obtained from electrochemical and weight loss 
measurements under different CO2 partial pressures. Under these experimental conditions, the 
corrosion rate measured by both techniques increased with pressure. The difference between them 
could be attributed to the approximate B value (13 mV) used for calculating the corrosion rate from the 
electrochemical measurements. 
 
Figure 4 shows the SEM images of the sample surfaces after 48 hours of the exposure in the 25 wt.% 
NaCl solution at 65oC with different CO2 partial pressures (4, 8 and 12 MPa). It can be seen that the 
morphologies were almost identical for different pressures and the surface was locally covered by the 
corrosion products.  
 
Figure 5 shows the XRD pattern of the corrosion product layer formed at 12 MPa, 65oC. The layer 
formed in this condition showed dominant Fe3C diffraction patterns with some FeCO3. This indicated 
that the corrosion products shown in Figure 4 can be identified as Fe3C. The Fe3C initially present in 
the carbon steel is exposed after the preferential dissolution of ferrite (α-Fe) and accumulates on the 
steel surface; therefore it is non-protective, porous and easily spalls off from the steel substrate.16  
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Figure 3: Comparison of corrosion rates obtained from weight loss and electrochemical 
measurements (time-averaged) with different CO2 partial pressures at 65oC for 48 hours.  
 

   
(a)                                                                   (b) 

 
(c) 

 
Figure 4: SEM images of the corroded surface of the samples exposed to 25 wt.% NaCl solution 

at 65oC: (a) 4 MPa, (b) 8 MPa and (c) 12 MPa. 
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Figure 5: Result of XRD analysis for the sample exposed to 12 MPa, 65oC for 48 hours. 

 
Figure 6 shows the surface morphologies of samples after cleaning with Clarke solution. It can be seen 
that severe uniform corrosion attack was observed on the surface for samples at 4 MPa and 8 MPa, i.e., 
there was no localized corrosion. This implies that even though the Fe3C layer locally formed on the 
steel surface, it did not initiate localized corrosion. However, in the case of 12 MPa, pits were observed 
on the cleaned surface which may suggest localized corrosion under this condition. In order to measure 
a pit depth and calculate localized corrosion rate, infinite focus microscope (IFM) analysis was 
performed for all samples.     

 

   
(a)                                                                   (b) 

 
(c) 

 
Figure 6: SEM images of the corroded surface of samples after cleaning: (a) 4 MPa, 65oC, (b) 8 

MPa, 65oC and (c) 12 MPa, 65oC. 
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Figure 7 shows result of IFM analysis for the sample exposed to 12 MPa CO2 partial pressure at 65oC 
and Table 3 compares the corrosion rate obtained from weight loss measurements and IFM analysis. In 
the cases of 4 MPa and 8 MPa, the pit penetration rate calculated from the maximum pit depth showed 
lower value than the uniform corrosion rate which confirms this corrosion type as uniform corrosion. At 
12 MPa, the maximum pit depth was around 119 μm that corresponds to a pit penetration rate of 21.7 
mm/y. This rate is similar to the uniform corrosion rate obtained from the weight loss measurement 
(16.4 mm/y) and this type of attack can be classified as severe uniform corrosion. 

 

 
 

 
  

Figure 7: IFM surface analysis on cleaned surface of the sample exposed to 12 MPa, 65oC for 48 
hours. 

 
Table 3 

Comparison of Corrosion Rates obtained from Weight Loss Measurements and IFM Analysis at 
65oC for 48 hours 

 
Corrosion rate from 
weight loss (mm/y) 

Maximum pit depth 
from IFM (μm) 

Pit penetration rate 
(mm/y) 

4 MPa 11.1 37.4 6.8 

8 MPa 12.9 10.5 1.9 

12 MPa 16.4 119.3 21.7 

 
Experiments at 90oC 

 
Figure 8 shows the variations of corrosion rate and OCP with time for carbon steel at different CO2 
partial pressures exposed for 43 hours at 90oC. At the beginning of the test, the corrosion rates 
increased for all three conditions. Higher corrosion rate was obtained for higher CO2 partial pressure. 
Comparing the corrosion rates measured at 65oC and 90oC, the latter were much higher (almost double) 
during the first 7 hours of exposure. Subsequently, a rapid decrease in the corrosion rates can be seen 
for all three conditions, reaching a low corrosion rate (≤ 1 mm/y) at the end of 43 hours of exposure.  
 
The increase in corrosion rate at the initial periods of the test could be ascribed to the formation of Fe3C 
layer on the steel surface. It has been proved that Fe3C is an electronic conductor so that its presence 
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on the steel surface increases the corrosion rate by a galvanic effect between the steel substrate and 
Fe3C layer.17 Furthermore, the increase in corrosion rate with pressure is due to an increase in the 
concentration of H2CO3 in the solution as the partial pressure of CO2 increases. 
 
The decrease in corrosion rates after 7 hours can be attributed to the formation of protective FeCO3 
layer. A more protective layer formed faster on the steel surface at higher CO2 partial pressures. This is 
supported by a largest shift in the corrosion potential towards more noble values at 12 MPa (Figure 8 
(b)). 

 

        
(a)                                                                             (b) 

 
Figure 8: Variations of (a) corrosion rate and (b) corrosion potential with time for carbon steel 

with different CO2 partial pressures at 90oC. 
 

Since the corrosion rates kept decreasing at 43 hours of exposure shown in Figure 8 (a), experiments 
at 8 and 12 MPa were continued until a stable corrosion rate was measured. Figure 9 shows the 
variations of corrosion rate and OCP for carbon steel with different CO2 partial pressures at 90oC over 
an extended time. At 8 MPa the corrosion rate decreased up to 0.05 mm/y after 112 h of exposure, 
while at 12 MPa it decreased to 0.1 mm/y after 70 h of exposure. Due to the formation of the protective 
FeCO3 layer, the corrosion potential shifted to more noble values and in both conditions a change of 
approximately 150 mV was observed. 
 
Figure 10 compares the corrosion rates measured from weight loss measurements, and from LPR 
measurements (average). The corrosion rates from both techniques showed high values compare with 
the final corrosion rates because of the high corrosion rates at the initial periods of the tests.  
 
SEM surface images of the samples are shown in Figure 11. It is interesting to note that for all three 
conditions, the surface does not appear to be fully covered by FeCO3 even though very low corrosion 
rates were measured at 8 MPa and 12 MPa. However, the true coverage by the protective FeCO3 layer 
can be properly judged only from cross sectional images, shown below.  
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(a)                                                                          (b) 

 
Figure 9: Variations of corrosion rate and corrosion potential with time for carbon steel with 

different CO2 partial pressures at 90oC: (a) 8 MPa and (b) 12 MPa. 
 

 
 

Figure 10: Comparison of corrosion rates obtained from weight loss and electrochemical 
measurements (average) with different CO2 partial pressures at 90oC for 48 hours (4 MPa), 114 

hours (8 MPa) and 72 hours (12 MPa). 
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(c) 

 
Figure 11: SEM images of the corroded surface of the sample exposed to a 25 wt.% NaCl 

solution at 90oC for 48 hours: (a) 4 MPa, (b) 8 MPa and (c) 12 MPa. 
 

Figure 12 shows the XRD pattern of the corrosion product layers formed at 8 MPa, 90oC after 114 
hours. Although the surface does not appear to be fully covered by FeCO3 as shown in Figure 11 (b), it 
showed only FeCO3 diffraction patterns.  

 

 
 

Figure 12. Result of XRD analysis for the sample exposed to 8 MPa, 90oC for 114 hours. 
 

Figure 13 to Figure 15 represent the cross-sectional morphologies of the samples at different pressures. 
It can be seen from all three conditions that it has a “duplex” layer structure; outer Fe3C layer with some 
FeCO3 crystals and a thick/continuous inner FeCO3 layer underneath the Fe3C layer which was not 
seen in the tests at 65oC. In addition, thicker inner FeCO3 layer formed at 8 and 12 MPa than at 4 MPa 
because of longer exposure time. Similar corrosion product morphologies have been observed recently 
under different experimental conditions.18  
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Figure 13: SEM image and EDS spectra of the cross-section of the sample exposed to 4 MPa 
and 90oC for 48 hours. 

 

 
 

Figure 14: SEM image and EDS spectra of the cross-section of the sample exposed to 8 MPa 
and 90oC for 114 hours. 

 

  
 

Figure 15: SEM image and EDS spectra of the cross-section of the sample exposed to 12 MPa 
and 90oC for 72 hours. 
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Furthermore, it is known that the nucleation and growth of the inner FeCO3 typically starts at the steel 
surface, because of highest pH and FeCO3 saturation values achieved there.19 This is due to the Fe3C 
layer restricting the transport of acidic species in and ferrous ions out, so the most favorable conditions 
for precipitation of a protective FeCO3 layer are found inside the porous Fe3C layer at the steel interface. 
The corrosion protection in the 90oC experiments was proved by the inner well attached and dense 
FeCO3 layer which could not being seen from surface SEM observations, shown in Figure 11. 

 
Figure 16 shows the surface morphologies of samples after removing the corrosion product layer with 
the Clarke solution. Pits are observed for all conditions. In order to examine their depth and calculate pit 
penetration rate, infinite focus microscope (IFM) analysis was performed for all samples. 
 
Figure 17 shows results of IFM analysis for samples exposed to different CO2 partial pressure at 90oC 
and Table 4 compares the corrosion rate obtained from weight loss measurements and IFM analysis. 
For all samples, the pit penetration rate calculated from the maximum pit depth showed higher values 
(2 ~ 3 times) than the time-averaged uniform corrosion rate which suggests initiation of localized 
corrosion.  
     

 

    
(a)                                                                (b) 

 

 
(c) 

 
Figure 16: SEM images of the corroded surface of samples after cleaning: (a) 4 MPa, 90oC, (b) 8 

MPa, 90oC and (c) 12 MPa, 90oC. 
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 (c) 

 
Figure 17: IFM surface analysis on cleaned surface of the sample: (a) 4 MPa, 90oC, (b) 8 MPa, 

90oC, (c) 12 MPa, 90oC. 
 

Table 4 
Comparison of Corrosion Rates obtained from Weight Loss Measurements and IFM Analysis at 

90oC 

 
Corrosion rate from 
weight loss (mm/y) 

Maximum pit depth 
from IFM (μm) 

Localized corrosion 
rate (mm/y) 

4 MPa 5.5 100.9 18.4 

8 MPa 5.6 172 13.2 

12 MPa 7.3 136.5 16.6 

* Exposure time: 48 hours (4 MPa), 114 hours (8 MPa), 72 hours (12 MPa) 
 

CONCLUSIONS 
 

 Uniform corrosion was observed at 65oC with a high corrosion rate (~ 10 mm/y) and little effect 
of CO2 partial pressure (at 4, 8 and 12 MPa). Under these conditions, the sample surface was 
locally covered by iron carbide (Fe3C) which is porous and non-protective.  

 The corrosion rates measured at 90oC started out higher but ended up being very low (≤ 0.1 
mm/y) due to the formation of protective FeCO3 layer regardless the CO2 partial pressure. 
However, localized corrosion was seen with a maximum rate of 19 mm/y under this condition. 
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