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ABSTRACT

Electrochemical investigation of localized CO; corrosion of X-65 mild steel in 0.1, 1.0, 10 and
20 wt% NaCl solutions at 80°C has been conducted using linear polarization resistance (LPR) and
electrochemical noise (ECN) techniques. Current noise and potential noise between two nominally
identical electrodes were simultaneously recorded using a ZRA (zero resistance ammeter). Chemical
dissolution of corrosion product layer was accomplished by adjusting pH and saturation values with
respect to FeCO;. Surface and cross-section morphologies were observed by scanning electron
microscopy (SEM) and infinite focus microscopy (IFM) for 3D optical analysis. The results showed that
increasing Cl™ concentration had a marginal effect on the general corrosion rate, and did not accelerate
the initiation of localized corrosion. Partial chemical dissolution of the corrosion product film can be
related to the initiation of localized corrosion, but the localized corrosion rate did not change with
increasing NaCl concentrations. It was demonstrated that the use of ECN is possible for monitoring
localized corrosion for carbon steel in CO, corrosion environments. The transients related to metastable
pitting were best observed on small coupons (1 cm?).
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INTRODUCTION

Mild steel is used as the preferred pipeline and process equipment material in the oil and gas
extraction, production and transportation industries. However, it is not inherently resistant to internal
corrosion in carbon dioxide (COs)-containing environments'. CO, corrosion rate can be reduced
significantly when iron carbonate (FeCOs) precipitates on the surface of the steel. Precipitation will
occur according to the reaction (1) when the concentrations of ferrous (Fe’") and carbonate (COs>") ions
exceed the solubility limit (Ky,) which is a function of temperature and ionic strength.

Fe** (aq.) + COs> (aq.) <> FeCO;(s.) (1)

Depending on the environmental conditions, CO; corrosion of mild steel may cause general corrosion or
localized corrosion, the latter in the form of pitting corrosion, mesa attack, crevice corrosion, stress
corrosion cracking, etc. Localized corrosion, rather than general corrosion, is the principle cause for
failure of oil and gas production and transportation equipment. Pitting corrosion has been commonly
considered to have three main stages, namely: initiation, propagation and possibly repassivation.

The mechanism of localized CO, corrosion propagation is now reasonably well understood *, and the
mechanism of initiation is the subject of the present study. Any damage to the corrosion product layer
by, for example, mechanical or chemical means, or their combination, may be followed by accelerated
general corrosion attack®. However, it is unclear whether the damage to the corrosion product layer may
initiate the localized corrosion. In addition, the effect of other risk factors, such as chloride, has not been
thoroughly investigated.

Most work on CO, corrosion has been performed at low salt concentrations, typically less than 3
wt % NaCl solutions. It has been reported that localized corrosion was accelerated by chloride ions at
low chloride concentration®™>. High chloride concentrations are often present in water recovered from oil
and gas wells. However, much less work was carried out at high salt concentrations, the focus of the
work being the study of uniform CO, corrosion’. Following general corrosion theory, CI” ions are
widely thought to be an aggressive “pitting agent” in aqueous solutions’. Localized corrosion in
seawater is usually related to the high concentrations of chloride, but the role of chloride ions in the
localized CO; corrosion process, especially during the initiation process, is unclear. This was one of the
main focus areas in the present research project.

Detection of initiation and measurement of propagation rate of localized corrosion in-situ is a
formidable challenge. In this respect, the random fluctuations of the current (potential) observed under
potentiostatic or galvanostatic control, often called electrochemical noise (ECN), have received
considerable attention, especially in the corrosion engineering field, since the early work of Iverson® and
Tyagai.”due to the lack of any perturbation and simplicity inherent to this technique. ECN can be used to
distinguish, possibly even in real-time, between uniform corrosion and localized corrosion, and perhaps
also between various kinds of localized corrosion according to the shape and amplitude of the current
fluctuations. In addition, it can provide detailed information about the initiation and propagation of
localized corrosion'®!". However, the traditional electrochemical techniques, such as linear polarization
resistance (LPR), electrochemical impedance spectroscopy (EIS), etc., cannot provide such information.
The suitability of ECN for detection of localized CO, corrosion initiation was the main focus of the
present paper.

There are many factors that influence the quality of results obtained form ECN, and the size of
the corroding surface specimen is one of them. The exact effect of surface area on the electrochemical



noise will depend on the nature of the corrosion process that is generating the noise. For general
corrosion, there are a large number of corrosion events of low amplitude across the whole electrode
surface area. The current noise power is proportional to the specimen area, while the potential power is
inversely proportional to the specimen area. Thus, large electrodes are preferable for measuring ECN
and small electrodes are preferable for measuring electrochemical potential noise for general corrosion.
However, it is unclear if this conclusion can be used in localized CO, corrosion. In addition, there is
another constraint: when simulating localized corrosion of large structures, such as pipelines, by using
small coupons, the occurrence of localized corrosion may be much less probable on the small coupon.
Therefore, part of the work presented below focuses on this question: how does the corroding surface
area affects the localized corrosion process and the electrochemical noise signal in CO, corrosion?

EXPERIMENTAL
Experimental setup

The glass cell set-up is shown in Figure 1. It contained 2 L of electrolyte, which consisted of
distilled water and 0.1, 1.0, 10 and 20 wt% NaCl in different experiments. The temperature was always
held at 80°C in these experiments. Prior to an experiment the solution was deaerated by bubbling CO,
gas for 1 h, and this was then continued throughout the experiment. The total pressure in the glass cell
was held at 1 bar. The pH was monitored continuously with an electrode immersed in the electrolyte and
adjusted frequently. In conjunction with the study of the build-up of corrosion products, the ferrous ion
(Fe*™) concentration was measured twice daily by sampling of the solution and using a
spectrophotometric method. When required (supersaturation with respect to FeCOs of lower than 0.5 or
higher than 2), a pump was used to circulate the solution between a sodium-based ion exchange resin in
the resin hold and the glass cell. The aim was to prevent uncontrolled buildup of corrosion products in
long experiments.

Five rectangular coupons (2.0x0.9x0.4 inch) and a cylinder cylindrical coupon of X-65 mild
steel specimens, chemical composition given in Table 1, were inserted into the same glass cell in each
experiment. Two rectangular coupons were used for electrochemical noise (ECN) measurement, the
remaining three were used for scanning electron microscope (SEM) and infinite focus microscope (IFM)
characterization. The cylindrical coupon was used for the LPR measurements. Prior to immersion, all
the specimens were polished with 240, 400 and 600 grit SiC paper, and then rinsed with isopropyl
alcohol. In order to prevent crevice corrosion, the coupons used for electrochemical noise measurement
were coated with a layer of Teflon paint and then embedded in epoxy resin, leaving an area of 11.6 cm’
exposed to solution prior to measurements.

Two distinct sets of experiments were carried out for this paper. In the first set, the desired pH
of 6.0 was initially obtained by addition of aqueous sodium hydrogen carbonate. Test duration was from
13 days to 27 days. The main aim was to study the role of CI” ions in the initiation of localized
corrosion. The second set of experiments involved three separate experimental steps, each is described
as follows:

Step 1: Formation of a corrosion product layer.

At the start of each experiment, deoxygenated aqueous sodium hydrogen carbonate was added to
adjust the pH to 6.3. A supersaturation (SS) of 200, with respect to iron carbonate, was set by injection
of a deoxygenated ferrous chloride solution. The steel coupons were inserted and the conditions were
maintained for approximately 3.5 days, during which the supersaturation of the solution decreased as the
precipitation and deposition of iron carbonate proceeded. This lead to a significant reduction of the
corrosion rate of the steel coupons.



Step 2. Partial removal of the corrosion product layer.

Once the protective corrosion product layer had been established, the solution pH was adjusted to
5.0 with hydrochloric acid and the saturation with respect to FeCO; was adjusted to SS=0.04. This
gave rise to dissolution of the FeCOj; corrosion product. This condition was maintained for only 4 hours
in order to achieve a partial removal of the corrosion product.

Step 3: Localized corrosion. Following the partial removal of the protective corrosion product layer, a
pH of 6.0 was set and supersaturation with respect to FeCO3; was adjusted back into the “grey zone” (SS
= 0.5 ~ 2.0) using a sodium-based ion exchange resin. This had the effect of adjusting solution
conditions to be close to saturation with respect to iron carbonate (SS = 0.5 ~ 2.0), where the corrosion
product layer is neither bound to dissolve or precipitate. Previous research indicted that “grey-zone”
conditions are favorable to localized corrosion propagation>*. At ca. 6.5 days, this step was the longest;
an entire experimental test typically lasted 10 days. The second set of experiments was conducted to
illustrate the initiation of localized corrosion by chemical dissolution of corrosion product film and the
role of CI” in the resultant processes™ '>. Again this step was the longest; an entire experimental test
typically lasted 10 days. The second set of experiments was conducted to illustrate the initiation of
localized corrosion by chemical removal of corrosion product film and the role of Cl” in the resultant
processes.

The electrochemical measurements were performed using a Gamry potentiostat. The ZRA mode
was used for the electrochemical noise measurement. Potential noise and current noise were collected
simultaneously using two identical working electrodes and a saturated Ag/AgCl reference electrode. The
readings were taken at 1 second sampling intervals. A period of 1024 seconds was set for each noise
recording sequence.

A standard three-electrode setup was used for the linear polarization resistance (LPR)
measurements of the general corrosion rate. The LPR was conducted by polarizing the working
electrode +5 mV versus the open-circuit potential at a rate of 0.125 mV/s. Solution resistance was
measured using EIS technique, and the measured Rp was then corrected. EIS measurement was carried
out by applying an oscillating potential +5 mV around the free corrosion potential to the working
electrode using the frequency range 1mHz to 10 kHz. A cylindrical coupon with surface area of 5.4 cm’
was used as the working electrode (WE), a platinum wire was used as the counter electrode (CE) and a
saturated Ag/AgCl reference electrode was used as reference electrode (RE) which was connected
externally to the cell via a Luggin capillary tube and a Vycor porous tip.

After the specimens were removed from the cell, they were immediately rinsed with isopropyl
alcohol and dried, then stored in a dessicator. The surface and cross-section morphology of the coupons
were characterized by SEM. The surface topography and surface profile data were analyzed via IFM.
This was performed both before and after the corrosion layer removal using Clarke solution.

RESULTS AND DISCUSSION

The role of CI" ions in localized CO, corrosion

Corrosion rate trends for preliminary long-term experiments, in which only the corrosion
protection by iron carbonate was tested at different NaCl concentrations, is shown in Figure 2. The
corrosion rate decreased with time in all cases due to the deposition of a corrosion product layer, iron
carbonate, onto the metal surface. This deposition slowed down corrosion by presenting a physical



diffusion barrier for the species involved in the corrosion process. Work performed by Cheng et al. "'

suggested that the role of chloride ions was to increase the chance of corrosion product layer breakdown.
If that was the case for the present system, the breakdown of corrosion product layer would be more
likely to occur at high salt concentrations and for longer immersion time. Therefore, a 27 days
immersion was used for 10 and 20 wt. % NaCl experiments. The final corrosion rates were around or
below 0.1 mm/y in all cases, which is generally considered as acceptable. Therefore, it was concluded
that increasing Cl™ concentration had no significant effect on general CO, corrosion rate under the
conditions where protective iron carbonate layers form. This is different from the conclusions reached in
Fang’s research®, where uniform corrosion rates were reported to decrease with increased NaCl
concentrations, because the latter experiments were done under the conditions where protective iron
carbonate layers are absent. To inspect for localized corrosion in the present work, the surface and cross-
section morphology of the steel after 13 days and 27 days at different NaCl concentrations are shown in
Figure 3 and Figure 4, respectively. No localized corrosion was observed on any of them. Actually, a
denser corrosion product layer was formed in 10 and 20 wt. % NaCl solutions than in a 0.1 wt. % NaCl
solution (see images in Figure 3 and Figure 4). This suggests that the high concentration of chloride ions
did not cause or accelerate the breakdown of the iron carbonate layer as previously suspected. Therefore,
it seems that is not possible to initiate localized corrosion of mild steel in CO, environments solely by
having an elevated chloride ion concentration.

For the three-step experiments, the general corrosion rate change with time for different NaCl
electrolytes is presented in Figure 5. The corrosion rate decreased with time over the first 3.5 days due to
formation of protective iron carbonate. A dense corrosion product layer can be observed after 3.5 days in
the SEM shown in Figure 6. Following a brief period of iron carbonate dissolution, after 3.5 days, the
corrosion rate gradually increased (see Figure 5). Failure points in the carbonate layer can be seen
observed in the IFM images, see

Figure 7 for the studied NaCl concentrations. This showed that the corrosion product layer was
only partially removed, as was planned in order to initiate localized corrosion. Localized corrosion was
confirmed in the IFM images, when the corrosion product layer was removed after a 10-day exposure,
(see Figure 8). Pitting was observed across the whole range of NaCl concentrations. Maximum localized
corrosion penetration rate could be calculated from the maximum pit depth detected in the IFM images.
A comparison of the general corrosion rate and maximum localized corrosion rate averaged over a 10
day exposure for different NaCl solutions is presented in Figure 9. In all cases, the final general
corrosion rate is around 0.5mm/y and in all cases the maximum time-averaged localized corrosion rate is
around 2mm/y. Neither of them changed with increasing NaCl concentrations. One can therefore
conclude that NaCl did not affect either the general corrosion rate magnitude and trend or the
morphology and magnitude of localized attack.

The use of electrochemical noise in the monitoring of localized CO, corrosion

Detailed analysis for the use of electrochemical noise in localized CO, corrosion is presented
only for the experiments with 1% NaCl concentration in solution. As similar results were obtained for
the other two concentrations, only a summary is presented below.

The variation of current noise with time during the film formation period (before 3.5 days) is
shown in Figure 10. The current decreased with time because of the build-up of a corrosion product
layer. The evolution of the potential and current noise with time is shown in Figure 11 and Figure 12,
respectively. The amplitude of both potential noise and current noise increased with time. Higher levels
of electrochemical corrosion activity are generally associated with higher noise levels. Current noise is
usually considered to be produced by a large number of independent current “sources” or corrosion



“events” on the steel surface. The variance of current noise increased because the rate of the corrosion
process increased as shown in Figure 5 and as the corrosion became more localized, as shown in Figure
6-Figure 8. The potential noise accompanies the current noise at the metal-solution surface impedance.
Therefore, the amplitude of both potential noise and current noise increased with time. The localized
corrosion is associated with larger electrochemical events; for example the amplitude was about =12 pA
during the localized corrosion period (after 9 days and 10 days exposure, see Figure 12). This was
larger than the £5 pA seen during uniform corrosion (before 3.5 days, see Figure 10). However, a
typical metastable pitting transient, which consisted of a rapid current rise followed by a slow decay for
carbon steel °, was not observed in Figure 12. This was probably related to the large coupon surface
area (11.6 cm?) used in our experiments. A smaller coupon surface was usually used to record
electrochemical noise signals in other related studies'" . On large steel surfaces, many localized
corrosion events can occur almost simultaneously, so that the signals from individual events overlap,
and the current noise recorded was the integrated signal from all these events. To test this hypothesis,
smaller surface area coupons were also used and the results are reported in the section below.

Statistical parameters are widely used in ECN analysis. In particular, the standard deviation of
the potential and the standard deviation of the current are the most straightforward parameters used to
describe the change in “amplitude” of a noisy signal. Current standard deviation change with time is
shown in Figure 13. The current standard deviation decreased with time during the protective layer
building process (before 3.5 days). However, the current standard deviation increased with time after the
corrosion product layer was partially removed, indicating a higher electrochemical activity. However,
LPR results shown in Figure 5 showed that the general corrosion rate did not appreciably increase (only
to about 0.5 mm/y in this period). Therefore, the increased standard deviation was probably related to
high localized corrosion activity.

Analysis of the frequency content of electrochemical noise signals is very important for
corroding systems in order to establish the validity of the measurements (particularly because a noisy
signal can arise for many other reasons, such as instrument noise, environmental noise, etc '°). One
simple way to do this is to look at the Power Spectrum Density (PSD) function of the signal. PSD is a
variance density function that expresses how the signal power is distributed across the frequency
domain. There are many methods for power spectrum estimation, but in the corrosion field the most
common are the Fast Fourier Transfer (FFT) and Maximum Entropy Method (MEM). MEM spectrum
was used to calculate PSD in this work. The variation of potential and current power spectra density
(PSD) is shown in Figure 14 and Figure 15, respectively, for the experiment with 1% NaCl in solution.
The current PSD can be distinguished for the protective layer building period (at 3.5 days), layer partial
removal period (at 4 days) and the localized corrosion period (6-10 days). The increase of the level of
the current PSD with time reflects the increase of the average power in the individual transients which is
multiplied by the transient numbers, overall indicating a higher level of electrochemical activity.

The change of current noise at different NaCl concentrations for the protective layer building
period (at 3.5 days) is presented in Figure 16, displaying rather small amplitude. Current noise recorded
during the layer partial removal period (at 4 days) at different NaCl concentrations is presented in Figure
17. The amplitudes of current noise became bigger as the layer dissolved. After 10 days the current
noise at different NaCl concentration solutions is shown in Figure 18. Bigger amplitude of current noise
was observed which was related to the localized corrosion, as indicated by the SEM and IFM results
presented above. No significant difference in the noise signal between the different NaCl concentrations
was observed further corroborating the conclusions reached based on the SEM and IFM results.



Variation of current standard deviation with time at different NaCl concentration solutions is
presented in Figure 19. The current standard deviation decreased with time during the layer building
process (before 3.5 days) for all the studied NaCl solutions. It then increased with time as the corrosion
product layer became partially dissolved and the localized corrosion developed. There was no marked
difference seen for the various salt concentrations.

Overall it could be concluded that the electrochemical noise technique was successful in
providing data collected in situ for the evolution of the localized CO, corrosion process. Larger
magnitude of the current and potential fluctuations was qualitatively correlated with the onset and
propagation of localized attack. However, the typical localized corrosion “signature”, normally seen in
current transients, was not detected here, what was ascribed to the large size of the mild steel electrodes.
This was further investigated by using smaller electrodes.

Effect of electrode surface area on electrochemical noise

Two 11.6 cm® coupons and two 1 cm” coupons were placed in a 1% NaCl solution to investigate
how the surface area influences the electrochemical noise signal. The other details of the experimental
set-up are the same as described above.

Evolution of potential noise and current noise with time for the 1 cm? and the 11.6 cm” coupons
after 7.5 days is shown in Figure 20 and Figure 21 respectively. The signature transients related to
metastable pitting for carbon steel were much easier to observe for the 1 cm” coupons, as shown in
Figure 20. Every rise in current noise was accompanied by a drop in potential noise indicating
breakdown of corrosion product layer; while every drop in current noise corresponded to a rise in
potential noise indicating repassivation of the surface by the corrosion product layer. This kind of
transients can not be clearly observed in Figure 21 for the 11.6cm” coupons, where overlapping of the
signals in the region of recorded time occurred.'’ Figure 22 presents variation of current standard
deviation with time for 1 cm” coupons and 11.6 cm® coupons. A bigger current standard deviation for
11.6 cm” coupons during the whole experiment duration can be observed in Figure 22. This indicates
that more pits occurred on 11.6 cm” coupons than that on 1 cm? coupons, which was in accordance with
current noise results in Figure 20 and Figure 21. In summary, the smaller electrode surface area
produces transients of lesser intensity, however, it allows for a clearer identification of the current
transients related to localized corrosion events.

CONCLUSIONS

e The chloride concentration had no significant effect on general CO, corrosion rate under the
conditions where protective iron carbonate layers form under static conditions.

e The chloride ions did not cause or accelerate the breakdown of the iron carbonate layer as
previously suspected and therefore it was not possible to initiate localized corrosion of mild steel
in CO; environments solely by having a high chloride concentration under static conditions.

e Partial removal of the protective corrosion product layer by chemical dissolution did initiate
localized CO,; corrosion. However, the high chloride concentration did not affect the morphology
and magnitude of localized CO, corrosion attack on mild steel in the presence of protective iron
carbonate layers.

e The electrochemical noise technique was successful in providing in situ information about the
evolution of the localized CO; corrosion process. Transients related to metabstable pitting can be
best observed on small coupons (=1 cm?).
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Chemical composition of X-65 mild steel
C Mn Si P S Cr Cu Ni Mo Al
X-65 | 0.065 | 1.54 | 0.25 | 0.013 | 0.001 | 0.05 | 0.04 | 0.04 | 0.007 | 0.041
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Figure 3. Surface SEM images in left column and cross-section morphology in right column for the
0.1% NaCl solution in 1% row, 10% NaCl solution in 2™ row and 20% NaCl solution in 3" row, after 13
days.
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Figure 4. Surface SEM images in left column and cross-section morphology in right column for the 10%
NaCl solution in 1* row, 20% NaCl solution in 2™ row after 27 days (initially pH 6).
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Figure 6. Surface morphology after 3.5 days in 0.1 %((a)), 1 %((b)), 10% ((c)) and 20% NaCl
solution((d))
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Figure 7. Surface morphology after 10 days in 0.1 %((a)), 1 %((b)), 10% ((c)) and 20% NaCl
solution((d)).
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Figure 8. IFM topography of metal after corrosion product layer removal by Clarke solution after 10
days in 0.1 %((a)), 1%((b)), 10%((c)) and 20% ((d)) NaCl solution
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Figure 14.Variation of potential power spectra density (MEM) with time in 1% NaCl solution
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Figure 15. Variation of current power spectra density (MEM) with time in 1% NaCl solution
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Figure 19.Variation of current standard deviation with time at different NaCl concentration solutions
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Figure 20. Potential noise and current noise with time for 1 cm” coupons after 7.5 days in 1% NaCl
solution



1.0 4

i v“‘"W‘M‘w -

'2.0 I I I
0 200 400 600 800 1000
Time/s

Potential/mV
Current/uA

Figure 21. Potential noise and current noise with time for 11.6 cm® coupons after 7.5 days in 1% NaCl
solution
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Figure 22. Current standard deviation with time for 1 cm® coupons and 11.6 cm” coupons in 1% NaCl
solution
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