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ABSTRACT

INTRODUCTION

Electrochemical behavior of localized carbon dioxide (CO,) cor-
rosion of X65 mild steel at 80°C in 0.1, 1.0, 10, and 20 wt%
sodium chloride (NaCl) solutions have been investigated using
electrochemical techniques including linear polarization resis-
tance (LPR) and electrochemical impedance spectroscopy (EIS).
Surface morphology of specimens was observed using scan-
ning electron microscopy (SEM). Pit depth and its correspond-
ing 3D optical measurement were undertalen using infinite
focus microscopy (IFM). The results showed that ClU concentra-
tion had only a slight effect on general corrosion rate. It also
revealed that increasing Cl concentration did not accelerate
the initiation of localized corrosion; localized corrosion rate did
not change with increasing NaCl solution concentrations; and
chemical dissolution of corrosion product film could initiate
localized CO, corrosion.
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In the production of petroleum, mild steel is the most
frequently used material for construction of long oil
and gas transmission pipelines because of its rela-
tive low cost. The production of petroleum is usually
associated with production of carbon dioxide (CO,)
gas and water. When CO, dissolves in water, carbonic
acid (H,CO,) is usually formed, which is more corro-
sive to mild steel than hydrochloric acid (HCI]) at the
same pH.

During the CO, corrosion processes, a corrosion
product scale/film, mostly iron carbonate (FeCOj),
may precipitate on the surface of the steel, which is
known to play an important role in the mechanism,
kinetics, and pattern of CO, corrosion.' Any dam-
age to the corrosion product film, for example, by
mechanical removal, chemical dissolution, or the
combination of both, is typically followed by severe
corrosion attack.? Depending on the existing condi-
tions, CO, corrosion of mild steel may cause either
general corrosion or localized corrosion. In spite of
extensive research work done in this area, failure
from CO, corrosion still occurs. This failure is almost
always a result of localized pitting corrosion. Localized
corrosion commonly has been considered as develop-
ing in three stages, namely, initiation, propagation,
and repassivation. It is difficult to stop localized cor-
rosion once it begins. The mechanism of propagation
of localized corrosion is reasonably well understood,®
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TABLE 1
Chemical Composition of X65 Mild Steel
C Mn Si P Cr Cu Ni Mo Al
X65 0.065 1.54 0.25 0.013 0.001 0.05 0.04 0.04 0.007 0.041

FIGURE 1. Ferritic-pearlitic microstructure of X65 steel.
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FIGURE 2. Variation of solution resistance with NaCl concentrations
(initially pH 6).
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FIGURE 3. Variation of saturation of FeCO;, with time at different
NaCl solutions (initially pH 6).
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FIGURE 4. Corrosion rate with time at different NaCl solutions
(initially pH 6).

while the mechanism of the initiation process remains
unclear.

Most work about CO, corrosion has been done at
low salt concentrations, typically from 1 wt% to 3 wt%
NaCl concentrations because of the suspicion that
localized corrosion may be accelerated by chloride
ions at these low salt concentrations.*® No significant
effects of salt concentration on general CO, corro-
sion were observed at low salt concentration. Much
higher salt concentrations are often present in the for-
mation water of oil and gas reservoirs. Considerably
less work has been carried out at high salt concentra-
tions,®” despite the fact that Cl” is widely thought to
be an aggressive pitting agent in aqueous solution.®
Fang® investigated the influence of chloride ions under
non-scaling conditions at pH 4 and up to 20% sodium
chloride (NaCl) concentrations. No pitting corrosion
was observed under the non-scaling conditions. The
rate of uniform corrosion decreased with increas-
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ing concentrations of NaCl and this was attributed to
a decrease in the solubility of CO, at the higher salt
concentration. An important gap missing is the influ-
ence of chloride ion concentration on localized CO,
corrosion, especially when present at high concentra-
tion, e.g., 20% NaCl.

In this paper, the role of CI” in the initiation stage
was investigated at the range between 0.1 wt% to
20 wt% NacCl concentration. Chemical dissolution of
the corrosion product film then was carried out to
illustrate the initiation of localized corrosion and the
role of CI” in the subsequent process.

EXPERIMENTAL PROCEDURES

The glass cell was filled up with 2 L of electro-
lyte, which consisted of distilled water and 0.1, 1.0,
10, and 20 wt% NaCl concentration, respectively.
The glass cell setup is presented in another paper.®
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0.1%
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FIGURE 5. Surface SEM images in left column and cross-sectional morphology in right column for the 0.1% NaCl solution
in 1st row, 10% NaCl solution in 2nd row, and 20% NaCl solution in 3rd row, after 13 days (initially pH 6).

All measurements were carried out at a temperature
of 80°C = 1°C with the temperature controlled by hot
plate and thermocouple immersed in the solution.
Prior to the experiment, the solution was deaerated
by bubbling CO, gas for 1 h, then this was contin-
ued throughout the experiment. The total pressure in
the glass cell was 1 bar. The pH was monitored with
an electrode immersed in the electrolyte. Fe** con-
centration was measured twice daily using a spectro-
photometric method. A pump was used to circulate
electrolyte between the Na-based ion exchange resin
and the glass cell. When required (saturation of FeCO,
was lower than 0.5 or higher than 2), the pump was

CORROSION—Vol. 69, No. 1

used to move the solution through a Na-based ion
exchange resin to consume generated ferrous ion and
prevent uncontrolled buildup of corrosion products in
long-term experiments.

Five rectangular coupons (2.0 by 0.9 by 0.4 in)
and a cylindrical coupon of X65 mild steel specimens,
with the chemical composition given in Table 1 and
ferritic-pearlitic microstructure shown in Figure 1,
were inserted into the same glass cell in each experi-
ment. Prior to immersion, specimens were polished
with 240, 400, and 600 grit silicon carbide (SiC) paper
and then rinsed with isopropanol (C;HzO). Two rectan-
gular coupons were used for electrochemical noise

17
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10%

20%

(d)
FIGURE 6. Surface SEM images in left column and cross-sectional morphology in right column for the 10% NaCl solution in
1st row and 20% NaCl solution in 2nd row, after 27 days (initially pH 6).
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FIGURE 7. Variation of saturation of FeCO, with time at different
NaCl solutions.
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FIGURE 8. Variation of corrosion rate with time at different NaCl
solutions.

(EN) measurement, and the results were published
elsewhere;® three other rectangular coupons were
used for scanning electron microscopy (SEM) and infi-
nite focus microscopy (IFM) for 3D optical analysis.
The cylindrical coupon with a surface area of 5.4 cm®
was used as the working electrode (WE) for linear
polarization resistance (LPR) measurements.

A standard three-electrode system incorporating
a silver/silver chloride (Ag/AgCl, 3 M potassium chlo-
ride [KCI]]) reference electrode and a platinum mesh
counter electrode was used to obtain information of
the general corrosion rate from LPR measurements.
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The LPR measurement was carried out by polariz-

ing the working electrode +5 mV vs. the open-circuit
potential at a rate of 0.125 mV/s. The solution resis-
tance was measured using electrochemical impedance
spectroscopy (EIS) at an applied potential of +5 mV
vs. the corrosion potential in the frequency range from
10 kHz to 1 Hz. The solution resistance was sub-
tracted from the polarization resistance (R,) obtained
from the LPR measurements. After the specimens
were removed from the cell, they were rinsed and
dried immediately, and then stored in a desiccator.
Surface and cross-sectional morphology of coupons

CORROSION—JANUARY 2013
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9 days

FIGURE 9. Surface SEM images in left column and cross-section morphology in right column after 3.5 days in 1st row,
9 days in 2nd row, and 10 days in 3rd row, in 0.1% NaCl solution.

were undertaken using SEM. The surface topogra-
phy was analyzed using IFM of the surface before and
after film was removed using Clarke’s solution.

Two sets of experiment were conducted.

First set of experiments: The desired pH of 6.0
was obtained initially by adding sodium hydrogen car-
bonate (NaHCO;) solution. The test duration was from
13 days to 27 days. The experimental objective was to
clarify the role of CI” ions on the initiation of localized
corrosion.

The second set of experiments had three distinct
steps.

Step 1: Building of a Corrosion Product Layer — At
the beginning of the experiment, the pH was adjusted
to 6.3 by adding a deoxygenated NaHCO; solution.
Saturation (S) of 200 with respect to FeCO; was set
by injection of a deoxygenated ferrous chloride (FeCl,)
solution. The steel coupons were inserted and the

CORROSION—Vol. 69, No. 1

conditions maintained for approximately 3.5 days,
during which the saturation of the solution decreased
as the precipitation of FeCO; occurred. This led to a
significant reduction of the corrosion rate of the steel
coupons.

Step 2: Partial Dissolution of the Corrosion Product
Layer — Once the protective corrosion product layer
was in place, the pH was adjusted to pH 5.0 and the
saturation with respect to FeCO; was adjusted to
0.04. This resulted in rapid product layer dissolution.
This present condition was maintained for 4 h to
achieve a partial dissolution of the corrosion product
layer.

Step 3: Localized Corrosion — Following the par-
tial dissolution of the protective corrosion product
layer, a pH of 6.0 was established and the saturation
of FeCO; was adjusted back into the “gray zone” (S =
0.5 ~ 2.0) using a sodium-based ion exchange resin

19
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3.5 days

9 days

10 days

FIGURE 10. Surface SEM images in left column and cross-sectional morphology in right column after 3.5 days in 1st row,

9 days in 2nd row, and 10 days in 3rd row, in 1% NaCl solution.

where the corrosion product layer is certain neither to
dissolve nor precipitate. Previous research indicated
that “gray-zone” conditions are favorable for localized
corrosion propagation.®*

These conditions were maintained for approxi-
mately 6.5 days, and the total time to complete each
test was about 10 days.

The second set of experiments was conducted to
illustrate the initiation of localized corrosion by chem-
ical dissolution of corrosion product film and the role
of CI” in subsequent processes.

RESULTS AND DISCUSSION

Role of Cr in the Initiation of Localized Corrosion

This section discusses the results from the first
set of experiments that were carried out at 80°C and
an initial pH of 6.

20

The variation of solution resistance with NaCl
concentrations at 80°C is shown in Figure 2. The
solution resistance decreased with increasing NacCl
concentrations as a result of the increase of ionic
strength and solution conductivity.

The variation of saturation of FeCO; with time
at different NaCl solutions is illustrated in Figure
3. Saturation of FeCO; was calculated according to
species concentrations and the solubility constant
(K,,) was determined as shown in the formula below,
Equation (1):

(1)

sp

All the saturations of FeCOj in Figure 3 were
greater than 1. The saturation of FeCO; decreased
with increasing NaCl concentrations. This means

CORROSION—JANUARY 2013
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9 days

(e)
FIGURE 11. Surface SEM images in left column and cross-sectional morphology in right column after 3.5 days in 1st row,
9 days in 2nd row, and 10 days in 3rd row, in 10% NaCl solution.

U]

that precipitation of FeCO; was the main process that
occurred on the metal surface.

General corrosion rates measured using LPR tech-
nique with time for different NaCl solution concentra-
tions are shown in Figure 4. The measured corrosion
rates also decreased rapidly with time because of the
deposition of an FeCO; corrosion product film onto
the metal surface. This deposition slowed corrosion by
presenting a physical barrier for the species involved
in the corrosion process. No significant difference of
corrosion rate was observed prior to 13 days. Local-
ized attack in CO, corrosion of mild steel was always
associated with the formation and breakdown of pro-
tective FeCOj films. Work performed by Cheng, et
al.,'® showed that the role of chloride ions was to
increase the probability of the breakdown of the corro-
sion product film. If this is the case for the present
system, the breakdown of corrosion product film is

CORROSION—Vol. 69, No. 1

more likely to occur at high salt concentrations at lon-
ger immersion times. Therefore, a 27 days’ immersion
was carried out for 10 wt% and 20 wt% NaCl solu-
tions. The corrosion rates were around 0.1 mm/y in
both 10 wt% NaCl and 20 wt% NacCl solution when
the immersion time was longer than 13 days. The
result indicated that increasing CI” concentration had
no significant effect on general corrosion rate under
the conditions where protective FeCOj, layers formed.
This was different from Fang’s work® where uniform
corrosion rates were reported to decrease with
increased NaCl concentrations, because the latter
experiments were done under conditions where pro-
tective FeCO; layers are absent.

The surface and cross-sectional morphology
of the steel after 13 days and 27 days at different
NaCl concentrations are shown in Figures 5 and 6
to inspect localized corrosion in the present work.

21
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(e)

FIGURE 12. Surface SEM images in left column and cross-sectional morphology in right column after 3.5 days in 1st row,

9 days in 2nd row, and 10 days in 3rd row, in 20% NaCl solution.

Porous and loosely adherent film with less FeCO; par-
ticles in 0.1 wt% NaCl solution and denser corrosion
product film with high crystallinity in 10 wt% and

20 wt% NacCl solutions was observed after 13 days
from the surface morphology and cross-sectional SEM
in Figure 5. The change of the film with the concen-
trations of NaCl solution may be related to the ion
strength of the solution and its effect on the nucle-
ation of FeCO, and FeCO, particle growth rate."'

The ion strength of the solution increases with the
increasing of NaCl solution. The rate of nucleation
and the rate of particle growth of FeCO; may increase
with the ion strength of the solution, so it was easier
to obtain denser film with high crystallinity at higher
concentrations of NaCl solution. Compared to the cor-
rosion product film after 13 days, it became denser
and thicker after 27 days in 10 wt% and 20 wt% NaCl
solutions as shown in Figure 6, which was from the

22

gradual deposition of corrosion product with time. No
pitting or other forms of localized corrosion were evi-
dent on the steel surface after the scale was removed
using inhibited HCI and inspected by SEM after both
13 days and 27 days. Despite the fact that the level of
FeCOj; saturation was close to unity and in the “gray
zone,” there was no evidence of localized attack on the
scale by the high chloride ion solutions. This means
that higher concentrations of chloride ions did not
cause or accelerate the breakdown of the corrosion
product film/scale as previously suspected. Therefore,
it is concluded that chloride ion alone is not enough
to initiate localized corrosion of mild steel in CO,
environments.

Chemical Dissolution of Corrosion Product Film

If localized corrosion is not initiated by increas-
ing CI” concentrations, the question that needed to be

CORROSION—JANUARY 2013
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(d)
FIGURE 13. IFM topography without corrosion product film after 10 days in (a) 0.1%, (b) 1%, (c) 10%, and (d) 20% NaCl
solution.

answered is, what influence does chloride ions have
once localized corrosion is initiated. The second set of
experiments was carried out in this part to clarify the
initiation of localized corrosion by chemical dissolu-
tion of corrosion product film and to ascertain the role
of CI' in subsequent processes.

The variation of saturation of FeCO; and corre-
sponding uniform corrosion rate measured on the
cylinder electrode with time in different concentra-
tions of NaCl solutions is presented in Figures 7 and
8. The level of FeCO, saturation and corrosion rate
dropped significantly over the 3.5 days in which it
was observed as a result of the formation of a protec-
tive FeCOj; layer. The saturation was then adjusted to
0.04, and this process was maintained for 4 h in step
2. This corresponded to a gradual increase in corro-
sion rate (Figure 8) since the corrosion product film
was partially dissolved. The saturation was finally
controlled to the “gray zone” (S = 0.5~2.0) at around
1 after 3.5 days in step 3. This meant that in the pro-
cess of step 3 no more FeCO, was appreciably depos-
ited nor was any significantly dissolved.

The surface and cross-sectional morphology in
0.1, 1.0, 10, and 20% NacCl solution after 3.5 days,

9 days, and 10 days are shown in Figures 9 through
12. Loosely adherent FeCO, film with smaller flake
crystals was observed in the 0.1% NacCl solution in

CORROSION—Vol. 69, No. 1

Figure 9, and denser FeCO; film with hexahedron
crystals was obtained in Figures 10 through 12 for
other NaCl solutions after 3.5 days. This also may be
attributed to the effect of the ion strength on the
nucleation of FeCO; and FeCO; particle growth rate.
In the 0.1% NacCl solution, virtually almost all the
FeCOj; crystals have been removed after 9 days and
10 days. Figures 10, 11, and 12 reveal the remains
of FeCOj crystals and significantly damaged FeCO,
scales for 1.0, 10, and 20% NacCl solution after 9 days
and 10 days from the partial dissolution that took
place where the pH was reduced to 0.04 for 4 h.
Localized corrosion was observed from cross-sectional
morphology across the whole range of NaCl concen-
trations after 9 days and 10 days, and this was fur-
ther confirmed in the IFM images (Figure 13) when
the corrosion product layer was removed after a
10-day exposure. Therefore, one can conclude that
the chemical dissolution initiated the localized CO,
corrosion for each concentration of NaCl tested.

In the oil industry, one deep pit can cause leak-
age of the pipeline and even closure of the oil field.
Therefore, knowledge of maximum localized corro-
sion rate is a very important parameter for indicating
the severity of localized corrosion. In this work, maxi-
mum localized corrosion penetration rate was calcu-
lated from the maximum pit depth detected in the IFM
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O General corrosion rate

31 mMaximum localized corrosioh rate-IFM

2.51 9 days 10 days

Corrosion Rate (mm/y)
JEOS N < S

0.1 1 10 20 0.1 1 10 20
NaCl Solution Concentration (wt%)

FIGURE 14. Variation of corrosion rate with NaCl concentration after
9 days and 10 days.

images (Figure 13). A comparison of the general corro-
sion rate and maximum localized corrosion rate over
9 day and 10 day exposure times for different NaCl
concentrations is presented in Figure 14. There was
no significant difference of general corrosion rate and
maximum localized corrosion rate over the studied
NaCl concentration range after 9 days and 10 days.

In all cases, the final general corrosion rate is around
0.5 mm/y and the maximum time-averaged local-
ized corrosion rate is around 2 mm/y. Neither of them
changed with increasing NaCl concentrations. There-
fore, NaCl concentration had very little influence on
the rate of pitting corrosion once pitting corrosion was
started by partial dissolution of the FeCO; scale.

CONCLUSIONS

% The chloride concentration had no significant effect
on general CO, corrosion rate under conditions where
protective FeCO, layers formed under static condi-
tions.

% Chloride ion did not cause or accelerate the break-
down of the FeCOj layer as suspected; 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.

% Chemical dissolution of the corrosion product ini-
tiated localized CO, corrosion. However, high chloride
concentration had very little influence on the rate of
pitting corrosion once pitting corrosion was started by
partial dissolution of the FeCO, scale/film.
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