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Abstract

Pitting corrosion in carbon steel can be complex and largely unpredictable, making it challenging
to inhibit the propagation of pits once they have formed. The CO2 corrosion mechanism is
subject to various influencing factors, including temperature, pH solution, and the duration of
exposure to corrosive media. Additionally, the characteristics and structure of the protective
films formed play a role in determining the likelihood of pit initiation and propagation on carbon
steel surfaces.

This research explores the correlation between the pitting corrosion characteristics of carbon
steel and varying surface temperatures and water condensation rates in CO2-saturated
environments, specifically in the top-of-line scenario. The effect of the water condensation rate
(WCR) on the TLC rate was investigated at surface temperatures of 15°C, and 40°C.

At a relatively low surface temperature of 15°C, Fig. (6results demonstrate that increasing the
WCR above 0.712 ml/m?s.

Pitting corrosion was studied under different conditions using the surface profilometry technigue.
Understanding the kinetics of FeCOs film formation, including its presence and absence, is
essential in assessing the potential for localized corrosion.

During a 7-day exposure period, under specific conditions of water condensation rate and steel
temperature, a partially protective corrosion film developed. Nevertheless, localized corrosion
was distinctly evident on the steel surface. Over time, pits appeared to be deepening, particularly
at higher steel temperatures and the maximum depth was 50 um at 50°C.

Keywords: Top of line corrosion; Surface temperature; Gas temperature; Condensation rate; Localized
corrosion.
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1. Introduction:

Top -of —the- line- corrosion (TLC) is one of many types of corrosion and can be considered as
one of the most recent to be discovered, as it was first recognized in the 1990s [1].

Within the oil and gas sector, the crude oil transportation in in carbon steel pipelines is a vital
step. Typically, most oil transporting pipelines are made from carbon steel which can corrode
easily under flowing conditions; this will lead to a loss of pipeline safety and integrity and most
importantly loss of oil production.

The TLC phenomenon happens when there is substantial heat exchange between the saturated
vapour flowing through the pipeline and the environment surrounding the pipe. This leads to
condense the water vapor, forming droplets or a thin film of liquid at the top of the pipe and on
the cold walls of the pipeline. The condensed water may include dissolved corrosive species and
gases like carbon dioxide (COz) and hydrogen sulfide (H2S).

In CO, and H2S environments, the occurrence of the localized corrosion of carbon steel is
commonly present [2-8]. The mechanism of the localized corrosion at the top of line scenario
and the questions of how the local oil field environment such as temperature and condensation

rates could be influencing the pitting corrosion Kinetics, pit initiation and pit propagation of top
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of carbon steel pipelines exposed to oilfield corrosion environments are still not fully
understood.
The available literature regarding the pitting corrosion mechanism of carbon steel materials in

environments containing CO2 and H2S has outlined the following stages [2]:

1) Formation of FeCO3 and FeS protective layers due to the corrosion processes of metal.

2) Remove of protective layers and localized breakdown occurs.

3) Anodic dissolution of materials at the sites where the breakdown of protective
corrosion products layers takes place, while the respect to the rest of the film covered
surface becomes sites of cathodic reactions.

4) Due to sufficient anodic dissolution rate, pit growth rate at localized anodic site will continue.
The effect of temperature on general and pitting corrosion rate in environment containing
CO2 can be associated with the pH solution level. At low solution pH, the corrosion rate of
carbon steel increases steadily with temperature. At these conditions the protective layer of
iron carbonate film do not form [9, 10]. When the conditions change, at high level of pH,
increasing temperature accelerates the kinetics of precipitation and protective scale formation,
suppressing corrosion rates significantly. Also, the literature has shown that the precipitation
of iron carbonate film on the pipeline surfaces does not necessarily result in the formation of
a protective film.

At higher temperatures, the iron carbonate film texture becomes more crystalline and
generally more protective. On the other hand, at temperatures less than 60°C, the corrosion
scale has a smudge-like texture and is can be removed easily by the flow of fluid [10]. The
previous studies have illustrated that, the corrosion rates are lowest at the lowest condensation
rate because the expected renewal rate of condensed droplets is slower. The attainment of iron
carbonate saturation is more achievable when liquid droplets remain attached to the pipe
surface for a longer time [11]. The lack of ability to predict localized corrosion and to detect it
by using conventional corrosion monitoring methods makes a difficult situation even worse.
The present study explores the time-dependent progression of pitting corrosion on carbon
steel in varying surface temperature and water condensation rates within CO»-saturated
environments, specifically in a scenario resembling the top of a pipeline. This allows to
correlate the evolutions behaviour of pitting corrosion with surface temperature and
condensation rate within CO»-saturated environments, specifically in a scenario resembling

the top of a pipeline.
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The paper is organised as follows. Section 2 describes the experiment methodology and the
specification of the test samples. Section 3 presents the experimental results which
demonstrate the effect of temperature variations ate rate on pit growth. Finally, conclusions

are drawn in Section 4.

2. Experimental Method

In this paper, a specialized CO2 corrosion setup was established to investigate the in-situ
development of corrosion product layers and the localized breakdown of these products,
potentially leading to pitting corrosion in carbon steel materials during a 168-hour testing
period.

The test samples were made from X-65 grade carbon steel, which was in a normalized state,
exhibiting a ferrite-pearlite microstructure. The Table (1) outlines the nominal composition of
the X-65 steel.

Table (1): The typical chemical composition of the X-65 Carbon Steel

C Si Mn P S Cr Mo Ni
0.12 0.18 0.127 0.008 0.005 0.11 0.25 0.25
Cu Sn Al P Nb Ti V Fe
0.1 0.008 0.022 0.008 0.04 0.001 0.057 bal

2.1 Sample preparation
The preparation of samples for corrosion testing was standardized across tests conducted in
CO3z-containing environments. The typical sample preparation procedure involved cutting the
carbon steel sample to the desired dimensions of 10 mm x 10 mm x 5 mm, resulting in an
exposed surface area of 1.00 cm?. Before starting the experiment, the specimens were wet
ground up to a grit size of 1200 using silicon carbide paper. Following that, the ground surfaces
underwent degreasing with acetone, then, rinsing with distilled water, and drying with

compressed air before being immersed in the solution.

2.2 Experimental procedure
The setup comprises a 2-liter glass cell capable of accommodating three test samples, as
illustrated in Fig. (1).
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Prior to each test, calibration of the pH probe and pH meter is performed, and the pH value was
specified and maintained at specific value of 5.5 during the experiments. The test solution is
then sparged with CO2 gas for at least 12 hours to de-aerate the solution to a level of less than
20ppb and achieve full saturation with CO2 gas. A small funnel was positioned directly beneath
one of the samples to gather condensed water. This condensate was then directed into a sealed
collection vessel to measure the rate of water condensation.

At the end of each test, the samples were cleaned with Clark’s solution to eliminate all corrosion
products before calculating the pitting corrosion rates. Additionally, certain samples were
washed, allowed to air dry, and then meticulously stored in a de-aerated chamber to prevent
oxidation of corrosion products before conducting surface analysis.

1-CO, inlet
2- cooling coil

3- 2 liter glass beaker

4- heated brine

5- hotplate

6- condensate collection beaker

7- pH probe

Fig. (1): Schematic of experimental setup

3. Results and Discussion

The study focused on investigation the behavior of the pitting corrosion of X-65 carbon steel
within COz-saturated environments, specifically in a top-of-line scenario. This investigation
involved varying surface temperatures and water condensation rates as key parameters.

Surface profilometry was carried out on each sample which was cleaned first by Clarke's
solutions to eliminate any corrosion product residues that might hinder the accurate detection
and quantification of pits. The analysis of pit depth adhered was based on the guidelines

outlined in ASTM Standard [12], which recommends considering the average of the ten deepest
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pits as well as the maximum pit depth for characterizing pit damage within the sample area.

3.1 Effect of Steel Surface Temperature on localized corrosion rate
In this study the influence of temperature variations on corrosion behaviour in a CO.-saturated
environment is explored by conducting a series of experiments test over a period of 168 hours
at three different temperatures 30°C, 40°C and 50°C. The primary focus of these experiments
was to gain insights into the corrosion kinetics and film formation as time progressed and to
understand the role of temperature in these specific environments. A series of experiments were
carried out for 168 hours under conditions conducive to the formation of a protective film of
partial iron carbonate.
The surface temperature was maintained at 30°C, and the water condensation rate (WCR) was
set at 0.326 ml/m2. s, simulating conditions similar to those at the top of a wet gas
transportation pipeline. During these experiments, the localized corrosion behaviour was
determined, and a consistent and continuous pit growth was found. The maximum depths of the
pits increased from approximately 7um after 24 hours to approximately 25um after 168 hours,
as demonstrated in Fig. (2).
Furthermore, the findings revealed a direct correlation between pit depth and exposure time,
suggesting that the presence of amorphous FeCOs had little to no impact on inhibiting pit
propagation. Surprisingly, it is possible that the formation of the iron carbide (FesC) layer
might even enhance pitting corrosion in other localized anodic regions due to a potential
galvanic reaction.
Fig. (2) illustrates the changes in relative pit depth (both maximum and average) over 168-hour
duration at 30°C in a 3% wt. of NaCl solution. The error bars on the graph represent the
standard deviation of the measurements of the 10 deepest pits.
The pit depths depicted in Fig. (2 are measured relative to the corroded surface. Therefore, if
the general corrosion rate rises while the pit growth unchanged and remains constant, the
relative growth of pits may appear to decrease. Consequently, the observed increase could be
attributed to galvanic reactions between iron carbide and the carbon steel surface, as proposed
by Crolet et al. [13]. As evident from Fig. (2), the depth of localized attack measured after 168
hours of exposure is nearly 3.5 times greater than the one measured after 24 hours of testing.

This suggests that the TLC (top of the line corrosion) may have considerably slowed down.
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Fig. (2): Changes of maximum and average pit depth with time at a steel surface
temperature of 30°C

Fig. (3) shows the pitting corrosion growth on carbon steel at 40°C which indicating that there

is a consistent and linear growth rate of pits, starting from approximately 9 um after 24 hours

and progressing to 42 pm after 168 hours. Interestingly, although there is evidence of a

protective iron carbonate layer formation, this specific corrosion product morphology does not

seem to have the same effect on reducing the general corrosion rate as it does on inhibiting pit

propagation. The continuous growth of pits could be attributed to the formation of the non-

uniform of the iron carbonate film on the surface of the sample, resulting in a semi-protective

nature of the corrosion product layer at this temperature.
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Fig. (3): Changes of maximum and average pit depth with time at a steel surface.

The behavior of the pitting corrosion of carbon steel at a temperature of 50°C is illustrated in

Fig. (4). As pits were initiated, a consistent growth of pits was observed between 24 and 72

hours. During this time, the corrosion product layer primarily consisted of iron carbide (FesC)
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along with very small crystals of FeCOs. After 72 hours, a slightly decreased pit growth rate

was noticed.

m Max Depth  m Top 10 average

a1
o

N W Wb B»>~
OO o1 o v,

Maximum-Average depth, ,um
)
O 01 O U1 O

72 120 168

Time, hour

Fig. (4): Changes of maximum and average pit depth with time at a steel surface
temperature of 50°C

Fig. (5), shows how the depth of the initiated micro pit is affected by the temperature variations
and demonstrates clearly how the increases of the surface temperature increase the depth of

propagation pit throughout the entire duration of the experiments.

m Tsurface 30°C m Tsurface 40°C Tsurface 50°C
£ 10 ]
£ 35
2 30 I
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S 20
Z 15 I

10
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0
24 72 120 168
Time, hour

Fig. (5): Changes in relative average pit depth with time at three different surface
temperatures: 30°C, 40°C, and 50°C

It is essential to consider the typical microstructure of X65 pipeline before initiating the

corrosion process.
Typically, X65 pipeline steel consists of irregular ferrite and pearlitic grains. The

microstructure of carbon steel includes layers of ferrite and cementite (Fe3C) forming the
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pearlite phase, with the ferrite phase constituting 88 wt.% [1]. Research studies [5, 14-16] have
indicated that during the corrosion reaction of steel in CO2-saturated environments, ferrite is
preferentially dissolved from the steel surface. Consequently, the uncorroded cementite (FesC)
phase remains behind as a result of the anodic dissolution of ferrite and becomes the preferred
sites for cathodic reduction reactions of H,CO5; and HCO; [5, 17, 18]. This overall corrosion
behavior, encompassing both general and pitting corrosion, is observed in carbon steel
materials exposed to CO2 environments.

The majority of chemical, electrochemical, and transport processes within the system, including
H+ reduction, H,CO; and HCO5 reduction, are known to accelerate with rising temperatures.
This, in turn, leads to increased cathodic and anodic reactions [18, 19]. Consequently, any
potential galvanic reactions occurring between iron carbide regions and exposed areas of
localized pores, along with the associated corrosion kinetics, becomes more pronounced at
elevated temperatures. As a result, the pit growth at surface temperature of 50°C is more
significant compared to 40°C and 30°C. This observation aligns with the findings reported by
Papavinasam and colleagues[2], where they observed an increase in pitting corrosion rates from

10 mpy at temperatures < 25°C to 80 mpy at temperatures > 50°C.

3.2 Effect of the Water Condensation Rate on localized corrosion rate

This study focuses on investigating the influence of the condensation rate on the TLC rate. The
impact of the water condensation rate (WCR) on the TLC rate was examined at surface
temperatures of 15°C, and 40°C.At a relatively low surface temperature of 15°C, Fig. (6
demonstrates that increasing the WCR above 0.712 ml/m2-s does not lead to a significant
change in the TLC rate. Despite more than doubling the WCR from 0.712 to 1.53 ml/m?. s,
there was no significant impact on the corrosion rate.

On the contrary, in Fig. (6), at a high surface temperature (Ts=40°C), the corrosion rate values
demonstrated a substantial increase with both elevated gas temperature and higher WCR. The
experimental findings revealed that at a surface temperature of 40°C, the CR increased notably
from 0.55 to 1.27 mm/y as the WCR was raised from 0.32 to 0.712 ml/m2.s.

Consequently, for higher surface temperatures, an elevated WCR played a crucial role in
boosting the CR. Based on the concise explanation above, it becomes evident that at low steel
temperature, the degree of corrosion at the top of the line can be attributed to the steel
temperature rather than the WCR. This correlation is due to the fact that the kinetics of any
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chemical or electrochemical reaction slows down at low temperatures, including the processes
of iron dissolution and FeCO3 precipitation. The low iron dissolution results in a low
concentration of Fe2+ in the condensed liquid, leading to minimal super saturation and very
little to no accumulation of corrosion products on the steel surface. Consequently, at low
surface temperatures, the corrosion reactions is primarily influenced by the temperature at
which it occur — specifically, the temperature of the steel, which can be entirely different from
the gas temperature.

On the whole, Fig. (6) demonstrates that the lowest rate of the corrosion at the upper part of
the pipe occurred when the condensation rate was at its lowest. This observation can be
attributed to the influence of the water condensation rate on the formation of the corrosion
product layer (FeCOs). When the condensed water droplets remain attached to the steel
surface for an extended period, it becomes easier to reach the saturation point of FeCOs.
Consequently, at higher condensation rates, where the renewal of condensed water droplets
happens more rapidly, the supersaturation of condensed water with FeCOsz diminishes, leading
to higher steel corrosion rates. Conversely, at lower condensation rates, the slower renewal of
condensed water droplets results in higher saturation levels of FeCO3, leading to reduced steel

corrosion rates.

m Tsurface 40°C Tsurface 15°C
1.6
1.4
1.2
1
)
g 0.8
= T I
. 0.6 .
O 04
0.2
0
0.315 0.712 1.015 1.53
WCR, ml/m? s

Fig. (6): The impact of the condensation rate on the corrosion rate after a 168-hour

exposure
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4. Conclusions

The study examined the correlation between the pitting corrosion characteristics of carbon steel
when exposed to various surface temperatures and water condensation rates in CO2-saturated
environments at the top-of-line scenario. By the analysis of the experimental result, the

following conclusions can be summarized:

e The rate of initiation of pitting corrosion was found to increase with increasing
temperature in carbon steel materials.

e The results indicated a clear link between pit depth and the duration of exposure,
indicating that the presence of amorphous FeCO3 had minimal to no inhibitory effect
on pit expansion.

e The initial micro pit depth exhibits a consistent rise as the temperature increases over
the entire experimental duration.

e The top-of-the-line experienced its lowest average corrosion rate when the
condensation rate was at its minimum. However, when the condensation rate
increased, causing a more rapid renewal of condensed water droplets, the
supersaturation of condensed water with FeCO3 decreased, resulting in higher rates of

steel corrosion.
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