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A thick cementite skeleton exposed on a ferritic-pearlitic C1018 steel surface after pre-corrosion significantly
compromised inhibition efficiency. However, this detrimental effect was insignificant for a lower carbon X65
steel with dispersed cementite microstructure, due to the insignificant amount of cementite that remained on its
surface after pre-corrosion. After normalizing the increased cathodic area in the presence of residual cementite
back to original area, both anodic and cathodic reactions were inhibited to the same extent as on bare steel with a
sufficient inhibitor concentration. However, the detrimental effect of cementite cannot be completely eliminated

due to its galvanic coupling effect.

1. Introduction

Internal corrosion of transmission pipelines associated with oil and
gas production has always been a challenging issue for corrosion engi-
neers [1,2]. Amongst different mitigation strategies, corrosion inhibitors
(CIs) are often considered the first choice in handling internal corrosion
due to their high efficiency and cost-effectiveness. As the most popular
CI category, organic corrosion inhibitors function by developing a thin
film bonded on the steel surface to decrease rates of electrochemical
reactions [3,4]. They usually can deliver excellent inhibition efficiency
on freshly polished steel surfaces under laboratory study conditions. In
aged pipelines, however, the internal wall is often covered with various
corrosion residues and/or corrosion products, such as residual cementite
(Fe3C) and precipitated siderite (FeCO3) as well as different forms of iron
sulfides (FeySy) [5-7]. The presence of corrosion residues or corrosion
products can significantly affect the inhibition performance of organic
corrosion inhibitors [8-11]. Therefore, understanding their effects on
corrosion inhibition is of great benefit in applying corrosion inhibitors to
tackle internal corrosion issues, particularly in aged pipelines.

Carbon steels are the most economical pipeline materials and widely
used for hydrocarbon production and transmission. More or less, these
steels contain a certain amount of cementite in their microstructures
depending on their carbon contents. In other words, cementite, i.e., iron
carbide (Fe3C), constitutes an original portion of any carbon steel.
During the corrosion of carbon steel, ferrite dissolves and cementite
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remains on the surface. The residual Fe3C can act as an additional
cathodic reaction site because it is an electrical conductor with a lower
overpotential [12,13]. As a result, it can accelerate the rate of iron
dissolution via galvanic corrosion with ferrite.

The effect of residual Fe3C on corrosion inhibition has been studied,
but typically is limited to comparing the inhibition efficiency (IE) with
and without or less Fe3C residue, including before and after pre-
corrosion, with different pre-corrosion durations, before and after
removal of the residual FesC, considering different steel composition
and microstructure and using pure iron as a control group [8,9,14-21].
The primary conclusion is that residual Fe3C has a detrimental effect on
inhibitor performance as a source of additional cathodic sites, which is
related to the microstructure and carbon content of mild steels [8,15,17,
22]. In general, quenched and tempered steels with bainite or
martensite-derived structures usually suffer less such effect compared
with steels with ferritic-pearlitic structure. The FesC in bainitic or
martensitic steels could rapidly detach from the steel surface during
corrosion, while the Fe3C in pearlite tends to stay on the steel surface. In
comparison with low-carbon steel, high-carbon steel generally showed a
more pronounced effect due to more exposed FesC residues. Xiong, et al.
[14] demonstrated that the decreased inhibition efficiency after
pre-corrosion was not related to the increased substrate roughness, i.e.,
anodic area. Most of these studies [8,14-16] found that higher inhibitor
dosage can help to combat the impact of the residual FesC.

However, none of the above studies evaluated the detrimental effect
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due to the presence of iron carbide quantitatively, associating the
increased cathodic area from residual FesC or accelerated corrosion rate
due to a galvanic coupling effect with the corresponding decreased in-
hibition efficiency, since it is difficult to develop a well-defined FesC
structure and measure its surface area. Some studies [8,9] postulated the
interaction between inhibitor molecules and residual FesC, such as by
impeding the mass transfer of inhibitor molecules to the steel substrate,
however, no direct evidence was provided. Besides, some studies [17,
20] did not control the ferrous ion or hydrogen ion concentration in
their experiments, which led to the increase of pH and FeCOs precipi-
tation. Almost no study monitored or reported the residual concentra-
tion of corrosion inhibitor during their experiments. All these
uncontrolled or unmeasured factors limited the result interpretation in
these studies. In summary, the effect of residual Fe3C on corrosion in-
hibition has not been quantitatively evaluated and the associated inhi-
bition mechanism is not fully understood. Quantitative work with
well-controlled water chemistry is required to have a better under-
standing of this effect.

The objective of this study is to quantitatively evaluate the effect of
residual Fe3C on the kinetics of anodic and cathodic reactions and, by
virtue of this, assessing its detrimental effect on corrosion inhibition. In
this work, a pure and definable Fe3C skeleton was developed after 2-
days of pre-corrosion and characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM), and energy dispersive X-ray
spectroscopy (EDS). Electrochemical assessments, including linear po-
larization resistance (LPR) and potentiodynamic polarizations, were
utilized to monitor corrosion evolution and inhibitor performance dur-
ing long-term exposure. Specimen weight loss was also monitored.
Finally, the effect of residual cementite on corrosion inhibition was
quantitatively evaluated and compared between C1018 and X65 steels
with different microstructures and carbon contents. In this work, ferrous
ion and hydrogen ion concentrations were well-controlled and corrosion
inhibitor concentration was monitored throughout the experiments.

2. Experimental
2.1. Materials

Steel specimens were machined from a UNS G10180 carbon steel
(C1018) with a ferritic-pearlitic microstructure and an API 5 L X65
carbon steel (X65) with ferrite grains with small and dispersed cementite
precipitates, as shown in Fig. 1. The composition of the studied C1018
and X65 steels are provided in Table 1. The carbon content of C1018 is
three times that of X65. By lever rule in the Fe-C phase diagram, the FesC
content in the C1018 (2.28 wt%) is three times that of the X65 (0.69 wt
%). In addition, the C1018 microstructure displays large pearlite
(alternating lamellae of a-ferrite and cementite) grains, while the X65
does not. Due to these different steel microstructures and carbon con-
tents, the effect of residual FesC on corrosion inhibition is expected to be
different between the C1018 and X65 steels.

2.2. Equipment and conditions

The experiments were carried out using a 4 L glass cell with an
impeller and connected to a ferrous ion concentration controller via a
flow loop, as shown in Fig. 2. A detailed introduction about this setup
has been reported elsewhere [23,24]. This experimental configuration
allows for exposure of 7 specimens to the corrosive environment,
including working electrodes (WE) and immersion specimens for weight
loss (WL) measurement and surface characterization. Immersion speci-
mens were masked with Xylan coating, and the working electrodes were
mounted in high temperature epoxy. In addition, the setup gives supe-
rior control of species diffusion in solution by an impeller to simulate the
flow condition in a pipeline. All specimens, at the same radial distance
from the impeller, experienced identical flow conditions, i.e., the same
mass transfer coefficient and shear stress. The mass transfer correlation
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for the impeller-created flow in this setup was determined by equating
the mass transfer coefficient from limiting currents of the
ferri-ferrocyanide redox reaction [25], as shown in the following
equation.

Sh = 2.94Re" 35" (€))

The rotational speed of the impeller was set at 52 rpm throughout
these experiments, which would create a flow equivalent to a 1.6 m/s
single phase water flow in a pipe with an inner diameter of 0.1 m and a
shear stress of 4.7 Pa.”

The full test matrix is listed in Table 2. All the experiments were
conducted at 55 °C in deoxygenated 5 wt% NaCl solution, a simulated
exploration and production environment where the produced water
often contains a high salt concentration [26]. The pH was maintained at
4.5 £ 0.1 by injecting deoxygenated NaHCOj3 or HCl solutions as
appropriate. Sparging with CO, was maintained throughout the exper-
iment to prevent air ingress and saturate the test electrolyte with CO,.
Prior to each experiment, all the specimens were polished with up to 600
grit abrasive papers in isopropanol flow, cleaned with isopropanol in an
ultrasonic bath, air-dried, and weighted before insertion into the cell. An
imidazoline-type commercial inhibitor package was employed in this
work. The ferrous ion concentration was controlled at a low level during
2-days of pre-corrosion by ion-exchange media to avoid any formation
of FeCOs.

2.3. Experimental procedure and techniques

The experimental procedure includes two stages: pre-corrosion stage
and inhibition stage, as indicated in Fig. 3. After two hours of saturating
the electrolyte with CO,, two carbon steel working electrodes (WE #1
and #2) and four immersion specimens for weight loss measurement or
surface analysis were inserted into the solution. The corrosion rate (CR)
and corrosion potential (or open circuit potential, OCP) were recorded
by linear polarization resistance (LPR) measurement periodically. These
specimens were pre-corroded for two days and one of the specimens was
then retrieved for surface characterization. At the beginning of day 3, a
third working electrode (WE #3), freshly polished and without pre-
corrosion, was introduced into the glass cell, and an initial corrosion
rate was recorded. Then, the first dose of 100 ppm,, corrosion inhibitor
was injected into the solution. When the corrosion rate stabilized, the
potentiodynamic polarizations were conducted on WE #1. The second
dose of 100 ppm, inhibitor was then injected into the glass cell and the
same steps of corrosion rate monitoring and polarizations were repeated
as conducted after the first inhibitor injection. When the corrosion rate
did not significantly decrease further with additional doses of inhibitor,
the inhibition stage ended and potentiodynamic polarizations were
conducted on all three working electrodes. Multiple polarization curves
were collected with WE #1, which could result in the risk of altering
inhibited surface condition after each time of polarization. Therefore,
WE #2 with the same pre-corrosion condition was exposed but only
polarized at the end of the experiment duration to validate the polari-
zation curves collected on WE #1. Throughout the experiment, im-
mersion specimens were retrieved periodically for weight loss
measurements and surface characterization, and the concentration of
Fe?* and inhibitor was measured every 24 h. The experiment was con-
ducted twice following the above procedure, and one series of charac-
teristic LPR and polarization curves is shown in this paper.

A three electrode configuration was used for electrochemical ex-
periments, with carbon steel specimens as working electrodes, a plat-
inum grid as a counter electrode and a Ag/AgCl reference electrode with
saturated KCl. To monitor three different working electrodes simulta-
neously, a Multiplexer (ECM8, Gamry) was connected to a potentiostat

2 Estimated using software FREECORP, ICMT, Ohio University.
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Fig. 1. Optical images of the C1018 (left) and X65 (right) microstructures, after Nital etch, used in this work.

Composition (wt%) of C1018 and X65 steels used in the present work.

% C

Mn Si Ni Cu Cr Mo

S Al v Ti Nb P Fe

C1018 0.16
X65 0.05

0.65 0.25 0.06 0.09 - 0.02
1.40 0.22 0.24 0.11 0.23 0.07
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Fig. 2. The schematic of experimental equipment: 4 L glass cell with impeller connected ferrous ion controller (left) and sample holders with immersion specimen

and working electrode (right

)31.

Table 2
Experimental conditions of this work.
Parameter Description
Electrolyte 5 wt% NaCl (3-liter)
Materials C1018 and X65 carbon steels
Working Flat square, 1.6 cm?
electrodes
Immersion Flat square, 1.6 cm?
specimens
Temperature 55+2°C
Total pressure 1 bar
CO,, partial 0.86 bar (saturated)
pressure
pH 4.5+ 0.1
Corrosion 0 — 400 ppm,, (Imidazoline-type commercial package)
inhibitor

Fe?" concentration
Flow condition

Controlled and monitored
Same mass transfer coefficient as a flow of 1.6 m/s in a pipe
with an inner diameter of 0.1 m (shear stress: 4.7 Pa)

(Interface 1010, Gamry), and the measurements of each working elec-
trode were collected alternately against the same counter and reference
electrode. LPR scan range was from —5 mV to + 5 mV vs. OCP with a
scan rate of 0.125 mV/s, and a B value of 26 mV [27] was used for
corrosion rate calculation via the Stern-Geary equation [28]. Cathodic
potentiodynamic polarization sweeps were conducted by starting from
the OCP at a scan rate of 0.125 mV/s. The anodic potentiodynamic
sweeps were taken with the same scan rate subsequently when the OCP
returned to the original value before the cathodic sweep. The ohmic
drop was compensated in all curves. Retrieved immersion specimens
were rinsed by deionized water and isopropyl alcohol, and then air-dried
before the specimens weighing and then top-view scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS)
analysis were conducted. Since precipitated corrosion products (e.g,
FeCOs3) should not be expected due to well-controlled water chemistry,
and since residual cementite should be retained for further character-
ization, no conventional corrosion product cleaning procedure was
implemented for weight loss measurement in this work. Due to the
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Inhibition stage
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Fig. 3. Schematic of the experimental procedure.

residual cementite is the undissolved portion of steels, the weight loss
used for corrosion rate evaluation should not include the weight of re-
sidual cementite and only dissolved ferrite was counted. Specimen
thickness loss was calculated from weight loss with knowing iron density
of 7.87 g/cm® and specimen surface area (Table 2). It is noteworthy that
the weight of residual cementite was not accounted into the weight loss
used for the calculation of thickness loss, which was insignificant due to
its low mass percentage of cementite in C1018 (2.28 wt%) and X65
(0.69 wt%). To characterize the cross-sections of these specimens, they
were mounted in epoxy, finished with a fine polish using 0.25 pm dia-
mond suspension, and sputter coated with a thin layer of palladium. The
secondary electron images and EDS data (JSM-6390LV, JEOL) were
taken with an accelerating voltage of 15 kV, a working distance of
14-15 mm, and a spot size of 50-60. X-ray diffraction (XRD) was con-
ducted using an X-ray diffractometer (Miniflex 600, Rigaku) with
monochromatic CuKa radiation (A = 0.15405 nm) at a scan rate of
3°/min with a 0.02° step width. The concentration of Fe?t was
measured by a spectrophotometer (Genesys 10vis, Thermo Scientific)
and a commercial phenanthroline-containing reagent (FerroVer Iron
Reagent, Hach) was used in this procedure. The concentration of
corrosion inhibitor was measured by a UV-Vis spectrophotometer (Cary
60, Agilent) following the methyl orange method [29,30], a widely used
technique for the analysis of cationic organic species in corrosion
inhibitors.

3. Results and discussion
3.1. Corrosion rate and inhibition efficiency

The corrosion rate and potential evolution of three C1018 working
electrodes during pre-corrosion and inhibition stages are displayed in
Fig. 4. During the 2-day pre-corrosion step, the corrosion rates of WE #1
and #2 kept increasing; this stems from their acceleration due to
exposed FesC serving as an additional cathodic reaction area. After 2-
days of pre-corrosion, an essentially pure FesC layer was expected to
be formed on the specimen surface. After injecting the 1st dose of the
corrosion inhibitor (100 ppmy), the corrosion rates of WE #1 and #2
decreased and then stabilized at ca. 0.8 mm/year. The 2nd corrosion
inhibitor injection inhibited the corrosion rates further to ca. 0.27 mm/
year. However, the corrosion rates of WE #1 and #2 did not decrease
significantly after additional 3rd and 4th inhibitor doses, stabilizing at
ca. 0.18 mm/year.

On day 3, a freshly polished working electrode, WE #3, was added to
the glass cell. The corrosion rate of WE #3 without pre-corrosion
decreased sharply to ca. 0.1 mm/year after the addition of the 1st
dose of inhibitor and stabilized at ca. 0.08 mm/year after three addi-
tional doses. Unambiguously, corrosion of the pre-corroded specimens

8 Images courtesy of Cody Shafer, ICMT, Ohio University.

possessing iron carbide residues was not as effectively inhibited as the
bare specimen after injection of the first dose of corrosion inhibitor. At
the end of the experiment, the minimum inhibited corrosion rate
(0.18 mm/year) with pre-corrosion was still higher than that (0.08 mm/
year) without pre-corrosion. These inhibition differences between pre-
corroded and bare specimens must be related to the residual FesC
exposed during pre-corrosion.

Corrosion potential evolution was then analyzed using acquired
potentiodynamic polarization results, as discussed below. It is note-
worthy that corrosion rate jumps and corresponding potential drops of
WE #1 right before the 2nd and 3rd corrosion inhibitor injections were
because of the conducting of polarization sweeps disrupting the spec-
imen surface. However, their values rapidly recovered back to similar
levels of WE #2 (no polarization sweep was conducted until the very end
of the experiment) after each dose of inhibitor injection. This commer-
cial inhibitor showed rapid adsorption kinetics and will be further dis-
cussed in the below section on polarization curves.

The corrosion rate and potential evolution of three X65 working
electrodes during pre-corrosion and inhibition stages are displayed in
Fig. 5. During the 2-day pre-corrosion step, the corrosion rates of WE #1
and #2 increased to 6-7 mm/year in the first 12 h and then remained at
this rate for 2 days. This stabilized corrosion rate after 2-day pre-
corrosion is lower than that (11-12 mm/year) on C1018, which was
related to the lesser presence of more easily detachable Fe3C particles on
the X65 specimen. After injecting the 1st dose of inhibitor (100 ppmy,),
the corrosion rates of WE #1 and #2 decreased and then stabilized at ca.
0.24 mm/year, which was also lower than that (0.8 mm/year) on
C1018. The 2nd corrosion inhibitor injection further decreased the
corrosion rates to around 0.1 mm/year. However, no significant corro-
sion rate decrease was observed after the 3rd and 4th doses, stabilizing
at ca. 0.07 mm/year; it was significantly lower than that observed on
C1018 (0.18 mm/year), again implying much less Fe3C on the X65
specimen after pre-corrosion. The corrosion rate of WE #3 without pre-
corrosion decreased sharply to ca. 0.06 mm/year after the 1st corrosion
inhibitor dosage and stabilized at ca. 0.03 mm/year without a signifi-
cant decrease after three additional doses. The potential evolutions
displayed a similar increasing trend as observed with C1018 steel and
will be further discussed in the below polarization curves section.

The inhibition efficiencies (IE) of C1018 and X65 steels with different
surface conditions and various inhibitor concentrations were calculated
via the following equation with their results presented in Fig. 6.

IE = (1 — CRyy/CR,,) x 100% @)

“CRy,” refers to the uninhibited corrosion rates before pre-corrosion.
“CRi” refers to the inhibited corrosion rates with different concentra-
tions of corrosion inhibitor. Under bare surface condition (no pre-
corrosion), 100 ppm,, inhibitor achieved near 100% inhibition effi-
ciency on both C1018 and X65 steels. After a 2-day pre-corrosion step,
the inhibition efficiency for C1018 with 100 ppm, inhibitor showed a
substantial drop from 98% to 83%. In comparison, the inhibition
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efficiency of X65 was still higher than 90% and the drop was very
limited, consistent with different FesC layer characteristics on C1018
and X65 specimens after pre-corrosion. With 200 ppm,, inhibitor, the
inhibition efficiency of C1018 was increased to 94%. With 300 and
400 ppm,y inhibitor, both steels after pre-corrosion were well inhibited,
suggesting higher dosage is beneficial to combating the adverse effect of
residual FesC [14,16,22].

The measured concentrations of commercial inhibitor and Fe?* and

calculated steel thickness loss values via weight loss measurements are
listed in Table 3. After 96 h in the experiment with C1018, 200 ppm,,
inhibitor (2 doses of 100 ppm,, each) was added in the glass cell, as
indicated by target concentration. However, the measured concentra-
tion was 116 + 3 ppmy,. The decrease of bulk inhibitor concentration
could be related to its adsorption on residual FesC (large area due to high
porosity) and other interfaces, such as the water-air interface, the sur-
face of sample holders and impeller, and the wall of the glass cell. After
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Fig. 6. Comparison of inhibition efficiencies of C1018 and X65 steels with different surface conditions and increasing inhibitor concentrations.

Table 3

Measured concentrations of corrosion inhibitor and ferrous ion and calculated
steel thickness loss value via weight loss at different times.

Time (hour) 48 72 96 120 148

Target CI concentration (ppmy,) 0 100 200 300 400

C1018 Measured CI concentration - - 116 205 310
(ppmy)* +3
Fe?" concentration (ppm,,) 25 - 7.2 9.2 -
Calculated thickness loss via 41 42 44 42 -
WL (pm)

X65 Measured CI concentration - 71 136 228 279
(ppmy)* +7
Fe?* concentration (ppmy) 1.2 2.7 2.9 3.0 3.1
Calculated thickness loss via 27 28 - - 29
WL (pm)

" 1st CI injection was at 48 h and all CI concentrations were measured 24 h
later after their injections. The concentrations of inhibitor and Fe** at 72 hrs in
the test of C1018 were not available due to lack of measurement.

injecting the 3rd and 4th corrosion inhibitor doses, the increased values
of measured concentration were consistent with the increased values of
target concentration suggesting an insignificant consumption. A similar
trend was observed in the experiment involving the X65 steel specimens.
Decreases in inhibitor concentration in a closed system were also re-
ported by other researchers [31] and continuous inhibitor injection is
suggested in future work for maintaining a constant concentration.
Fe?" concentration was below 10 ppm,, throughout the experiments
(Table 3) because it was well-controlled by ion-exchange media in the
first 48 h, where iron dissolved at a high rate, then iron dissolution was
diminished after the injection of corrosion inhibitor. This suggested that
FeCOs3 should not precipitate on the steel surface in both experiments.
The average corrosion rates according to weight loss were consistent
with the integrated corrosion rates measured by LPR throughout the
exposure time periods, validating the selection of B value in corrosion
rate calculations using the Stern-Geary equation [28]. The estimated
steel thickness loss after 2-day pre-corrosion was ca. 41 um for C1018
and ca. 27 um for X65 specimens. The difference of thickness loss was
caused by the different corrosion rates during pre-corrosion, which was
related to the different residual FesC conditions. During the inhibition
stage, the steel thickness loss did not significantly increase for both
C1018 and X65 specimens, since the corrosion was effectively inhibited.

3.2. Specimen surface characterization

The XRD patterns of C1018 and X65 specimens after 2-day pre-
corrosion are shown in Fig. 7. Residual FesC was clearly detected on
C1018 owing to its microstructure and high carbon content. However,
essentially no Fe3C was found on X65, which could be related to low
Fe3C content and its detachment from the surface as corrosion pro-
ceeded. Besides, FeCO3 was not detected on both steels suggesting
FeCO3 precipitation did not happen due to the well-controlled ferrous
ion and hydrogen ion concentrations throughout the experiments.

The top-view and cross-sectional SEM images of C1018 specimens
retrieved at different times during the experiment are shown in Fig. 8.
After 2-day pre-corrosion, a pronounced FesC residue was exposed on
the C1018 steel surface after the dissolution of ferrite. The thickness of
this FesC skeleton, derived from pearlite, was around 40 pm as deter-
mined from the cross-sectional SEM image as shown in Fig. 8(e). This
measured thickness is consistent with the calculated steel thickness loss
via weight loss (Table 3) indicating the intact FesC structure remained
on the steel surface after 2-day pre-corrosion. This explained why the
corrosion rate kept increasing during the pre-corrosion stage. After
injecting different doses of inhibitor, the appearance of a FesC residue
did not show any significant change, and its structure was still preserved
completely after 4-days of inhibition. The thickness of the Fe3C skeleton
remained around 40 pm further indicating the effectiveness of the in-
hibition. It is noteworthy that no pitting or severe localized corrosion
occurred throughout the test. Even though the residual cementite pro-
vided a massive cathode, the steel substrate still showed uniform
corrosion thanks to the uniform distribution of the Fe3C network (acting
as cathodic sites) across the substrate during the pre-corrosion stage.
After adding corrosion inhibitor, the substrate was uniformly inhibited
without any preferential protection.

The top-view and cross-sectional SEM images of X65 specimens
retrieved at different times during the experiment are shown in Fig. 9.
After 2-day pre-corrosion, a mud crack-like morphology was observed
on the X65 steel surface. Its composition was measured by EDS and will
be discussed below. From cross-sectional view, an extremely thin and
disconnected layer was observed on the X65 steel surface. Considering
the calculated thickness loss of 27 um via weight loss measurement
(Table 3), most of the Fe3C residue spalled from the surface during pre-
corrosion. Only very limited amount of residual FesC was available on
the specimen surface to promote corrosion via galvanic coupling effect
with ferrite. Therefore, the increase of corrosion rate was insignificant
during pre-corrosion compared with that of C1018 steel. After injecting
different doses of inhibitor, the top-view morphology did not show a
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significant change. From the cross-sectional view, the steel surface was
as bare as a freshly polished specimen. Hence, the inhibition efficiency
loss of X65 steel after pre-corrosion was very limited without the in-
fluence of additional surface area as seen on the C1018 steel.

The EDS data measured from the top surface of the X65 specimen
after 2-day pre-corrosion is shown in Fig. 10. Spectrum #1 was derived
from the mud crack-like feature and spectrum #2 was acquired from the
steel substrate. According to the measured atom percentage, a certain
amount of carbon was detected in spectrum #1 suggesting the existence
of Fe3C residue on these mud crack-like features. However, this Fe3C was
thin and out of XRD measurable limit with our available instrumenta-
tion. Besides, a pronounced accumulation of alloying elements was
found on these sites, such as Cr, Cu, and Al. In comparison, almost pure
Fe was detected at the steel substrate. Overall, this mud crack-like
structure and the accumulation of alloying elements on X65 specimen
surfaces had very limited effect on the underlying corrosion process
since the corrosion rate was stable throughout the pre-corrosion stage
(Fig. 5).

3.3. Potentiodynamic polarization analysis

To understand the inhibition mechanism of anodic and cathodic
reactions in the presence of residual FesC, polarization curves obtained
with different surface conditions and various inhibitor concentrations
were compared and analyzed. The main anodic and cathodic reactions
of CO; corrosion are shown in the following equations (the direct re-
ductions of carbonic acid and bicarbonate (HCO3) were considered to be
insignificant [32,33]):

Fe(s)—Fe*" (aq) +2e~ 3

2H" (aq) +2¢ —Ha(g) @

Flow also plays an important role in CO; corrosion via affecting the
mass transfer rate of hydrogen ions and their donor species, such as
carbonic acid, from the bulk solution to the steel surface. When the
charge transfer rate of hydrogen ion reduction is faster than the mass
transfer rate, corrosion rate will be controlled by the latter, which is
reflected by the “limiting current region” in the cathodic potentiody-
namic polarization curve. For most organic corrosion inhibitors, such as
imidazolinium and quaternary ammonium salts, both anodic and
cathodic reactions are usually retarded, without affecting limiting cur-
rent since the inhibitor film adsorbed on the surface is not expected for a
mass transfer barrier [34-37].

3.3.1. Polarization curves analysis and normalization of C1018 steel

The potentiodynamic polarization curves of C1018 steel under three
different conditions, i.e., no pre-corrosion and no inhibitor, no pre-
corrosion and 400 ppm,, inhibitor, and 2-day pre-corrosion and no in-
hibitor, are shown in Fig. 11. After adding 400 ppm, corrosion inhibitor
(4 doses of 100 ppm,, each), both anodic and cathodic reactions on bare

cps/eV.
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steel were retarded significantly, while the limiting current was unaf-
fected compared to the condition without either pre-corrosion or
corrosion inhibitor. As aforementioned, the corrosion rate was maxi-
mally inhibited by 400 ppm,, inhibitor, which indicates both anodic and
cathodic reactions were retarded maximally. The corrosion changed
from mass transfer control to charge transfer control after adding in-
hibitor, leading to a sharp corrosion potential increase (Fig. 4). After 2-
day pre-corrosion, the limiting current of the hydrogen ion reduction
reaction was significantly increased due to the exposed FesC skeleton
serving as an additional cathodic area. For the same reason, the charge
transfer controlled part of the hydrogen ion reduction was expected to
be accelerated to the same extent, which was not seen in the polarization
curves since the corrosion was mass transfer controlled for the cathodic
reaction. The minor retardation of the anodic reaction after pre-
corrosion should be associated to the change of solution environment
near the substrate surface in the FesC skeleton, such as by increased
ferrous ion concentration. Significant cathodic acceleration and slight
anodic retardation led to an increasing trend of corrosion potential
during the 2-day pre-corrosion (Fig. 4). It is noteworthy that the
cathodic polarization curve after pre-corrosion doesn’t show the real
cathodic current density because cathodic area was increased by resid-
ual cementite compared with its original area (specimen surface area),
which will be further discussed below.

The potentiodynamic polarization curves of C1018 steel with
different concentrations of corrosion inhibitor after 2-day pre-corrosion
are displayed in Fig. 12. After 2-day pre-corrosion and 1-day inhibition
with 100 ppm,, inhibitor, both anodic and cathodic reactions were
retarded, while the limiting current was unaffected compared with 2-
day pre-corrosion condition without inhibitor. They were retarded
further when the inhibitor concentration was increased to 200 ppmy,.
However, there was no significant further retardation from 200 ppm,, to
400 ppmyy, suggesting maximum inhibition was achieved on the spec-
imen that experienced 2-day pre-corrosion. In comparison with the case
of no pre-corrosion but 400 ppm,, inhibitor, the inhibited anodic po-
larization curves overlapped, suggesting that the anodic reactions were
retarded to the same extent regardless of surface condition.

However, the inhibited cathodic curves with pre-corrosion showed a
pronounced difference from that without pre-corrosion. This difference
was related to the additional cathodic reaction area owing to the
exposed Fe3C skeleton after pre-corrosion. As aforementioned, the
inhibited cathodic polarization curves with and without pre-corrosion
cannot be compared directly since the cathodic surface areas are
different for each case. In the absence of pre-corrosion, the cathodic
surface area is known (equal to the sample surface) and equal to the
anodic surface area. In the presence of pre-corrosion, the cathodic sur-
face area is increased due to the presence of Fe3C and unknown, while
the anodic surface area can be assumed to remain unchanged. To
compare the cathodic inhibition with and without pre-corrosion from
the cathodic polarization curves, the cathodic curve with pre-corrosion
needs to be normalized based on the cathodic area on the bare surface.
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Fig. 10. The EDS results measured on the top surface of the X65 specimen after 2-day pre-corrosion (Fig. 9b).
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Fig. 11. The potentiodynamic polarization curves of C1018 steel under three different conditions.
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Fig. 12. The potentiodynamic polarization curves of C1018 steel with different corrosion inhibitor concentrations after 2-day pre-corrosion. The polarization curve
of no pre-corrosion and 400 ppm,, inhibitor is also displayed for comparison purpose.

This process is called cathodic area normalization in this study.

To realize the normalization, the ratio of cathodic reaction area (R)
with and without a FesC skeleton is required. This ratio can be obtained
by studying the change in limiting current, which is assumed to depend
only on the change in cathodic surface area (unaffected with CI as
proved experimentally). This assumption was based on the condition
that the mass transfer coefficient of hydrogen ion was unaffected in the
cementite skeleton. Compared with 20 — 30 um gap space in cementite
skeleton (Fig. 8), the thickness of hydrogen mass transfer boundary layer
was calculated being only ca. 3 ym in the studied flow condition [38],
indicating the mass transfer coefficient of hydrogen ion remained the
same in the cementite skeleton. Consequently, the cathodic area ratio
can be deemed equal to the ratio of the limiting current, as shown by the
following equation.

Avith Fesc

Lim, with FesC R

6))

Awilhout Fe3C Uim, without Fe3C

where “Ayimn pe,c” and “Ayighour Fe;¢” Tefer to the cathodic reaction area in
the presence and absence of Fe3C skeleton. “ijm, with re,c” and
“Uim, without Fe;c Tefer to cathodic limiting current in the presence and
absence of Fe3C skeleton. “R” refers to the ratio of cathodic reaction area
with and without FesC skeleton.

To determine the limiting currents and prepare for the subsequent
cathodic area normalization, both the charge transfer part and limiting
current part of the cathodic reaction were fitted to the measured po-
larization curves. A Tafel slope of 0.12 V/dec was adopted to fit the
charge transfer part because the value has been widely reported for the
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hydrogen ion reduction reaction on mild steel in CO5 environments [39,
40]. The fitting curves for the inhibited cathodic polarization curves
with and without pre-corrosion were displayed by dotted curves in
Fig. 13 (a). The charge transfer part was perfectly fitted with the
measured values, validating the selected value of the Tafel slope. With
an excellent overall fitting with the measured curves, the limiting cur-
rents with and without the Fe3C skeleton were obtained. According to
Eq. (5), the ratio of cathodic area with and without the FesC skeleton
was determined as 4.0. Knowing this ratio, the cathodic curve with
pre-corrosion can be normalized based on the cathodic area on the bare
surface via dividing cathodic current by the ratio. The normalized
cathodic curve was displayed by the dotted purple curve in Fig. 13 (b),
with it almost overlapping with the cathodic curve without
pre-corrosion; indicating that the cathodic reaction was already retarded
to the same extent as that on the bare surface. The difference in the
cathodic retardation before normalization was caused only by the
cathodic area increase due to the exposed FesC skeleton after
pre-corrosion.

To verify the accuracy of the ratio of cathodic area obtained from the
limiting currents, it was also estimated from the cross-sectional SEM
images. It is assumed that the cathodic area equals the specimen surface
area on the bare steel surface. After 2-day pre-corrosion, the cathodic
reaction happened not only at the substrate, but also on the exposed
FesC. The FesC skeleton can be analogized and simplified to columns
whose area can be estimated, as illustrated in Fig. 14. The ratio of
cathodic area can be simplified to the ratio of the perimeter of the red
line to the length L as shown in Fig. 14, which can be calculated by the
following equation:

Ay rsc __ Perimeter of the red line 2+ N+ H+L
= T _ .

R = (6)

Awithnur Fe3C

where N is the number of Fe3C strips, H is the thickness of the Fe3C
skeleton, and L is the cross-sectional length at the selected site. Multiple
specimens that experienced 2-day pre-corrosion were selected to esti-
mate the cathodic area ratio using the above equation, a cross-section
example of which is shown in Fig. 14. The thickness of the Fe3C skel-
eton after 2-day pre-corrosion is ca. 40 um, i.e., H ~ 40 pm. The cross-
sectional length at the selected site is 500 um, ie., L ~ 500 um. The
number of FesC strips was counted from the cross-sectional SEM image
as shown in Fig. 14. By this method, the ratio of cathodic area with and
without FesC skeleton was determined as 3.9 + 0.5 from multiple
specimens. This value is consistent with the aforementioned ratio esti-
mated via limiting currents, which validated that method for ratio
determination. It also confirmed the feasibility of evaluating cathodic
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inhibition by normalizing the cathodic area when residual Fe3C exists.

3.3.2. Polarization curves analysis of X65 steel

The potentiodynamic polarization curves of X65 steel under three
different conditions, i.e. no pre-corrosion and no inhibitor, no pre-
corrosion and 400 ppm,, inhibitor, and 2-day pre-corrosion and no in-
hibitor, are shown in Fig. 15. After adding corrosion inhibitor with bare
steel, both anodic and cathodic reactions were retarded significantly,
while the limiting current was unaffected compared to the condition
without either pre-corrosion or corrosion inhibitor. As aforementioned,
the corrosion rate was maximally inhibited by 400 ppm,, inhibitor,
which indicates both anodic and cathodic reactions were retarded
maximally. After 2-day pre-corrosion, the acceleration of limiting cur-
rent was significantly limited compared with that of C1018 as there was
minimal Fe3C residue on the X65 specimen surface. Again, the anodic
reaction showed very slight retardation due to local environment
change.

The potentiodynamic polarization curves of X65 steel with different
concentrations of corrosion inhibitor after 2-day pre-corrosion are dis-
played in Fig. 16. After 2-day pre-corrosion and 1-day inhibition with
100 ppm,, inhibitor, both anodic and cathodic reactions were retarded
compared with 2-day pre-corrosion condition without inhibitor. They
were retarded further when the inhibitor concentration was increased to
200 ppmy. However, there was no significant further retardation from
200 ppmyy, to 400 ppmy, suggesting maximum inhibition was achieved
on the specimen that experienced 2-day pre-corrosion. In comparison
with the case of no pre-corrosion but 400 ppm, inhibitor, the anodic
reaction was retarded to the same extent as reflected by the overlapped
anodic curves, similar to the case of C1018 steel. What was different
compared to the C1018 steel was the retardation of the cathodic reac-
tion. The cathodic reaction with pre-corrosion was almost inhibited to
the same extent as that on the bare surface without cathodic area
normalization. It is suggested that the detrimental effect of residual FesC
on cathodic inhibition was insignificant on X65 steel compared with that
of C1018 steel due to almost no Fe3C remaining on the surface after pre-
corrosion.

It should be noted here that multiple polarization curves were con-
ducted on WE #1 during the inhibition stage, which is not recommended
in the presence of corrosion inhibitor considering the interference to the
inhibited surface condition by polarization. In this work, the potential
range of anodic polarization was within desorption potential (no
desorption behaviour observed from polarization curves) [41], sug-
gesting the desorption process was insignificant during polarization. A
new dose of inhibitor was added immediately after the conduction of
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Fig. 13. The potentiodynamic polarization curves of C1018 steel with and without 2-day pre-corrosion in the presence of 400 ppm,, corrosion inhibitor: (a) before
normalization; (b) after normalization (measured curves: dashed; fitting curves: dotted).
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Fig. 14. Schematic for the estimation of cathodic reaction area ratio with and without cementite skeleton using cross-sectional SEM image.

-0.4

No pre-corrosion
400 ppm,, CI

- -
T
..

-0.6

Pre-corrosion
No CI

-0.8 }

-09 |

Potential (V vs. sat. KCl, Ag/AgCl)

-1.1

1.2 L L

No pre-corrosion
No ClI

0.001 0.01 0.1

1 10 100

Current density (A/m?)

Fig. 15. The potentiodynamic polarization curves of X65 steel under three different conditions.

polarization sweeps and the corrosion rate and potential rapidly
recovered back to the same level as that of WE #2, on which polarization
sweep was not conducted until the end of the experiment. In addition,
the polarization curves from WE #1 and WE #2 obtained at the end of
the experiment showed excellent repeatability, which is provided as
supplementary data. All these results indicated that the surface condi-
tion can rapidly recover to the original condition before polarization and
subsequent measurements were not interfered by conducting polariza-
tion. The quick recovery could be associated with the quick adsorption
kinetics of the commercial corrosion inhibitors used in this work and
may not be valid with other such formulations.

3.4. Effect of residual cementite on corrosion inhibition

Due to the different steel microstructures and carbon contents be-
tween C1018 and X665 steels, significantly different conditions of re-
sidual cementite were observed after 2-day pre-corrosion in the studied
conditions with well-controlled water chemistry. A ca. 40 um FesC
skeleton was exposed and completely remained on the C1018 steel
surface after 2-day pre-corrosion owing to the ferritic-pearlitic micro-
structure and high carbon content of C1018 steel. However, most of the
Fe3C particles fall off from the X65 steel surface during pre-corrosion
and no measurable Fe3C was detected by XRD, which was related to
the low carbon content and the microstructure of small and dispersed

11

cementite particles therein. In the presence of residual Fe3C, the inhi-
bition efficiency of C1018 with 100 ppm,, commercial inhibitor was
significantly decreased, which was related to the galvanic coupling ef-
fect between ferrite and residual cementite serving as an additional
cathodic area. This detrimental effect could be relieved if a higher in-
hibitor concentration was applied. However, the minimum inhibited
corrosion rate (0.18 mm/year) in the presence of residual FesC was al-
ways larger than that (0.08 mm/year) for the bare steel condition. In
comparison, this detrimental effect was very limited in the case of X65
steel because of the insignificant amount of Fe3C residue on the surface
after pre-corrosion.

In terms of the inhibition mechanism in the presence of residual
FesC, it is clear that both anodic and cathodic reactions can be inhibited
to the same extent as on bare steel, i.e., maximum inhibition, with a
sufficient concentration of corrosion inhibitor, such as 400 ppmy, in this
study. Compared with bare steel condition, the lesser retardation of the
cathodic reaction reflected in the polarization curve was only due to the
additional cathodic area provided by the Fe3C skeleton. This explained
why the minimum inhibited corrosion rate with residual FesC was al-
ways larger than that on bare steel. In summary, in the presence of re-
sidual Fe3C, even though both anodic and cathodic reactions can be
retarded maximally with a sufficient addition of corrosion inhibitor, the
detrimental effect of residual FesC cannot be completely eliminated due
to its galvanic coupling effect.
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Fig. 16. The potentiodynamic polarization curves of X65 steel with different corrosion inhibitor concentrations after 2-day pre-corrosion. The polarization curve of
no pre-corrosion and 400 ppm,, inhibitor is also displayed for comparison purpose.

It is noteworthy that retardation of the cathodic reaction was easier
than that of the anodic reaction according to the evolution of polariza-
tion curves of C1018 steel collected with different concentrations of
corrosion inhibitor in Fig. 12. For instance, after injecting the first
100 ppm,, dose, the cathodic reaction was close to being maximally
inhibited, while the anodic reaction was much less retarded. It implies
that the adsorption of inhibitor molecules on the outer FesC skeleton
(main cathodic reaction site) was easier than the adsorption at the inner
substrate (anodic reaction site). The adsorption of inhibitor on the Fe3C
skeleton happened faster than the adsorption occurring on the substrate
considering that the corrosion inhibitor had to diffuse through the Fe3C
skeleton in order to reach the substrate. This mass transfer process could
be retarded by the FesC skeleton acting as a diffusion barrier. Besides,
the accelerated iron dissolution undergoing at the substrate made the
adsorption of inhibitor more difficult than on the FesC surface. Long-
term experiments are required to test these hypotheses. In addition,
the decrease in bulk concentration of corrosion inhibitor was observed
in both experiments, which could be related to the inhibitor consump-
tion via adsorbing on all interfaces in the glass cell without inhibitor
replenishment. Therefore, experiments with continuous corrosion in-
hibitor injection will be of great value in maintaining a constant con-
centration in the bulk and simulating the inhibitor injection in real
pipelines in the field. The issue of inhibitor consumption and the
aforementioned hypotheses are being addressed in ongoing research.

4. Conclusions

The effect of residual cementite exposed after pre-corrosion on
corrosion inhibition of an imidazoline-based commercial inhibitor
package was quantitatively studied using C1018 and X65 steels with
different microstructures and carbon contents in 5 wt% NaCl electrolyte
with well-controlled water chemistry. The following conclusions can be
drawn from this work:

(1) A ca. 40 um residual Fe3C skeleton completely remained on the
C1018 specimen surface after 2-day pre-corrosion, which was
favored by its ferritic-pearlitic microstructure and higher carbon
content. It significantly diminished the inhibition efficiency by
acting as an additional cathodic area and consequently

accelerating the iron dissolution rate through galvanic coupling.
In comparison, this detrimental effect was insignificant for X65
steel because the amount of residual Fe3C after pre-corrosion was
limited, with most detaching from the surface due to the small
and dispersed particle microstructure and low carbon content.
In the presence of residual Fe3C, both anodic and cathodic re-
actions can be inhibited to the same extent as on bare steel with a
sufficient concentration of corrosion inhibitor. Compared with
bare steel condition, the lesser retardation of the cathodic reac-
tion reflected in the polarization curve was only due to the
additional cathodic area provided by the Fe3C residue. The
minimum inhibited corrosion rate with residual Fe3C was always
larger than that on the bare steel due to the galvanic coupling
effect.
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