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We discuss kinetic and thermodynamic aspects of carbon steel corrosion in CO,-containing NaCl fluids up to
240 °C. Crystalline nm-thick Fe-oxide films only form at 160 °C and 240 °C providing instantaneous and mod-
erate corrosion protection. The absence of Fe-oxide at 80 °C results in high initial corrosion rates until a mod-
erately protective, but thick and porous, FeCOs3 film forms. From the metal/film interface it grows inwards by
replacing ferrite with FeCO3. TEM reveals a precursory, likely hydrated and chloride-containing, phase that

predates FeCO3 formation. Thermodynamic predictions agree well with experimental results in that Fe-oxide
formation is favored over FeCO; towards higher temperatures.

1. Introduction

Geothermal fluids are inevitably corrosive towards engineering
metals, arising from the combination of high temperatures and the
presence of corrosive species, e.g. chloride ions and/or dissolved CO,
[1,2]. Such fluids are encountered not only in geothermal operation,
but also in CO, sequestration, nuclear waste disposal, and hydrocarbon
exploration, where oil and gas is increasingly produced from deeper
reservoirs. The integrity of subsurface structures is therefore a main
concern in geotechnical applications. Material degradation and failure
might lead to contamination of aquifers or to significant downtime
periods in operation. Another concern arises from the observation that
precipitates on corroding metal surfaces can accumulate significant
amounts of toxic substances and radionuclides [3]. In geothermal
binary cycle power plants, such scales not only decrease the efficiency
of the heat exchange but also require extensive cleaning operations
with strict regulations on safety and radioprotection.

Numerous engineering materials have been tested in both simulated
and in-situ geothermal environments [2,4-10]. These include materials
for well casings, surface pipes, heat exchangers, turbines, including
carbon steels, stainless steels, non-ferrous metals, and other non-me-
tallic materials. The corrosion-relevant physicochemical conditions
have been site-specifically monitored and discussed globally. Various
factors have been found to significantly impact the corrosion rate of
engineering materials (e.g. salinity, chloride concentration, dissolved
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gas chemistry, temperature, microbial activity, flow rate, micro-
structure and composition, and pH) among which temperature plays a
key role in many corrosion systems. It is the main driver that accel-
erates all the processes involved: electrochemical, chemical, and
transport [11]. Another important factor is time and instantaneous
corrosion rates have been found to vary over orders of magnitude be-
tween initial (Fe3C-catalyzed) and steady-state corrosion rates [12,13].
This wealth of influencing and often time-variant factors makes a
comprehensive assessment of material stabilities technically im-
possible. Rather subtle changes in corrosion mechanisms are easily
overlooked by studying an array of influencing factors.

Dissolved or gaseous CO, is ubiquitous in geothermal fluids. CO,
corrosion (“sweet corrosion”), mainly in the context of hydrocarbon
exploration and transportation, has been discussed extensively by many
authors [2,11-17]. CO, can have a corrosion-enhancing or corrosion-
inhibiting impact on the corrosion rate. For instance, CO5 is known to
electrochemically enhance corrosion rates by lowering the pH and in-
troducing additional reducible species (e.g. H,CO3, HCO3 ). On the
other hand these species can react with anodically-released iron cations
to form corrosion films that, depending on an array of factors, poten-
tially have protective properties [11,18]. The kinetics of corrosion is
strongly impacted by the formation and properties of corrosion films.
Which phases will form (e.g. oxides, carbonates) not only depends on
the availability of species in the fluid and the temperature, but on the
degree of oversaturation and the relative kinetics of nucleation and
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crystal growth. It is therefore not uncommon for a metastable or
amorphous phase to form preferential to a thermodynamically stable
phase [19-21]. In addition, kinetic effects on film growth, as well as the
relative kinetics of nucleation and crystal growth for the individual
phases, are important and can strongly alter thermodynamically pre-
dicted outcomes.

Despite its overarching importance, there are only a very limited
number of studies that focus solely on temperature exceeding 160 °C,
particularly in the presence of CO,. For instance, Posey et al. found a
linear relationship in deaerated NaCl solution up to 250 °C [9]. Kurata
et al. also found increasing corrosion rates for various materials as
temperature increased in the range between 150 °C and 300 °C [10].
The presence of CO,, however, complicates the matter and existing
research is very ambiguous as to whether corrosion intensifies as tem-
perature increases. This is mainly due to an incomplete understanding
of corrosion films and their structural properties. For instance, corro-
sion films can be intrinsically protective or facilitate passivation be-
neath a moderately protective film [11,14]. The lack of research on this
particular topic is also due to the inherent difficulty running well-
controlled electrochemical experiments under high-temperature/high-
pressure conditions. In this study we use electrochemical and surface
analytical techniques to obtain a better understanding of carbon steel
corrosion at geothermally-relevant temperatures. A highly saline and
CO,-containing fluid mimicking a natural geothermal fluid is used for
the flow-through experiments. Thermodynamic calculations were car-
ried out, providing a basis for discussing the results from the kinetic
study.

2. Experimental

The experiments were conducted at 160 and 240 °C for variable
durations (up to 4 days) in an all-titanium mixed flow reactor (Parr
Instruments) with a volumetric capacity of 300 ml. It was constantly
stirred at 500 rpm. The flow rate is held constant at 0.5 ml/min so that
the reactor volume is exchanged every 10 h. A pressure of 70 = 4 bar
was maintained over the course of the experiment to prevent CO, de-
gassing. It took about 1-1.5 hours to reach the target temperature and
pressure. During that time the samples were already immersed in cor-
rosive solution.

Corrosion experiments were conducted with 1045 carbon steel
samples with the following composition [wt.%]: C 0.48, Mn 0.75, Fe
balance. 1045 is similar to API grade P110 (C 0.41, Mn 0.34, Fe bal-
ance), which is often used for pipeline applications. The high carbon
content leads to a ferritic-pearlitic microstructure, in which pearlite is a
two-phase mixture consisting of alternating plates of ferrite and ce-
mentite (FezC). For each experiment two cylindrical samples were
placed in the reactor: one working electrode (2.63 c¢m?) connected to a
potentiostat and one sample (2.57 cm?) for ex-situ analysis. Before each
experiment the samples were sequentially polished up to 1200 grit,
rinsed with water, degreased in acetone, and dried.

The corrosive fluid contained 2 M NaCl and 40 mM NaHCOs. It was
equilibrated for at least 24h in a 4L titanium vessel at 10 bar pCO,
(research-grade). Deaeration was achieved by adding the salts under N,
atmosphere to deionized water (18.2MQcm) that had been boiled
vigorously for 15 min. Using PhreeqC with the preeqc.dat database we
calculated a solution pH of ~5.1 (at 25 °C) and a total dissolved carbon
concentration of 0.2723 mol kg_1 in the starting fluid [22]. Under in-
situ conditions COx(.qy is the species present in the highest concentra-
tion (~ 85 mol% of the total dissolved carbon). The pH for the different
temperatures was calculated to be 4.8, 5.3, and 6 at 80, 160, and
240 °C, respectively. Geochemist's Workbench was used for the gen-
eration of pH-temperature plots using the thermo.com.V8.R6 + .dat
database [23].

Electrochemical experiments were conducted with a standard three-
electrode setup with the 1045 carbon steel sample as the working
electrode, a Pt mesh counter electrode, and an external Ag/AgCl (0.1 M
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KCl) reference electrode purchased from Corr Instruments, LLC. All
electrochemical potentials reported in this study are referenced to the
standard hydrogen electrode (SHE). The pressurized shaft around the
sensing element was cooled to 15—20°C by a recirculating chiller. A
Princeton Applied Research potentiostat (PARSTAT 4000A) was used
for data acquisition. During the experiment the corrosion potential E.,,,
and the linear polarization resistance (R,) were measured continuously.
R, tests were conducted by polarizing from —10 to 10mV vs. open
circuit potential (OCP) with a scan rate of 0.25mV s~ L. Before termi-
nating the experiment after 1 and 4 days, a potentiodynamic polar-
ization (PDP) curve was measured by polarizing the sample from
—250mV to +500mV (vs. OCP).

A scanning electron microscope (SEM; Zeiss Evo LS10) equipped
with an energy dispersive X-ray (EDX) detector was used for structural
and compositional analysis of the corrosion films (acceleration voltage
15kV). XRD measurements were conducted with a Siemens D500 dif-
fractometer using Cu ka 1 (Akal =1.5406 f\) and ka 2
(Aka2 = 1.5444 A) radiation. Data were collected from 2 to 90°26 with
a 0.02°20 step-size and count times of 2s per step. The diffraction
pattern was collected on a diffractometer in Bragg-Brentano geometry,
equipped with a theta-theta goniometer with a rotating sample holder.
The diffraction patterns were analyzed using the software Match ex-
tended with the PDF (powder diffraction file) mineral database.

Transmission electron microscopy (TEM), high-resolution trans-
mission electron microscopy (HRTEM) and scanning transmission
electron microscopy (STEM) were carried out using a JEOL NEOARM
200F operating at 200 kV. The device was equipped with a cold field
emission gun, a 4k x 4k Gatan OneView CCD-camera and two win-
dowless silicon drift detectors for energy dispersive X-ray spectroscopy
with a total detector area of 200mm? (JEOL Centurio). Samples for TEM
were prepared using a focused ion beam system (Helios NanoLab 6001,
FEI). In case of the 80 °C sample the corrosion film was removed by
grinding using 1200 grit until parts of the alloy surface got visible for a
targeted preparation of the corrosion film/metal interface.

3. Results and discussion
3.1. Study of corrosion kinetics

3.1.1. Potentiodynamic polarization (PDP)

Fig. 1a gives the PDP curves that have been measured at 160 °C and
240 °C after 1 and 4 days, respectively. Kinetic information from PDP
measurements can typically be extracted by using the Tafel extrapola-
tion method in which the corrosion current j,, can be extracted by
extrapolation of the Tafel lines to the corrosion potential [24]. How-
ever, the applicability of this method for our experiments is limited due
to the absence of anodic Tafel behavior at both temperatures. This
suggests the existence of a dissolution reaction in conjunction with a
film-forming reaction. Nonetheless, the lower current densities over a
wide range of anodic potentials indicate a lower corrosion rate at
160 °C. This is qualitatively consistent with the anodic polarization
results from Heusler et al. [25]. They reported an anodic current den-
sity approx. one order of magnitude higher at 250 °C than at 150 °C,
albeit in the absence of CO,. By extrapolating the measurements at
different anodic overpotentials to the OCP, they found a maximum rate
constant between 230 °C and 250 °C.

The cathodic branches reveal a minor influence of temperature and
immersion time on the cathodic reaction, which under these conditions
is the hydrogen evolution reaction (HER) by reduction of the H* part of
the H;0 ™", H,0; and HCO5;~ [16]. Previous research has shown that
FesC, which is a metallic conductor and has a low hydrogen over-
voltage, provides a good surface for the cathodic HER. This lead to the
conclusion that galvanic coupling between Fe;C and ferrite accelerates
corrosion substantially by preferentially dissolving the ferrite [26].

The anodic branches are more dependent on temperature and show
peaks and plateaus, indicating the occurrence of anodic interfacial
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Fig. 1. (a) Potentiodynamic polarization curves for 160 °C and 240 °C measured
after 24 h (scan rate: 1 mVs~1); (b) Linear polarization resistance (Rp) versus
time (80 °C data are from Mundhenk et al. [12].

reactions. Minor discrepancies can typically be found in the anodic
branches when comparing the 1 and the 4 days experiments, showing
that steady-state conditions are achieved relatively early during the
experiments. At any given anodic potential the current density is higher
at 240 °C than at 160 °C. For both temperatures, however, the observed
plateau currents are too high to be considered as being in the true
passive state. The terms pseudo- or semi-passive are typically used to
describe such observations [16]. At 160 °C an active-passive transition
is observed with a current peak of 200—250pyAcm™' at —232mV
before the current drops to 60-80 pA cm ™. Another oxidation reaction
(4 days sample) occurs at —115mV and is likely attributed to an oxi-
dation reaction within the film (Fe?* to Fe3*). At 240°C an active-
passive transition is not observed and the corrosion potential lies in a
plateau region that is characterized by a current density of
120 —240 pA cm ™. A significant increase in current density occurs at a
potential of approx. —192mV (1 day sample) and —300mV (4 days
sample), respectively. The observed differences after 1 and 4 days un-
derscore that the metal surface is a highly dynamic local environment.

3.1.2. Linear polarization resistance (R,)

Fig. 1b shows that the R, at 160 °C and 240 °C is relatively constant
over the course of several days. For each temperature three measure-
ments are given that show good agreement after ~10h of immersion.
R, is significantly higher for 160°C (~1500Qcm?) than for 240 °C
(~200Qcm?).

At 160 °C the R, rises to slightly higher values after ~40h of im-
mersion. An increase cannot be observed for the 240 °C experiments.
This is in disagreement with the results reported in Park and Macdonald
[27] for similar temperatures, whose data show a substantial decrease
in R, caused by autocatalytic corrosion due to the development of a
low-pH electrolyte within the pores by cation hydrolysis. This apparent
disagreement can be resolved by considering the buffering effect of the
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electrolyte which prevents strong local acidification.

The observed behavior at 160 °C and 240 °C is in stark contrast to
what we observed at 80 °C, where corrosion appears to proceed in the
absence of a protective Fe-oxide film. R, was found to be strongly
variable with time, which is indicated by the dashed line in Fig. 1b. Low
R, values in the initial stage of the experiments suggest that corrosion is
catalytically enhanced and instantaneous corrosion rates of up to 30 cm
y_1 are observed [12]. Similar results have been found by Farelas et al.
[13] and have been attributed to the selective dissolution of the ferrite
component within the steel microstructure. The carbon content, which
determines the volume fraction of the Fe;C component in the micro-
structure, has been shown to be critical to explain due to its metallic
conductivity and participation as a cathodic surface. After approx. 20 h
at 80 °C, R, suddenly increases and reaches values around 1500 Q cm?
This marks the point in time when the electrochemically active sites are
covered with FeCO3 and the corrosion rate becomes controlled by dif-
fusion through a porous and relatively thick FeCO5 film. The steady-
state R, measured at 80 °C is similar to that at 160 °C which suggests a
comparable steady-state corrosion rate.

3.1.3. Corrosion potential (E,,,) measurements

Fig. 2 shows the E,, over the course of 4 days beginning at the
point when the target temperature and pressure were reached (approx.
1h for 160°C and 1.5h for 240 °C). At both temperatures E.,,, is in-
creasing over the course of the experiment until steady-state conditions
appear to be achieved after ~ 48 h. This is consistent with data reported
by Park & Macdonald [27] who also report a moderate increase of the
E o in the very early stage of corrosion. The low variation with time
indicates that steady-state conditions are achieved and that both, the
anodic and the cathodic reaction proceed at constant rates. Minor
fluctuations are understood as being due to changes in the area ratios
between anode and cathode. The steady-state E.,, is slightly higher at
160 °C compared to 240 °C. Increasing corrosion potentials typically
indicate either a disproportionate retardation of the anodic reaction or
an enhancement of the cathodic reaction. This either means that the
cathodic reaction occurs faster at 240 °C or that the anodic reaction is
faster at 160 °C. The latter seems less likely since no substantial dif-
ference in cathodic reaction rate at 160 and 240 °C was observed in PDP
measurements (Fig. 1a).

At 80 °C E.,, increases by almost 250 mV, leveling off at a value of
~ —220mV after several days. This prolonged increase sets apart the
experiments at 80 °C from the results obtained for 160 °C and 240 °C,
respectively. As we will discuss later, this has strong implications for
the formation and structure of the corrosion film.

3.2. Corrosion film composition, structure and passivating properties

Temperature was found to be a major factor in determining the
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Fig. 2. Corrosion potential (E..,) as a function of time; the data for 80 °C is
from Mundhenk et al. [12].
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Fig. 3. Cross-sectional SEM-BSD (backscatter
diffraction) images of (a) the metal-film inter-
face with micropore outlined (red dotted line)
and (b) the outer FeCOs film and the buried
FeCO3/Fe5C film in which an undissolved part
of the original microstructure (bright areas) is
still visible; the red arrows indicate the growth
directions. (For interpretation of the references
to colour in this figure legend, the reader is
referred to the web version of this article.)

structure and the composition of corrosion films. SEM, TEM, and XRD
were used to characterize the corrosion product formed at 80, 160, and
240 °C. TEM analyses have been performed on an 80 °C and a 160 °C
sample.

3.2.1. 80°C corrosion film

After 10 days of immersion at 80 °C the sample is covered by a
coherent corrosion film. The total thickness of the corrosion film can
reach a thickness of >100um, exceeding the volume that has been
dissolved by corrosion. The corrosion film was found to be generally
uniform in thickness and to have an internal duplex structure with an
inner layer (IL) consisting of a mixture of FeCO3; and Fe3C and an outer
layer (OL) consisting of FeCO3. The IL and the OL are distinguished by
their different microstructures. The Fe/IL and IL/OL interfaces are
shown in Fig. 3a and b, respectively. The IL/OL interface represents the
former steel interface (indicated by a dotted line). The buried IL appears
to be very homogeneous across its entire thickness, which can reach up
to 100 um. The Fe3C part within the IL appears bright in the SEM-BSD
mode (Fig. 3b) and is an undissolved part of the original steel micro-
structure. The FeCOj3 crystals within the IL are typically less than mi-
cron-sized and intergrown with no visible grain boundaries. Noticeable
is that the IL is interspersed with micropores aligned parallel some
distance away from the metal surface (Fig. 3a). The OL is a ~10 ym
thick coherent monolayer of FeCOj5 crystals. It has the morphology of a
precipitate that grows without volume constraint, hence the larger
crystal size. In addition, it contains significant porosity between in-
dividual crystals.

The formation of a thick FeCOz-dominated duplex film eventually
lowers the corrosion rate substantially (after approx. 24 h). However, at
this point, a significant amount, approx. 100 um of steel, has been
dissolved and partially incorporated into the film. As indicated by the
red arrow in Fig. 3a, the IL grows into the Fe.

The TEM images of the Fe/IL interface are shown in Fig. 4. They
reveal that no additional passivating oxide layer was found at the M/IL
interface Fig. 4a, b. This rules out the growth mechanism by which Fe-
oxide forms underneath FeCO3 due to a local high-pH environment, as
reported in a similar study at 1 bar CO, partial pressure [14]. The in-
ternal structure of the IL alone is therefore considered decisive for its
protective properties. Within the IL, micropores can be found (Figs. 3a,
4 a) and likely act as conduits allowing electrolyte to reach the metal
surface. The existence of a continuous pore network is required for
corrosion to proceed. In addition, microfractures in the vicinity of the
interface (Fig. 4a) hint at the existence of mechanical growth stresses
due to replacement of Fe with FeCO; or a precursory phase. These two
aspects are discussed in more detail in chapter 3.3.1.

The STEM EDX elemental mapping (Fig. 4b) shows that chloride is
homogeneously present in the IL, at least within 500 nm from the in-
terface. Concentrations of up to 5 at.% are found and it is not associated
with sodium, which would suggest a pore space precipitate formed after
sample extraction from the experiment. The HRTEM-BF image (Fig. 4c)
shows a crystalline phase approx. 50nm from the interface. The

orientation of the crystal towards the electron beam could not be
identified, but obviously a low indexed zone axis is parallel to the
electron beam. The lattice spacing within the crystalline region is
measured to ~0.76 nm in two directions, with an included angle of
~90°. However, the largest possible lattice spacing for FeCO; is sig-
nificantly lower at 0.36 nm. Additionally, it was observed that the in-
teraction with the electron beam altered the sample as visible from
changes of the lattice and the calculated Fast Fourier transforms (FFT)
that resemble a diffraction pattern (comparison between Fig. 4c left and
right).

3.2.2. 160°C and 240 °C corrosion films

SEM images of 160 °C and 240 °C samples after 1 day of corrosion
show crystalline FeCO3 forming an OL (Fig. 5a, b). The FeCO3 crystals
reach sizes of up to 20 um at 160 °C and up to 50 um at 240 °C. As in the
case for 80 °C, the FeCOj crystals have the morphology of a precipitate
that grows outwards without confinement. The degree of coverage with
FeCOj3 crystals after 1 day of exposure has been estimated to be ~60 %
at 160 °C and ~90 % at 240 °C, reflecting the higher corrosion rate at
240 °C. In fact, at any given time the degree of coverage is higher at
240 °C. The number of FeCOj crystals per area increases with time until
a coherent layer of FeCOs; is formed after ~2 days at 240°C and ~3
days at 160 °C, respectively. At this point there is a lateral growth
confinement. XRD spectra (Fig. 5) have been measured on samples
immersed for 1 day before a coherent FeCOj film is formed and minor
phases are obscured. This is exemplified by the EDX map of Fe given in
Fig. 5b. Higher Fe concentrations are measured where no FeCO3 crys-
tals cover the IL or the steel substrate.

The XRD spectrum for 240 °C (Fig. 5b) provides direct evidence of
minor amounts of Fe-oxide, either Fe,O3 or mixed-valence Fe304. A
further distinction cannot be made due to the low peak intensity, but
similar studies often found Fe,O3; and Fe30,4 coexisting in a duplex film
[25,28,29]. XRD spectra on 160 °C samples do not show any Fe-oxide.
This seems thermodynamically implausible and not in accordance with
other studies conducted under similar conditions. We therefore assume
that the diffraction signal for Fe-oxide is too weak due to its relatively
low volume fraction within the film.

A TEM analysis was performed on the corrosion film formed at
160 °C. Fig. 6a gives an overview of the lamella. Three different regions
have been labeled (Fig. 6b): (i) Internal oxide (IO) describes a region
where a localized corrosion feature allows the Fe-oxide film to grow to
higher thickness (~1pum). (ii) The intermediate region shows a rela-
tively smooth part of the substrate covered with a Fe-oxide film that has
a thickness of ~ 25 nm. (iii) Siderite/external oxide is where a um-sized
FeCOj crystal sits on the surface.

As anticipated, element mapping in the intermediate region (ii)
exhibits mainly Fe and O in the film (Fig. 6¢), which confirms the
presence of a coherent film of Fe-oxide. The high-resolution TEM
images in Fig. 6d show that the Fe-oxide film is polycrystalline with
crystal sizes on the order of a few nm. Lattice fringes can be observed,
indicating that the crystals have grown with random orientation. Even
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Fig. 4. (a) STEM-ADF image of the FIB lamella (cross-section); (b) STEM-BF image and quantitative element mappings of O, Fe and CI over the metal/IL interface. (c)
High-resolution TEM images of the IL at the same site. The interaction with the electron beam alters the sample as visible from changes of the lattice and the
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Fig. 5. Top view SEM pictures of corrosion films formed after 1 day: (a) 160 °C and (b) 240 °C; Fig. 4b also gives an EDX map of Fe of the same area as the SEM image;
XRD spectra for 160 °C and 240 °C for the same samples are given below the SEM images.
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interface.

close to the steel substrate, the Fe-oxide is crystalline. In some areas, the
Fe-oxide film appears to contain significant porosity on the nanoscale,
particularly where we observed localized corrosion features and below
FeCOs; crystals (Fig. 6b).

Regarding the protective properties of the corrosion film, we can
conclude that under the experimental conditions, Fe-oxide is more ef-
fective in lowering the corrosion rate than FeCOs. It typically does not
form thick crystalline films and nucleation occurs on very short time
scales [30]. Nearly instantaneous formation of Fe-oxide prevents Fe;C-
catalyzed corrosion from occurring. FeCO3; forming on top of the Fe-
oxide does not add substantial corrosion protection as evidenced by
constant R, values over the time scale in which a coherent FeCO; film
forms (2-3 days).

3.3. Discussion of film-growth

As previously discussed, temperature was found to be a major factor
in determining the properties of corrosion films. This mandates a dis-
cussion about the mechanism of film growth. As described in Shoesmith
(1981), surface films typically form via two distinct mechanisms (1) a
solid-state reaction and (2) a precipitation reaction [20]. Our results
suggest that both mechanisms occur simultaneously leading to different
outcomes at different temperatures.

3.3.1. 80°C corrosion film
The bulk of the IL consists of FeCOs, as evidenced by XRD and SEM-
EDX. Its formation is facilitated by the presence of an undissolved Fe;C
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network (part of the former steel microstructure) that becomes suc-
cessively impregnated with FeCOj3. Interestingly, micropores occur in
locations where Fe3C is absent (outline with red dotted line in Fig. 3a),
which supports the hypothesis that Fe3C facilitates FeCO3 formation, or
otherwise the pore space would be completely filled by FeCO5. FeCOs5 is
required to form in-situ without first dissolving into the electrolyte, or
otherwise the Fe3C network would likely be mechanically destabilized.
The driving force for the oxidation reaction is the E.,, evolution
(Fig. 2), which increases from -450mV to -225mV due to an en-
hancement of the cathodic reaction by subsequent exposure of elec-
trochemically-active Fe3;C particles [31]. Exceeding the equilibrium
potential for the redox reaction (e.g. Fe + HCO;™ —
FeCOs + H* + 2e™) will therefore result in the formation of appreci-
able amounts of FeCOj (or its precursor phase) around the FesC parti-
cles. However, as other studies have shown, significant overpotentials
on the order of 50 mV are required to drive the electrochemical oxi-
dation reaction [32]. This finding has been discussed in Mundhenk
et al. and was attributed to the microstructure, particularly the C con-
tent, of the tested steel [12].

Regarding whether CO, corrosion films develop protective proper-
ties, Crolet et al. developed a theoretical framework where the forma-
tion of CO, corrosion films is explained by electrically conductive ele-
ments in the corrosion film [26]. Galvanic coupling between steel and
Fe3C can lead to FeCO; oversaturation a certain distance from the metal
surface, thus creating unprotective films (“empty” FesC adjacent to the
steel surface). This mechanism appears to be of minor importance for
our experiments since the IL appears to strongly adhere to the metal
(Figs. 3a, 4 a). Galvanic coupling is therefore either absent or occurs
only over a very short range creating FeCO3 oversaturation very close to
the steel surface. This requires CO5(aq) and/or HCO3 ™, being the active
species in the pH region of FeCO3; formation, to be transported to the
metal surface, either through the pore network or by solid-state diffu-
sion through the IL. Given the rate at which corrosion still occurs in the
film-covered state only the first option is plausible. In fact, pores of
different sizes within the IL can be seen in Figs. 3a and 4 a and are
hypothesized to form a continuous electrolyte-filled network that al-
lows film-forming reactants to reach the metal surface.

The absence of porosity along the M/IL interface suggests that the
parent metal is almost entirely replaced by the corrosion product.
However, due to the different molal volumes of Fe and the newly
formed corrosion product not all of the released metal can be accom-
modated in the space vacated by the metal when it subsequently is
included in the corrosion product. The M/IL interface is therefore in-
herently subject to a growth constraint and growth stresses may occur
[28]. This scenario requires some of the metal cations to migrate out-
wards. It is believed that the OL is formed by metal cations migrating
towards the electrolyte. Starting from the IL/OL interface, the OL grows
epitaxially outwards as indicated by the red arrow in Fig. 3b. The vo-
lume ratio between IL and OL is approx. 1:6, suggesting that the for-
mation of the OL occurs at a slower rate. At the same time dissolution of
the OL might subsequently occur as evidenced by dissolution features
on faceted FeCOj crystals.

Figs. 3a and 4 a show the M/IL interface from where the corrosion
reaction occurs and from where the IL grows into the metal (as in-
dicated by the red arrow in Fig. 3a). The TEM analysis challenges the
common assertion that FeCOjs is the primary corrosion product when Fe
corrodes in the presence of CO,. Instead, a crystalline phase is observed
exhibiting a lattice spacing more than twice as large as the largest
possible for FeCO3 (0.76 nm vs. 0.36 nm), which incorporates ~5 at.%
chloride and becomes instable when exposed to the electron beam. This
indicates towards the formation of a precursory, potentially hydrated,
phase that predates FeCO3 formation. This is consistent with results by
DeMarco et al. who described a sequence of phases (e.g. Fe,OH,CO3
and FegOH;5CO3) in the early stages of corrosion that exhibit similar
lattice spacings as observed in Fig. 4c [33]. From the XRD measure-
ments, such phases are not visible since the respective high-intensity
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reflections would occur far below a 26 of 15°. However, despite chloride
being present in their experiments, DeMarco et al. do not report any
chloride-containing phases [33]. In our 80 °C experiments chloride is
largely present as cationic FeCl* and it is typically not known for
participating in corrosion film-forming reactions. At this point we can
only speculate as to what role chloride plays in the formation of the
precursory corrosion product. Subsequently, the precursory phase
eventually matures into FeCOs, which we observe with XRD and SEM-
EDX.

3.3.2. 160 and 240 °C corrosion film

The internal oxide (IO) layer grows at the metal-oxide interface by
the access of a molecular oxidant (e.g. H;O, H,CO3, HCO3 ™) through a
network of pores as opposed to solid-state diffusion through the oxide
which is much too slow to account for the observed growth rate. Our
TEM results show a relatively compact Fe-oxide film in uniformly cor-
roded areas (intermediate oxide). However, this does not prove the
absence of nanopores. According to Robertson pores sizes of ~1 nm are
sufficient to provide oxidant transport [29]. Significant porosity is ob-
served in areas where, in the vicinity of localized corrosion features, the
internal Fe-oxide grew to larger thickness (~1pm; Fig. 6b). The
spherical pores (@ < 40 nm) are likely the result of relatively fast film
growth and deviate in their properties from the pores reported in Park
& Macdonald for similar temperatures [27]. They described the for-
mation of porous Fe-oxide films in which the pore space is located
between relatively large agglomerated Fe-oxide crystallites (<100 pm
across). We hypothesize that these were formed by the Kirkendall ef-
fect, which describes the formation of pores during diffusion. Unequal
diffusion rates between Fe cations and O anions produce voids that act
as sinks for vacancies and eventually accumulate in an attempt to re-
store equilibrium.

3.4. Thermodynamic analysis of carbon steel corrosion

A thermodynamic analysis was conducted for carbon steel corrosion
and corrosion film formation in CO»-containing NacCl fluid up to 300 °C.
We used both, PHREEQC and Geochemist's Workbench to thermo-
dynamically model the electrochemical CO,-NaCl-Fe-H;O system and
to compare with the experimental results.

Pristine natural geothermal fluids are typically strongly reducing in
a geochemical sense, meaning that oxygen fugacity is very low. The
redox state of the geothermal fluid not only determines the rate at
which corrosion proceeds but also the stability of mineral phases that
form as a consequence of corrosion. E; values below —50 mVgyg have
been reported in different studies [5,34]. For corrosion experiments it is
therefore crucial to keep the O, fugacity as low as possible. For the
80 °C and 160 °C we took effluent samples which contained measurable
quantities of H, which shows that O, contamination is sufficiently low.
The in-situ O, fugacity in our experiments was estimated in two dif-
ferent ways using EQ3/6 [35]. First, it was assumed to be fixed by the
Fe** /Fe®* couple, using the measured Fe concentration and equili-
brium with magnetite. Second, it was assumed to be fixed by the water
couple oxidation/reduction reaction, using the measured H,(g) con-
centration. The results were similar (log fO, = —49.2 and —56.9, re-
spectively), suggesting that reducing conditions prevailed at all tem-
peratures.

For a thorough thermodynamic analysis of the CO,-NaCl-Fe-H0
system both, [Fe?*] and the pH have to be constrained. Both para-
meters can be assumed to be higher at the corroding interface than in
the bulk solution. This local microenvironment develops due to the
anodic reaction that produces Fe?" cations and the cathodic HER.
Typically, for the generation of Pourbaix diagrams the concentration of
the dissolved species, here [Fe2*], is arbitrarily set to 1 umol/1 [36].
This assumption, however, is too low for an actively corroding system,
where [Fe?"] in the bulk solution has been measured to be 50 umol/1
[12]. This value might even be higher locally, particularly when
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Fig. 7. Thermodynamic pH-temperature plots for three different electrochemical potentials: a: —220 mVgyg, b: —320 mVgyg, ¢: —400 mVgyg; Fe?* concentration
50 umol/l; 10 bar CO, partial pressure; the red asterisk marks the location of the corrosion system (temperature and estimated pH). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

transport processes, e.g. in a porous film, are slow compared to the
metal dissolution rate. Increasing [Fe**] in the calculation generally
shifts the boundary in favor of solid Fe phases, and vice versa.

Fig. 7 shows thermodynamic temperature-pH plots for different
electrochemical potentials, reflecting the E.,, that we have measured
for 80°C, 160 °C, and 240 °C (Fig. 2). Based on other CO, corrosion
studies we estimated the pH to be one unit higher than the bulk pH: 5.8
at 80°C, 6.3 at 160°C, and 7 at 240 °C, respectively [37,38]. The
temperature-pH couple is indicated by a red asterisk in each of the
plots. The plots reveal that with increasing temperature and lower
electrochemical potentials Fe-oxide formation becomes thermo-
dynamically favorable. Qualitatively, this trend is consistent with the
results reported by Tanupabrungsun et al. who tested low-carbon steel
in 1wt.% NaCl solution with various partial pressures of CO, [21].
Based on thermodynamic calculations alone we would expect FeCO3 at
80 °C, mixed oxide/FeCOs at 160 °C, and mixed oxide at 240 °C. In fact,
this agrees well with other corrosion studies in this temperature range
in which FeCO; disappears at a certain temperature, depending of the
CO,, partial pressure [39]. However, we observed FeCOs3 at all tem-
peratures and resolve this apparent disagreement by accounting for the
higher CO, partial pressure in our experiments which lead to the co-
existence of Fe-oxide and FeCOs. It has to be noted that the identity of
the corrosion product is highly pH sensitive and that thermodynamic
databases only contain thermodynamically stable phases.

4. Conclusions

Carbon steel corrosion was studied under geothermal conditions up
to 240 °C in NaCl brine (2 mol kg_l) containing CO». Both, kinetic and
thermodynamic aspects of high-temperature corrosion and associated
corrosion film formation have been discussed. Several conclusions can
be drawn from the study:

- Corrosion kinetics at 160 °C and 240 °C are relatively time-invariant,
and almost one order of magnitude higher at 240 °C. In comparison,
corrosion rates at 80 °C peak in the early stage of the experiments
before a moderately protective corrosion film forms and R;, values
exceed 1000 Q cm? after approx. 1 day.

At 160 °C and 240 °C, continuous crystalline Fe-oxide films (thick-

ness ~25nm at 160 °C) form almost instantaneously and provide

moderate corrosion protection. Subsequent formation of an outer

FeCOs; film provides no additional corrosion protection.

Corrosion protection at 80°C is achieved solely by a thick, but

porous, duplex film. It continuously forms at the M/IL interface and

grows inwards by replacing the ferrite component of the steel with

FeCO3; while the Fe3C component from the original microstructure

remains preserved.

- At 80 °C Fe-oxide is absent underneath the IL. Instead, TEM reveals a
precursory, likely hydrated and chloride-containing, phase that
predates FeCO3 formation.

- Thermodynamic calculations

show that towards higher
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temperatures Fe-oxide is favored over FeCO3; which is consistent
with experimental results.

Data availability
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