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In situ Synchrotron Radiation X-ray Diffraction (SR-XRD) is employed to follow the evolution of corrosion
products on X65 carbon steel in a CO,-containing aqueous environment (80 °C, pH 6.3-7.3). A custom-designed
flow cell is used to follow the real-time concomitant changes in electrochemical behaviour and corrosion product
growth during stages of both natural and potentiodynamically driven ‘pseudo-passivation’. We show that no
deteca crystalline magnetite (Fe3O4) phase forms during ‘pseudo-passivation’ across all conditions studied.

Furthermore, the results suggest the significant ennoblement observed during ‘pseudo-passivation’ in these ex-
periments can be strongly related to the accumulation of iron carbonate (FeCO3) on the steel surface.

1. Introduction

The dissolution of carbon dioxide (CO) into aqueous media creates
an environment which can be highly corrosive to carbon steel, and is
widely found across the energy sector (e.g. geothermal energy, carbon
capture and storage) [1,2]. However, under certain conditions, a ‘pro-
tective’ corrosion by-product can form on the steel surface. In many
instances, particularly in COg-saturated distilled water and sodium
chloride (NaCl) brines, the reduced corrosion rate of carbon steel is
attributed exclusively to the formation of iron carbonate (FeCOg),
formed via the following simplified reaction:

24
Fe(aq

)+ C0§(’aq)—>FeC03(x) (@)

The precipitation of this crystalline layer plays a crucial role in
limiting the electrochemical dissolution of the underlying steel. The
formed layer is capable of reducing the corrosion kinetics by orders of
magnitude as a result of the physical blocking of active sites on the steel
surface and, in some instances, also acting as a diffusion barrier to
electrochemically active species [3,4]. The importance of this protective
corrosion product has been well recognised in the scientific literature,
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being the subject of numerous investigations relating to its physical
characterisation as well as the assessment and prediction of its growth
and its relationship with corrosion control [5-18].

Precipitation at the steel/solution interface becomes thermody-
namically favourable when the local product of iron (ag:-) and car-
bonate (age;-) ion activities exceed the solubility product (Ky,), or when

the saturation ratio (Sreco,) in Eq. (2) exceeds unity:

g+ Acor-

Krp (2)

SFecoJ =

The value of K, for FeCO3 can be determined using the expression
reported by Sun et al. [17], which accounts for the influence of tem-
perature and ionic strength. Therefore, the concentration, as opposed to
activity, is utilised throughout this manuscript to enable accurate cal-
culations of Sgco, as the ionic strength is accounted for in K,
calculations.

A collection of studies examining protective corrosion product for-
mation on carbon steel in CO,-containing aqueous environments have
reported the sudden increase in open circuit potential (OCP) during the
latter stages of protective corrosion product formation [8,10,11,19].
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This marked ennoblement in potential exceeds 100 mV in many exper-
iments and coincides with a further reduction in corrosion rate, typically
to values below 0.01 mm/year [3]. This phenomenon has been termed
as ‘pseudo-passivation’ [20]. Furthermore, the pseudo-passivity has
been shown to be reversible, since a slight decrease of pH results in a loss
of protectiveness and change in OCP value [21]. A range of post-test
analysis techniques have identified FeCO3 as the dominant phase in
environments where ‘pseudo-passivation’ has been reported. However,
in some experiments, authors have suggested that other compounds
present at the interface between FeCOs and the steel substrate are
responsible for the observed ‘pseudo-passivation’ effect [20,22].

Han et al. [21] proposed iron hydroxide (Fe(OH)z) was the com-
pound responsible for ‘pseudo-passivation’ based on its potential to be
thermodynamically stable under such conditions. Subsequently, a
follow on study by Han et al. [20], investigated the morphology and
chemical composition of the surface film formed at the interface be-
tween FeCO3 and an X65 steel substrate using a series of post-test surface
analytical techniques. Experiments were performed at pH 8 and 80 °C
with a CO; partial pressure of 0.53 bar in a 1 wt% NaCl brine. Grazing
incidence X-ray diffraction, transmission electron microscopy and en-
ergy dispersive X-ray spectroscopy indicated trace amounts of magnetite
(Fe304) present after ‘pseudo-passivation’, believed to be linked to the
rise in OCP. Under a comparable temperature and CO, partial pressure,
but at pH 5.6 — 7.8, Li et al. [23] were able to show that increasing pH
rapidly reduced the time associated with the onset of ‘pseudo-passiva-
tion’. In contrast to the work of Han et al. [20,21], it was concluded that
a 1 pm thick inner layer of FeCO3 (underneath a thick outer layer of
FeCOs3) was linked to ‘pseudo-passivation’. Most recently, de Motte et al.
[8] conducted a comprehensive study, using Electrochemical Impedance
Spectroscopy (EIS), to follow the evolution of corrosion products on
carbon steel during CO» corrosion. Their study showed that the rise in
OCP associated with ‘pseudo-passivation’ is consistent with a transition
to a diffusion limited process. Post-experiment cross-section analysis of
the corrosion product-steel interface using electron back-scattered
diffraction indicated the presence of crystalline Fe3O4 (10-100 nm
thick) under the FeCOj3 layer. However, Fe304 existed as limited and
isolated deposits, rather than a continuous layer, with FeCO3 clearly
dominating at the interface. The authors inferred that Fes04 was likely
not responsible for ‘pseudo-passivation’ due to the dispersed nature of
its presence on the steel surface and suggested the onset of diffusion
impedance, due to the formation of a highly protective FeCOs layer,
coincided with the increase in OCP.

Evidently, there is still a degree of ambiguity with regards to which
phase and what process is responsible for ‘pseudo-passivation” behav-
iour. However, the emergence of real-time coupling of electrochemical
techniques with spectroscopic/diffraction methods have transformed
the understanding of corrosion product layer growth, enabling
convincing correlations to be established with electrochemical under-
standing and high precision analysis of the growth of surface layers [24].
This approach reduces the ambiguity in identifying the timeline of phase
precipitation, preventing mischaracterisation or misinterpretation of
processes because of possible changes in corrosion products induced by
post-test exposure to the atmosphere. In the context of FeCO3 growth in
CO4 environments, this is illustrated from the in situ work performed by
Burkle et al. [19,25] in which a Synchrotron Radiation-X-ray Diffraction
(SR-XRD) flow cell was used to track the nucleation and growth kinetics
of FeCO3 on X65 carbon steel surfaces in a CO»-saturated NaCl solution
at pH 6.3, 6.8 and 7. The growth of FeCOs3 on the steel surface was
recorded in real time, producing transient diffraction patterns
concomitantly with corrosion rate data using the linear polarisation
resistance (LPR) electrochemical measurement technique. The infor-
mation collected showed a clear link between FeCOg precipitation at the
steel surface and the reduction in corrosion rate. ‘Pseudo-passivation’,
however, was not observed over the short experimental period (4 h)
utilised as part of that study.

In this study, following on from the findings of Burkle et al. [19,25],
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the capabilities of in situ synchrotron XRD and electrochemical mea-
surements within a flow cell configuration are exploited to observe the
‘pseudo-passivation’ process in real-time. By coupling in situ XRD with
electrochemical methods, direct insight into the transformations of the
system can be achieved at the precise time when changes occur and it
can be understood how such changes manifest themselves in terms of
electrochemical corrosion behaviour. In this study at 80 °C in saturated
CO4 solution conditions, the bulk solution pH range studied included pH
6.3, pH 6.8 and pH 7, as previously studied by Burkle et al. [19], and is
extended to pH 7.3. The exposure period was also increased to 12 h to
encourage ‘pseudo-passivation’ and enable mechanistic understanding
of the process to be established in a COy-saturated environment.

2. Experimental

The following sections provide information relating to the experi-
mental approach and the test conditions evaluated using the SR-XRD
flow cell. The flow cell design is described elsewhere, which also dis-
cusses the setup, operation and full capabilities of the system [19,25].
However, a summary of the setup and operation is provided here for
completeness.

2.1. SR-XRD flow cell experimental set-up

A schematic diagram of the flow cell setup at the Diamond Light
Source, Oxfordshire, UK as well as an image taken in the experimental
hutch itself is shown in Fig. 1. A locally heated simulated formation
brine was circulated within a closed loop between the flow cellanda 1 L
vessel via the use of a centrifugal micro-pump. The flow cell houses a
carbon steel coupon (working electrode) from which diffraction patterns
and electrochemical responses are recorded. A detailed description of
the components within the system, including the platinum counter and
silver/silver chloride (Ag/AgCl) reference electrode configuration is
provided by Burkle et al. [25]. The setup enables in situ electrochemical
measurement and SR-XRD patterns to be collected continuously from
the carbon steel coupon within the flow cell during operation. Conse-
quently, there is no interruption or change in the flow conditions during
the acquisition of electrochemical data or synchrotron diffraction pat-
terns. In each experiment, once flow was initiated through the cell,
electrochemical and SR-XRD measurements commenced within
3-4 mins of the pump being switched on. This delay was predominantly
due to the time taken to complete the required safety checks and evac-
uate the experimental hutch. Two sets of experiments were conducted at
the Diamond Light Source Synchrotron facility:

i. Anodic polarisation curves measurements, where the ‘pseudo-
passivation’ process was induced via stepping up the applied po-
tential in the anodic direction away from the OCP. In these experi-
ments we explored the influence of bulk solution pH on the
propensity for ‘pseudo-passivation’ to occur.

ii. A ‘freely corroding’ experiment, where ‘pseudo-passivation’ was
allowed to occur naturally in the absence of an applied potential. In
this experiment the observations from diffraction patterns are cross-
correlated with those obtained from the anodic polarisation curves.

2.2. Material preparation

The test coupons integrated into the flow cell were manufactured
from X65 grade carbon steel, with a ferritic-pearlitic microstructure and
an elemental composition (wt%) of 0.15 C, 1.42 Mn, 0.09 Ni, 0.05 Nb,
0.17 Mo, 0.22 Si, 0.06 V, 0.025 P, 0.002 S and balance Fe. Test coupons
were machined into 9 mm diameter, 10 mm thick cylinders. For all ex-
periments, the exposed X65 steel surface area in the SR-XRD cell was
0.63 cm?. Prior to the start of each experiment, the carbon steel test
coupon was wet-ground up to 600 silicon carbide grit paper, degreased
with acetone, rinsed with distilled water and dried with compressed air
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Fig. 1. (a) Schematic and (b) photograph of the flow cell set-up used on the Diamond Light Source beamline (I15).

before being immediately flush mounted into the base of the flow cell.
An electrical wire was then connected to the coupon through the base of
the flow cell to enable electrochemical measurements.

2.3. Solution preparation

The electrolyte was a continually bubbled CO,-saturated 3.5 wt%
NaCl solution (1 L) in an external sealed cell which was sparged with
CO5 for a minimum of 4 h prior to each experiment. The flow cell and
brine vessel were all sealed with one outlet opened on the vessel lid to
allow CO; gas to escape and prevent O, ingress. Indeed, it has been
shown that low O3 content in the electrolyte solution leads to localised
corrosion of carbon steel [10]. Each experiment was conducted at a
temperature of 80 +1°C and flow velocity of 0.1 m/s. The only
parameter changed between each test was the bulk solution pH, which
was varied for each experiment and controlled through the addition of
sodium bicarbonate (NaHCO3), for pH < 7 solutions, or sodium hy-
droxide (NaOH), for pH > 7 solution, with the aid of an automatic
temperature correction pH probe. The solution pH was measured prior
to the start of experiments once a temperature of 80 °C was achieved.
Freely corroding experiments were performed at pH 7.3, conditions
under which natural ‘pseudo-passivation’ would occur within an
appropriate time frame for SR-XRD experiments. Potentiodynamic
polarisation experiments were performed at pH 6.3, 6.8 and 7.

2.4. XRD analysis

The in situ SR-XRD experiments were conducted at beamline I15 at
the Diamond Light Source, Oxfordshire. Synchrotron radiation was
adjusted and focused into a monochromatic beam (70 pm in diameter)
with an energy of 40 keV and wavelength of 0.30 A. The incident-beam
to coupon angle was set to 4°. To ensure accuracy and effective corre-
lation with crystal growth, an operational loop was implemented to scan
multiple measurements across the centre of each coupon. For anodic
polarisation measurements, three areas were scanned across a 1 mm
path length, whilst for freely corroding experiments, five areas were
scanned across a 2 mm path length. A reduced scan length and area was
utilised for the anodic polarisation experiments to capture the rapidly
changing layer behaviour during the significantly shorter exposure
period than freely corroding experiments. This information was then
used to determine a cumulative intensity over the scanned regions,
helping to account for any heterogeneity in growth on the steel surface.
Consequently, this method of analysis enables identification of the
consistency of film growth in different locations across the steel, but also
provides a larger sampling size from the surface which can be more

accurately and reliably correlated with the electrochemical response.
Scanning multiple areas also ensured that any local formation of other
phases (such as Fe3O4 observed in other studies [8]) was detected. In this
work, both the transient response from individual scans, as well as the
average from all five scanned areas are presented to describe the
non-uniform growth characteristics over the surface at OCP and to
provide the most representative data possible to correlate with the
collected electrochemical data. With regards to the duration of data
acquisition, individual data scans at each location took 60 s to acquire
an XRD pattern (including the time taken for movement to each point).
Therefore, the overall scanning time to complete the five scans over a
2 mm path length was ~5 min, whilst for anodic polarisation mea-
surements the scanning time was ~2 min. These diffraction images were
recorded using a Perkin Elmer flat panel detector located 975 mm from
the coupon and conventional 20 diffraction patterns were generated by
radial integration of the Debye rings using the software Fit2D with
subsequent data analysis performed by profile fitting and Rietveld
analysis. Damage to the surface layers, or interaction with the electro-
lyte initiated by the SR-XRD beam itself was not detected during this
study. This was confirmed in a previous study by the authors and during
repeat measurements for the purpose of ex-situ surface analysis (without
implementing SR-XRD), which produced an equivalent evolution in the
corrosion rate [19].

2.5. Electrochemical measurements

The X65 carbon steel is in active state at OCP in a pH 7.3 solution
[26]. LPR measurements were performed every 5 min by applying a
potential sweep to the coupon from —5 mV vs. OCP to + 5 mV vs. OCP
with a scan rate of 0.25 mV/s to obtain the polarisation resistance (Rp)
and thus estimate the in situ corrosion rate as a function of time. For this
experiment, the solution resistance (Rs) was measured independently in
laboratory tests using Electrochemical Impedance Spectroscopy (EIS) by
implementing the same three-electrode geometry and solution chemis-
try. The coupon was polarised at + 5 mV vs. OCP over a frequency range
from 20 kHz to 0.1 Hz, with 10 measurement points per decade. The
value of R; was determined as the high frequency limit of the real part of
impedance diagram represented in Nyquist coordinates and was
assumed to remain steady throughout the SR-XRD measurements. The
solution resistance was deducted from the polarisation resistance ob-
tained by LPR measurements to provide a charge-transfer resistance
(Re¢p), which was used to determine the corrosion rate (V) using Eq. (3).
A Stern-Geary coefficient (B) of 17 mV was used in this study based on
measurements in previous work under very similar operating conditions
[19].
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Where the constant K (3.16 x108) converts the calculated corrosion into
a rate expressed in mm/yr, Mg, is the molar mass of iron (55.8 g/mol), n
is the number of electrons involved in the anodic reaction (2), p is the
density of iron (7.87 g/cmg) and F is the Faraday constant (96485 C/
mol). The corrosion current density, icorr (mA/cmZ), is calculated from
Eq. (4) and R, determined from solution resistance-corrected LPR
measurements.

B
lcorr = 75— ()]

R
At a lower bulk solution pH, potentiodynamic polarisation experi-
ments were performed by polarising from —10 mV vs OCP and scanning
> 700 mV in the anodic direction at a scan rate of 0.25 mV/s to accel-
erate precipitation of corrosion product layers and initiate the ‘pseudo-
passivation’ state.

2.6. Thermodynamic modelling

The open source thermodynamic model PhreeqC (Version 3.0) [27]
has been used to compute the molarities and activities of the various
carbonic species, H" and OH™ at the different values of solution pH. This
was used in conjunction with the expression for FeCOj3 saturation ratio
and K, value reported by Sun et al. [17], Eq. (5), to determine the
required cge+ to achieve a saturation ratio equal to 1.

2.1963
k
+ 24.572410g(T}) +2.5181°° — 0.6571 (5)

logK,, = —59.3498 —0.041377T; —

where Ty is the temperature (K) and I is the ionic strength.

2.7. Ex situ surface analysis

A selection of test coupons from the SR-XRD experiments were
assessed ex situ. Scanning electron microscopy (SEM) was carried out in
secondary electron mode at an operating voltage of 2 kV and a working
distance of 4 mm, to assess coverage and topography of corrosion
products. Selected coupons were prepared for cross-section analysis
using a focused ion beam (FIB). The instrument used for SEM and FIB
analysis was a FEI Nova200 dual beam FIB-SEM, operated at voltages
between 30 kV and 2 kV, and with ion beam currents between 5 and
0.1 nA. Regions of interest were first coated with a protective layer of
platinum before bulk removal of material was performed.

3. Results and discussion

3.1. Polarisation curve in the anodic domain: characterization of the
pseudo-passive state

Fig. 2 shows the electrochemical response of X65 steel subjected to
anodic potentiodynamic polarisation within the SR-XRD flow cell at
bulk solution pH values of 6.3, 6.8 and 7. All other operating conditions
remained constant for these experiments i.e., flow velocity of 0.1 m/s,
temperature of 80 °C and 3.5 wt% NacCl solution, saturated with CO,.
The general anodic response observed in each experiment first consists
of an anodic active region, where the current increases until the peak
current density is reached; this is followed by a rapid decrease in current
density which indicates the active-passive transition to a relatively pro-
tective "pseudo-passive’ state. As potential continues to increase in the
passive region, the current density progressively increases until the
system shifts to a trans-passive domain where the protective surface film
begins to break down, resulting is a sharper rise in current with applied
potential. No transpassive region was observed under pH 7 conditions.
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Fig. 2. Anodic polarisation curves obtained for the X65 carbon steel in a 80 C
and 3.5 wt% NacCl solution saturated with CO, (0.54 bar pCO,), flowing at a
velocity of 0.1 m/s through the flow cell at pH 6.3, 6.8 and 7. The pseudo-
passive and transpassive regions have been identified on the plot at pH 6.8.
The parameter Ry, represents the resistance observed in the passive region, as
demonstrated for pH 6.8 conditions.

This observed response has been termed ‘pseudo-passivation’ and has
been reported by numerous authors [14,20,23]. It is worth highlighting
here that the ‘passive’ currents observed in this region are many orders
of magnitude higher than that observed on corrosion resistant alloys as a
result of the formation of their respective passive films [28-30].

There is a noticeable trend with regards to the polarisation response
as a function of bulk solution pH. These effects are summarised in Fig. 3.
As bulk pH increases, the inflection point denoting the transition from
active dissolution to entering a ‘passive’ state is sharper and reaches a
lower ‘peak’ current (or ‘imax’, as shown in Fig. 3), prompting a more
rapid transition to a protective state. The potential at which the onset of
‘pseudo-passivation’ occurs (E,;) also shows a similar trend with pH,
with lower Ej; values at higher pH. Furthermore, with increasing pH, the
value of inax indicated in Fig. 2 and Fig. 3, is reached at progressively
lower potentials and "passivation’ takes place at lower current densities
(denoted ip; in Fig. 2). The potential denoting the transition from active
dissolution to a *pseudo-passive’ state is smaller, suggesting a far lower
overpotential requirement to transition to a protective state as bulk
solution pH increases. The anodic overpotential needed to attain ipax (Or
‘Ei,max’> as shown in Fig. 3) decreases from + 340 mV vs OCP to
+ 235 mV vs OCP at pH 6.3 and 6.8, respectively, and to + 205 mV vs
OCP at pH 7. Consequently, a more protective *pseudo-passive’ layer is
obtained sooner at higher pH. The resistance in the ‘pseudo-passivation’
region (Rp,) is determined from the gradient of the data in Fig. 2 between
the "pseudo-passive’ and transpassive regions, and is likely attributed to
the presence of a thick layer acting as a diffusion barrier. The value of R,
is ~86 Qecm? at pH 6.3, ~102 Qecm? at pH 6.8 and ~123 Qecm? at pH
7, suggesting a more significant diffusion barrier is present as pH
increases.

Fig. 4 shows the in situ SR-XRD results over the entire time span of
the potentiodynamic polarisation results at pH 6.3 and pH 7 (detailed
analysis was completed on the two extremities, therefore pH 6.8 analysis
was omitted). The results show that FeCOs was the only crystalline
phase to form at the steel surface displaying seven lattice planes of
FeCO3 ((104), (110), (113), (202), (204), (018) and (122)). No prefer-
ential orientation of the FeCO3 was observed, but the (104) peak was
most intense. The other peaks can be assigned to iron carbide (Fe3C) that
arise from a cementite network that remains on the surface (from the
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Fig. 3. (a) Current density and (b) potential values at various stages of the
‘pseudo-passivation’ processes during potentiodynamic anodic polarisation of
X65 carbon steel coupon in an 80 C and 3.5 wt% NaCl solution saturated with
CO, at 0.54 bar pCO,, flowing at a velocity of 0.1 m/s through the flow cell at
pH 6.3, 6.8 and 7.

original carbon steel microstructure) as the ferrite phase preferentially
corrodes [12,31]. The evolution in FeCOs crystal plane intensity over
time at each of the three scanned locations is provided in Fig. 4(c). In this
plot, the peak areas with respect to each plane have been normalised
relative to the peak area of the Fe (110) plane. The (104) peak was the
most predominant, as expected, but all peaks characteristic of FeCO3
similarly increased in intensity over the experiment. These increases in
intensity are interpreted to convey wide coverage of FeCOs crystallites
across the X65 steel surface. The sole formation of FeCOs during the
‘pseudo-passivation’ stage, and the consistent trend in peak intensities,
was also observed at pH 6.3.

Fig. 4(b) presents the in situ SR-XRD results over the entire time
duration of the anodic potential sweep experiment during acquisition of
the polarization curve at pH 7. Again, FeCO3 was the main crystalline
phase to form at the steel surface with seven lattice planes of FeCO3
((104), (110), (113), (202), (204), (018) and (122)) apparent. The
relative intensity of these peaks compared to Fe (110) as a function of
the applied anodic potential is shown in Fig. 4(d), showing a significant
increase in the FeCOs (104) and (110) peaks as potential increased.
Interestingly, the (021) planes of chukanovite (Feo(OH)2CO3) are also
detected at 60 mins as the applied potential approached 0 mV vs Ag/
AgCl (Fig. 2). As this phase was only observed at excessive potentials far
from the point at which the system enters ‘pseudo-passivation’, it was
not attributed to the ‘pseudo-passivation’ phenomena. Fex(OH)2COs3 has
been characterised ex-situ in unique locations within regions of localised
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corrosion on carbon steel under sand deposits in COq-saturated envi-
ronments [32]. Ko et al. [15], Ingham et al. [33] and Sk et al. [34] have
each observed Fey(OH),CO3 formation alongside FeCOs in their accel-
erated anodic galvanostatic/in situ XRD experiments. Azoulay et al. [35]
and Refait et al. [36] have shown with thermodynamic modelling,
precipitation experiments and characterisation techniques (XRD, Raman
and infrared spectroscopies) that Fe;(OH)2COj3 stability over FeCOs, Fe
(OH); and Fe30y4 is favoured under high ferrous ion concentrations and
relatively high bicarbonate/carbonate concentrations under high pH
conditions. Remaining peaks, again, can be assigned to Fe3C.

To further understand the electrochemical behaviour observed in the
anodic domain, PhreeqC has been used to compute the molarities and
activities of the various carbonic species, H", OH and the solubility
product constant for FeCOs3 for the COq-saturated aqueous chemistry at
pH 6.3, pH 6.8 and pH 7. These results are presented in Table 1. The
thermodynamic calculations show that the solubility product constant
for FeCOj3 increases at higher pH due to the presence of sodium bicar-
bonate and a resulting increase in the solution ionic strengths. None-
theless, the concentration of Fe>* needed to exceed saturation decreases
by one order of magnitude from pH 6.3-6.8 and by approximately 25
times from pH 6.8 to pH 7.

Fig. 5 more clearly illustrates the concomitant change in FeCO3 (and
Feg(OH)2CO3 in terms of pH 7) growth and the current response from
Tafel polarisation for the pH 6.3 and pH 7 conditions to guide the dis-
cussion on the temporally linked electrochemical/XRD observations.
Fig. 5 displays the averaged integrated diffraction intensities from the
most dominant peaks associated with FeCO3 and Fep(OH)2CO3 ((104)
and (012), respectively) against the measured current at the time of
diffraction pattern collection. These average values represent the mean
of three individually scanned locations. In each of the plots presented
within Fig. 5, the intensity of FeCO3 (104) peak is not detectable in the
early stages of polarisation. As the current increases with applied po-
tential and approaches the maximum peak value, there is nucleation and
subsequent growth of FeCOj3 on the steel surface, signified by a sharp
increase in the diffraction peak intensity. As the steel surface begins to
enter into a pseudo-passive regime, the intensity of the (104) peak
continues to increase until the ‘pseudo-passive’ region is fully reached.
At this point, the growth of the film is slowed. At pH 7, an increase in
intensity is observed at higher anodic potentials, suggesting further
growth of the FeCOs. This is likely explained by a significantly higher
carbonate ion concentration at pH 7, reported in Table 1, promoting a
higher degree of supersaturation and FeCOg precipitation.

In Fig. 5(a), a rapid increase in current density to ~12.5 mA/cm? is
measured over the first 20 mins, which then decreases to ~7 mA/cm? by
the 32nd minute. The increase in intensity measured by XRD commences
at around 15 mins and ends around 40 mins. In Fig. 5(b), at solution pH
7, the current density increases to an ipax of ~7 mA/cm? with FeCO3
precipitation beginning slightly earlier in the experiment (compared to
pH 6.3) at around 10 mins. Extensive FeCO3 nucleation across the X65
steel surface via primary heterogeneous nucleation follows over the
subsequent 12-15 mins. The rate of these events at pH 7 is higher as
supersaturation is more readily achieved in these conditions compared
to pH 6.3 [3]. Polarising the coupon further results in an increase in
dissolution rate from the steel surface, resulting in further growth of the
FeCOs layer at pH 7. Finally, at pH 7, it is possible to detect the for-
mation of Fe;(OH),CO3 after ~55 mins.

The simultaneous collection of in situ electrochemical data and
diffraction patterns points to the fact that the *pseudo-passive’ response
can be attributed to FeCOj3 precipitation, corroborating with the recent
ex situ observations of de Motte et al. [8], where the presence of Fe304
was not found to be the cause of ‘pseudo-passivation’ of carbon steel in
aqueous CO; environments. Considering that the formed FeCO3 layers
are attributable to the pseudo-passive response, the observed differences
in the anodic domain as a function of pH can be expected when
considering the solubility behaviour and/or nucleation and growth
characteristics associated with FeCOs.
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Fig. 4. Insitu XRD analysis of an X65 carbon steel coupon in an 80 C and 3.5 wt% NaCl saturated with CO, at 0.54 bar pCO,, flowing at a velocity of 0.1 m/s through
the flow cell at (a,c) pH 6.3 and (b,d) pH 7. (a,b) Individual diffraction peaks evolving with time over the course of ~1 h test duration and (c-d) the mean evolution of
(104) iron carbonate peak over time intensity of the 7 lattice planes for FeCO3 normalised to Fe (110) from three separate locations scanned on the steel coupon at (c)
pH 6.3 and (d) pH 7. One plane from Fey(OH),CO3 (021) is also included in the latter plot.

Table 1

Equilibrium concentration of species resulting from the dissociation reactions in a CO,-H,0O system in a CO5-saturated (0.54 bar pCO»), 3.5 wt% NaCl solution at bulk
solution pH and pH of 6.3, 6.8 and 7 and temperature of 80 °C supplemented by calculations of FeCO3 solubility.

pH [HCO3] (M) [CO3T (M) [H*] [OHT] I logKsp Cre2+ (M) for Speco, = 1
(v ) (%)

6.3 1.8 x 1072 9.5 x 107° 5.0 x 1077 2.0 x 1078 0.64 9.77 1.8 x107°

6.8 5.5 x 1072 9.4 x107° 1.6 x 1077 6.3 x 1078 0.68 9.74 1.9 x107°

7 8.5 x 1072 2.3 x 107* 1.0 x 1077 1.0 x 1077 0.72 -9.70 8.7 x 1077

3.2. Electrochemical behaviour at corrosion potential: “Natural” ‘pseudo-
passivation’

The passivation process observed when carbon steel is subjected to
anodic polarisation in these experiments is attributed to the FeCOs
formation. However, the 'pseudo-passive’ currents observed in the scans
presented in Fig. 2 are orders of magnitude greater than the corrosion
current observed for a corrosion resistant alloy or a ‘passivated’ carbon
steel reported at OCP [28-30]. Due to the excessive polarisation, this
raises the question as to whether the induced passivation and that
observed from ‘natural’ or ‘self-induced’ passivation results in the
establishment of the same film; or at least that the same compound
formation is responsible for the ’pseudo-passive’ behaviour. Conse-
quently, a final experiment was performed, in which the

‘pseudo-passivation’ process was allowed to occur spontaneously. To
achieve this, the brine pH was increased to pH 7.3 to enable significant
FeCO3 formation in less than 12 h.

LPR measurement was utilised for corrosion rate determination thus
enabling a direct comparison to be made with in situ XRD data. How-
ever, it is acknowledged by the authors that the accuracy of LPR mea-
surements can diminish when FeCOs forms on a carbon steel surface
[37], particularly when wider surface coverage is established and
diffusion effects can influence R, measurements, thus changing R uti-
lised in the corrosion rate calculation [8,11]. EIS measurements are
often favoured to overcome this but require significantly longer mea-
surements compared to the LPR technique. Therefore, as the LPR tech-
nique is widely employed for studies of FeCO3 growth on carbon steel, it
has been utilised in this study to demonstrate how corrosion rate
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Fig. 5. Normalised FeCO3 (104) and Fe;(OH).,CO3 (021) lattice plane intensity during potentiodynamic polarisation in the anodic domain of X65 carbon steel
coupon in an 80 C and 3.5 wt% NaCl solution saturated with CO at 0.54 bar pCO,, flowing at a velocity of 0.1 m/s through the flow cell at (a) pH 6.3 and (b) pH 7.

changes over the experiment duration, with the relative change in
corrosion rate being of greater significance than magnitude. Fig. 6 shows
the corrosion rate data and the OCP evolution from the in situ SR-XRD
electrochemical test carried out in a CO; saturated solution at 80 °C,
pH 7.3 at a flow velocity of 0.1 m/s. The OCP remains constant around
—750 mV vs Ag/AgCl until 8 h of exposure time, beyond which it rises to
—571 mV vs Ag/AgCl (after 9 h) and steadily to —470 mV vs Ag/AgCl
(after 12h). The corrosion rate decreases accordingly from over
1 mm/yr to approximately 0.01 mm/yr by the end of the 12 h experi-
ment. The carbon steel is in a ’pseudo-passive’ state from 7 to 8 h of
exposure, which is significantly longer than that required in the pres-
ence of anodic polarisation, and a sharp decrease in the corrosion rate
coincides with the onset of ‘pseudo-passivation’.

Fig. 7(a) depicts diffraction patterns as a function of time, which
show FeCO3 was the sole corrosion product formed before and during
the ‘pseudo-passivation’ process, with its growth being observed as
corrosion rates begin to reduce. Therefore, despite the difference in
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Fig. 6. OCP vs Ag/AgCl and corrosion rate, determined from LPR measure-
ments (B = 17 mV), of a freely corroding X65 carbon steel coupon in a 80 C, pH
7.3 and 3.5 wt% NaCl solution saturated with CO, at 0.54 bar pCO,, flowing at

a velocity of 0.1 m/s.

approach to achieve the ‘pseudo-passivation’ behaviour (polarisation vs
naturally occurring), the crystalline compound associated with the
process is FeCOs in both scenarios. The most intense FeCO3 (104) peak
at 20 = 6.35 was chosen to correlate FeCO3 precipitation kinetics as a
function of time. Fig. 7(b) plots the FeCO3 (104) peak area intensity
relative to the Fe (110) substrate peak area intensity measured from five
different locations across the X65 coupon as a function of time. Despite
scanning multiple areas, local formation of other phases (such as
Fey(OH)2CO3 or Fe3O4) were not detected in the diffractograms. The
attainment of this steady state beyond 7 h is interpreted to convey a high
degree of lateral coverage of a single layer of FeCOj3 crystallites on the
X665 steel surface. ‘Pseudo-passivation’ occurs after 8 h of exposure time
when FeCOj3 has already substantially precipitated abundantly on the
surface. In a freely corroding environment, the precipitation of FeCO3
occurs slowly and the compactness of the layer needed for ‘pseudo-
passivation’ is reached gradually when compared against the anodic
polarisation approach shown in Fig. 2.

The XRD technique detects the precipitation of film in its entirety,
but it is not able to differentiate the small variations of FeCO3 precipi-
tation, such as the formation of bilayers of FeCOs, that could potentially
lead to enhanced corrosion protection. However, structural differences
in FeCO3 and/or the presence of FeCOs bilayers in protective and
’pseudo-passive’ states are discerned from SEM analysis. Having iden-
tified the time periods before and after ‘pseudo-passivation’, two ex-
periments were repeated under identical conditions and tests were
stopped at specific time intervals, corresponding to conditions before
‘pseudo-passivation’ (after 6.5 h of exposure) and after ‘pseudo-passiv-
ation’ (after 11.5 h of exposure). The surfaces of these coupons were
examined by SEM and local cross-sections were prepared and imaged
using FIB-SEM, with images presented in Fig. 8.

Ex-situ SEM images of the corrosion product layer confirm that the
wider protection of the surface occurs gradually. As correlated by in situ
XRD analysis, abundant precipitation of corrosion product layer crystals
takes place before ‘pseudo-passivation’. However, the bare metal is still
exposed to the solution in several areas and the thickness of the corro-
sion product layer is not uniform as the cross-section displays. On the
contrary ex-situ SEM images of the corrosion product layer after ‘pseudo-
passivation’ show an FeCOs layer that completely covers the metal un-
derneath in the regions analysed. Some variation in crystal character-
istics before and after *pseudo-passivation” were observed, although it
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Fig. 7. In situ XRD analysis at OCP of an X65 carbon steel coupon in an 80 °C, pH 7.3 and 3.5 wt% NacCl solution saturated with CO» (0.54 bar pCO5), flowing at a
velocity of 0.1 m/s through the flow cell: (a) Individual diffraction peaks evolving with time and (b) peak intensity of the FeCO3 (104) lattice planes normalized to the
Fe (110) peak area, reported at five locations on the X65 carbon steel exposed surface.

should be noted that analysis was performed on specific and localised
regions of the surface. However, based on the FIB-SEM analysis per-
formed and the SR-XRD results in Fig. 7, there does appear to be a
relationship in this case between the ability of the corrosion product
layer to cover the surface and the protectiveness of the ‘pseudo-passive’
film, gradually transitioning into a diffusion barrier that interposes itself
between the solution and the metal. The presence of a diffusion barrier
was identified in the anodic polarisation curves in Fig. 2, corroborating
with the observations in Fig. 8. De Motte et al. [8] also reported ‘pseu-
do-passivation’ behaviour in the presence of wide FeCOj3 surface
coverage acting as a diffusion barrier, using EIS measurements to

observe significant decreases in active surface area and diffusion
impedance.

FIB-SEM images also depict a layer consisting of only one major
crystalline morphology in the regions analysed, and so the exclusive
precipitation of an FeCOj3 layer appears to ensure ‘pseudo-passivation’
under this experimental condition. At the end of the exposure, the X65
steel coupon presents an OCP of —450 mV vs Ag/AgCl and only FeCOs is
detected by SR-XRD. Thermodynamically, the most stable species at this
potential/pH combination is predicted to be FegO4 [26]. In situ SR-XRD
is sensitive to faint amounts of Fe304 [38] but it was not detected in the
present study, where the dominant (311) peak would typically observed
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Fig. 8. (a,b) Top-view SEM and (c,d) FIB-SEM cross-section images before (a,c) and after (b,d) ‘pseudo-passivation’ at OCP for the X65 carbon steel coupon in 80 °C,
pH 7.3 and 3.5 wt% NaCl solution saturated with CO5 (0.54 bar pCO,), flowing at a velocity of 0.1 m/s through the flow cell.

between the (104) and (110) at 20 ~7. It should be noted that SR-XRD is
only able to detect crystalline species on the surface, and as a result other
amorphous surface layers would be undetectable, thus requiring further
study. Additionally, an FeCO3 to Fe3O4 transformation may occur over a
much longer timescale than this study, as reported by De Motte et al. [8].
However, in this study Fe3O4 was not responsible for the onset of
‘pseudo-passivation’ and the significant increase in OCP. Furthermore,
the identification of Fe304 in other studies has been achieved with ex situ
characterisation techniques, which would expose the surface layer to
atmosphere and could potentially change its properties. The utilisation
of in situ SR-XRD prevents environmental exposure, which may also
explain why only FeCO3 was detected in this study.

4. Conclusions

In situ SR-XRD has been used along with electrochemical techniques
(LPR and potentiodynamic polarisation) to investigate the precipitation
of the corrosion product layer during ‘pseudo-passivation’. Both anodic
polarisation (at a bulk solution pH of 6.3, 6.8 and 7) and at OCP (pH 7.3)
were employed for investigation in a COs-saturated, 3.5 wt% solution,
flowing through a flow cell at a temperature of 80 °C and flow velocity
of 0.1 m/s. The main conclusions from the study are:

e The combination of in situ electrochemical techniques with in situ
SR-XRD measurements in a bespoke flow cell enabled detailed
mechanistic understanding of FeCO3 formation on carbon steel and
its role in ‘pseudo-passivation’ behaviour.

e At pH 6.3, anodic polarisation curves showed a transition from an
active to a pseudo-passive state; simultaneous SR-XRD measure-
ments indicated that FeCO3 formation commenced during the active

to ‘passive’ transition and remains the only species (excluding sub-
strate Fe and Fe3C peaks) that exists on the carbon steel surface.

e Similarly at pH 7, SR-XRD measurements indicated that FeCO3 was
the predominant species whilst Fe;(OH);CO3 was detected only at
high anodic potentials.
‘Pseudo-passivation’ in free corroding conditions (80 °C, pH 7.3) was
observed after 8 h exposure, as a significant ennoblement of the OCP
and a concurrent diminution of the LPR-determined corrosion rate.
Only FeCO3 layers were identified before and after ‘pseudo-passiv-
ation’ using SR-XRD.
Microscopy (SEM and FIB-SEM) observations carried out on X65
coupons at different timescales (before and after ‘pseudo-passiv-
ation’) exposed to identical pH 7.3 conditions suggested that the X65
steel surface was not completely covered by FeCOj3 prior to ‘pseudo-
passivation’. After ‘pseudo-passivation’, FeCO3 widely covered the
surface.

e As FeCO3 was observed during and after ‘pseudo-passivation’ under
freely corroding and anodic polarisation conditions, and other layers
(such as Fe304) were not detected using SR-XRD, it is suggested that
the FeCO3 phase plays a major role in offering the underlying steel
substrate ’pseudo-passive’ protection against uniform corrosion in
the environment studied.
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