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Abstract:

The evolution and characterization of films formed on super 13Cr at 90°C and 200°C were
investigated by Scanning Electron Microscopy (SEM), X-Ray Diffraction (XRD), X-Ray
Photoelectron Spectroscopy (XPS), Focus lon Beam (FIB) and Transmission Electron
Microscopy (TEM) and localized Raman spectroscopy. The results show that super 13Cr
maintains a passive state at 90°C, while an active state exists with a high corrosion rate of 0.43
mm/year at 200°C for the first 5 hours, then stabilizes to a rate of 0.125 mm/year over 5 days
exposure. The passive film formed at 90°C is an amorphous-like structure with high Cr content,
while the corrosion product films formed at 200°C are mainly comprised of nanocrystalline
spinel FeCr,04 and crystalline FeCOs.

Keywords: super 13Cr stainless steel, FIB-TEM, CO; corrosion, scale film

Introduction

Stainless steels contain high levels of passivating elements such as chromium, molybdenum,
and nickel, resulting in excellent corrosion resistance [1]. Generally the corrosion resistance
increases with increasing chromium content: duplex stainless steels (18-28Cr) > austenitic
stainless steels (18Cr) > martensitic stainless steels (11.5-18Cr). A common cost-effective

material for downhole injection or production tubing is 13Cr stainless steels (UNS S41000) due
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to their mechanical properties and economic applicability [2]. However, normal 13Cr is
susceptible to corrosion when the temperature reaches 150°C. Recently, the potential
material is known as super 13Cr (UNS S41427) containing approximately 5% Ni has been
shown to improve corrosion resistance compared to normal 13Cr at higher temperature.
Super 13Cr can provide more cost-effective performance compared to Corrosion Resistant
Alloys (CRAs) such as 22Cr and 25Cr duplex stainless steel. Therefore, super 13Cr stainless
steels with a martensitic microstructure have been widely used in oil and gas containing CO;
environments [3,4].

It is well known that stainless steel has excellent corrosion resistance because the passive film
can act as a barrier to restrict the corrosive species contacting the surface [5]. Previous
research has found that no differences in composition and thickness exist between passive
films formed at room temperature and at 90°C in a 0.5 M NacCl solution [6]. In an acidic
environment, the outer region of the passive film normally consists of a layer enriched in iron-
based on a transfer artefact related to the higher diffusion rate of iron, while the inner layer
is strongly enriched in chromium caused by the dissolution of iron [7,8]. The work done by
Zhang et al. [9] reported that 13Cr surface has passivation abilities at 90 °C; the primary
component of the passive film was Cr,0s. Lee et al. [10] indicated that the passive film can
increase in thickness by the additional Cr content in the material, results in improved corrosion
resistance by effectively blocking the surface and reducing in the number of film defects.
Super 13Cr has improved corrosion resistance by reducing the C content and adding 2% Mo
and 5% Ni content relative to the 13Cr [11]. The extra 2% Mo in super 13Cr is effective in
stabilizing the passive film in the CO2 environment and assists the formation of the Cr oxide
passive film in the inner layer [12,13]. The Ni is enriched underneath the oxide in the bulk due
to preferential oxidation of iron and chromium at the oxide/metal interface [14], which limits
the rate at which Cr is available for the formation of Cr,03[15].

From previous research, it has been found that the thickness of the film reaches the micron-
scale at 150°C on super 13Cr surfaces after 30 days exposure [16], in comparison to the film
formed at temperatures of 120°C or below which is orders of magnitude thinner. Zhang et al.
[9] proposed that the surface films may comprise both Cr,03 and FeCOs at 150 °C. Mu et al.

[17] illustrated that the outer iron oxides and hydroxides in passive films can be destroyed in
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the stratum water with the temperature rising from 30°C to 90°C, and iron/chromium oxides
and FeCOs3 become the major components of the corrosion scales formed at 90°C with
saturated CO.. In the context of oil and gas production, the service temperature of tubing in
the bottom of ultra-deep well is much higher than these well-studied temperature ranges.
Moreira et al.[18] indicated the Cr-enrichment in corrosion product layer was more
pronounced with an increase in temperature from 125°C to 175°C. Zhao et al. [19] combined
the Pourbaix diagrams and surface analyses to explore the composition of corrosion products
for super 13Cr in the H,0-CI-CO; aggressive oilfield environment up to 180°C. It showed that
the content of Cr,0s decreased with increase in temperature and pressure; their results
indicated that the corrosion product film can be regarded as an unstable structure and it
would reduce protectiveness of scales and pitting resistance. Besides, they found the
formation of corrosion product films on super 13Cr at high temperature involved precipitated
Cr,03 and Cr(OH)s, and the existence of Cr,03/Cr(OH)s phase boundary which may cause
higher defect density [20]. In February 2019, more than 100 billion cubic meters of natural gas
was discovered from Bohai in China. The pipeline materials are exposed to an aggressive
geological environment with temperatures to 200°C.

Since the mid-20th century, numerous attempts to model film growth based on different
concepts have been made. Among them, a widely recognized model has been the Point Defect
Model (PDM) proposed by Macdonald [21]. According to the PDM, the passive film generally
comprises a bilayer structure consisting of a defective oxide layer that grows directly into the
metal and a precipitated outer layer that forms via the hydrolysis of cations ejected from the
inner layer. In HTHP CO; conditions, however, there are still some questions on the application
of PDM. Research studies have indicated that the passive film formed at temperatures below
100°C is mainly an outer precipitated layer (Cr(OH)s3) and the inner oxide layer (Cr,03) [20]. On
the other hand, for the context of oil and gas production, precipitated FeCO3 should also be
considered once the presence of Fe?* and CO3% reach the supersaturation ratio [22]. Guo et
al. [23] found that the crystalline state of FeCO3 was determined by chromium hydrolysis,
which means amorphous-like FeCOs; and microscale FeCOs crystalline grains would be
observed in different corrosion stages. For the early Cr(OH)s film-forming stage, the pH value

on the matrix surface would be much lower than the stage after the formation of the film [24],
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causing the changes in the state of thermodynamics. Besides, with the high temperature for
prolonged periods, some small unripened FeCO3 would transform into other products without
oxygen in proper thermodynamic circumstances [25,26].

The corrosion behaviour of super 13Cr and the formation mechanism of the corrosion product
scales studies are rare at 200°C. It is obvious that the formation of passive film or corrosion
product film on the surface at high temperature is complex. The evolution and film growth is
essential to understanding the nature of the film in terms of corrosion product kinetics and
protective capability in HTHP environments. No work has been done with super 13Cr at high
temperature and to focus on the presence of Ni and the relationship between corrosion
product growth at various immersion times and in-situ corrosion rate measurements. This
research work investigates the knowledge gap for super 13Cr stainless steel exposed to high
temperature CO; environments. The corrosion behaviour and corrosion product formation
mechanism of super 13Cr over 120 hours in CO»-saturated 4.86 wt.% NaCl solution at 90°C
and 200°C simulates the deep well environment in Bohai. The chemical composition of the
corrosion product, the morphology and their evolution formed on the surface are analysed at
5,14, 29, 48 and 120 hours by a combination of SEM/EDX, XRD, XPS, Raman spectroscopy and

FIB/TEM and related to the level of protective capability.

Experimental

2.1. Material and methods

The test material used was an API-P110 grade super 13Cr stainless steel supplied by Bao Steel
from China with a chemical composition (wt%): C 0.041%, Si 0.34%, Mn 0.34%, Cr 12.80%, Mo
1.92%, S <0.001%, P <0.001%, Ni 4.78% and Fe balance. The material was heat-treated
through normalization and tempering at 980°C and 590°C, respectively. Coupon specimens
with a dimension of 30 mm X 13 mm X 3 mm were used for immersion tests. The cylinder-
shaped specimens with a hole (7 mm diameter) for electrochemical measurement were
machined with dimensions of 21 mm in diameter and 7 mm in length. The electrodes for
electrochemical measurement were embedded in polyetheretherketone (PEEK) with an
exposed working area of 461.8 mm?, as shown in Fig.1b. Prior to each test, the specimens

were ground to 1200 grit using silicon carbide paper, then rinsed with deionized water,
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acetone and dried. All tests were performed at 90°C and 200°C with a CO; partial pressure of

2.8 bar. And the volume to surface ratio was kept at approximately 33 ml/cm?.

Corrosion rate measurements

Two evaluation methods, weight loss method, and LPR (Linear Polarization Resistance)
method were used in this study. Among them, the weight loss method is generally believed
to have high accuracy but only obtains an average corrosion rate. The in-situ LPR method is
used to determine the instantaneous polarisation resistance (Rp) tendency as a function of
time, as inaccurate Tafel constants for stainless steel limits the determination of the exact
degradation rates for this system. Fherefore-itis-betterto-compare-both-methodsin-orderto
obtain-corrosion—rates-at-variousimmersion-times: The 1/R, trends is presented as a semi-
guantitative values of the trends of corrosion rates in these extreme conditions.

Test solutions to simulate the formation water from a gas field were made from analytical

grade reagents and deionized water. The chemical composition is shown in Table 1.

Table 1. Chemical composition of the formation water

Composition Na* cr HCOs"

Content (mg/L) 19335 29503 585

A C-276 alloy static autoclave was utilized to conduct all the weight loss or LPR tests as
schematically shown in Fig. 1a. For mass loss experiments, three coupons were mounted on
a designed PEEK holder and fully immersed in the test solution. The solution was de-aerated
by saturating the 4.86 wt.% NaCl solution with CO; in a separate container overnight prior to
testing. All lines to the autoclave were purged with high pressure CO, and evacuated to ensure
removal of Oz within the system. The prepared, CO,-saturated brine (650 ml) was carefully
transferred from the sparging vessel into the closed autoclave containing the test specimens
at ambient pressure and temperature using a shoe suction pump (the test temperature and
pressure were controlled and monitored by using a temperature controller and pressure
gauge). The solution was then heated to the desired temperature.

The experimental matrix for this study is provided in Table 2. The initial pH for the CO,-
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saturated brines prior to heating in each experiment was 5.6 and was achieved through the
addition of NaHCOs. The starting solution pH at the elevated temperatures and CO; partial
pressures were predicted using the commercially available OLI software package [27] and are
provided in Table 2. The volume of the autoclave is 1 litre. In order to ensure the liquid-gas
ratio unchanged, 650 ml of prepared solution was introduced to the autoclave. OLI software
uses a Mixed Solvent Electrode (MSE) model with the extension in CO;-containing systems to
calculate pH value with multiple solvents and solutes at a wide ranges of pressure and
temperature [28,29]. A detailed summary of the MSE model and the introduction of
parameters is given by Springer et al. [30].

Table 2. Test matrix for corrosion tests under various condition

Measured CO: Measured ) )
Temperature CO2 pressure Calculated ) Time duration
partial pressure total pressure
(°C) measured at 25°C (bar) pH (hours)
(bar) (bar)
48
90 6.01 1.3 1.9
120
5
1 14
200 6.41 2.7 18 29.5
48
120

Before the test, the original weight (Wo) of the coupon was measured using an analytical
balance with an accuracy of 107 g. After the test, the corroded coupons extracted from the
autoclave was rinsed with DI-water, dried, and weighed to get the post-test weight (W1). The
corrosion products were removed by using a chemical cleaning procedure suggested in ASTM
G1-03 standard (Designation C.3.1) [31]. After the removal, the specimens were rinsed and
dried, then weighed to obtain the final weight (W>). The corrosion rate (Cr) was reported in

mm/year according to the obtained weight loss via Eq. (1).

_ 87600(Wo—W5)
Cr = vy (1)

Where t represents the immersion time, h; p is steel density, g/cm3; and A is exposed surface

area in cm?.



172

173
174
175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

(O thermocouple (Othermocouple

pressure gauge pressure gauge | Reference probe
_
. Worki b

gaut PEEK, gasin gas out l % I:J]\?n?(;? p?obe
asin-————————————
holde ’97} - I
|
! } = PEEK holder
| wire }
| e 20 s |
S— ‘ ‘ Workin |

[} —_— ] E‘ [¢]

0. It } E T clectrode |
e | }
coupon | |
‘ |

- -

Figure 1. Schematic diagram of the high temperature and high pressure autoclave and the
location of (a) mass loss samples, (b) LPR sample.

In-situ electrochemistry was used to measure the polarisetion resistance values. The
electrochemical tests were measured using a three electrodes cell with a super 13Cr specimen
as working electrode (WE), a platinum sheet as the counter electrode (CE) and a Ag/AgCl
pressure balanced external electrode (0.1 mol/L KCl solution) as the reference electrode (RE).
All electrode potentials in the present work have been converted to the standard hydrogen

electrode (SHE) according to the following relationship [32]:

Esue = Eng/agal +0.2866 — 0.001(T — Tp) + 1.754 x 1077(T — Ty)* — 3.03 X 107°(T —

Tp)? (2)
Where Egyg is the electrode potential vs SHE, while Exg/agciis the electrode potential vs

Ag/AgCIRE. T represents the experimental temperature and T, represents 25 °C.

In LPR tests, the super 13Cr WE was polarized from -10 mV to +10 mV vs Open Circuit Potential
(OCP) and scan rate was 0.1667 mV/s using an lvium electrochemical workstation. When
applying this method, the E vs. | curve was found to obey a good fit to a linear relationship
and the results of independent experiments showed good reproducibility. The instantaneous

Rp values is determined from the slope of the current-potential curve:

__AE

R. =
P Al

(3)
1/R, is presented as a semi-quantitave value of corrosion rate in order to prevent any
inaccuracies brought about throught impleetation of Tafel constant which were not accurately

determined in these condtions.
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1.2. Surface analysis

SEM was carried out on samples using a Carl Zeiss EVO MA15 SEM to assess coverage and
morphology observation of the film formed on super 13Cr stainless steel. All images were
collected at an accelerating voltage of 20 kV via secondary electron (SEl) for morphological,
and back-scattered electron (BSD) for cross-section features at different time. Further, the
composition variety for each sample at different time was conducted via XRD spectrum using
a PANalytical X’pert multipurpose diffractometer (MPD), employing Cu Ko radiation with an
active area of 10 mm x 10 mm, with a range of 20 = 20-80° using a step size of 0.033° per
second. A combination of Raman spectroscopy (488 nm radiation) with an Ar ion laser and
XPS with a monochromatic X-ray source (a Al ka electrode at 15 kV and 150 W) were used to
identify the nature of corrosion products locally on the surface. Raman spectra were collected
by employing 488 nm radiation from an Ar ion laser (1% and 5%). The exposure time for each
Raman sample was recorded with a total scan time of approximately 10-50 min, while the
sputtering time for each XPS sample was controlled in 1 hour, with a sputtering speed of 10
nm/h.

TEM was also performed in order to study the formation of films on the surface at 90°C and
200°C. Samples were prepared using a focused ion beam (FIB). The instrument used was an
FEI Nova200 dual beam SEM/FIB fitted with a Kleindiek micromanipulator for in situ lift-out.
The ion beam was operated at voltages between 30 and 5 kV, and with 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. Samples were then lifted out in-situ and
attached to a Cu TEM grid and thinned to a final thickness of around 100 nm. TEM was
performed using an FEI Tecnai F20 FEGTEM (200 kV) fitted with a high angle annular dark-field

(HAADF) detector and a Gatan Orius SC600 CCD camera.

Results and discussion

3.1. Corrosion rates from the mass loss and linear polarization measurements
Fig. 2 shows the corrosion rates determined by weight loss and the polarisation resistance
tendency of super 13Cr stainless steel exposed to CO»-saturated 4.86 wt.% NaCl at 90°C and

200°C with CO; partial pressure of 1.3 bar and 2.7 bar respectively for different immersion
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times determined from mass loss and LPR methods. It can be seen that the corrosion rates
were low at 90°C; maintaining approximately 0.004 mm/year during the 120 hours exposure.
The corrosion rates were high (0.43 mm/year) at the temperature of 200°C for the first 5 hours.
For longer tests, the corrosion rate reduced and was maintained at 0.125mm/year after 120
hours.

The stable low corrosion rates at 90°C over 120 hours are attributed to the presence of a
passive film on the super 13Cr surface. However, the corrosion rates for super 13Cr exposed
to 200°C were high and the reduction in corrosion rates over the immersion time can be
explained by the formation of protective corrosion product films as these layers slow down
the corrosion processes on the surface. The next sections investigate the corrosion product
compositions and morphology in order to understand the corrosion mechanism and film

evolution on the surface.
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Figure 2. Corrosion rates and Rp of super 13Cr stainless steel with different immersion times
at (a) 90°C and (b) 200°C.

The passive film observed at 90°C

Fig. 3 shows the macroscopic images for super 13Cr stainless steels before and after exposing
to 90°C conditions at various immersion times, respectively. All the samples look the same as
before testing and no corrosion products were observed on the surfaces. Referring to Fig. 23,
low corrosion rates of 0.04 mm/year were observed for super 13Cr at 90°C. The results
suggest that super 13Cr could obviously keep in the primary passive state without any further

corrosion at this test condition.

Figure 3. Macroscopic morphology of super 13Cr in 90°C condition at different immersion
times (a) before test, (b) 48 h and (c) 120 h.

In order to observe the presence of the passive film on the super 13Cr surface after exposing
to CO;-saturated 4.86 wt. % NaCl solution after 5 days at 90°C, the milled FIB sample was
mounted on a copper net for further TEM analysis. The high-angle annular-dark-field (HAADF)
mode and EDS (Energy Dispersive X-Ray Spectroscopy) analysis were performed and the

results are shown in Fig. 4. The results indicate the presence of a dense and compact passive
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film at 90°C. The thickness of the film is approximately 20 nm and uniformly distributed on
the entire super 13Cr surface. EDS mapping analysis indicates the enrichment of Cr and O in
the film and similar elemental content within the passive film has been reported in a previous
study [33]. Cross-sectional high-resolution transmission electron microscopy (HRTEM) images
(Fig. 4b) of the sample showed no lattice fringes in the passive film which indicates the film
formed at 90°C is an amorphous layer in nature. To characterize the composition of the
passive film, high-resolution XPS was employed, the results are shown in Fig. 4d. The fitting
curves of the peak binding energies indicate that Cr is present in the state as Cr,03 and Cr(OH)3
at 576.7 eV and 577.3 eV, respectively [34]. Thus, it can be speculated that the passive films
are mainly composed of chromium-oxides and chromium-hydroxides. Similar observations
were reported by Zhang et al. [9], which indicated the layer is mainly comprised of Cr,03 with

small amounts of Cr(OH)s.
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Figure 4. (a) TEM image of the passive film formed in 90°C condition, (b) HRTEM image of
the film and (c) increased the magnification of the passive film cross-section, showing TEM-

based EDS mapping, (d) XPS spectra of Cr 2p3/2 peaks.
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The effect of time on the formation of corrosion product films at 200°C

Fig. 5 provides the top-view and cross-section SEM images of super 13Cr stainless steel
exposed to CO;-saturated 4.86 wt. % NaCl at 200°C and CO; partial pressure of 2.8 bar at
different immersion times. The SEM images of the super 13Cr stainless steel surface indicate
different surface morphologies for samples exposed to 200°C compared to that of 90°C. As
shown in Fig. 5a and 5b, no obvious corrosion product exists and the polishing marks are
clearly visible on the surface.

After 14 h of exposure, some scattered crystal grains were found on the surface (Fig. 5¢c and
5d) and increased in number with immersion time up to 29.5 hours as shown in Fig. 5e and 5f.
It is interesting to note that the polishing marks are shallow, which might correspond to the
formation of another layer that the large crystals precipitate on. However, the cross-sectional
SEM images indicate that this inner layer is too thin and SEM cannot detect it. After 48 hours,
the crystals appeared on the entire surface as shown in Fig. 5g and 5h. Referring to Fig. 2b,
the reduction in corrosion rate suggests that another layer exists on the super 13Cr surface

but at the nm scale. More details on analyzing the film evolution are given in the later sections.
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Figure 5. SEM surface (SEIl, BSD) and cross-sectional morphology of the corrosion scale (a)
and (b) 5h, (c) and (d)14h, (e) and (f) 29.5h, and (g) and (h) 48h.

After 120 h, the size of the crystals increased significantly, but the number of crystals was
reduced as shown in Fig. 6. The cross-sectional morphology as shown in Fig. 6b indicates that
the corrosion product layers formed on super 13Cr stainless steel are double layer structures,
comprising an inner and outer layer. It is interesting to note that the thickness of the inner
layer was not uniformly distributed, and ranged between 0.1um and 4um across the entire

surface. In order to identify the corrosion product composition, XRD was utilized.
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Figure 6. (a) Top-view SEM and (b) Fibs cross-section morphology of the corrosion scale
after 120h exposure time.

Fig.7 illustrated the X-ray diffraction patterns of the corrosion product films formed on super
13Cr surface at various immersion times. The corrosion products were confirmed as FeCOs3 for
samples exposed to 5h, 14h, 30h, and 48 hours. As increasing the immersion time from 5
hours to 14 hours, the FeCO3 peaks become clear. However, the corrosion products are mainly
comprised of FeCOs3 and FeCr,04 for samples exposed for 120 hours. It is interesting to note
that no FeCr,04 crystals were observed for shorter immersion times by XRD measurements
and suggests that this layer might be too thin and XRD cannot detect it. Therefore, the
localized Raman spectroscopy at specific locations on the steel surface was used to

supplement XRD measurements for super 13Cr exposed to shorter experiments.
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Figure 7. XRD patterns of super 13Cr specimens exposed at 200 °C for 5, 14, 29.5, 48 and
120h.

The Raman spectra provided in Fig. 8 relate to four scans conducted on super 13Cr surface at
various immersion times. The spectra provided in Fig. 8a and 8b relate to two scans conducted
on the sample exposed to 200°C after 120 hours; one on a large crystal as shown in Region A
and one on an adjacent location in Region B. The spectra from Region A indicated the strong
Raman peaks observed at 283 cm™ and 1085 cm™ and small peak at 735 cm™ over the crystals
are representative of FeCO3 and scans in Region B indicated the peaks corresponding to the
FeCr,04 are located at 555 cm™ and 695 cm™.

Fig. 8c and 8d indicated the main peak located at 695 cm™ which corresponds to the inner
layer confirmed as the presence of FeCr,04. These observations suggest that the inner layer
of FeCr,04 is present across the entire stainless steel surface, which must be responsible for

the high corrosion resistance under these conditions.
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Figure 8. Raman spectra of super 13Cr specimens exposed to formation water at 200 °C for 5
h, 48 h, and 120h.

The XPS results in Fig. 9 indicate the composition of corrosion product films by specifying the
sputtering time. The Fe 2p3/2 and Cr 2p3/2 peaks for super 13Cr indicate a different
composition of corrosion products at 200°C compared to that of forming at 90°C. The fitting
curve of the Fe 2p3/2 peak confirm the peaks at 709 eV, 710.3 eV and 713.8 eV are FeCr,04
and the peaks are located at 712 eV and 715.6 eV corresponding to FeCOs [34]. Meanwhile,
peaks of Cr,Os and Cr(OH)s along with FeCr,O4 are separated and fitted well with the
measured Cr spectra [34,35]. Therefore, the development of the corrosion product films

detected on the surface of super 13Cr at 200°C is mainly FeCr,04, FeCOs3, Cr(OH)s and Cr,0s.
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Figure 9. XPS spectra of the passive film formed at 200 °C condition, (a) Fe 2p3/2 peaks, (b)
Cr 2p3/2 peaks.

Further analysis of the formation of FeCO3 and FeCr,04 at 200°C

To further understand the characteristics of the film developed on the surface of super 13Cr
at 200°C, and distinguish the essential differences to the film formed on the surface at 90°C,
a combination of FIB-SEM and TEM was employed. The sample exposed to CO,-saturated
4.86%NaCl solution at 200°C for 120 h was selected and taken for further analyses of its
composition and morphology. Fig. 10a shows the SEM images of a selected area of the
corrosion product film at 200°C. A sample (Fig. 10b) was cut from this area and then ion milled
to 100nm thick (Fig. 10c). The size of the large individual crystals on the sample surface
exposed to 4.86 wt.% NaCl reached approximately 5-20 um after 120 h exposure. Most
importantly, the corrosion product displays a double-layered structure comprising an inner
FeCr,04 and outer FeCOs layer. The thickness of the inner corrosion product layer at 200°C is

non-uniform and is varied between 0.5 and 3um after 120 hours of exposure.

(b Pt layer
Outer FeCO3

Inner layer

teel substrate

Mage 464X WD=90mm  2000kV SE1

Width = 8412 jm

Figure 10. SEM images of analysis region (200°C sample) after 120 h, indicating (a) where ion



365
366
367

368

369

370

371

372

373

374
375
376
377
378

379

380

milling was performed on the sample surface prior to Pt deposition, (b) the sections milled
away within the surface to produce the TEM sample

Fig. 11 presents the TEM analysis of the sample exposed to the CO,-saturated 4.86%NacCl
solution at 200°C and 2.7 bar of CO; partial pressure for 120 hours. The electron diffraction
pattern indicates that the outer layers are confirmed as FeCOs crystals (Fig. 11b), the most
important thin non-uniformed inner layer observed under the FeCOs crystals as shown in Fig.

11cis confirmed as nano-polycrystalline FeCr,0a.
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Figure 11. (a) TEM image of the passive film formed in 200°C condition, (b) the electron
diffraction pattern corresponding to Region (1), (c) the electron diffraction pattern
corresponding to Region (2).

TEM-EDS mapping analysis was used to further study on the interlayer between the crystalline

FeCOs and the nano-polycrystalline FeCr;04 layer as shown in Fig. 12. The TEM-EDS mapping
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analysis (Figs. 12c) indicates a separated thin layer with approximately 20 nm was observed
underneath the crystalline FeCOs. The high concentration of Cr, Fe, and O with small amounts
of Ni can be observed from the thin layer. Considering the sputtering depth (removal of 10 nm
thickness), the results obtained by XPS indicated the thin corrosion product layer is mainly

comprised of Cr,0s and Cr(OH)s.

(a) — Location 1)?’#@- Figuredla
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Figure 12. (a) HRTEM image on Location (1) in Fig. 10a, (b) HRTEM image beneath FeCO3
crystal, and (c) Super-X EDS mapping of the outer interface
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For the inner interface between nano-polycrystalline FeCr,04 and steel substrate, it could be
noticed that significant nickel exists covering the steel matrix. Besides, the growth of the film
to the matrix was not all connected, some isolated matrix islands free from corrosion are
surrounded by a rich nickel layer, which suggests that the nickel rich layer may play an
important role in the resistance from corrosion by blocking the material interface and act as
a barrier to restrict the corrosive species pass through and reduce the material degradation.
A similar observation was reported by Terachi et al. [36], that a nickel enrichment layer was
observed at the oxide/metal interface for 316 stainless steel in simulated pressurized water
reactors at 320°C. It can be suggested that the formation of the Ni-rich layer can provide

preferential iron or chromium dissolution reactions on the material surface.

(a) — Location (25 in Figure 11a

Figure 13. Super-X EDS mapping of the inner interface of film cross-section.

Discussion

Effects of temperature and immersion time on thermodynamics

To better understand the formation of the corrosion products on super 13Cr exposed to CO»-
saturated solution at 90°C and 200°C, Pourbaix diagrams are used to identify the
thermodynamically-stable corrosion products formed on the surface as the temperature is
increased.

It is known that super 13Cr has low corrosion sensitivity at 90°C, in which 10 mol/L can be
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used for the concentrations of total dissolved metal cations [37]. However, for samples
exposed to 200°C as referred to in Fig. 2b, super 13Cr becomes more sensitive as increasing
in temperature and high corrosion rates of 0.45 mm/year were recorded. The total metal
cation concentration of 10 mol/L was used. A similar value of 10°® mol/L was reported by
Zhao et al. [19], who conducted the Pourbaix diagrams for super 13Cr at a lower temperature
(90°C - 180°C) after a long immersion time of 30 days. The thermodynamic data are used to
generate the diagrams as provided in supplementary document in Table S1

Referring to the literature for an in-situ pH measurement on 316L stainless steel, it is well
known that the pH of the bulk solution remained almost unchanged when the material is in
the passive state, while the pH value at the material interface increases after prolonged
immersion time [38]. Fig. 14 shows the Pourbaix diagrams for 90°C condition and CO; partial
pressure of 1.3 bar for Fe-Cr-CI'-CO,-H,0 system. The measured OCP potential as shown in Fig.
2a was in the passive ranges of -0.38 —-0.365 V vs SHE at 90°C, and the calculated solution pH
was 6.01 (Table. 2). Considering the region as shown in Fig. 14, it is clear that the formation of
Cr,03 and Cr(OH)s can be observed on the surface indicating the passive state of super 13Cr
for Fe-Cr-ClI-CO;-H,0 systems. The hydroxide Cr(OH)s and Cr;0s; form via the following

reactions [19,39]:

ZCT(OH)3 A d CT203 + 3H20 (7)
207 + 3H,0 © Cr,05 + 6H* + 6e™ (8)
Cr + 3H,0 < Cr(OH)s + 3H* + 3¢~ (9)

Both experimental results and constructed Pourbaix diagram suggest that the passive film at
the pH of 6 is mainly comprised of Cr,03 and Cr(OH)s for sample exposed to 90°C which

enhances the material corrosion resistance.
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Figure 14. Pourbaix diagrams for Fe-Cr-CI-CO»-H,0 system at 90°C with the concentration

level of 108 mol/L for dissolved metal cations. The thermodynamically stable corrosion
products in the test condition are marked within the orange area.

Fig. 15 indicates the constructed Pourbaix diagrams at 200°C and CO; partial pressure of 2.7
bar for Fe-Cr-CI-COz-H,0 system. For super 13Cr exposed to 200°C, the measured OCP
potential was in the range of -0.625 — -0.64 V vs SHE as shown in Fig. 2b, and the calculated
solution pH value by using OLI was 6.41. Refer to the literature, the surface pH can be higher
(not to exceed 6.9) than that of the bulk solution [21]. The thermodynamic results suggest
that the stable corrosion products at pH ranges between 6.41 and 6.9 are mainly comprised
of FeCr,04, Cr(OH)3 and FeCOs.

It is clear that the interaction between Fe and Cr can result in the formation of oxide FeCr,04
on super 13Cr surface. In view of the TEM images and the electron diffraction pattern as
shown in Fig. 10, it is clear that the formation of corrosion product film is mainly FeCr,04, and
the precipitates on the surface also contain FeCOs (the large cubic crystals as shown in Fig. 5).
Observation of Cr(OH)s has been reported by Yue et al. [16], who worked with super 13Cr in
CO;-saturated water at temperature ranges of 120°C and 150°C. We reported that the
amorphous Cr(OH)s can be detected by using XPS at the surface, agreeing with the
observations here. Zhao et al. [20], concluded similar results by using the TEM and XPS
analysis to identify the amorphous Cr(OH)s layer. The Pourbaix diagrams as shown in Fig. 14

and 15 indicate that as the temperature increases from 90 to 200°C, FeCr,04 becomes one of
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the thermodynamically more favorable corrosion products. Increasing temperature from 90°C
to 200°C extends the Cr,0s region to a lower pH range. It is these shifts which results in the

transition from Cr,0s3 to FeCr,04 with increasing temperature.
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Figure 15. Pourbaix diagrams for Fe-Cr-CI-CO2-H,0 system at 200°C with the total metal
cations concentration level of 10~ mol/L.

Corrosion product film evolution mechanism at 200°C

Supersaturation, nucleation and crystal growth of the outer FeCO; crystals

Refering to Fig. 5 and Fig. 6, it is clear that the formation of FeCOs in term of crystal size and
number can be related to FeCOs3 supersaturation, the nucleation, and particle growth rates.
In principle, crystallization results from these three processes which interact mutually:
supersaturation, nucleation and crystal growth. The nucleation of FeCOs is initiated on the

surface once supersaturated (SR) with respect to FeCOs is reached:

[Fe?*][coi™]

Ksp

SR = (10)

where SR is the supersaturation of FeCOs, Ksp is the solubility product for FeCO3 in mol?/L?,
[Fe?*] is the concentration of Fe?*, and [C02~] is the concentration of CO32 [40].

The formation of FeCO3 on the surface when a specific value of the supersaturation is being
exceeded e.g. SR> 1. As the prolonged immersion time is pologed, the concentration of Fe?*
and COs% significantly exceeds the solubility of FeCO3 due to the relative high corrosion rate,

a higher supersaturation will be obtained. Previous research proved that the rate of nucleation
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increases exponentially with relative supersaturation, whereas the rate of particle growth
increases linearly with relative supersaturation [41]. As a result, the nucleation rate far exceeds
the particle growth rate, thereby preventing particle growth from happening and leading to
the FeCOs crystals only increasing in number within 48 hours. A similar observation was
reported by Gao et al. [41].

After 120 hours, a lower corrosion rate indicated that Fe?* dissolution decreased to a stable
level, results in the concentration of [Fe?*][C03~] decreased. It is known that the
nucleation rate of FeCOs falls exponentially with saturation value, whilst particle growth
decreases in a linear fashion [23]. Consequently, particle growth is believed to dominate for
longer immersion test as large cubic FeCO3 can be observed on the surface as shown in Fig.
6a. Research has shown that in the case of precipitation reactions at low relative
supersaturation, the process is believed to be dominated by crystal growth [42].

The formation of Cr203 and FeCr204 on the surface

T pourbaix diagram at 200°C shows that the formation of a thin FeCr,04 layer was via Reaction
(11) — (13) (noting that all these reactions produce H* ions, potentially acidifying the interface

during formation) [19,39]:

Fe + 2Cr + 4H,0 < FeCr,0, + 8H* + 8e~ (11)
Fe?* + Cr,05 + H,0 & FeCr,0, + 2H (12)
Fe?* + 2Cr(0OH)3(aq) © FeCr,0, + 2H*+2H,0 (13)

Meanwhile, a large amount of hydroxide Cr(OH)s forms via Reaction (9) in the aqueous phase
due to high corrosion rate (approx. 0.43mm/year) for the first 5 hours. Therefore, the local
surface pH will be decreased due to reactions (8 - 13) which produced H* ions on the surface
[23]. In the discussion of thermodynamics, the formation of Cr.03 is not well explained. Small
amounts of Cr,03 form on the surface via Reactions (8 and 9) once the surface pH decreased
to 6.32 according to Pourbaix diagram as shown in Fig. 15. In addition, the presence of Cr;03
may also result from the residual pre-existing passive film damaged at high temperature.

In view of the HRTEM images in Fig. 12c suggested a nanoscale amorphous layer of 20nm in
thickness was observed at the interface between crystal FeCOs and FeCr,04. The use of TEM

suggests that it mainly comprised Cr,03 and supposed to be locally generated in acidification
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at the material interface. The enrichment of Cr and Ni can be observed randomly distributed
within this film compared to the compositions of the passive film as shown in Fig. 4, which
cause the limitation to resist high temperature corrosion.

The formation of FeCr,04and a nickel enriched inner interface

It can be seen that the main difference in the corrosion resistance of super 13Cr at 200°C and
temperature below 90°C is the performance variation between corrosion product film and
the presence of a passive film. First of all, the composition changing from Cr,0s to FeCr,04
contributed to the material deterioration. It was found that the chromium ions are tightly
bounds with neighbors in the spinel structure compared to iron cations at low temperature
[21,43]. The Cr3* sites occupied by Fe?* in the spinel structure are able to damage the passive
film protectiveness. Besides, for high temperature corrosion processes, the generation of
FeCr,0a4 provides more pathways as shown in Fig.16, leading to a large driving force for cation
transport through the inner interface. On the contrary, the Cr3* sites contained in FeCr,04
decrease the number of available vacancy diffusion paths [43], thereby slowing down the
corrosion via the growth of the chromium enriched film [44].

In addition to the blocking effect of chromium on available vacancy diffusion paths, the
nonreactive nickel covering the matrix occupied a large amount of vacancies on the inner
interface (Fig. 17), effectively preventing the formation and transfer/transport of iron ions. Fig.
16 presents the line scan from the deposited corrosion product to matrix, showing obvious Ni
enrichment in every interface in the film. The results suggest that the Ni enrichment layer at
the material interface plays a critical factor in the kinetics of the transformation of the film
that requires the consumption of Cr3* and Fe®". The faster kinetics of coalescence and
crystallization can be favored by the slower rate of production of FeCr,04. The rate of
production of FeCr,04 is lower than the rate of crystallization so that a more advanced
crystallization of FeCr,04 can be achieved after a given period of time. Thus, the Ni enrichment
within the films limits the dissolution rate at which Cr and Fe become available for the
formation of FeCr;04, leading to a nanocrystalline film (confirmed in Fig. 10), results in

decreasing in corrosion rate.
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Figure 16. Line scan of the film cross-section of super 13Cr in 200°C condition.
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Conclusions

at 200°C.

The characteristics of corrosion product film and corrosion behaviour of super 13Cr stainless

steel in a CO;-saturated 4.86 wt.% NaCl solution has been compared at temperature of 90°C

and 200°C respectively in this study, the study focused on the formation of corrosion product

films on the surface at 200°C was compared with the typical passive film formed on the surface

at 90°C. The following main conclusions can be made:

1. The formation of corrosion product films on super 13Cr at 200°C including three

stages: Stage |, the replacement of the primary passive film to FeCr,04; Stage Il, the growth

of the FeCr,0s-dominated phase in the layer and nucleation of crystalline FeCOs; Stage I,

thickening of the FeCr,04 formed film and growth of crystalline FeCOs.

2. The passive film formed at 90°C is an amorphous-like structure, mainly containing
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Cr,03. However, at 200°C, the nanoscale passive film was replaced by a microscale
nanocrystalline FeCr,04 confirmed by using Raman/TEM analysis.

3. The thickness of the passive film at 90°C is 20nm and uniformly distributed on the
entire surface. The passive films are mainly comprised of Cr,03 and Cr(OH)s; which enhance
the material corrosion resistance. The thickness of the inner corrosion product layer at
200°C is not uniform and is varied between 0.5 and 3um after 120 hours of exposure.

4. A nickel rich layer plays an important role in the corrosion resistance at 200°C by
blocking the material interface and act as a barrier to restrict the corrosive species pass

through and reduce material degradation.
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