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A B S T R A C T

In a geothermal power plant, certain precautions should be taken to ensure a good efficiency. Indeed, it
is important to avoid degassing of the geothermal fluid and to prevent corrosion issues. To address these
problems, the gas–liquid equilibrium has to be controlled and the characteristics (composition, temperature. . . )
of the fluid known as well as the nature of the material used.

For this reason, in this paper, a laboratory-scale device was developed in order to simulate natural like
conditions and achieve corrosion tests. The corrosion behaviour of two materials, a carbon steel (DC01) and
a stainless steel (304 L), has been investigated. The testing materials have been exposed to a synthetic brine
which composition is similar to the Upper Rhine Graben water formation. The brine was saturated with 2 MPa
of CO2 and heated up to 50 ◦C and 100 ◦C.

Surfaces of tested metals were analysed by spectroscopic (XPS) and microscopic (SEM) methods in order
to characterize corrosion products and to get more information onto the corrosion mechanisms process.

The use of the laboratory prototype coupled with surface analysis methods allowed to better understand
CO2 corrosion in geothermal environment. The role of the brine chemistry and the impact of temperature and
CO2 dissolved concentration have been studied in this work. Indeed, different natures of corrosion products
regarding the material composition and microstructure have been highlighted. A mixture of CaCO3 and FeCO3
scale is identified on the carbon steel whereas the stainless steel exhibits a mixture of Cr(OH)3 and FeCO3 on
its surface.
. Introduction

The development of renewable energies is obviously necessary to
nsure the energy transition. Deep geothermal energy is receiving
rowing attention because of numerous advantages: production of heat
nd electricity, local energy, independent of climatic conditions and
enerally low CO2 emissions (Agemar et al., 2014). In a geothermal
ower plant, some components such as heat exchangers are essential.
o maintain a good efficiency in heat exchanger, gas presence must
e avoided into it. Hence, degassing phenomenon must be prevented
uring the geothermal fluid rise in the well by anticipating the bubble
ressure. Moreover, another key point to ensure an optimal use of
eat exchanger is to inhibit corrosion (Corsi, 1986). The knowledge
f the fluid is essential first to thermodynamically characterize liquid–
apour equilibrium to avoid degassing and then to prevent corrosion
ince it may contain species responsible for corrosion: chlorides, sul-
hates, dissolved carbon dioxide. Kaya and Hoshan (2005), Iberl et al.

∗ Correspondence to: IPREM CNRS UMR5254 – Helioparc – 2, Avenue du Président Pierre Angot 64053 Pau Cedex 9, France.
E-mail address: herve.martinez@univ-pau.fr (H. Martinez).

(2015), Nogara and Zarrouk (2018a). . . Furthermore, temperature and
pressure must be considered as their variation could impact corrosion
process by the deposit of corrosion products (Dugstad, 1998; Palacios
and Shadley, 1991). Steel composition and microstructure must be
also regarded, as they involve some specificities in the final corrosion
products layer (Iberl et al., 2015; Nogara and Zarrouk, 2018b).

To handle these problems, an accurate knowledge of the nature of
the geothermal fluid (salt composition, gas phase, pH. . . ) is required
since it is dependent on the location where it is collected. In France,
deep geothermal energy has mainly been developed in the Upper Rhine
Graben. Fluids encountered in this area are classified as highly salted
with a Total Dissolved Species (TDS) close to 90 g L−1 (Sanjuan et al.,
2016). This brine contains dissolved gas, mainly CO2, which participate
in the acidification of the fluid.

Many corrosion studies in geothermal environment have been car-
ried out (Corsi, 1986; Kaya and Hoshan, 2005; Carter and Cramer,
1992; Culivicchi et al., 1983; Faes et al., 2019; Frick et al., 2011;
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Table 1
Chemical composition (wt.%) of tested metals obtained by Spark Optical Emission Spectrometry (Spark OES).

Sample C Si Mn P S Cr Mo Ni Cu Ti Fe

DC01 0.039 0.022 0.210 0.0078 0.0028 0.0127 0.0017 0.0035 0.0110 0.0020 99.6
304L 0.021 0.047 1.492 0.025 <0.0005 17.6 0.24 8.81 0.48 0.0028 70.1
Keserović, 2014). Nevertheless, studies on material corrosion in the
Upper Rhine Graben fluid remain scarcer (Mundhenk et al., 2013a,b,
2014; Huttenloch et al., 2019). In alkaline conditions, an increase in
temperature generally involves a corrosion rate enhancement (Prawoto
et al., 2009). Nevertheless, in the CO2 media, the corrosion behaviour
is more complicated. Indeed, the precipitation of iron carbonate on
the carbon steel surface can slow down the corrosion process. Many
parameters such as pH or temperature can affect the formation of the
FeCO3 scale and its properties. As an example, Dugstad has studied the
film formation on a carbon steel during CO2 corrosion at several tem-
peratures (Dugstad, 1998). Indeed, the film formed at high temperature
(T > 60 ◦C) is dense and more protective than the film formed at low
temperature (T < 40 ◦C) which is porous and less adherent.

More recently, a study has been conducted on the kinetics aspects of
high temperature CO2 corrosion of a carbon steel in geothermal NaCl-
fluids and associated film formation (Mundhenk et al., 2020). However,
this study has been carried out in synthetic geothermal water only
containing NaCl salt and it is known that water chemistry can also
affect the formation of FeCO3 scale.

Esmaeely et al. have studied the impact of the calcium cations Ca2+

on the CO2 corrosion of a carbon steel sample immersed into a 1 wt.%
NaCl solution at 80 ◦C (Esmaeely et al., 2017). When calcium ions
concentration was low (<100 ppm) a FeCO3 protective film was formed
on the surface steel. At higher Ca2+ concentrations the precipitation of
a non-protective film of CaCO3 predominated. Nevertheless, this study
was conducted at low CO2 partial pressure (𝑝CO2 = 0.05 MPa).

Stainless steels usually contain alloy element which participate
in reducing the corrosion rate, especially a high chromium content
(>10.5 wt%) (Nogara and Zarrouk, 2018b). Substrate surface composi-
tion is then highly important in the result of the corrosion event. The
evaluation of the corrosion resistance of high-alloyed materials in the
North German Graben was previously studied by Klapper et al. (2012).
Electrochemical and exposure tests were conducted on several speci-
mens, included austenitic stainless steel, and the results shown that
these materials exhibit a susceptibility to corrosion pitting especially at
high temperature. These results are in concordance with those observed
in other studies (Yevtushenko et al., 2010; Yevtushenko and Baessler,
2012), with a rapid initiation of pitting in high chloride brines saturated
with CO2. Indeed, few investigations conducted on CO2 corrosion in
brines have shown that the stainless steel surface is generally covered
up with a protective chromium oxide layer (Guo et al., 2012; Xu et al.,
2013; Liu et al., 2016). A recent work has studied the thermodynamic
and kinetic formation of corrosion scale on the stainless steel surfaces
in geothermal environment at 200 ◦C. This paper revealed the presence
of FeCr2O4, Cr(OH)3 and FeCO3 scales depending on the CO2 partial
pressure of the experiments (Yue, 2020).

To complete a corrosion study, most of the time, weight loss mea-
surements and electrochemical analyses are used to determine the
corrosion rate (Mundhenk et al., 2013a,b, 2014; Huttenloch et al.,
2019). These data are important in the choice of the material used
for tubing and/or casing structures. Moreover, coupled surface anal-
yses by X-ray Photoelectron Spectroscopy (XPS) and Scanning Electron
Microscopy (SEM) surface analyses could even be useful to precise
the corrosion phenomenon as it is a surface event and to chemically
identify the corrosion products. One of the few research works, from
Heuer and Stubbins has shown the concomitant formation of FeCO3
and iron oxide films from 40 ◦C on the mild steel surface by XPS (Heuer
and Stubbins, 1999). Lopez et al. have correlated a possible influence of
the microstructure with the corrosion product formation with XPS and

SEM methods (Lopez et al., 2003). Two different steels were dipped

2

into a NaCl brine at 40 ◦C. Both steels surfaces were covered up with a
scale consisting of the same chemical components (a mixture of FeCO3
and Fe3C) but with different compositions. For Cr-alloy, the work of
Guo et al. using XPS characterization, has permit to identify a Cr(OH)3
phase as the main corrosion product when the metal is immersed into
a CO2-saturated geothermal fluid (Guo et al., 2016).

Although the impact of temperature and microstructure is clearly
identified in the geothermal corrosion, the present work reports the
behaviour of a carbon steel and stainless steel under high CO2 pressure,
in more real environmental conditions and focus on their surface char-
acterization. In this study, a laboratory geothermal corrosion prototype
device was developed to run investigations at high CO2 pressures and
high temperatures. This first work was achieved with DC01 carbon
steel and 304L stainless steel substrates exposed to a synthetic brine
with a composition similar to the Upper Rhine Graben geothermal
fluid: a mixture of NaCl and CaCl2 saturated with CO2. The corrosion
studies have been carried out at 50 ◦C and 100 ◦C at 2 MPa to
reproduce the conditions encountered in a heat exchanger (Mouchot
et al., 2018). In this study, the corrosion characterization was carried
out on materials surfaces using the complementarity of XPS and SEM
methods. Some systematic analyses were conducted to determine the
surface chemistry of the metal substrate after 1 h, 48 h and 500 h of
brine exposure. The ultimate goal is to propose a relevant process of
surface reactivity according to the composition of the brine and the
experimental conditions (temperature, pressure and time of exposure).

2. Materials and methods

2.1. Metals

Two metals provided by Neyco, a carbon steel DC01 and a stainless
steel 304L, were immersed into CO2-saturated geothermal brine. Their
chemical composition obtained from optical emission spectra are given
in Table 1. Beside iron and carbon (0.039 wt%), some additional
elements are detected (such as manganese, aluminium and silicon) for
DC01 mild steel. Concerning the stainless steel 304L, results indicate
that the sample contains 70.1 wt% of iron, 17.6 wt% of chromium and
finally 8.8 wt% of nickel.

Metals microstructures have been highlighted by optical microscopy
after a metallographic preparation consisting first in polishing the
surface up to 1 μm and then chemically attacking the sample with
Nital©. Micrographs are presented in Fig. 1. The carbon steel exhibits
a ferrite (F) dominated microstructure with some dark particles which
could be attributed to carbide (C) phase. Moreover, linear structures
into ferrite grain could represent the initiation of perlitic (P) growth
which is limited for mild steel with a low carbon content (less than
0.05 wt.%). The stainless steel microstructure consists in austenite (A)
grain. As for the carbon steel, the darker particles could be related to
carbide phase.

Before exposure to the geothermal fluid, the steel coupons were cut
as square samples (1 cm × 1 cm × 2 mm for DC01 carbon steel and
2 cm × 2 cm × 3 mm for 304L stainless steel). Herein, the dimensions
of the specimens are given for guidance since this study is focused on
surface characterization. However, this information must be carefully
considered for corrosion rate calculation since the ratio of exposed
surface area to volume of solution must be limited to not be less than 30
mL/cm2. Nogara and Zarrouk (2018b) The samples were prepared ac-
cording to the ASTM G1-03 (ASTM G1-03, 2018), Standard Practice for
Preparing, Cleaning, and Evaluating Corrosion Test Specimens. Several

protocols of specimen preparation, with different abrasive paper, have
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Fig. 1. Micrographs of (a) carbon steel DC01 microstructure and (b) stainless steel 304L microstructure.
w
(

een tested in a preliminary study. Then, systematic XPS analyses were
one on the material surface to check the presence of the iron metal
e0. The most suitable preparation was found to be the successively
olishing with SiC abrasive paper (500, 800 and 1000 grit), degreased
ith acetone, washed with water and dried 24 h in a desiccator.
evertheless, a part of the native oxidation layer at the material surface

emains after the sample preparation.

.2. Geothermal fluid

The composition of the synthetic brine was based on the Upper
hine Graben formation water (from Soultz-sous-Forêts, France) (San-

uan et al., 2016). This brine is saturated with carbon dioxide. The
ressure was fixed at 2 MPa which is closed to the conditions encoun-
ered in a heat exchanger. The thermodynamic characterization of this
ype of fluid have been carried out in our previous study (Poulain et al.,
019). Indeed, we measured the CO2 solubility in two synthetic brines
hich composition were closed to the Upper Rhine Graben fluid: Na-Ca-
l and Na-Ca-K-Cl brines between 1 and 20 MPa at 50, 100 and 150 ◦C
he obtained results showed that the Upper Rhine Graben fluid could
e approached by a mixture of NaCl at 1.2 mol kg −1 of water and CaCl2
t 0.2 mol kg −1 of water. The Fig. 2 summarized the experimental
alues of solubility obtained for CO2-NaCl-CaCl2 system at 2 MPa and
he corresponding CO2 solubility curves calculated with PSUCO2 and
hreeqC. As a reminder, at 2 MPa, concentrations of carbon dioxide
issolved at 50 ◦C and 100 ◦C are respectively 0.257 and 0.142 mol
g−1 of water. Such data have significance for corrosion study since
he CO2 dissolved concentration could directly impact the formation of
orrosion product and therefore increase or slow down the corrosion
rocess. Despite the device is not including in-situ pH measurements,
he pH of brines were calculated using PhreeqC geochemical model.
he pH of the solution at 50 ◦C has been estimated to be around 3.2
hereas it was 3.4 at 100 ◦C

.3. Geothermal corrosion prototype device

Because of the great importance of CO2-brine equilibrium on the
orrosion, a prototype device has been developed. A specific note has
een drawn up for the design of a pilot able to operate in very high
xperimental conditions corresponding to deep geothermal constraints
p to 200 ◦C and up to 20 MPa. This device, presented in Fig. 3, was
uilt by Armines/CTP to conduct corrosion tests in specific geothermal
rine saturated with CO2. The device is very original with two ovens,
ontaining each two titanium autoclaves (Fig. 4a). The main particu-
arity of this device is the possibility to conduct several corrosion tests
t the same time with independent conditions of temperature, brine
hemistry or gas nature, thanks to the four autoclaves. A temperature
robe (PT100 Ohms) is placed on the top and the bottom of each cell
n order to control the temperature homogeneity. Each reactor is even

onnected to a pressure sensor (Keller PAA 35 XHTC).

3

Fig. 2. CO𝟐 solubility in Na-Ca-Cl solution at 2 MPa : experimental data (▴), calculated
ith PSUCO2 (solid line) and calculated with PhreeqC (dashed line) from Poulain et al.

2019).

Fig. 3. Geothermal corrosion prototype device.
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Fig. 4. Photographs of (a) the autoclave, (b) the insert and (c) the coupon holder with several coupons positions 1. in the aqueous phase; 2. at the gas/liquid interface; 3. in the
gas phase, (d) Schematic representation of an autoclave.
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A SITEC rupture disk, which burst pressure is set to 22.5 MPa,
has been placed on each reactor to automatically stop the operating
processes in case of cells overpressurization.

A metal substrates holder (Fig. 4c) made of PEEK, was designed
to expose the samples either in the aqueous phase, in the gaseous
phase or even at the interface gas/liquid according to three different
height stages. Before the corrosion experiment, this sample holder is
placed within an inert glass reinforced-PTFE insert (Fig. 4b) which
avoids any contact and galvanic effect between the metal specimens
and the autoclave. Aqueous phase coming in the insert is continuously
stirred during experiments with a magnetic stirrer located at its bottom.
A schematic representation of the coupons placement in the sample
holder within the reactor is reported in Fig. 4d. The liquid and gas inlet
are placed at the top of each reactor. Then, four identical autoclaves are
then placed by pairs into the ovens.

2.4. Operating procedure

Specimens are placed into the reactor. After setting the vacuum
within the different components of the device, approximately 40 cm3

f synthetic brine gets into the autoclave. The solution is then deoxy-
enated by nitrogen bubbling during 30 min. The temperature is fixed
o the expected value for the experiment. Then, carbon dioxide fills in
he autoclave network and a heavy stirring of the brine is applied (800
pm). Once the gas–liquid equilibrium is reached, the stirring speed
s lowered down to 200 rpm for the time of the experiment. In this
tudy, metal samples were exposed to a synthetic brine saturated with
MPa of CO2 simultaneously heated up to 50 ◦C or 100 ◦C during 1 h,
8 h and 500 h. Finally, the metal specimens were released from the
utoclave, rinsed with distilled water before being dried in a desiccator.

.5. Corrosion characterization

In this study, the carbon steel surfaces were systematically analysed
efore and after exposure to the geothermal fluid by Scanning Electron
icroscopy (SEM) and X-ray Photoelectron Spectroscopy (XPS). Con-

erning the stainless steel, sample size constraints have led to observe
he sample surface by optical microscopy rather than by SEM before
oing the XPS characterization.

SEM investigations were conducted with a JEOL JEAMP 9500F
uger Spectrometer (JEOL Ltd, Tokyo, Japan). This machine needs

o work under UHV conditions (P < 2.10−7 Pa). SEM images were
cquired using an acceleration voltage of 15 kV and a low current of
nA. They have been recorded at several magnifications to get more

nformation.
Optical microscopy images were recorded with an optical micro-

cope Axiolab 5 (Zeiss). Here again, different magnifications have been
sed to take microscopic images.

Surface analyses by XPS were carried out with a Thermo K-alpha
pectrometer (ThermoFisher Scientific) operating under ultra-vacuum
10−9 mbar). This device used the monochromatized Al-K𝛼 radiation
 m

4

1486.6 eV) as X-ray source. An argon dry glove box is directly con-
ected to the machine. The radiation is microfocused on the surface
ample (ellipsoidal spot of 400 μm diameter). A charge compensation

system based on low energy electrons was used. First, survey spectra
were recorded from 0 to 1350 eV with a pass energy (PE) of 200 eV.
Then core ionization spectra were recorded with a higher resolution at
PE of 40 eV. All spectra were fitted with CasaXPS© software. Binding
energy of the C 1s peak due to the presence of adventitious carbon
has been set up to 285 eV. Peak fitting is performed with a non-linear
Shirley type background. GL(30) corresponding to a combination of
Gaussian (70 %) and Lorentzian (30 %) functions were used to fit exper-
imental curves for most of the components except for iron, chromium
and nickel spectra. Indeed, asymmetry observed involves to use LA(𝛼,
𝛽, m) line shapes for metallic core lines, where 𝛼 and 𝛽 represent
he spread of either side of the tail of the Lorentzian component. The
oefficient have been previously determined by Biesinger et al. LA(1.2,
.8, 3) is used for Fe0, LA(1.4, 4, 5) for Cr0 and LA(1.1, 2.2, 10) for
i0 (Biesinger et al., 2011). Moreover, the components associated to

ron oxide and chromium oxide environment have been fitted using a
(𝛼, 𝛽, n)GL(m) line shape with is a Gaussian–Lorentzian function mod-

fied by an asymmetry. The coefficient used in this study were A(0.15,
.65, 0)GL(0) for iron oxide and A(0.10, 0.65, 0)GL(0) for chromium
xide. All experimental XPS spectra are plotted by dotted line whereas
he different components and resulting spectra are represented by solid
ines. Quantitative analyses were performed using Scofield’s Relative
ensitivity Factors (RSF).

. Results and discussion

.1. Carbon steel

Carbon steel was the first specimen studied as most of the geother-
al structures all around the world still include it for specific parts

f the geothermal power plant exchangers or even for casing tubes.
nce withdrawn out of the corrosion chamber, after the first hour of
xposure at 50 ◦C, the sample surface changed with shiny appearance
oss (Fig. 5). 48 h immersion in the geothermal fluid gets the surface
arker and finally, a yellow–orange deposit is perceptible on a portion
f the sample surface with a 500 h exposure into the brine. In this case,
ome pits of corrosion are randomly spread over the yellow–orange
rea. Dipped into the brine heated up to 100 ◦C, the sample is affected
nd the visual analysis of the surface reveals a change but the evolution
s less pronounced with exposure time. Nevertheless, surface colour
hange attest of some chemical reactions occurring during the sample
mmersion into the geothermal fluid.

In order to understand events taking place onto the carbon steel
urface during immersion into the CO2 saturated geothermal fluid, SEM
mages were recorded at different magnification modes (Fig. 6).

After 1 h of immersion into the fluid at 50 ◦C, the SEM image
eflects that the metal has been dissolved (Fig. 6a). Moreover, at lower

agnification (not shown in the paper), polishing scratches were still



M. Poulain, J.-C. Dupin, K.E. Tillous et al. Results in Surfaces and Interfaces 7 (2022) 100040

g
5

v
T
(
(

l
h
u
t
c

Fig. 5. Photographs of the carbon steel DC01 specimens before and after their immersion into the geothermal fluid saturated with 2 MPa of CO𝟐 at 50 ◦C and 100 ◦C during 1,
48 and 500 h. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. SEM images of the carbon steel DC01 specimens after immersion into the
eothermal fluid saturated with 2 MPa of CO𝟐 at 50 ◦C during 1 h (a); 48 hours (b);
00 hours (c) and at 100 ◦C during 1 h (d); 48 h (e) and 500 h (f).

isible. For longer exposure time, a corrosion product deposit appears.
he nucleation of crystallites is clearly visible after 48 h immersion
Fig. 6b) and their size increases significantly with the immersion time
Fig. 6c). Similar observations were made by Tavares et al. (2015).

On SEM images for 100 ◦C brine conditions, a corrosion product
ayer appears on the carbon steel surface from the very first immersion
our (Fig. 6d). As previously observed at 50 ◦C, crystallites size grows
p when increasing the exposure time (Fig. 6e and 6f) but at 100 ◦C
he development speed seems higher and the layer formed is more
ompact and denser. A densification of the corrosion product with the
5

emperature increase has been demonstrated by Nazari et al. (2010).
he different crystallites morphologies would mean the corrosion prod-
ct layer is probably composed of different phases. To know more about
he chemical nature of the layer and relative content onto the extreme
urface, some XPS analyses were carried out for the different sets of
mmersion hours — temperature.

Before brine exposure, the C 1s spectrum (Fig. 7) of the carbon
teel surface (XPS enables a 10 nm depth analysis) is composed of four
omponents corresponding to C–C/C–H, C–O, O–C=O and some carbide

environments in very small content (Fig. 7a). The presence of a carbide
assigned peak, located at 282.9 eV as reported elsewhere (Wang et al.,
2012), is probably due to the SiC grains inclusion from the polishing
paper used during the surface preparation step.

After one hour exposure at 50 ◦C (Fig. 7b), the proportion of
the carbide peak has been divided by two (Table 2) probably due
to the beginning of the carbon steel oxidization and the growth of
a covering layer. After 48 h of immersion, the carbide component
disappears whereas a new component is detected at 289.7 eV (Fig. 7c)
attributed to carbonates (Heuer and Stubbins, 1999; Cui et al., 2006;
Wu et al., 2004). When the immersion lasts 500 h (Fig. 7d), this
component significantly enhances (from 2.9 to 15.4 at.%) and slightly
shifts up to 289.9 eV, attesting of a modification of the carbonates local
environment.

For higher temperature of the geothermal fluid (100 ◦C), the C
1s spectrum, after the first hour of immersion, drastically changes.
Indeed, on the one hand the carbide component situated at 282.9 eV
is no longer detected unlike to the three components C–C/C–H, C–O,

–C=O still clearly visible (Fig. 7e). On the other hand, an intense
component associated with carbonates is located at 289.9 eV. Scales of
carbonates are observed on the carbon steel surface from the first hour
of exposure at 100 ◦C. When the coupon is immersed during 48 h, the
proportion of the carbonates rises up from 11.6 to 16 at.% (Fig. 7f). For
longer immersion time, this contribution diminished down to 14 at.%
as shown in Fig. 7 g and Table 2.

The Fe 2p3∕2 spectrum before immersion shows a small component
at 706.7 eV (Fig. 8a), attributed to the presence of iron metal Fe0. The
experimental profile is also fitted into two others components situated
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Table 2
Binding energies (BE) and atomic percentages (at.%) of the chemical environment identified by XPS on the carbon steel DC01 surface before and after exposure to the geothermal
fluid at 50 and 100 ◦C during several exposure times.

Before exposure 50 ◦C 100 ◦C

1 h exposure 48 h exposure 500 h exposure 1 h exposure 48 h exposure 500 h exposure

Orbital BE (eV) Assignment at.% BE (eV) Assignment at.% at.% at.% BE (eV) Assignment at.% at.% at.%

C 1s

282.9 Carbide 2.0 282.9 Carbide 1.1 285 C–C/C–H 7.3 9.6 11.7
285 C–C/C–H 23.7 285 C–C/C–H 20.3 5.9 6.1 286.5 C–O 1.1 2.1 1.6
286.5 C–O 9.0 286.5 C–O 4.1 2.6 1.1 288.6 O–C=O 0.7 1.0 1.3
288.6 O–C=O 4.4 288.6 O–C=O 2.6 0.8 1.2 289.9 CO2−

3 11.6 16.0 14.0
289.7 CO2−

3 2.9 15.4

Ca 2p
347.5 CaCO3 0.2 347.3 CaCO3 1.7 1.4 347.3 CaCO3 5.6 2.0 2.0
351 CaCO3 0.1 350.8 CaCO3 0.9 0.7 350.8 CaCO3 2.8 1.0 1.0

355.4 CaCO3sat. 0.05 0.04 355.4 CaCO3sat. 0.2 0.1 0.1
359 CaCO3sat. 0.05 0.03 359 CaCO3sat. 0.2 0.1 0.1

Cl 2p 198.5 NaCl 0.4 0.2 0.5 198.5 NaCl 0.2 0.1 0.1
200 NaCl 0.2 0.1 0.2 200 NaCl 0.1 0.05 0.05

Fe 2p3/2

706.7 Fe0 3.3 706.7 Fe0 1.1 710.3 FeCO3 1.2 7.2 6.2
708.9 Fe2+ 1.2 709 Fe2+ 0.5 711.2 Fe3+ 6.4 1.6 1.6
710.8 Fe3+ 6.5 710.3 FeCO3 7.5 715 FeCO3 sat. 0.4 2.5 1.6
714.5 Fe2+ sat. 0.3 711.2 Fe3+ 9.5 12.2 2.1 719.2 Fe3+sat. 0.3 0.1 0.1
718.8 Fe3+sat. 0.2 714.5 Fe2+ sat. 0.1

715 FeCO3 sat. 2.4
719.2 Fe3+sat. 0.2 0.6 0.1

Mn 2p 641.6 MnO 0.2 641.6 MnO 0.8 0.2 641.6 MnO 0.2

N 1s 400 NH3 0.7 400 NH3 0.8 400 NH3
Na 1s 1072 NaCl 0.7 0.6 1072 NaCl 0.3 0.2

O 1s

530 Oxide 22.8 530 Oxide 25.8 27.4 5.2 530 Oxide 14.2 3.3 6.0
531 Hydroxide 5.1 531 Hydroxide 17.2 28.3 5.6 531 Hydroxide 6.3 2.1 6.2
531.5 O–C=O 10.2 531.5 O–C=O 9.5 1.5 2.1 531.5 O–C=O 1.4 1.5 2.7
533 C–O 6.7 531 .9 CO2−

3 9.4 43.6 531 .9 CO2−
3 36.6 44.3 38.2

533 C–O 1.9 1.1 1.7 533 C–O 1.2 2.6 1.7

Si 2p 100.5 Si–C 2.3 99.5 Si–Si 0.2 2.0 1.7 99.5 Si–Si 1.2 2.0 1.3
102 Si–CO, SiOx... 1.1 100.5 Si–C 2.6 102 Si–CO, SiOx. . . 0.8 0.7 2.4

102 Si–CO, SiOx. . . 1.1 1.4 0.8
d
(

t
a
t
t

Fig. 7. C 1s XPS spectra of the carbon steel DC01 specimens before immersion (a)
and after immersion into the geothermal fluid saturated with 2 MPa of CO𝟐 at 50 ◦C
during 1 h (b); 48 h (c); 500 h (d) and at 100 ◦C during 1 h (e); 48 h (f) and 500 h
(g).

at 708.9 eV and 710.8 eV corresponding respectively to the Fe2+ and
e3+ environments. Some satellite peaks of the former components
re found at 714.5 eV and 718.8 eV confirming the iron oxidation
tates (Biesinger et al., 2011). After 1 h of brine exposure at 50 ◦C,

the iron metal component is less intense (3.3 to 1.1 at.%) as well as the
reduction of the proportion of the Fe2+ components, as shown in Fig. 8b
and Table 2. Furthermore, the Fe3+ components get higher. These
evolution of composition suggest the corrosion process begun with the
formation of oxide scales. The formation of this oxide layer could be
explained by the remaining presence of oxygen before deoxygenating
6

Fig. 8. Fe 2p3/2 XPS spectra of the carbon steel DC01 specimens before immersion (a)
and after immersion into the geothermal fluid saturated with 2 MPa of CO𝟐 at 50 ◦C
uring 1 h (b); 48 h (c); 500 h (d) and at 100 ◦C during 1 h (e); 48 h (f) and 500 h
g).

he solution by nitrogen bubbling. Indeed, specimens were exposed to
solution which could contains oxygen during 30 min and then were

ested during 1 h at experimental conditions without oxygen. At short
ime of exposure, it is assumed that an oxidation of Fe2+ in Fe3+ in the

presence of remaining oxygen has occurred, resulting in the formation
of this oxide layer. From 48 h of steel immersion into the geothermal
brine at 50 ◦C, the Fe0 and Fe2+ components are no longer identified on
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Fig. 9. SEM images of crystals distribution on the surface of the carbon steel exposed to the brine at 50 ◦C during 500 h.
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Fe 2p the spectrum (Fig. 8c); the layer is probably thicker than 10 nm,
and the XPS method can then only reach and specify the chemistry
at the extreme surface. In addition, the absence of any Fe 2p peak in
the energetic region of iron carbonates (around 710.3 ± 0.2 eV/main
component and 715 ± 0.2 eV/satellite (Heuer and Stubbins, 1999; Cui
t al., 2006; Wu et al., 2004)) is confirmed. Thus, the carbonates scales
dentified from the analysis of the C 1s spectrum of the carbon steel
xposed at 50 ◦C during 48 h are not made of iron carbonates deposit.
owever, considering the analysis of the calcium Ca 2p spectrum (not

hown in the paper) and the quantitative analysis presented in Table 2,
arbonates ions could coordinate with calcium to form CaCO3 on the

surface.
After 500 h of immersion into the brine at 50 ◦C, the chemical

analysis of the Fe 2p3∕2 spectrum shows iron oxide is still detected
(Fig. 8d). Nevertheless, the most remarkable change is the appearance
of an intense component (7.5 at.%) and an associated satellite (2.4
at.%) assigned to an iron carbonates environment (Fig. 8d). As a
reminder, in these conditions of temperature and exposure time, the
quantitative analysis showed that the proportion of carbonates in the C
1s spectrum was around 15.4 at.%, content high enough to consider the
iron carbonates are not the only carbonates corrosion products on the
surface. Then, considering both Fe, Ca and C quantities at 50 ◦C, the
carbon steel exposed during 500 h would be covered up with a mixture
of siderite FeCO3 and calcite CaCO3. This result corroborates the slight
C 1s BE positive shift of 0.2 eV of the carbonate component. In fact,
the electronegativity of iron is greater than for calcium one. Thus, the
C 1s carbonates peak would be located at higher binding energy when
the major corrosion product is siderite.

SEM images (Fig. 9) of this sample display rhombohedral crystals of
CaCO3 and hexagonal crystals FeCO3 on the carbon steel surface, con-
irming that the corrosion film product consists in a mixture of siderite
nd calcite. Moreover, FeCO3 crystals seem to be placed above those
f CaCO3, allowing us to confirm that the growth of iron carbonate
ayer is posterior to that of calcium carbonate under these experimental
onditions.

Finally, it is important to precise that surface analyses were made
efore photos (Fig. 5) and specimens were exposed to air after surface
haracterization. So, we assume that carbonate scale such as siderite
ould have oxidized resulting on the yellow–orange deposit observed
n the photo of Fig. 5, which seems like rust. Heuer and Stubbins has
ointed out such an iron carbonates scale formation on carbon steel
ould suddenly oxidize into Fe2O3 when exposed to air (Heuer and
tubbins, 1999).

The XPS analysis of the carbon steel exposed 1 h into the fluid at
00 ◦C shows the surface is mainly composed of iron oxide (Fig. 8e and
able 2). Iron carbonates are detected in small proportion (1.6 at.%)

n accordance with the C 1s spectrum in the same experimental con-
itions. However, the quantitative results confirm the surface is even
overed up with CaCO3 scales. With a longer immersion time (48 h),
he proportion of iron carbonates drastically increases (from 1.6 up to
.7 at.%) and the corrosion product consists into a mixture of siderite
nd calcite with FeCO3 as major component (Fig. 8f). After 500 h of

mmersion into the geothermal fluid, the carbon steel surface is always

7

mixture of FeCO3 and CaCO3 but the FeCO3 phase is less prominent
Fig. 8 g) as ascertained by the decrease of C 1s carbonates component
BE = 289.9 eV). On the Fe 2p spectrum, iron oxide environment is now
ore easily detected probably meaning an oxide scale would overlay

he carbonates scale. The previous work of Heuer and Stubbins is in
greement with this observation (Heuer and Stubbins, 1999).

In addition, the XPS analysis of other element such as manganese,
ne of the main alloying element in DC01 carbon steel (Table 1), has
elped to confirm previous explanations. Before exposure, the carbon
teel sample exhibits a small quantity (0.2 at.%, Table 2) of manganese
xide MnO, with a Mn2p 3∕2 peak located at 641.6 eV (Biesinger et al.,
011). For brine temperature of 50 ◦C, an increase of MnO proportion
s perceived after one hour of immersion, in relation with the beginning
f carbon steel oxidation. Then, the MnO proportion at the surface
iminishes for 48 h exposure and finally the oxide layer disappears
hen the coupon is immersed 500 h into the geothermal fluid. Indeed,

he carbonates layer, the main corrosion product, spreads progressively
ver the whole specimen surface and gets thicker with immersion time.
nder 100 ◦C conditions, manganese oxide at the carbon steel surface
fter 48 and 500 h, is no longer identified because the carbonate scale
s thicker than the maximum depth analysed by XPS. The loss of the
n signal could even attest of the scale high density.

The SEM/XPS coupled study highlighted lot of surface evolutions
uring the corrosion process under several temperatures and immersion
ime conditions. Once immersed in the brine heated to 50 ◦C, the car-
on steel starts on oxidizing from the first hour of exposure and calcite
cales appear after 2 days under same constant temperature conditions.
he corrosion product evolves to a two-phase calcite/siderite crust for
weeks immersion. When increasing brine temperature up to 100 ◦C,

he two-phase carbonates scale sets up from the first hours of exposure
nd keep on thickening with immersion time. SEM images have shown
hat the crystallites were growing up with time of exposure and this
henomenon enhances at higher temperature.

The research work by Esmaeely et al. has shown the impact of Ca2+

n the carbon steel CO2 corrosion, with the appearance of CaCO3 onto
he material surface (Esmaeely et al., 2017). Nevertheless, the experi-
ents were made at low CO2 partial pressure. Zhao et al. expected that
high CO2 partial pressure would result in a mixture of FeCO3 and

aCO3 (Zhao et al., 2005). This assumption is checked in this paper.
ndeed, CaCO3 solubility is approximately two orders of magnitude
reater than FeCO3 solubility (Mansoori et al., 2019). Indeed, at 25 ◦C
nd atmospheric pressure the solubility product constant Ksp of siderite

in water is Ksp(FeCO3)= 1.28.10−11 (Wei, 2006) whereas for calcite,
the value is Ksp(CaCO3) = 3.3.10−9 (Plummer and Busenberg, 1982).
However, initially only calcium ions were present in the brine and
afterwards Fe2+ ions appeared into the medium because of the metal
dissociation during the corrosion process. Moreover, the quantity of
CO2 dissolved is more important at 50 ◦C as determines in our previous
work (Poulain et al., 2019), with the study of the carbon dioxide
solubility in Na-Ca-Cl aqueous solution saturated with CO2 at 50 ◦C and
100 ◦C. Actually, the CO2 solubility decreases when the temperature
increases: from 0.257 mol kg−1 of water at 50 ◦C to 0.142 mol kg−1

◦
of water at 100 C. Therefore, in a first time, one can consider the
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Fig. 10. Photographs of the stainless steel 304L specimens before and after their immersion into the geothermal fluid saturated with 2 MPa of CO𝟐 at 50 and 100 ◦C during 1,
8 and 500 h.
aCO3 precipitation is the favoured event onto the metal substrate.
urthermore, both CaCO3 and FeCO3 solubilities decrease when the
rine temperature goes up and the precipitation of these two phases
s then accelerated. This is the main reason that explains the scale
onsisting of a mixture of CaCO3 and FeCO3 is detected from the
irst hour of exposure at 100 ◦C. Finally, such corrosion products are
enerally porous but they become more compact when the temperature
ncreases (Dugstad, 1998). SEM images highlight the corrosion layer
ensification at 100 ◦C acting as a passive barrier against corrosion
ontinuation.

.2. Stainless steel

To offer a point of comparison in relation with composition ans
tructure discrepancy, 304L stainless steel was studied under same
onditions of brine corrosion.

Some photographs, before and after immersion into the CO2-
aturated brine at 50 ◦C and 100 ◦C during several exposure times,
re displayed on Fig. 10. At first sight, no visible surface modification
s noticed. Indeed, the surface still shiny appearance still exist whatever
he treatment and the polishing scratches are still pronounced on the
op surface.

To enhance perception of surface details, some optical microscopic
mages presented in Fig. 11 confirm the first naked eye observations.
evertheless, the absence of changes of specimen visual aspect does not
ertify the absence of chemical modification. Chemical investigations
ngaged with XPS have provided additional information and have
hown chemical evolutions.

Figs. 12 and 13 show core ionization peaks for O 1s and Cr 2p3∕2
or stainless steel specimen before and after brine exposure. The quan-
itative analysis and the binding energies are reported in Table 3.

Analysis of the O 1s spectrum highlighted strong surface modi-
ications before and after the treatment. Before exposure (Fig. 12a),
our components can be distinguished reflecting several chemical en-

ironments given in Table 3 (Biesinger et al., 2011). The component

8

Fig. 11. Optical microscopic images of the stainless steel 304L specimens after
immersion into the geothermal fluid saturated with 2 MPa of CO𝟐 at 50 ◦C during
1 h (a); 48 h (b); 500 hours (c) and at 100 ◦C during 1 h (d); 48 h (e) and 500 h (f).

located at 530.1 eV is characteristic of metal oxides when a metal
hydroxides component is found at 531.2 eV. Concerning O–C=O and
C–O components, they are respectively detected at 531.7 and 533 eV.

When 304L stainless steel is immersed into the brine heated up to
50 ◦C, a clear decrease of the metal oxide proportion on the sample sur-
face is quickly observed (from 20.2 at.% before exposure to 10.7 at.%
after 1 h exposure and down to 9.3 at.% after 500 h (Fig. 12a,b,d)). Oth-
erwise, a significant enhancement of the metal hydroxide component
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Table 3
Binding energies (BE) and atomic percentages (at.%) of the chemical environment identified by XPS on the stainless steel 304L surface before and after exposure to the geothermal
fluid at 50 and 100 ◦C during several exposure times.

Before exposure 50 ◦C 100 ◦C

1 h exposure 48 h exposure 500 h exposure 1 h exposure 48 h exposure 500 h exposure

Orbital BE (eV) Assignment at.% BE (eV) Assignment at.% at.% at.% BE (eV) Assignment at.% at.% at.%

C 1s

282.9 Carbide 2.5 282.9 Carbide 1.8 2.6 2.4 282.9 Carbide 2.4 2.3 5.0
285 C–C/C–H 28.4 285 C–C/C–H 29.8 15.4 17.5 285 C–C/C–H 22.7 23.1 17.4
286.5 C–O 6.2 286.5 C–O 6.0 4.5 4.6 286.5 C–O 5.0 5.2 3.5
288.5 O–C=O 3.7 288.5 O–C=O 2.0 1.3 1.2 288.5 O–C=O 1.7 1.2 0.9

289.9 CO2−
3 2.0 3.2 3.1 289.9 CO2−

3 2.1 2 1.2

Ca 2p 347.5 CaCO3 0.06 347.5 CaCO3 0.1 0.5 0.4 347.5 CaCO3 0.4 0.5 0.3
351 CaCO3 0.03 351 CaCO3 0.05 0.3 0.2 351 CaCO3 0.2 0.2 0.1

Cl 2p 198.8 Cl 0.2 198.8 Cl 0.7 1.7 0.2 198.8 Cl 0.4 0.5 0.3
200.2 Cl 0.1 200.2 Cl 0.3 0.9 0.1 200.2 Cl 0.2 0.2 0.1

Fe 2p3/2

707 Fe0 1.9 707 Fe0 1.0 1.4 1.0 707 Fe0 1.4 1.0 2.0
709 Fe2+ 1.2 710.3 FeCO3 1.0 1.0 0.7 710.3 FeCO3 0.9 0.5 0.1
710.8 Fe3+ 4.5 711.2 Fe3+ 1.3 0.2 0.3 711.2 Fe3+ 0.3 0.3 0.4
714.7 Fe2+ sat. 0.2 715.0 FeCO3sat. 0.1 0.1 0.1 715.0 FeCO3sat. 0.1 0.1
718.8 Fe3+sat. 0.1 719.2 Fe3+sat. 0.1 0.1 0.1 719.2 Fe3+sat. 0.1 0.1 0.1

Cr 2p3/2

574.4 Cr0 1.0 574.4 Cr0 0.9 1.4 1.2 574.4 Cr0 1.2 0.9 1.4
576 Cr2O3 0.6 576 Cr2O3 0.8 0.7 0.7 576 Cr2O3 1.2 0.6 0.8
577 Cr2O3 0.6 577 Cr2O3 0.8 0.7 0.7 577 Cr2O3 1.2 0.6 0.8
577.5 Cr(OH)3 0.4 577.5 Cr(OH)3 2.5 6.5 6.8 577.5 Cr(OH)3 3.5 6.1 6.7
577.8 Cr2O3 0.3 577.8 Cr2O3 0.4 0.3 0.4 577.8 Cr2O3 0.6 0.3 0.4

Ni 2p3/2 853 Ni0 0.7 853 Ni0 0.5 0.6 0.4 853 Ni0 0.6 0.4 1.3

N 1s 400 NH3 0.9 400 NH3 0.8 0.5 0.6 400 NH3 0.7 1.0 0.5

Na 1s 1072 NaCl 1.6 0.1 1072 NaCl 0.1 0.2

O 1s

530.1 Oxide 20.2 530.2 Oxide 10.7 9.6 9.3 530.2 Oxide 7.2 5.0 7.5
531.2 Hydroxide 6.8 531.2 Hydroxide 9.3 18.8 24.0 531.2 Hydroxide 19.7 20.0 28.3
531.7 O–C=O 9.1 531.7 O–C=O 8.0 4.7 3.5 531.7 O–C=O 4.6 6.3 2.0
533 C–O 6.4 532.1 CO2−

3 7.9 10.4 10.0 532.1 CO2−
3 10.9 9.3 5.4

533.1 C–O 8.2 6.8 6.4 533.1 C–O 7.3 7.4 4.3

Si 2p 100.5 Si–C 2.6 100.5 Si–C 1.8 2.8 2.6 100.5 Si–C 2.3 2.8 5.9
102 Si–CO, SiOx... 1.3 102 Si–CO, SiOx... 1.2 1.4 1.4 102 Si–CO, SiOx... 1.0 1.9 3.3
Fig. 12. O 1s XPS spectra of the stainless steel 304L specimens before immersion (a)
and after immersion into the geothermal fluid saturated with 2 MPa of CO𝟐 at 50 ◦C
during 1 h (b); 48 h (c); 500 h (d) and at 100 ◦C during 1 h (e); 48 h (f) and 500 h
(g).

(from 6.8 at.% for raw material to 24.0 at.% after 500 h in the corrosion
conditions) is remarkable. Biesinger et al. (2011), Maurice et al. (1994)
Finally, the appearance of the carbonates peak at 532 eV (Fig. 12b) is
noticed from the very first hour of the coupon immersion (Heuer and
Stubbins, 1999; Cui et al., 2006; Wu et al., 2004). The proportion of this
9

Fig. 13. Cr 2p3/2 XPS spectra of the stainless steel 304L specimens before immersion
(a) and after immersion into the geothermal fluid saturated with 2 MPa of CO𝟐 at
50 ◦C during 1 h (b); 48 h (c); 500 h (d) and at 100 ◦C during 1 h (e); 48 h (f) and
500 h (g).

last component increases with the exposure time, as shown in Fig. 12b,
c, d.

Concerning the specific treatment at 100 ◦C, XPS analyses glob-
ally show a same trend than 50 ◦C: a decrease of the metal oxide
layer or phase, an increase of the metal hydroxide content and the
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appearance of a carbonates component for a short time exposure
(<500 h) (Fig. 12 g). Actually, under 100 ◦C conditions, the carbonate
proportion has decreased whereas the metal oxide proportion has
increased.

For the chromium survey, before the metal immersion into the
brine, the Cr 2p3∕2 core peak exhibits five components corresponding to
three different environments (Table 3) : a chromium metal Cr0 compo-
ent at 574.4 eV and three components traducing a Cr2O3 environment
espectively at 576.0, 577.0 and 577.8 eV and finally, a component
ssigned to chromium hydroxide at 577.5 eV (Biesinger et al., 2011;
othongkum et al., 2003; Kocijan et al., 2007).

Whatever the temperature of the brine, the analysis of chromium
PS spectrum reveals some very similar results. Cr0 and Cr2O3 com-
onents are still visible on the stainless steel surface in a relatively
table proportion, respectively around 1 at.% and 2 at.%. Furthermore,
clear increase of the Cr(OH)3 content is noticed, in accordance with

he increase of metal hydroxide component observed for the O 1s spec-
ra. Biesinger et al. (2011), Maurice et al. (1994) These observations
uggest the formation of a scale of chromium hydroxide from the first
ours of exposure, according to the following equations (Guo et al.,
012; Xu et al., 2013; Liu et al., 2016; Chen et al., 2005, 2011):

r → Cr3+ + 3e− (1)

r3+ + 3H2O → Cr(OH)3 + 3H+ (2)

As done for chromium, the nickel, one of the main alloying element
f 304L stainless steel (Table 1), was studied in terms of content and
hemical environment. A first peak detected at 853.0 eV has informed
he presence of Ni0 at the surface, as reported in Table 3 (Biesinger
t al., 2011). No particular evolution of this peak was recorded during
he corrosion test and whatever the temperature and time conditions.
he standard electrode potential of nickel (Ni2+/Ni◦ (E◦ = −0,25V/SHE
t 25 ◦C) could explain the relative protection of this metal compared to
ron (Fe2+/Fe◦ (E◦ = −0,44V/SHE at 25 ◦C)) or chromium (Cr2+/Cr◦
E◦ = −0,9V/SHE at 25 ◦C), Cr3+/Cr◦ (E◦ = −0,74V/SHE at 25 ◦C))
or example. The element location in the sub-surface could even be a
ufficient reason.

Iron metal in the 304L stainless steel composition is quite complex.
ore ionization spectrum Fe 2p3∕2(not shown in this paper) is composed
f 5 components before exposure (Table 3): at 707.0 eV, a well-defined
omponent corresponds to the iron metal Fe0 when some the Fe2+ and
e3+ oxidation states components are respectively found at 709.1 and
11.0 eV with their associated satellites peaks at 714.7 and 719.0 eV.

Into the geothermal fluid at 50 ◦C, some significant changes are
oticed on the Fe 2p3∕2 spectrum of the 304L stainless steel clearly
volved (Table 3). Even if the iron metal is still detected at 707.0 eV,
he component content is at least as low as half (after 1 h immersion),
robably indicating the beginning of the corrosion process with the
etal oxidation process. For longer exposure time, this proportion

emains quite stable. In a same time, the main and satellites component
f Fe2+ oxidation state are no longer identified and Fe3+ components
re still defined in reduced proportion (15 times less important after
00 h of exposure, Table 3). It could be explained by the growth
f a corrosion product scale on the surface, which lowers the signal
erception. Nevertheless, the iron and nickel metal components are still
isible onto the near surface. Finally, the appearance of a peak at 710.3
V and its associated satellite at 715.0 eV indicates the presence of
ron carbonates on the 304L stainless steel surface from the first hour
mmersion. However, iron carbonates proportion is relatively stable
around 1.0 at.%, Table 3) whatever the time of exposure.

When the 304L stainless steel is immersed into the brine at 100 ◦C,
the Fe 2p3∕2 spectra reveal few changes compared to 50 ◦C. Iron metal
is still observed on the contrary to Fe2+ state; on the other hand
he proportion of the Fe3+ diminishes from 1 h exposure to 48 h
xposure, probably reflecting the attack of the iron oxide passivation
ayer. Furthermore, the appearance of an iron carbonates scale from
he first hour of corrosion test is remarkable. Nevertheless, there is a
10
slight increase of the Fe3+ proportion on 304L stainless steel surface
during 500 h and a simultaneous decrease of iron carbonates proportion
is recorded. These observations are in accordance with the O 1s oxide
component and O 1s carbonate component decrease at 100 ◦C during
500 h. These particular modifications remind those observed previously
for the DC01 carbon steel surface under the same operating conditions.
A likely partial oxidation of the siderite scale would occur when sample
is dried to air after the treatment, as previously shown by Heuer and
Stubbins (Heuer and Stubbins, 1999).

Globally, results obtained for the immersed 304L stainless steel at
50 ◦C and 100 ◦C do not exhibit remarkable differences. The presence
of chromium in the metal composition, with the inherent formation of
a chromium oxide scale on the surface, an even the nickel existence,
participate, as an evidence, in the protection of the material against
the surface corrosion. The chemical nature of the corrosion products
on the stainless steel surface is different from carbon steel. It consists
in a mixture of FeCO3 and Cr(OH)3. These corrosion products were
reviously identified in the work of Yue which was conducted at
00 ◦C and 2.85 MPa (Yue, 2020). As a matter of fact, carbon seems
o be a minor resource in the passive barrier effect from a chemical
omposition and microstructure points of view (Iberl et al., 2015).
e can also notice that no pitting has occurred on the stainless steel

urfaces in these experimental conditions. However, further electro-
hemical investigations would help to characterize pitting corrosion.
undhenk et al. have demonstrated the stainless steel 316L, which

ontains more molybdenum than the 304 L, did not exhibit any vis-
ble attack but potentiodynamic polarization measurements showed a
endency to favour pitting corrosion in experimental conditions close
o this study (Mundhenk et al., 2013a).

. Conclusion

In this paper, a laboratory pilot has been designed specifically
or material corrosion testing in complex environment. By the use of
his prototype, the geothermal corrosion behaviours of two materials,

carbon steel DC01 and a stainless steel 304L, were investigated
nder specific conditions of fluid composition, temperature and time
xposure. The simulated fluid consisted in a brine composed of NaCl
nd CaCl2 saturated with 2 MPa of carbon dioxide. Corrosion tests
ere conducted at 50 ◦C and 100 ◦C. After the corrosion tests, surface

samples characterizations were achieved and shown that the nature
of the corrosion products was quite different in regard to the sub-
strate composition. Some calcite CaCO3 phases co-existing with siderite
FeCO3 grew up on the carbon steel surface whereas siderite FeCO3
and chromium hydroxide Cr(OH)3 spread over the stainless steel. The
nature of corrosion product, in particular the XPS identification of
CaCO3, confirms the important role of the water chemistry through
the presence of calcium ions. Moreover, the impact of the tempera-
ture and therefore the CO2 dissolved concentration should postulate
the corrosion products formed faster at high temperature in the case
of carbon steel. The resulting scale seemed to be denser and more
protective, representing a barrier against uniform corrosion. Stainless
steel corrosion study did not clearly show any impact of the brine
temperature. Indeed, a scale of Cr(OH)3 and FeCO3 is formed whatever
the experimental conditions and appears as dense surface barrier.

In this work, the geothermal-like corrosion study at high temper-
ature confirmed that the stainless steel was more corrosion resistant
than the carbon steel. Consequently, the 304L stainless steel constitute
a more appropriate material to be used in geothermal equipment with
these brine conditions. The use of surface methods such as XPS and
SEM allows to conduct a complete and genuine characterization of
the material corroded surface. Moreover, the study of several times
of exposure gives a better comprehension of the corrosion mechanism
process. Further investigations on the microstructure impact would
contribute to improve this understanding.
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