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Abstract: The early stage of corrosion formation on X70 pipeline steel under oxyfuel atmosphere
was investigated by applying a simulated gas mixture (CO2 containing 6700 ppmv O2, 100 ppmv

NO2, 70 ppmv SO2 and 50 ppmv H2O) for 15 h at 278 K and ambient pressure. Short-term tests (6 h)
revealed that the corrosion starts as local spots related to grinding marks progressing by time and
moisture until a closed layer was formed. Acid droplets (pH 1.5), generated in the gas atmosphere,
containing a mixture of H2SO4 and HNO3, were identified as corrosion starters. After 15 h of
exposure, corrosion products were mainly X-ray amorphous and only partially crystalline. In-situ
energy-dispersive X-ray diffraction (EDXRD) results showed that the crystalline fractions consist
primarily of water-bearing iron sulfates. Applying Raman spectroscopy, water-bearing iron nitrates
were detected as subordinated phases. Supplementary long-term tests exhibited a significant increase
in the crystalline fraction and formation of additional water-bearing iron sulfates. All phases of
the corrosion layer were intergrown in a nanocrystalline network. In addition, numerous globular
structures have been detected above the corrosion layer, which were identified as hydrated iron
sulphate and hematite. As a type of corrosion, shallow pit formation was identified, and the corrosion
rate was about 0.1 mma−1. In addition to in-situ EDXRD, SEM/EDS, TEM, Raman spectroscopy and
interferometry were used to chemically and microstructurally analyze the corrosion products.

Keywords: CCUS; CO2 pipeline transport; Oxyfuel; corrosion; carbon steel; impurities; in-situ
ED-XRD

1. Introduction

Carbon Capture Utilization and Storage (CCUS) is a promising technology for the reduction of
CO2 emissions from fossil-fuel-operated power plants, steel and cement mills or refineries. Carbon
dioxide is captured directly at the source and is transmitted by a pipeline system either to a geological
formation to be injected or to further technical processing. The most effective transmission of CO2

can be achieved in a pressurized liquid or supercritical state [1,2]. Along the process chain, pipeline
steels are in contact with the stream mixture containing CO2 as the main phase and minor constituents
depending on the CO2-emitting source. The type and concentration of the corrosive components
depend on the combustion conditions and the following gas-processing technology [3,4]. Characteristic
impurities from oxidation processes are SO2, SO3, NO2 and O2 (Oxyfuel, post-combustion) and H2S,
COS and CH4 for reductive atmosphere (pre-combustion process). In general, corrosion in pipelines is
insignificant if no free water in the system is present. However, in the presence of water, impurities
can form acids Equations (1)–(6), which can cause harmful corrosion problems by condensation effects
on steel surfaces [5–14].

SO2 + H2O 
 H2SO3 (1)

Processes 2020, 8, 421; doi:10.3390/pr8040421 www.mdpi.com/journal/processes



Processes 2020, 8, 421 2 of 19

SO2 + NO2 → SO3 + NO (2)

2NO + O2 → 2NO2 (3)

SO3 + H2O → H2SO4 (4)

3NO2 + H2O → 2HNO3 + NO (5)

H2S + H2O 
 HS− + H3O+ (6)

Recent studies have shown that even high-alloyed steels might be susceptible to general and
localized corrosion caused by these acidic condensates [6,7]. Crucial points for a sustainable and
future proof CCUS procedure are reliability and cost efficiency of the pipeline transport network—in
particular, regarding corrosion risks when impurities and moisture are present within the CO2 stream.

Thus, it is important to understand the corrosion rates and mechanisms of low-cost low-alloy
steels in realistic transport conditions (low temperatures and low concentrations of impurities).
To date, exposure tests have been performed on commercial pipeline steel grade X70 at 323 K in
water-saturated supercritical CO2 and up to 2000 ppmv of O2 and/or SO2, revealing not only the
chemistry of the corrosion products but also the synergistic effects between impurities on the corrosion
mechanism [15–17]. The large number of detected phases after short reaction times reflects a multiple
formation history for the generated corrosion products, mainly iron carbonate, ferrous sulfates or
sulfites and hydrated ferric hydroxides.

The early stage of corrosion processes under oxidizing atmospheres at low temperatures
(278–288 K), comparable with conditions in subterranean gas pipelines, is currently not well-understood.
At low temperatures, the structure of corrosion products is expectedly amorphous or nanocrystalline,
causing difficulties in phase analyses even with laboratory grazing incidence X-ray diffraction (GIXRD).
In-situ synchrotron energy-dispersive X-ray diffraction (EDXRD) has been shown to be a powerful tool
to follow the early stages of sulfidation or oxidation processes in real-time testing metal alloys [18–25].
So far, a variety of studies were carried out for corrosion processes at high temperatures (≥723 K) using
high-alloyed materials in sulfurizing or oxidizing environments [18–20]. Ko et al. [21,22] performed
in-situ synchrotron X-ray diffraction experiments to reveal the effects of microstructure and boundary
layer conditions on the formation of CO2-induced corrosions’ products, mainly siderite FeCO3 and
chukanovite Fe2(OH)2CO3. These experiments, however, were performed at 353K, without impurities
such as NO2 and SO2, which just did not represent underground transport pipeline conditions.

Important aspects of this work were the identification of the generated phases in the early stage of
corrosion and quantifying corrosion rates at a low temperature (278 K). The atmosphere used was
composed of CO2 (≥99%) and the principal reactive impurities of an Oxyfuel process, namely O2,
NO2, SO2 and H2O. Gas quantities were taken by calculations derived from the CLUSTER joint project
(“Impacts of impurities in captured CO2 streams from different emitters of a local cluster on transport,
injection and storage”) [26]. The corrosion experiments were performed at an ambient pressure and a
temperature of 278 K, representing the pipeline transport conditions.

2. Materials and Methods

The selection of materials was based on results of the previous CCS research project COORAL [5].
Under comparable experimental conditions for alloyed steels (e.g., X12Cr13) and high-alloyed steels
(e.g., X1NiCrMoCu32-28-7), almost no corrosion could be detected. Meanwhile, cost-efficient carbon
steels demonstrate significant higher corrosion susceptibility. For this work, a high-strength carbon
steel was selected, namely X70, also known as L485MB and 1.8977 in the European system. X70 is a
commercially established material for natural gas pipeline constructions, whereas costly high-alloyed
steels are only considered if corrosion resistance must be ensured over a longer period (e.g., in
brine) [27]. The chemical composition of the investigated X70 specimens, which were sectioned from a
real industrial pipeline, was determined using spark emission spectroscopy. The amounts of alloying
elements are listed in Table 1. Geometry and microstructure of the X70 test specimen is presented in
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Figure 1. Before testing, the specimens were ground using 80, 120 and 320-grit silicon carbide abrasive
paper and cleaned using ethanol and degreased by acetone to have the same starting surface conditions
for all experiments.

Table 1. Chemical composition with major elements of the investigated pipeline steel (X70) *.

Element C Mn Si P S Cr Ni

% by mass 0.16 1.70 0.45 0.02 0.02 0.03 0.05

* Fe-balanced.
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Figure 1. Left: Geometry of the specimens (X70) used in the corrosion experiments. Right: Optical
microscope image after polishing and etching, showing the ferritic-pearlitic microstructure of X70.

2.1. Screening Test

Before performing the in-situ corrosion experiment at the Berlin Electron Storage Ring (Society)
for Synchrotron Radiation (BESSY II, Berlin, Germany), screening tests were carried out to find out the
most suitable water concentration. A detailed description of the setup and the operation method was
described in prior publications [5,28]. These tests (6 h) were performed to identify the water content
needed to form a thin corrosion layer covering the specimen’s surface. For this purpose, specimens were
tested under conditions similar to the intended EDXRD experiment, applying an Oxyfuel atmosphere
but varying moisture (50–250–1000 ppmv). To generate the desired gas atmosphere, the initial CO2

stream was split into two sub-flows. One part flew through a recipient with deionized water to achieve
the desired humidity; the other part was mixed with the impurities in a swirl body. Subsequently, both
flows rejoined and fed the reactor chamber. In the reactor, the specimens were exposed to a continuous
stream of the CO2-impurities mixture. The experimental temperature of 278 K was adjusted by putting
the reactor together with specimens into a climate chamber.

2.2. In-Situ Corrosion Experiment

The composition of the gas atmosphere in these experiments is based on the calculations of Kather
et al. [29]. The concentration of corrosive impurities such as SO2, NO2 and O2 are kept as realistic
as possible for future industrial applications. Due to the thermodynamic instability of the oxidizing
gas mixtures in high-pressure tanks, the number of components in the applied gas atmosphere was
reduced. The principal acting gases for the formation of acidic corrosion were provided in separate
gas tanks containing CO2 + SO2 and CO2 + NO2 + O2. A recipient with deionized H2O was used for
moistening the gas atmosphere. The experiments were run with the following final gas composition
(CO2-balanced): 6700 ppmv O2, 100 ppmv NO2 and 70 ppmv SO2, thus simulating an Oxyfuel
atmosphere. The moisture in screening tests was adjusted from 50 ppmv up to 1000 ppmv H2O,
while, for the in-situ EDXRD experiment, a water content of 500 ppmv was employed. The applied
gas atmosphere exhibited a continuous flow rate of 1 L min−1, corresponding to a flow velocity of
approximately 5 cm s−1. Simulating the commonly encountered temperatures during transport, the
experiments were performed at 278 K, related to the average ambient temperature in a depth of 3–5 m for
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subterranean pipelines in Central or Northern Europe [30]. The EDXRD experiments were performed
at BESSYII at ambient pressure due to safety-relevant reasons. Furthermore, the implementation of a
continuous, noncirculating flow under high pressure is hardly possible in laboratory experiments due
to the huge demand of pressured fluid.

The experiment at the synchrotron beamline at BESSY II was realized in an in-house developed
device (Figure 2) combining in-situ EDXRD with a corrosion experiment [18]. The experiment was
performed at ambient pressure, employing a continuous flow for 15 h. The specimen was continuously
cooled during the experiment to 278 K using a Peltier element. Its heat was conveyed by an aluminum
block attached to a water-cooled cylinder to avoid overheating of the Peltier element (Figure 3). To
control the temperature during the experiment, a thermocouple was placed inside the specimen, while
another was placed next to it. Finally, the specimen was locked onto the Peltier by an aperture plate. To
maintain a reference area and to avoid galvanic corrosion of the specimen in contact with the plate, a
gold layer (approx. 10 nm) was deposited by a physical vapor deposition technique on the edges of the
specimen before experimentation. To minimize the contamination by atmospheric oxygen, the reactor
was purged with argon for 10 min before starting the EDXRD experiment. During the experiment,
a continuous gas stream of the moist CO2/impurities mixture entered the reactor at the top, hit the
specimen on its center and left the chamber at the bottom. After finishing the experiment, the reactor
was again purged for 10 min with argon, and then, the specimen was transferred to a desiccator.
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Figure 2. Setup of the experimental chamber: schematic design (left) and the real test system (right).
The inlets for the gas mixture and the thermocouples (TE) are located at the top, while the gas outlet
and electric cables are at the lower part. The walls are made of quartz glass, so the incoming beam
can enter the chamber under a fixed small angle. The radiation hits the centered specimen, which is
mounted on a specific cooling system (Figure 3).

The time-resolved measurement at the energy-dispersive X-ray beamline (EDDI) at BESSY II was
performed within an energy range of 10–90 keV, setting the data acquisition time to 10min/pattern.
The incoming synchrotron beam passed the glassy wall of the reactor under a grazing angle of 2θ =

6. The outcoming signal was captured by a N2(l)-cooled Low-Energy Germanium (LEGe) detector
(CANBERRA Ind.) with an intrinsic detector resolution of 160 eV at 10 keV and 420 eV at 100 keV.
General information about the properties of the instrumentation and the major setup at the EDDI
beamline are listed in [31]. To identify reaction products from the emission line positions, ICSD
data [32] and the energy-dispersive Bragg Equations (7) and (8) were applied.

Ephoton = h·ν = h·c/λ (7)

nλ = 2d·sinθ (8)
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Figure 3. Inside of the test chamber with a test specimen mounted on a Peltier element (PE), fixing
aperture unmounted. To remove the induced heat, the backside of the Peltier is coupled on an aluminum
cylinder (Al) conducting the thermal energy to the water-cooled steel bottom of the chamber.

2.3. Ex-Situ Characterization Experiments

Before and after the in-situ experiment, X-ray diffraction patterns of the blank metal surface (before
the corrosion experiment) and corrosion products on the corroded specimen were collected using the
Seifert PTS 3000 and applying the grazing incidence mode (GIXRD) atω = 1, ∆t = 15 s/step and ∆2θ =

0.01 using a Co tube. Further chemical, microstructural and morphological characterizations of the
surface, changes caused by the corrosion process were performed by scanning electron microscope
(VEGA3 TESCAN, Tescan, Czech Republic) and Zeiss-LEO Gemini 1530 (Zeiss, Oberkochen, Germany)
field emission scanning electron microscope (SEM) with secondary electrons (SE) and backscattered
electrons (BSE). These SEMs are equipped with energy-dispersive X-ray spectroscopy (EDS) detectors
to analyze the chemical element distribution and to estimate the abundance of elements.

To assist XRD in a phase analysis of corrosion products, especially iron nitrate, a confocal Raman
spectrometer (Horiba ISA Dilor LabRAM, Horiba, Japan) was used. References were taken from the
RRUFF database. Focused ion beam (FIB) technique was applied to achieve a section of the interface
between the steel and corrosion product, which enabled a further detailed analysis of corrosion
products with scanning transmission electron microscopy (STEM; JEOL JEM2200FS, Jeol, Germany).

To calculate the general corrosion rate according to ASTM G1-03, after surface analysis, the
corrosion products were removed, and the weight change was measured. Since the general corrosion
rate is not reliable when pitting or localized corrosion happens, the cleaned specimen surface was
characterized morphologically by interferometry (FRT MicroProf®, Fries Research & Technology Ltd.
Co, Bergisch Gladbach, Germany) to map the pit depth of localized shallow pits.

3. Results

3.1. Screening Experiments

Applying 50 ppmv H2O to the gas atmosphere, after 6 h, no significant corrosion effects on the
specimen surface were observed. By raising the water content up to 250 ppmv, small, isolated corrosion
spots were formed, mostly associated with grinding marks. Increasing the water content up to 1000
ppmv resulted in an almost closed corrosion layer developed by connecting local corrosion spots
(Figure 4). Cross sections of this corrosion layer revealed an average thickness of 80 to 100 nm. The
rounded shape of the corrosion spots was interpreted as condensed acid droplets derived from the moist
atmosphere by experimenting below the acid dew points of H2SO4 and HNO3, respectively [6,33]. The
spots accumulated preferentially along grinding marks, as can be seen clearly in Figure 5. This could
be explained by the higher probability for the presence of steps or kinks, which are thermodynamically
favorable for the adsorption of droplets due to their lower surface energy [34]. Based on this observation,
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in the in-situ corrosion experiment, a water content of 500 ppmv was applied to obtain a closed, thin
corrosion layer after 15 h under same experimental conditions.
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3.2. In-Situ corrosion Experiment

In-situ corrosion experiments were performed at the “BESSY II” synchrotron beamline applying
Oxyfuel atmosphere (278 K, 1bar) for 15 h. Due to chemical reactions of X70 with the moist oxidizing
gas atmosphere, a thin corrosion layer with golden-brownish color was generated on the surface
(Figure 6). From this figure, it can be seen that the beam was entering from the left side, touching
the specimen’s surface in the center and then leaving off at the right side, generating a distinctly
altered zone due to its high energy. Obviously, the measuring beam itself might alter the structure
of the growing corrosion products, where the amount of alternation is unknown at this point. The
morphological differences between these zones are analyzed and discussed in the following section.
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Figure 6. Photograph of a specimen after an in-situ energy-dispersive X-ray diffraction (EDXRD)
experiment in an Oxyfuel atmosphere at 278 K and 1 bar for 15 h. The circular spot on the surface of
the specimen reveals the reaction zone generated during the corrosion experiment. On the left and
right margins of the specimen, the thin Au layer are still visible. The beam was entering from the left
side, touching in the center and then leaving off the right side, generating a distinctly altered zone.

Figure 7 shows time-resolved diffraction patterns recorded during an in-situ corrosion experiment.
The intensities of the reflected emission lines are color-coded, ranging from red (high intensity) to blue
(low intensity). Considering the complete spectrum (Figure 7a), all recognizable emission lines can
be assigned to elements scattered by radiation on the measuring equipment (escape peaks stemming
from the Ge detector around 10 keV) or provoked by the bulk material of the specimen (α-ferrite: 58.3;
82.3 and 100.8 keV) [18,31]. The sharpness and high intensity of these lines point at a high crystallinity,
and their large number is attributed to numerous electron transfers between different orbitals [34].
Due to these strong signals, the X-ray diffraction signals of corrosion products probably are covered or
hidden by the elevated background. By magnification of the energy range 15–45 keV and customizing
the intensity spectrum, further emission lines with low signal strengths were identified (Figure 7b–d).
Due to the number, signal weakness and width of these patterns, it can be concluded that only a small
fraction of the corrosion products is crystalline and the majority is X-ray-amorphous. A total of five
signals can be identified, which are located at 20.10 keV, 26.35 keV, 31.81 keV, 36.35 keV and 40.18
keV. Three different starting points (around 150 min, 240 min and 360 min) indicating the presence of
various phases or, rather, the formation of preferred crystallographic orientations.

Based on the energy-dispersive Bragg-equation, Equations (7) and (8) and the use of ICSD data [32]
the reflected EDXRD signals can be allocated to specific phases (Table 2). Table 2 lists the corrosion
phases detected by in-situ EDXRD, including the energy of the emission line and their onset time.
Based on the position of the emission lines, the generated phases could be allocated to different
water-bearing iron sulfates, namely Lausenite, Rozenite and Meta-hohmannite. The first reflection
signal started around 150 min (located at 36.35 keV) and can be assigned to the (30 1) reflex of Lausenite
(Fe2(SO4)3·5H2O; COD 900-3639). The signal strength is very weak and not increased with time, as it is
not a significant phase. After 240 min, another low-intensity peak slowly starts to increase with time.
The signal position is located at 26.35 keV, which can be related to the (111) reflex of Rozenite (FeSO4·4
H2O; COD 900-7474). Around 360min, more pronounced emission lines begin to grow at 20.10 keV,
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31.81 keV and 40.18 keV. Due to their energy positions, they can be referred to as Metahohmannite
(Fe2(SO4)2O·4H2O; COD 900-3333). The intensity of these emission lines decreases slightly with time,
suggesting consumption by other phases, most likely amorphous due to a lack of further emission
lines. Due to the few and low-intensity reflection signals, an unambiguous assignment of the reflexes
to phases is only possible to a limited extent. Further characteristic peaks of the corrosion products are
presumably covered by the high background or peaks induced by the equipment.
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Figure 7. Time-resolved EDXRD spectra of the pipeline steel X70 treated for 900 min (15 h) in an
Oxyfuel atmosphere containing moisture of 500 ppmv. The relative intensity of the emission lines can
be deviated by the lateral bar ranging from red (high) to blue (low). Allocated elements or phases
are indexed above. (a) Complete spectrum of X70 (0–120 keV). In the range of 15–45 keV, the level
of intensity according to the existing emission lines is displayed in the graphics. (b–d) Magnified
spectrum of X70 in the range of 15–25 keV. Around 20 keV, an emission line is visible starting at approx.
390 min and getting weaker by the time. (c) Magnified spectrum of X70 in the range of 25–35 keV. Very
weak emission lines can be observed at 26.3 keV and 31.8 keV. (d) Magnified spectrum of X70 in the
range of 35–45 keV. A significant emission line around 40.2 keV, as well as two very weak lines at 36.3
keV and 39.1 keV, are in evidence.

After the in-situ corrosion experiment, the slightly wet specimen surface was tested by a pH
indicator (Macherey-Nagel GmbH & Co. KG), suggesting a value around pH 1.5. This result agrees
with comparable experiments by Ruhl et al., in which pH values less than 2 were observed [10].
As mentioned above, a driving force for the formation of corrosion products is the presence of
acidic droplets.
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Table 2. List of the energy of emission lines (keV) and onset time (min) corresponding to the corrosion
phases generated in the time-resolved in-situ experiment at BESSY II (Figure 7b–d).

Emission Line
(keV)

Lattice
Parameter (Å) Onset (min) Phase Formula (hkl)

20.10 5.993 ~360 Metahohmannite Fe2(SO4)2O·4 H2O (110)

26.35 4.500 ~240 Rozenite FeSO4·4 H2O (111)

31.81 3.757 ~360 Metahohmannite Fe2(SO4)2O·4 H2O (12–1)

36.35 3.204 ~150 Lausenite Fe2(SO4)3·5 H2O (30–1)

40.18 2.946 ~360 Metahohmannite Fe2(SO4)2O·4 H2O (211)

Analyses of acid residues from comparable experiments showed that the major fraction is H2SO4

(>90%) and only a small part is HNO3 [6,10]. The reason for this might be that NO2 mainly acts as
an oxidizing agent, converting SO2 into SO3 so that only a small part is available for the formation
of HNO3. Since the experiments were carried out below the dew point of H2SO4, presumably small
acid droplets were formed in the atmosphere [33,34]. Further evidence of the acid formation and the
catalytic role of NO2 have been further proved, even under higher pressure by recent works from
Morland et al. [35–37]. These acids condensed at the specimen’s surface, being the coldest point in the
system due to the Peltier element underneath. Iron atoms close to the surface were reacted, dissolved
and mobilized by acid solutions. Chemical reactions and the crystallization of iron sulphate phases
can be described and simplified in Equations (9) and (10).

Fe + H2SO4 → FeSO4 + H2 ↑ (9)

FeSO4 + xH2O → FeSO4·xH2O (10)

The phases formed in the in-situ corrosion experiment are water-bearing iron sulfates, slightly
differing in terms of the incorporated amount of water. This may be caused by different diffusion
coefficients or a limited transport due to the low moisture content in the gas atmosphere.

The initially generated phases, namely Lausenite and Rozenite, are characterized by a monocline
crystal system in which iron octahedra are linked to sulfate tetrahedra. Both phases exhibit large lattice
parameters: Lausenite (P21/m; a = 10.68Å, b = 11.05Å and c = 5.57Å) and Rozenite (P21/b; a = 5.98Å, b
= 13.65Å and c = 7.98Å) [38,39]. The latter formed Metahohmannite crystallizes in the tricline space
group. The structure is similar to the previously generated phases, by linking four Fe3+ octahedra and
four sulfate tetrahedra. The lattice parameters are large as well, showing a = 7.35Å, b = 9.77Å and c =

7.15Å [40]. Due to the large unit cells and the presence of structural channels [39,40], these phases
can incorporate large molecules, such as H2O (rcovalent = 1.67Å) [41], SO2 (rcovalent = 2.15Å) [42], O2

(rcovalent = 1.40Å) [41], O2− (rionic = 1.26Å) [43], OH−(rionic = 1.37 Å) [44] or SO4
2− (rionic = 2.58Å) [45].

For the microstructural-chemical characterization, SEM/EDS and TEM were carried out. It became
obvious that the corroded specimen was covered by a thin layer of products with an average thickness
of 0.2 µm and locally grown globular structures up to 10 µm in diameter (Figure 8). Characteristic
features of the globular structures are numerous cavities (≤0.5 µm) or cracks (≤1.0 µm), mostly situated
at the interface with the layer (Figure 8). Reasons for cracking could be dehydration or processes of
degassing induced by the vacuum in electron microscopy. Considering the interface steel/corrosion
layer, no pitting corrosion was observed, which was also reported for comparable experiments [6,10,28].
Figure 9 presents the EDS elemental analysis of the area that interacted with the beam, again proving
the existence of S and O as main elements of the water-bearing iron sulphate corrosion products.
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Figure 8. (a) Photograph of the specimen after EDXRD, (c,b) BSE and (e,d) secondary electron (SE)
images of the corrosion layer on top of the in-situ EDXRD specimen (X70). Two different zones are
presented: in the middle of specimen (c,e) and the altered zones (b,d).

To further analyze corrosion products with scanning transmission electron microscopy (STEM),
the focused ion beam (FIB) technique was applied to achieve a section image of the interface between
the steel and corrosion product. The corrosion layer between the ferritic-pearlitic steel below and
a protective platinum deposition above is shown in Figure 10. Backscattered electron (BSE) images
showed no contrast between the thin layer and the globular structures, indicating a similar chemical
composition. Higher magnification of the globular structures by STEM mode demonstrates small
spotted areas with brighter or darker color contrasts than the surrounding material (Figure 10),
indicating differences in the chemical compositions.

A variability of the chemical composition for Fe (25–32 at %), S (18–24 at %) and O (32–49 at %)
can be observed by EDX for the corrosion products (Figure 9). Line scan indicated that oxygen and
sulfur tend to be chemically coupled, caused by the formation of sulfate (SO4

2−). The large range
for oxygen can be explained by the different amounts of H2O in the water-bearing phases. Changes
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in the element ratio Fe:S:O could be observed on a small scale, which points to a very fine-grained
intergrown of different phases (Figure 11). Concerning the spotted areas in the BSE images, darker
spots are enriched in sulfur and oxygen, while brighter spots are more ferrous. Further alloying
elements of X70, such as Cr, Mn, C and Si, were below the measurement sensitivity (≤1 wt %). To verify
the crystallinity at the interface steel/corrosion layer, investigations in STEM mode were performed
(Figure 12). For the bare metal surface (X70), a sharp nanobeam diffraction pattern (spot size 0.5 nm)
could be observed; meanwhile, the pattern of the corrosion layer showed annular structures made of
small, blurred reflexes, which are known for amorphous or nanocrystalline materials.
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Figure 9. BSE image and energy-dispersive X-ray spectroscopy (EDS) analysis of the corrosion products
in the region presented in Figure 8b. Spectrum 1 shows the result of the corrosion product, presented
as a darker region in the BSE image (a). (c) Spectrum 2 shows the data of a very hell region in the BSE
image, mostly metal substrates with a very thin corrosion product indicated by a high intensity of an
Fe peak and low intensity of S and O peaks as compared to that of spectrum 1.
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Figure 11. Figure 11. Line scan of a FIB lamella taken from a corroded specimen from an in-situ
EDXRD experiment. (a) Overview of the examined surface showing the sectioned position. (b–d) show
the magnification of the analyzed surface/line. (e) Elemental distribution along the line scan, starting
from the inside metal substrate (LG2).
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(bottom). For X70, sharp reflexes are visible, while the pattern of the corrosion layer is small and 
blurred, implying a ring structure. 
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1750 cm−1 and 2800–3700 cm−1 using a Nd:YAG laser at 532 nm. The confocal hole was 400 µm, and 
the spectral slit width was 100 µm, resulting in a spectral resolution of 4.5 cm−1. To avoid phase 
changes in the corrosion layer during measurements, the specimen was irradiated with a low energy 
density of 3mWcm−2. The investigations show three different spectra: one was assigned to the 
corrosion layer and two allocated to globular structures on top (Figure 13). The Raman spectrum of 
the corrosion layer cannot be assigned clearly to one phase. Some of the identifiable bands very 
strongly overlapped with others, indicating a mixed spectrum of different phases. A general 
distinction can be made between iron nitrates and iron sulfates, both very likely water-bearing 
phases, which can be assumed from the OH-stretching modes at high wave numbers [46]. Precise 
phase identification was hardly possible, since both sulfates and nitrates are chemical-structurally 
similar [47–50], with results for Raman bands in almost the same number and energy position. The 
Raman bands differ slightly in terms of the incorporated contents of the crystallization water, which 
leads to band shifts. The smaller the wave numbers, the lower is the water content of the phase [49,50]. 
The broad Raman bands and the high background indicate very fine-grained/nanocrystalline phases 
that are intergrown. 

Figure 12. Left: High-resolution BSE image (bright field) by STEM of the position in Figure 11d.
Within the homogeneously colored corrosion layer are spotted areas with brighter or darker contrast.
These are associated with a slightly different chemical composition compared to the main part of the
corrosion layer. Right: Nanobeam diffraction pattern by STEM of the corrosion product (top) and
X70 (bottom). For X70, sharp reflexes are visible, while the pattern of the corrosion layer is small and
blurred, implying a ring structure.

Since characterization by XRD, SEM and TEM demonstrated that the corrosion products were
chemically variable and mainly R-ray amorphous, investigations by Raman spectroscopy were carried
out for further phase identification. The Raman spectra were recorded in the range of 200–1750 cm−1

and 2800–3700 cm−1 using a Nd:YAG laser at 532 nm. The confocal hole was 400 µm, and the spectral
slit width was 100 µm, resulting in a spectral resolution of 4.5 cm−1. To avoid phase changes in the
corrosion layer during measurements, the specimen was irradiated with a low energy density of
3mWcm−2. The investigations show three different spectra: one was assigned to the corrosion layer
and two allocated to globular structures on top (Figure 13). The Raman spectrum of the corrosion layer
cannot be assigned clearly to one phase. Some of the identifiable bands very strongly overlapped with
others, indicating a mixed spectrum of different phases. A general distinction can be made between
iron nitrates and iron sulfates, both very likely water-bearing phases, which can be assumed from the
OH-stretching modes at high wave numbers [46]. Precise phase identification was hardly possible,
since both sulfates and nitrates are chemical-structurally similar [47–50], with results for Raman bands
in almost the same number and energy position. The Raman bands differ slightly in terms of the
incorporated contents of the crystallization water, which leads to band shifts. The smaller the wave
numbers, the lower is the water content of the phase [49,50]. The broad Raman bands and the high
background indicate very fine-grained/nanocrystalline phases that are intergrown.



Processes 2020, 8, 421 14 of 19

Processes 2020, 8, x FOR PEER REVIEW 15 of 20 

 

 
Figure 13. Raman spectrum of the corrosion layer (at the bottom) and two globular structures on top 
of the corrosion layer (middle and upper graph). Meanwhile, the layer is a complex of different water-
bearing iron sulfates or nitrates; the spectra of the structures can be assigned clearly to Rozenite 
(FeSO4·4 H2O) and Hematite (α-Fe2O3), respectively. 

Concerning the globular structures on top of the corrosion layer, it was possible to distinguish 
dark (minority) and white-yellowish (majority) formations using optical microscopy. These are also 
reflected in the Raman spectra (Figure 13) and were clearly assigned to Hematite (α-Fe2O3) and 
Rozenite (FeSO4·4 H2O) [49,51]. The water-bearing character of Rozenite is confirmed by the broad 
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Figure 13. Raman spectrum of the corrosion layer (at the bottom) and two globular structures on
top of the corrosion layer (middle and upper graph). Meanwhile, the layer is a complex of different
water-bearing iron sulfates or nitrates; the spectra of the structures can be assigned clearly to Rozenite
(FeSO4·4 H2O) and Hematite (α-Fe2O3), respectively.

Concerning the globular structures on top of the corrosion layer, it was possible to distinguish
dark (minority) and white-yellowish (majority) formations using optical microscopy. These are also
reflected in the Raman spectra (Figure 13) and were clearly assigned to Hematite (α-Fe2O3) and
Rozenite (FeSO4·4H2O) [49,51]. The water-bearing character of Rozenite is confirmed by the broad
Raman bands in the range of 3000 to 3600 cm−1 assigned to OH-stretching vibrations [46].

To reveal the formation tendency of corrosion products in the same condition (100 ppmv NO2

+ 70 ppmv SO2 + 6700 ppmv O2, 1 bar and 278 K), a long-term test was carried out up to 168h with
an increased water content (8000 ppmv). In comparison to the corroded specimen from the in-situ
short-term corrosion experiment, the ex-situ grazing incidence X-ray (GIXRD) result (Figure 14) of the
long-term corroded specimen shows additional phases, namely Mikasaite (Fe2(SO4)3; COD 900-8259),
Hohmannite (Fe2[O(SO4)2]·8H2O; COD 901-1796) and Ferricopiapite (Fe5(SO4)6(OH)2·20H2O; COD
900-0307). Furthermore, with increasing time, the crystalline fraction and the grain size of the corrosion
products ascend significantly, presented by the higher number and smaller full-width half-maximum
(FWHM) of the detected peaks. Experiments by Ruhl et al. [10] under comparable gas atmosphere and
p-T conditions also showed various water-bearing iron sulfates as corrosion products. However, the
chemical compositions of those phases are different from those found in this study. This is probably
due to the higher contents of SO2 and NO2 in their experiments, which resulted in acids with different
concentrations followed by alternative phase formation.
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To determine the corrosion rate during the in-situ corrosion experiment, the mass loss of the 
specimen was determined. For this purpose, the weight difference of the specimen before and after 
the experiment was quantified and related to the reacted specimen surface. To remove the corrosion 
products from the surface, the specimen was immersed in etching solution for 10 seconds and then 
mechanically detached. The corrosion rate v was calculated using Equation (11), 

v = (K·Δ m)/(ρ·A·t) (11) 

where v is the corrosion rate in mm/a, K is a conversion constant (87,600), Δm is the weight loss in g, 
ρ is the density of the specimen in g/cm3, A is the reacted area in cm 2 and t is the experimental time 
in h. The calculated corrosion rate was 0.09 mm/a, which roughly corresponds to the results by 
SEM/TEM estimating the average thickness of the corrosion layer in relation to the experiment 
duration (≤0.12 mm/a). In a last step, the cleaned specimen surface was characterized 
morphologically by interferometry. Compared to the unreacted area on the specimen surface, the 
corroded area displays shallow pits (Figure 15). In general, these pits are related to grinding marks 
and are developed elongated. The lateral dimensions range within 60–120 µm × 30–60 µm, and 
density of the pits was around 7.5 × 106 m−2. The depth of the pits was up to 15 µm. 

Figure 14. XRD pattern of the specimen before (a) and after the in-situ corrosion experiment (b). In the
upper part of the graphic, an X-ray diffractogram of a long-term corrosion experiment with an increased
water content (c) is displayed. The measurements were performed in the grazing incidence mode
(GIXRD) atω = 1, ∆t = 15 s/step and ∆2Θ = 0.01 using a Co tube. The sharp reflex at 2Θ = 52.36 belongs
to α-Fe, which is related to the specimen (X70). The diffractogram of the in-situ corrosion experiment
displays no crystalline phase in the corrosion layer. In contrast, the long-term (168h) experiment
demonstrates a high crystallinity for the corrosion products. Those are built up proportionally by
Metahohmannite Fe2[O(SO4)3]·4H2O (*), Rozenite FeSO4·4H2O (+), Lausenite Fe2(SO4)3·4H2O (ˆ),
Mikasaite Fe2(SO4)3 (#), Hohmannite Fe2[O(SO4)3]·8H2O (o) and Ferricopiapite Fe5(SO4)6(OH)2·20
H2O (~).

To determine the corrosion rate during the in-situ corrosion experiment, the mass loss of the
specimen was determined. For this purpose, the weight difference of the specimen before and after
the experiment was quantified and related to the reacted specimen surface. To remove the corrosion
products from the surface, the specimen was immersed in etching solution for 10 seconds and then
mechanically detached. The corrosion rate v was calculated using Equation (11),

v = (K·∆ m)/(ρ·A·t) (11)

where v is the corrosion rate in mm/a, K is a conversion constant (87,600), ∆m is the weight loss in
g, ρ is the density of the specimen in g/cm3, A is the reacted area in cm2 and t is the experimental
time in h. The calculated corrosion rate was 0.09 mm/a, which roughly corresponds to the results
by SEM/TEM estimating the average thickness of the corrosion layer in relation to the experiment
duration (≤0.12 mm/a). In a last step, the cleaned specimen surface was characterized morphologically
by interferometry. Compared to the unreacted area on the specimen surface, the corroded area displays
shallow pits (Figure 15). In general, these pits are related to grinding marks and are developed
elongated. The lateral dimensions range within 60–120 µm × 30–60 µm, and density of the pits was
around 7.5 × 106 m−2. The depth of the pits was up to 15 µm.
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continuously progressing and homogeneous corrosion. 
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and Metahohmannite. These results were further proven by EDS points and line scan, which showed 
the chemical coupling of O and S in the corrosion products, corresponding with the formation of 
sulfates (SO42−).  

Investigation by Raman spectroscopy confirmed the presence of water-bearing sulfates but 
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Supplementary long-term tests pointed out a significant ascent of the crystalline fraction in the 
corrosion layer with increasing experimental time. In addition, the formation of further water-bearing 
iron sulfates could be observed, namely Mikasaite, Metahohmannite and Ferricopiapite. For the 
globular structures on top of the layer, a minor part of Hematite (α-Fe2O3) and the major part of 
Rozenite (FeSO4·4H2O) were proven. The formation of those could be explained by small changes in 
the gas atmosphere at the end of the in-situ experiment or by phase transformation afterwards. Since 

Figure 15. Reference areas (2 × 2 mm2) of the specimen surface before (a) and after (b) the corrosion
experiment. Both images show parallel marks caused by grinding prior to the experiment to homogenize
and activate the specimen surface. Attributed to the grinding marks, morphological differences of
around 0.5 µm can be observed by a color-coded scale. In addition, image (b) shows shallow pits
exhibiting lateral dimensions up to 120 × 50 µm and depths up to 10 µm. The pits are bound to grinding
marks and parallel oriented to these.

Comparable experiments on low carbon steel, such as X70, also showed shallow pitting as the
corrosion type, demonstrating similar dimensions and densities for pitting [6,33,52]. The calculated
corrosion rate of this work was between results of wet-chemical (0.5×) [6] and gas-chemical (40×) [53,54]
investigations. This indicates a permanently wet surface during the experiment, leading to a continuously
progressing and homogeneous corrosion.

4. Conclusions

As an attempt to investigate the early stage of the corrosion process that happens on pipeline steel
X70 for CO2 transport, an in-situ synchrotron EDXRD experiment was carried out in a continuous flow
of simulated Oxyfuel atmosphere (6700 ppmv O2, 100 ppmv NO2, 70 ppmv SO2, 500 ppmv H2O and
balanced CO2) at 278K and ambient pressure for 15h. The corrosion products were characterized in
real time using in-situ EDXRD and afterward by GIXRD, FIB/SEM/TEM, EDX and Raman spectroscopy.
It became apparent that a large fraction of the corrosion products was amorphous and only a small
part was crystalline/nanocrystalline. The crystalline part was detected by EDXRD and allocated to the
formation of water-bearing iron sulfates, namely Lausenite, Rozenite and Metahohmannite. These
results were further proven by EDS points and line scan, which showed the chemical coupling of O
and S in the corrosion products, corresponding with the formation of sulfates (SO4

2−).
Investigation by Raman spectroscopy confirmed the presence of water-bearing sulfates but verified

also the formation of small amounts of nitrates in the corrosion layer. The source of corrosion was
the generation of acid droplets (pH 1.5) in the gas atmosphere due to gaseous cross-reactions and the
temperature below the dewpoints of H2SO4 and HNO3. Droplets condensed on the specimen surface,
provoking chemical reactions with the material. The corrosion started locally at grinding marks with
the formation of small corrosion spots. With an increasing experiment duration or moisture content,
the corrosion process proceeded until a closed corrosion layer had been formed. In addition, globular
structures were formed on the surface of the corrosion layer.

Supplementary long-term tests pointed out a significant ascent of the crystalline fraction in the
corrosion layer with increasing experimental time. In addition, the formation of further water-bearing
iron sulfates could be observed, namely Mikasaite, Metahohmannite and Ferricopiapite. For the
globular structures on top of the layer, a minor part of Hematite (α-Fe2O3) and the major part of
Rozenite (FeSO4·4H2O) were proven. The formation of those could be explained by small changes in
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the gas atmosphere at the end of the in-situ experiment or by phase transformation afterwards. Since
the chemical composition within the corrosion layer varies in the nanometer range, a very fine network
of different phases is assumed. This nanocrystalline/amorphous character of the corrosion products in
the early stage of formation was confirmed by STEM (scanning transmission electron microscopy).
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