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Abstract: Static immersion tests of potential injection pipe steels 42CrMo4, X20Cr13, X46Cr13,
X35CrMo4, and X5CrNiCuNb16-4 at T = 60 ◦C and ambient pressure, as well as p = 100 bar were
performed for 700–8000 h in a CO2-saturated synthetic aquifer environment similar to CCS sites in
the Northern German Basin (NGB). Corrosion rates at 100 bar are generally lower than at ambient
pressure. The main corrosion products are FeCO3 and FeOOH with surface and local corrosion
phenomena directly related to the alloy composition and microstructure. The appropriate heat
treatment enhances corrosion resistance. The lifetime reduction of X46Cr13, X5CrNiCuNb16-4,
and duplex stainless steel X2CrNiMoN22-5-3 in a CCS environment is demonstrated in the in situ
corrosion fatigue CF experiments (axial push-pull and rotation bending load, 60 ◦C, brine: Stuttgart
Aquifer and NGB, flowing CO2: 30 L/h, +/− applied potential). Insulating the test setup is necessary
to gain reliable data. S-N plots, micrographic-, phase-, fractographic-, and surface analysis prove
that the life expectancy of X2CrNiMoN22-5-3 in the axial cyclic load to failure is clearly related to
the surface finish, applied stress amplitude, and stress mode. The horizontal grain attack within
corrosion pit cavities, multiple fatigue cracks, and preferable deterioration of austenitic phase mainly
cause fatigue failure. The CF life range increases significantly when a protective potential is applied.

Keywords: steel; high alloyed steel; corrosion; corrosion fatigue; CCS; carbon capture and storage

1. Introduction

The carbon capture and storage process (CCS [1,2]) is a well acknowledged technique
to mitigate climate change. Emission gases—mostly from combustion processes of power
or cement production plants—are compressed into safe deep onshore or offshore geological
layers. However, steels used as pipes for transport or injecting into, e.g., a saline aquifer
(onshore CCS site) are susceptible to CO2-corrosion [3–9] influenced by:

• Temperature and CO2 partial pressure;
• alloy composition and compositions of the corrosive media;
• contamination of alloy and media;
• flow conditions and injection pressure and;
• protective corrosion scales [5,6,10–21].

The corrosion resistance of various steels is mostly dependent on the composition of
the alloys [22] and their heat treatment [23–25]: Ni- and Cr reduce surface corrosion phe-
nomena [26,27] and retained austenite reduces local corrosion [26]. The higher temperature
during austenitizing of martensitic steels [28–30] and annealing of lean duplex stainless
steels [22,23,28] decreases the potential for local phenomena. If C-Mn (carbon) steels are
heat treated to the martensitic microstructure, grain boundaries react in a H2S-containing
NaCl resulting in lower corrosion resistance compared to the ferritic or ferritic-bainitic
microstructure [31].
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Corrosion also leads to early failure of stainless steels that are mechanically
loaded [32–34] since chemical reactions as well as local changes of lattice energy at the
surface and mechanical load enhance pitting [35,36]. Pit-, selective-, and intergranular cor-
rosion are generally correlated to the local lattice mismatch leading to crack formation [33]
at dual or triple points of grain/phase boundaries with higher grain/phase boundary
accelerating crack formation and propagation [32,34]. Pfennig et al. [35,36] modified a
possible crack initiation first presented by Han et al. [37].

When exposing steels to the CO2-environment, the corrosion products found on the
surface and within pits are similar [15,17], mostly comprising of siderite FeCO3 [3,38].
The low solubility of FeCO3 in water is low (pKsp = 10.54 at 25 ◦C [29,37]) causing anodic
iron dissolution initialized by forming of transient iron hydroxide Fe(OH)2 [6,30]. The pH
increases locally causing reactions (Equations (1) to (6) [15,29]) that lead to the precipitation
of an internal and external ferrous carbonate film:

CO2 (g) + H2O (L)→ H+ + HCO3
−

(aq) (1)

Cathodic: 2 HCO3
− + 2 e− → 2 CO3

2− + H2 (2)

Anodic: Fe→ Fe2+ + 2e− (3)

Fe2+ + CO3
2− → FeCO3 (4)

Fe2+ + 2 HCO3
− → Fe(HCO3)2 (5)

Fe(HCO3)2 → FeCO3
+ CO2 + H2O (6)

The literature widely describes the influence of frequency, temperature and chlo-
ride concentration [35,36,39–43], topography [44], geometric [45], and compression pre-
cracking [46,47], as well as foreign impact [48–51] on the corrosion fatigue behavior and
especially on the crack initiation and crack growth [45–51]. In general, corrosion processes
with or without the applied mechanical stress are enhanced [49,52], especially in steels with
low chromium content [6,10,11], with the presence of chloride [48,50,53,54], hydrogen [55],
hydrogen sulfide (H2S) [56,57], and CO2 [8,58,59]. The stress corrosion resistance under
the unidirectional load in CO2-saturated brines and the endurance limit decreases with the
increasing temperature, increasing mechanical load, and decreasing pH for high alloyed
steels [60–62]. On the contrary, it increases with the increasing chromium content in ferritic,
austenitic, and duplex steels [63], as well as the internal compressive stress in surface
regions [49,64]. The martensitic microstructure shows a brittle fracture under the cyclic
load [65], but improves the corrosion fatigue [66], while precipitations of copper or oxide
inclusions will cause early failure already at a small number of cycles [36,67].

Standard duplex stainless steel DSS X2CrNiMoN22-5-3 (AISI 2205), usually used in
operational units of desalinations plants, heat exchangers, and chemical and petroleum
industries [68], is a forward-looking candidate regarding corrosion fatigue in both CCS
and geothermal applications since it is highly resistant to stress corrosion cracking [69]
as well as corrosive environments [70,71]. The surface quality of steels directly influences
the corrosion fatigue behavior [72–80], which is improved by smooth surfaces [81], deeper
plastic deformations and compressive surface stress [82–84], shot peeing [85], and in
ferritic stainless steel when Ra exceeded 0.5 µm [86]. The corrosion fatigue resistance of
X2CrNiMoN22-5-3 under different environments [87–90] has first been tested under in situ
geothermal conditions [91–93] and the results are now combined.

This paper comprises and compares summarized data of previously published work
by the authors.

2. Materials and Methods

To examine the influence of the corrosive media on the corrosion fatigue behavior
of high alloyed steels, the specimens were tested by choosing conditions similar to those



Processes 2021, 9, 594 3 of 33

occurring during carbon capture and storage CCS (static corrosion) and conditions in
geothermal energy production (corrosion fatigue).

2.1. Steels

Static corrosion tests at ambient pressure as well as at high pressure (100 bar) were car-
ried out using samples of mild steel AISI 4140, 42CrMo4 1.7225 [9,15] (Table 1), martensitic
and duplex stainless steels (Tables 2–6):

1. AISI 420 (X20Cr13, 1.4021) (Table 2);
2. AISI 420C (X46Cr13, 1.4043) (Table 3);
3. No AISI (X35CrMo17, 1.4122) (Table 4);
4. AISI 630 (X5CrNiCuNb 16-4, 1.4542) (Table 5);
5. AISI A182 F51 (329LN)) SAF 2205 (X2CrNiMoN 22-5-3 (UNS S31803) 1.4462) (Table 6).

In order to confirm the material’s chemical composition, samples were analyzed via
spark emission spectrometry SPEKTROLAB M and by the electron probe microanalyzer
JXA8900-RLn (Tables 1–6).

Table 1. Chemical composition of 1.7225 (42CrMo4, AISI 4042), in mass percent.

Elements C Si Mn P S Cr Mo Ni Co Fe

acc standard a 0.38–0.45 <0.40 0.6–0.9 ≤0.035 ≤0.035 0.90–1.20 0.15–0.30 rest
analysed b 0.43 0.32 0.70 0.014 0.025 1.05 0.22 0.04 <0.01 97.1

a Elements as specified according to DIN EN 10088-3 in %; b spark emission spectrometry.

Table 2. Chemical composition of 1.4021 (X20Cr13, AISI 420A), in mass percent.

Elements C Si Mn P S Cr Mo Ni Co Fe

acc standard a 0.17–0.25 <1.00 ≤1.00 ≤0.045 ≤0.03 12.0–14.0 0.20–0.45
analysed b 0.22 0.39 0.32 0.007 0.006 13.3 - 0.123 - rest

a Elements as specified according to DIN EN 10088-3 in %; b spark emission spectrometry.

Table 3. Chemical composition of 1.4043 (X46Cr13, AISI 420C), in mass percent.

Elements C Si Mn P S Cr Mo Ni Co Fe

acc standard a 0.42–0.5 <1.00 ≤1.00 ≤0.045 ≤0.03 12.5–14.5 0.20–0.45
analysed b 0.46 0.25 0.45 0.018 0.003 13.39 0.03 0.13 0.03 85.4

a Elements as specified according to DIN EN 10088-3 in %; b spark emission spectrometry.

Table 4. Chemical composition of 1.4122 (X35CrMo17), in mass percent.

Elements C Si Mn P S Cr Mo Ni Co Fe

acc standard a 0.33–0.45 <1.00 ≤1.00 ≤0.045 ≤0.03 15.5–17.5 0.8–1.3 ≤1.00 0.20–0.45
a Elements as specified according to DIN EN 10088-3 in %.

Table 5. Chemical composition of 1.4542 (X5CrNiCuNb16-4, AISI 630), in mass percent.

Elements C Si Mn P S Cr Mo Ni Cu Nb

acc standard a ≤0.07 ≤0.70 ≤1.50 ≤0.04 ≤0.015 15.0–17.0 ≤0.60 3.00–5.00 3.00–5.00 0.20–0.45
analysed b 0.03 0.42 0.68 0.018 0.002 15.75 0.11 4.54 3.00 0.242

a Elements as specified according to DIN EN 10088-3 in %; b spark emission spectrometry.
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Table 6. Chemical composition of 1.4462 X2CrNiMoN 22 5 3 (UNS S31803), in mass percent.

Phases C Si Mn Cr Mo Ni N

α & γ ** 0.023 0.48 1.83 22.53 2.92 5.64 0.15
α * 0.02 0.55 1.59 24.31 3.62 3.81 0.07
γ * 0.03 0.47 1.99 20.69 2.17 6.54 0.28

* PREN α = 37.4; γ = 32.4; ** p = 0.024; S = 0.008.

Stainless steels 1.4043 and 1.4021 contain 13% chromium and serve as piping, shafts
or axles in pumps in the geothermal energy production [38,54,94,95]. The higher carbon
content of 1.4034 (0.46 mass% C) compared to 1.4020 (0.2 mass% C) most likely increases
the corrosion rates.

The precipitation hardening martensitic stainless steel 1.4542 (AISI 630, X5CrNiCuNb16-
4) contains 3% small grained copper [96]. Niobium and copper carbides are distributed in
the layered body cubic centered (BCC) martensitic matrix [97]. The precipitation hardened
microstructure shows good mechanical properties and corrosion resistance but is suscep-
tible to stress corrosion cracking (SCC). (Note that although the strength is lower in the
solution treated state, its corrosion resistance is higher [98,99]).

Stainless steel 1.4462 (X2 CrNiMoN 22-5-3 (standard duplex stainless steel, Table 6))
was continuously casted, tempered appropriately, and quenched in water resulting in a
phase equilibrium of ferrite and austenite (Table 7). In general, the corrosion resistance is
directly related to the percentage of austenite demonstrated by the PREN number (35.1),
which is twice as high for 1.4462 than for 1.4542 [90,100].

Aquifer Water

To simulate the in situ geothermal condition, the geothermal aquifer water (known to
be similar to the Stuttgart Aquifer [56–58,101] and Northern German Basin (NGB) [88,102])
was synthesized in a strictly orderly way to avoid the precipitation of salts and carbonates
(Table 7).

Table 7. Chemical composition of the Northern German Basin (NGB) and Stuttgart Formation electrolyte or according to
the Stuttgart Formation.

According to the Northern German Basin or according to Stuttgart Formation

NaCl KCl CaCl2 × 2H2O MgCl2 × 6H2O NH4Cl ZnCl2 SrCl2 × 6H2O PbCl2 Na2SO4 Ph Value

g/L 98.22 5.93 207.24 4.18 0.59 0.33 4.72 0.30 0.07 5.4–6

NaCl KCl CaCl2 × 2H2O MgCl2 × 6H2O Na2SO4 × 10H2O KOH NaHCO3

g/L 224.6 0.39 6.45 10.62 12.07 0.321 0.048
Ca+ K2+ Mg2+ Na2+ Cl− SO4

2− HCO3
− pH value

g/L 1.76 0.43 1.27 90.1 14.33 3.6 0.04 8.2–9

2.2. Static Corrosion Experiments

Coupons of the as-received and thermally treated steel qualities of 8 mm thickness,
20 mm width, and 50 mm length were exposed to: 1. CO2-saturated aquifer brine and 2.
water saturated CO2.

Heat Treatment

One set of coupons was austenitized at 950, 1000, and 1050 ◦C for 30, 60, and 90 min,
quenched in water and annealed at 650 ◦C for 30 min according to the usual heat treatment
protocols. Another set of coupons was heat treated according to Table 8 [9,15–17,38,52,98,
99,103–106].
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Table 8. Heat treatment protocol for X20Cr13, X46Cr13, and X5CrNiCuNb16-4.

Heat Treatment TAustenitizing/
◦C TAustenitizing/◦C TAnnealing/◦C TAnnealing/◦C Time Cooling

X20Cr13/X46Cr13 X5CrNi-
CuNb16-4

X20Cr13 and
X46Cr13

X5CrNi-
CuNb16-4 Min Medium

HT1 normalizing HT1 785 850 30 oil

HT2 hardening 1000 1040 30 oil

HT3 hardening + tempering 1 1040 100 550 655 30 oil

HT4 hardening + tempering 2 1040 1000 650 670 30 oil

HT5 hardening + tempering 3 1040 1000 700 755 30 oil

Specimens were positioned by a hole of 3.9 mm and tested in the vapor phase and
liquid phase. A capillary meter GDX600_man by QCAL Messtechnik GmbH, Munic
controlled the CO2 flow (purity 99,995 vol%) into the aquifer water in ambient pressure
experiments at 3 NL/h. Specimens were exposed for 700 to 8000 h using separate reaction
vessels at 60 ◦C and 100 bar, as well as ambient pressure [9,15,16] and at 100 bar [9,15–
17,38,52,98,99,103–107].

Beforehand, steel surfaces were grinded under water with SiC-paper down to 120 µm.
After corrosion testing, samples were dissected with corrosion scales (for scale analysis)
and descaled with 37% HCl (for kinetic analysis). Sample parts were embedded using
Epoxicure, Buehler cold resin, then cut and polished from 180 to 1200 µm with SiC-paper
under water and finished with 6 and 1 µm using diamond paste.

2.3. Corrosion Fatigue Experiments

Test Setup

Corrosion fatigue was tested using a Schenck-Erlinger Puls PPV test machine at a
frequency of 33 Hz with geothermal brine constantly flowing around the specimen. To
exclude the specimen-machine interaction, the corrosion chamber is directly fixed on the
test specimen [33–35,108] (Figure 1).
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The temperature of the corrosion medium is 369 K controlled via thermal sensors
in the reservoir and corrosion chamber. The specially designed electromagnetically pow-
ered gear type pumps the corrosion medium from the reservoir to the pump, into the
corrosion chamber, and back into the reservoir (Figures 1 and 2) at a real flow rate of
V* = 2.5 × 10−6 m3/s and the theoretical flow rate of ω0 = 1.7 × 10−3 m/s at the critical
specimen section. For CCS simulation, the technical CO2 flows into the closed system at
approximately 9 L/h [35,36,38,52,79,89,91,93,100,106].
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Figure 2. Test setup for horizontal corrosion fatigue tests (top, right). Horizontal resonant testing machine (bottom,
right), periphery with gear pump, reservoir and measuring units (top, right), test specimen (bottom left), (1: Reservoir, 2:
Temperature control unit, 3: Magnetically driven gear pump, 4: Heating element, 5: Control unit).

A titanium/titanium-mixed oxide electrode with no electrical contact with the speci-
men or chamber provides a constant potential [100,106]. An Ag/AgCl electrode fixed in a
Teflon channel serves as a reference and measures the free corrosion potential [100,106].

Thirty specimens were tested in each test series between 150 and 500 MPa. Due to the
rather heterogeneous fine machined surfaces (surface roughness Rz = 4), the specimens are
comparable with prefabricated parts. The fatigue strength in air (theoretically an infinite
number of load cycles without failure) has a relatively smooth slope.

2.4. Analysis

The morphology and layer structure of corrosion scales were analyzed using light
optical and electron microscopy. The phase analysis was done via X-ray diffraction using
CoK α-radiation with an automatic slit adjustment, step 0.03◦, and count of 5 s in a URD-6
(Seifert-FPM). Peak positions were identified automatically with PDF-2 (2005) powder
patterns, most likely structures picked from the ICSD and refined to fit the raw-data-files
using POWDERCELL 2.4 [98] and AUTOQUAN ® by Seifert FPM. Three-dimensional im-
ages were produced via the double optical system Microprof TTV by the FRT characterized
local corrosion. Surface corrosion rates were derived from the mass change of the coupons
before and after exposure to the corrosive environment following DIN 50 905 part 1–4



Processes 2021, 9, 594 7 of 33

(Equation (7)). Moreover, the semi-automatic analyzing program Analysis Docu ax-4 by
Aquinto allowed for analyzing corrosion kinetics.

corrosion rate
[

mm
year

]
=

8760
[

hours
year

]
· 10
[mm

cm
]
· weight loss[g]

area[cm2] · density
[

g
cm3

]
· time[hour]

(7)

3. Results

In general, the CO2 is injected in its supercritical phase [9,15,17] and reacts with salts
of the aquifer to mineralize in a rather short time [88,101,102]. However, in the case of
injection intermissions and technical revisions, the aquifer water may rise backwards
into the borehole creating a three phase boundary consisting of CO2, aquifer water, and
steel from the injection pipe. Here, the steels are most susceptible to a corrosive attack
as summarized by Pfennig and Kranzmann [108]. Stable corrosion rates are reliably
determined after 1 year of exposure [9,15].

3.1. Surface Corrosion

Data regarding surface corrosion was compiled from references: [9,15,36,98,99,105,108].
The pitting resistance equivalent (PRE = %Cr + 3.3% Mo + 16% N) is a measure to

describe the pitting resistance of high alloyed stainless steel in corrosive media containing
halogen-ions (e.g., Cl−, F−, etc.). The PRE is identified by the chromium, nitrogen, and
molybdenum content of a steel, the latter particularly increasing the resistance to local
and crevice corrosion. A high PRE guarantees a greater reliability and broader field of
application since the steel is more resistant against a corrosive attack. Both the ferrite and
austenite phase of duplex stainless steel X2 CrNiMoN 22-5-3 with a high PRE number (53.1)
do not deteriorate or show corrosion phenomena, neither after exposure up to 1 year to
CO2-saturated Stuttgart Aquifer water [101] nor to the Northern German Basin [88,102].
The microstructural change and crack propagation under the dynamic load was analyzed
in detail by Wolf et al. [52,100,109].

The influence of chromium as a corrosion resistant element is clearly shown for
42CrMo4. The stainless steel 42CrMo4 has a relatively high Mo-content of 0.22 wt%
exceeding that of X46Cr13 by a factor of 7 (0.03 wt%). However, corrosion rates are high
due to the low chromium content (1.05 wt%) compared to the much lower corrosion rates
resulting in a smaller corrosion layer of X46Cr13 (PRE = 12.5–14.5, Cr = 13.39 wt%).

Under pressure at 100 bar corrosion rates are lower than at ambient pressure, as
shown for the mild steel 42CrMo4 in Figure 3 [9,15,105,108] and martensitic stainless steels
X20Cr13, X46Cr13, X35CrMo17, and X5CrNiCuNb 16-4 in Figure 4 [9,15,105,108]. Higher
corrosion rates at ambient pressure may be attributed to the corrosion layer with an open
capillary system (not present at 100 bar) enabling a fast mutual diffusion of ionic species as
a requirement for scale growth [105].

Corrosion scale: The complicated multi-layered corrosion scale analyzed after exposure
at ambient pressure [15,105,108] reveals a carbonate/oxide structure that mainly comprises
of siderite FeCO3, goethite a-FeOOH, mackinawite FeS, and akaganeite Fe8O8(OH)8Cl1.34.
Additionally, various chemically different spinel-phases and carbides (Fe3C or Cr-rich iron
carbides, first described by Hünert et al. [110]) are present. Note that the corrosion products
in pits are the same as in the surface corrosion layers [16,105,108].
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Figure 3. Comparison of corrosion rates of 42CrMo4 and X46Cr13 after 8000 h of exposure to aquifer
brine water at 60 ◦C and ambient pressure, as well as at 100 bar.
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Figure 4. Comparison of corrosion rates in the liquid and vapor/supercritical phase after 8000 h of exposure to aquifer
brine water at 60 ◦C and ambient pressure, as well as at 100 bar. (Up left): X20Cr13, (up right): X46Cr13 ambient pressure
100 bar, (down left): X35CrMo17-1, (down right): X5CrNiCuNb16-4.
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Exposure time: For 42CrMo4, X20Cr13, and X46Cr13, the corrosion rates increase with
time at ambient pressure and decrease with time at 100 bar. In the vapor phase at ambient
pressure, the corrosion rate for 42CrMo4 doubles from 4000 h (0.45 mm/year) of exposure
to 8000 h (0.8 mm/year). In the liquid phase, the exposure time has little impact on the cor-
rosion rate. The same applies for both atmospheres at 100 bar [105,108]. This corresponds
with the thickness of the precipitation layer that is greater in the vapor/supercritical than
in the liquid phase. Possibly, the experimental low pressure system is not completely gas
tight and excess oxygen accelerates the corrosive degradation of the steel rates as a function
of time. At 100 bar, however, fast forming hydroxides [3,12,37,105,108] passivate the steel
surface initially then react to form a siderite-layer that increases with time and acts as a
diffusion barrier. For X5CrNiCuNb16-4 and X35CrMo17, corrosion rates generally increase
slightly (at ambient pressure as well as at 100 bar) [105] attributed to the passivating layer
breaking down. Although the alloy composition accounts for a stable passivating layer,
additional local corrosion phenomena increase the overall corrosion rates.

Pressure: The corrosion rates at ambient pressure are much higher for 42CrMo4,
X20Cr13, and X35CrMo4 than at 100 bar. Stainless steels X20Cr13 and X5CrNiCuNb16-4
show less dependence on pressure.

Atmosphere with regards to pressure: At ambient pressure, corrosion rates in the vapor
phase (water-saturated CO2) are higher by a factor of 3–8 compared to the liquid phase
(CO2-saturated water). At 100 bar, corrosion rates in the liquid phase can be both higher or
lower than in the vapor/supercritical phase.

The atmosphere (liquid, vapor or supercritical atmosphere) does not significantly influ-
ence the general corrosive behavior. That is: It cannot be stated that the vapor/supercritical
atmosphere (water saturated CO2) leads to higher or lower corrosion rates than the liquid
atmosphere (CO2-saturated water). In the vapor phase, the supercritical CO2 is satu-
rated with H2O in contrast to the liquid phase where liquid H2O saturated with CO2.
Although it is known that the corrosion rate increases with the increasing CO2-partial
pressure [3,105,108], the explanation that higher corrosion rates in the vapor (supercritical)
phase correspond with the high CO2 partial pressure compared to the liquid phase with a
lower CO2 partial pressure does not count here.

Higher corrosion rates in the liquid phase at ambient pressure for X5CrNiCuNb16-4,
X20Cr13, and X35CrMo4 and less significant for X20Cr13 and 42CrMo4 may generally be
explained by slower diffusion kinetics. Moreover, when comparing phase precipitations
in the supercritical phase and in water at high pressure, the diffusional flow is much
slower in the water phase than in the supercritical phase. This has been explained in
detail by Pfennig et al. [105,108]: Slower diffusion leads to the stable growths of the {10-10}-
planes leading to the typical tabular crystal habit [105,108]. Due to the low density of the
supercritical phase compared to the liquid greater diffusion rates in the supercritical phase,
this enhances the nucleation of siderite crystals and results in small crystals forming a
dense layer on the metal surface (Figure 5). The faster kinetics are supported by the higher
CO2-partial pressure in the supercritical phase, also enhancing nucleation and therefore
smaller siderite crystals [105,108].

FeCO3-grains decrease in size with the increasing pressure. However, with simi-
lar corrosion rates measured in the liquid phase and in the vapor/supercritical phase
(<0.1 mm/year in the liquid and 0.03 mm/year in the vapor phase) it may be assumed that
the grain size is not decisive, but the thickness of the corrosion scale counts for diffusional
pathways. The corrosion rates decrease with the longer diffusion pathways. After 8000 h
of exposure, the scale has grown to a diffusion barrier preventing the mutual diffusion of
elements from the base material and from the CO2 aquifer mixture (O2 and CO2 diffuse
into the steel’s surface and Fe2+ diffuses from the metal bulk to the surface). The dissolution
of the iron base material leads to an increase in the local pH at the steel surface due to the
accumulation of ferrous ions that then reacts to ferrous carbonate after super-saturation at
the steels surface [12]. The reaction kinetics are not significantly related to the precipitation
morphologies and pressure [12,105,108], but to the oxygen partial pressure [111].
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3.2. Local Corrosion

Data regarding local corrosion was compiled from references: [9,15,16,36,98,99,105,108].
Stainless steel 42CrMo4 is highly susceptible towards surface corrosion so that no pits

were distinctively measured. Initial pits grow very quickly to a discontinuous surface layer
that can be divided into an inner (dissolution of base metal) and outer (oxide growth on
metal surface) corrosion layer covering the entire surface of the sample (Figures 5 and 6).
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Figure 6. SEM micrographs of X46Cr13 after 17,200 h of exposure at 60 ◦C and 100 bar to water saturated supercritical CO2

clearly showing the inner and outer corrosion layer.

The internal and external corrosion layer grow depending on the various carbon and
oxygen partial pressures [17,36,99]. Due to mismatches of thermal expansion coefficients
and large differences in surface morphologies, the corrosion layer detaches in lateral
direction once a critical thickness of the surface corrosion layer is exceeded.
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This local surface degradation is enhanced since oxygen vacancies, as a result of
Equations (1)–(6), consolidate and condense at the hydroxide/brine interface. The depen-
dence on the anionic concentration of the consecutive reactions has been discussed by
Wei et al. [112]. As a consequence, the siderite detaches from a transient hydroxide film de-
scribed in detail by various authors [6,17,26,36] with vacancies generated by carbonate ions
being the main cause for the precipitation of oxygen vacancies (Equations (8) and (9)a,b):

Fe + 2H2O→ [Fe(OH)2]ads +2H+ + 2e− (8)

[Fe(OH)2]ads + H2O→ alpha-FeOOH + 3H+ + 3e− (9a)

[Fe(OH)2]ads + [H2CO3]ads→ FeCO3 + 2H2O (9b)

The flowing corrosive media removes the remaining film causing the pit to grow
wider and eventually covers the entire surface.

In contrast, the other steel qualities investigated showed distinct local corrosion
phenomena (Figure 7) [9,15,16,36,98,99,105,108] with generally higher number of pits under
aquifer water conditions. Moreover, a higher chromium content of the steels leads to a
higher number of pits per m2. (Note that these steels only show very little surface corrosion
but therefore are highly susceptible to local corrosion). The number of pits formed at
100 bar, either, in CO2-saturated aquifer water (liquid phase) or in water saturated CO2
(supercritical/vapor phase) exceeds those formed at ambient pressure by a factor of 10.
This is due to the fact that after similar exposure times, the corrosion scale is much thicker
when precipitated at ambient pressure and therefore complicates the analysis. Moreover,
kinetics at 100 bar are faster, pressing CO2 and water onto the metal’s surface resulting in a
lower pH and faster local degradation of the steel [104].
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Figure 7. Number of pits of X20Cr13 in the liquid phase after 6000/8000 h of exposure to aquifer brine water at 60 ◦C and
ambient pressure, as well as at 100 bar. (Up left): X20Cr13, (up right): X46Cr13, (down left): X35CrMo17-1, (down right):
X5CrNiCuNb16-4.

3.3. Influence of Heat Treatment

Data regarding the influence of heat treatment was compiled from references: [17,38,
98,99,103,104,108,113,114].

3.3.1. Surface Corrosion

All steels meet the requirements for pressure vessels (DIN 6601< 0.1 mm/year), since
the corrosion rate generally does not exceed 0.04 mm/year for differently heat treated
X20Cr13, X46Cr13, and X5CrNiCuNb16-4—independent of the heat treatment, atmosphere
(liquid, supercritical/vapor) or pressure (1 and 100 bar). At 100 bar and high CO2 partial,
the lower corrosion rates pressure could be a consequence of closed capillary systems
within the corrosion scale. The dense layer prevents fast diffusion processes after the long
exposure and sufficient thickness of the corrosion layer.

The influence of the corrosion behavior of steels on their heat treatment is well
known [11,17,22,28,29,98,104]. The lowest corrosion rates and therefore good corrosion
resistance regarding surface corrosion in water saturated supercritical CO2 and CO2—
saturated saline water are accomplished by hardening and tempering the steel at low
temperature (600–670 ◦C) to obtain a martensitic microstructure.

Generally, surface corrosion rates increase as a function of exposure time. At ambient
pressure, surface corrosion rates of heat treated X20Cr13 and X46Cr13 increase significantly
(factor 3). At 100 bar, the corrosion rates do not increase when exposed for 4000 to 8000
h assuming a sufficient thick carbonate layer reduces the diffusion of ionic species into
the base materials (CO3

2−- and O2
−-species) and towards the outer surface (Fe-ions) and

prevents further degradation [17,104].
Except for steel coupons hardened and tempered at 700 ◦C, corrosion rates at 100 bar

were compared to those obtained for X5CrNiCuNb16-4 (below 0.005 mm/year). Generally,
corrosion rates do not differ significantly after a long exposure to the CCS environment.
However, hardening and tempering at a high temperature of 700/755 ◦C may lead to the
precipitation of Cr-carbides in X20Cr13 and X46Cr13 after a long exposure depleting the
metal matrix of free chromium because passivation of the surface then hinders the base
material degrades.
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Generally, low corrosion rates in the liquid and even lower in the supercritical phase for
X5CrNiCuNb16-4 are attributed to passivation and possibly insufficient electrolytes [38,89].
Moreover, the cathodic reactions (Equations (1) and (2)) result in a higher H2CO3 concen-
tration and therefore more acidic and reactive environment as in the CO2 saturated liquid
phase [7,26]. Corrosion rates increase at 100 bar in the supercritical phase and remain at the
same level kept in the liquid phase (0.003 mm/y after 4000 h). Depassivation after 1000 h
of exposure in the supercritical phase is the result of fast reaction kinetics and carbide
precipitation. The accompanied chromium depletion of the matrix (Figure 8) prohibits new
passivation and degrades the material [98,113].
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Figure 8. Left: SEM micrographs and element distribution of the ellipsoidal corrosion layer formed on X5CrNiCuNb16-4
hardened and tempered at 670 ◦C prior to exposure after 8000 h of exposure at 60 ◦C and 100 bar to water saturated
supercritical CO2.

The influence of the heat treatment is more significant at 100 bar than at ambient
pressure. However, since the data is not distinct, the heat treatment for X5CrNiCuNb16-4
seems not decisive—rather the chromium content and atmosphere. Good surface corrosion
resistance at ambient pressure can be attributed for steels hardened or hardened and
tempered. Good surface corrosion resistance at 100 bar under supercritical CO2 conditions
hardened and tempered at 670 ◦C (<0.001 mm/year, martensitic microstructure) and in the
liquid phase normalized (ca. 0.004 mm/year, ferritic-perlitic microstructure) [98,113].

The time of austenitizing plays a significant role regarding the surface corrosion of
X46Cr13 and X20Cr13 (Figure 9) but is neglectable regarding local corrosion [58,103,104,114].
Surface corrosion decreases as a function of increasing the austenitizing time and decreasing
the austenitizing temperature [114]. The lowest corrosion rates were found for specimens
heated to 950 ◦C and annealed for 30 min compared to the highest corrosion rates austeni-
tized at 1050 ◦C for 60 min after 700 h [114]. The significance of the influence decreases
with the increasing exposure time to a geothermal environment. After 4000 h of exposure,
austenitizing becomes insignificant (Figure 9) [103,104,114].
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Figure 9. Influence of austenitizing: Surface corrosion rate (combined: X20Cr13 and X46Cr13 annealed at 650 ◦C for 30 min)
as a function of austenitizing time and temperature prior to exposure to CO2-saturated saline aquifer water.

3.3.2. Pit Corrosion

Pit formation is most likely also described by Han et al. as the initial formation of
Fe(OH)2 (Equations (1)–(6)) [6,37] locally increasing the pH near the hydroxide film fol-
lowed by the internal and external formation of a ferrous carbonate film [37]. Chlorides
enhance local corrosion [46]. Additionally, dislocations, grain boundaries, and precipita-
tion phase boundaries, such as carbides result in a local lattice mismatch thus the local
boundary energy increases [36]. Therefore, the distinct microstructure itself is susceptible
to a corrosive attack. When the hydroxide film is then locally damaged, e.g., at grain
boundaries, pitting is initialized by dissolving the film, depassivating the base material,
and finally detaching the carbonate film (Figure 10) [17,38,98,99,103,104,108,113,114].

1 
 

 
Figure 10. Schematic drawing of pit precipitation on injection steels initiated at grain boundaries.

Local corrosion as a function of the austenitizing time and temperature promises a
better pit corrosion resistance for X20Cr13 than for X46Cr13 (X20Cr13: ca. 3508814 pits per
m2, X46Cr13: ca. 9622 pits per m2). The same result applies for pit diameters revealing an
average pit diameter for X46Cr13 of 249 µm, which is five times larger than the average
pit on the X20Cr13 (49 µm) [54,103]. The majority of pits after 700 h of exposure are 51
to 100 µm in diameter, but the number of pits for X46Cr13 is three times higher than for
X20Cr13.

Even if the maximum pit diameter of pits that precipitated on X46Cr13 succeed those
precipitated on X20Cr13 by a factor of 3.5 for steel coupons austenitized at 950 ◦C for 90 min,
the average pit diameter of both steel qualities does not differ significantly. Furthermore,
there is no significant influence on the austenitizing routines prior to exposure to the CCS
environment. The average pit diameter does not succeed at 100 µm after 700 h of exposure.
(Note that the critical parameter to assess the influence of pit precipitation is preferably not
the diameter, but the depth of pits). However, after 700 to 4000 h, the depth of pits was
shown to be quite comparable and these will be evaluated more closely in the future.
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At ambient pressure and at 100 bar, as well as the number of pits per unit area are
not significantly influenced by the particular heat treatment (no significant lowest number
of pits) [16,17,103,108,114]. Hardening and tempering between 600 and 670 ◦C realize the
lowest number of pits after 6000 h of exposure. (Note that the pits may consolidate to a
shallow pit corrosion phenomena and therefore lead to unusual low numbers of pits).

Generally, pitting is independent of the heat treatment. Steels with martensitic mi-
crostructure and higher carbon-content were developed in fewer pits with smaller max-
imum intrusion depths. At ambient pressure, the number of pits levels off for X20Cr13,
X46Cr13, and X5CrNiCuNb16-4 (<40,000 per m2). At 100 bar, the number of pits is in-
dependent of the heat treatment and atmosphere (water saturated supercritical CO2 and
CO2 saturated aquifer) except for coupons hardened and tempered at 670 ◦C. Although
known as corrosion resistant, X5CrNiCuNb16-4 shows a high number of pits per m2 in
both atmospheres at ambient pressure and 100 bar [98].

The maximum pit depth is not influenced significantly by the heat treatment. For the
heat treated specimen (Table 8), pit intrusion depths for all steel qualities were obtained
metallographically and via the optical volume measurement (Figure 11). The pit depth
increases with the exposure time (max. 300 µm for X20Cr13, hardened after 6000 h of
exposure at ambient pressure) [38,104,105]. The average pit depths for X5CrNiCuNb16-4 is
10–250 µm after exposure at 100 bar and 60 ◦C (Figure 11). Normalizing and hardening
+ tempering at 600 ◦C seems to be favorable for X20Cr13 and X46Cr13 (intrusion depth:
8–25 µm), whereas hardening + tempering between 670 and 755 ◦C is recommended for
X5CrNiCuNb16-4 (intrusion depth: 10 µm) [104].
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Since local corrosion is a highly statistical phenomenon it is not predictable. Hence,
it is not possible to give reliable corrosion rates and lifetime predictions regarding pit
corrosion in CCS technology [104].
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3.4. Statistical Approach in Corrosion Fatigue

Specimens were tested at different stress levels each (the string of pearls method).
Logarithms of stress amplitude σa and the number of cycles to failure Nf were used in the
following method of linear regression analysis assuming a logarithmic normal distribution
of the number of cycles to failure Nf [36,52]. As a result, the scatter bands for the survival
probabilities PS are parallel to the PS = 50% straight (regression) line according to:

• log(σa): Logarithm of stress amplitude σa, independent (error-free) variable x;
• log(Nf): Logarithm of cycles to failure Nf, dependent variable y (inaccurate);
• m: Estimate for the slope of the regression line;
• b: Estimate for the intercept of the regression line;
• tX: One-sided barrier of standard normal distribution for PS = x %;
• sN: Standard error of the estimate of N;
• PS: Probability of survival.

Therefore, Equation (10) of the S-N curve follows:

log
(

N f

)
= m log(σa) + b + txsN

respectively

log(σa) =
log(N f )−b−txsN

m

(10)

The important standard error sN of the regression calculation is determined from the
mean square deviation of each value of the regression line (Equation (11)). The residual
variance sN

2 reveals the scatter which cannot be explained by regression:

sN =

√√√√√ n
∑

i=1
{log(Ni)− b−m log(σa,i)}2

n− 2
(11)

The linear regression was calculated according to Equation (12) as follows:

N50 = NA·
(

Sa

SA

)−k
f or Sa ≥ SA (12)

given:

• N50 50% probability cycle value;
• NA reference cycle value;
• SA reference stress value;
• Sa selected stress value.

The scatter range TN is the quotient between the probability cycle value of 10% and
90% (Equation (13)):

TN = 1 :
log N90

log N10
(13)

given:

• N90 90% probability cycle value;
• N10 10% probability cycle value;
• TN scatter range.

The R2 value varies from 0 to 1. The higher number indicates higher coherence and
statistical certainty. The R2 value is unusually high (0, 99 therefore, very close to 1) possibly
due to the scarce dataset or the same fatigue mechanism.

3.5. Corrosion Fatigue of X46Cr13 (Air: σts = 680 MPa, σy = 345 MPa, Fatigue Limit: 260 MPa)

Data regarding corrosion fatigue of X46Cr13 was mainly compiled from references: [35,36].
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Unlike fatigue tests in air results obtained in geothermal environment does not show
in a distinguished fatigue limit. The S-N curve from tests conducted in CO2-saturated
saline aquifer at 60 ◦C decreases continuously for X46Cr13 (soft annealed microstructure
= ferritic matrix with coagulated cementite, σtsair ∼= 680 MPa, σyair ∼= 345 MPa) [35,36]
(Figure 12). The endurance-limit in air (σee = 262 MPa, Equation (14)) is represented by
three run-outs at stress amplitudes: 260, 280, and 288 MPa [35]:

σee = 0.2
(
σy + σts

)
+ 57 (14)

• σee: Estimated endurance limit in air from the yield and tensile strength in MPa;
• σy: Yield strength in MPa;
• σts: Tensile strength in MPa.
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fatigue crack, pits, and striations on the fatigue fracture surface.

The influence of corrosion significantly decreases the fatigue life represented by the
comparatively steep slope of the S-N curve that is described by k = 6.321. After 210 h
of exposure to CO2-saturated geothermal brine (21 × 106 cycles) at 60 ◦C, the endurable
stress amplitude is ca. 160 MPa and thus only 60% of the fatigue limit in air (ca. 260 MPa,
Figure 12) [35,36,106,113].

Mostly cracks are associated with rather small pits (diameter << 0.1 mm) in the sample
middle section with the highest effective stress. Larger corroded areas (>0.5 mm) located in
the peripheral section of the specimens reveal only a few cracks (Figure 12). One or more
surface cracks developed independently of the stress amplitude Sa between Sa = 187 and
255 MPa [36]. Cracks initiated from the shallow pit corrosion are predominantly dendritic
and single when initiated from small pits [35].

Crack propagation and finally the corrosion fatigue failure of X46Cr13 is related to
more than one initial micro crack (100 µm width and 50 µm depth) at stress amplitude
σa = 220 MPa and 4 to 5 cracks of various sizes at Sa = 173 and 230 MPa. At stress ampli-
tudes Sa < 230 MPa, initial crack regions are associated with pits. Exceeding σa > 230 MPa,
only mechanical stress causes failure. Although striations are selectively present in all
samples (Figure 12) fatigue cracking cannot clearly be distinguished from corrosion fatigue
in the passive state (passivated crack flanks reducing corrosion fatigue).
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3.6. Corrosion Fatigue of X5CrNiCuNb16-4 (Air: Fatigue Limit: 620 MPa)

Data regarding corrosion fatigue of X5CrNiCuNb16-4 was mainly compiled from
references: [79,90,91,99,106,113,115].

The endurance limit in a corrosive environment of X5CrNiCuNb16-4 is lower than
in air (620 MPa) by 60% [116] revealing a much steeper fatigue limit line [98,99,108]. First,
results showed that the S-N curve did not reveal the expected fatigue strength and non-
linear very steep slopes of the possible fatigue strength for finite life (k = 3.59, TN = 1:34,
r2 = 0.33, max. Nf = 10 × 107) at Sa = 150 MPa) [79,99,100]. New results showed a smaller
scatter but also a steep slope of the fatigue limit line pointing to a fast degradation and low
maximum Nf (10 × 107 at Sa = 130 MPa) (Figure 13) [103,106,108].
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Figure 13. S-N curve and crack formation on the 1.4542 first and second set of experiments exposed to saline aquifer water
and technical CO2. Comparison results for 1.4462 are given.

Pits are a source of multiple cracks [113]. Local corrosion is enhanced by the me-
chanical load increasing the local microstructural boundary energy of X5CrNiCuNb16-4
due to the local lattice mismatch [36], increased dislocation number, grain boundaries,
precipitation phase boundaries, and carbides [36], as well as the presence of chlorides [46].

The specimen with a presumably short number of cycles to failure typically con-
sisted of non-metallic inclusions communized with δ-ferrite [99,100,108,113]. Moreover,
aluminum was in specific samples but could not be identified as a significant reason for
the low number of cycles and early failure [90]. Early failure could not significantly be
associated with heterogeneously distributed aluminum [90] and other microstructural
impurities, artificial aquifer water [106,107,113], stress amplitude, number of striations or
thickness of the corrosion layer.

A cathodic potential clearly enhances the corrosion fatigue life expectancy by a factor
of 20 to 70 (USHE = −400 to −150 mV) [116]. The specimen degrades slower at low
potentials and faster at high potentials. The fatigue life expectancy (number of cycles to
failure) is increased with the decreasing potential considering the drawback that a cathodic
potential discharges H2 from the specimen’s surface and accelerates embrittlement of the
alloy, which causes earlier and unpredicted failure [116].

3.7. Corrosion Fatigue of X2CrNiMo22-5-3 (Air: Fatigue Limit: 485 MPa)

Data regarding corrosion fatigue of X2CrNiMo22-5-3 was mainly compiled from
references: [52,79,90,92,100,106,109].

In air, the fatigue limit of duplex stainless steel X2CrNiMoN22-5-3 is 485 MPa (Pf = 50%,
push/pull, Nf = 107 cycles) [33–35]. The steep slope of the S-N curve (k = 8.78) typical
in a corrosive environment reveals a low scatter range TN (1:1.35), therefore generally
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indicating the same failure mechanism. The maximum number of cycles of (9.2 × 106) in a
corrosive environment at a free corrosion potential (resting potential) was determined at a
stress amplitude of 240 MPa.

Failure is always characterized by an abrupt drop of potential, but here, at approx-
imately 10 min prior to the potential, failure began to decrease steadily indicating an
upcoming failure [82].

3.7.1. Influence of Machine Insulation

Since electric insulation was found to affect the corrosion fatigue behavior of the steel,
the subsystem specimen/corrosion chamber were electrically grounded and shielded [81].
(Note that grounding only does not supply reliable corrosion fatigue data due to the
insufficient electric shielding of the specimen).

An insulated setup is characterized by a higher S-N coefficient of k = 4.7 in comparison
to an uninsulated setup (k = 8.78) (Figure 14) [52], which depends on the more cathodic
electrochemical potential. Starting from the same value at 400 MPa, the two S-N curves
diverge as the stress amplitude decreases. Insulation shifts the potential to a more noble
regime. At the same time, the range reduces to ca. USHE = −5 to −65 mV. Failure is also
presaged by a distinct potential drop.
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Figure 14. Corrosion fatigue X2CrNiMoN22-5-3. S-N curves, uninsulated and insulated experimental
setup.

3.7.2. Influence of Electrochemical Potential

When a critical potential is applied the corrosion effects can be repressed [52,90]. The
application of the critical cathodic potential at a stress amplitude of 275 MPa increases the
number of cycles compared to the free corrosion potential. The initiation of local corrosion
is suppressed that otherwise initiates crack formation and therefore increases fatigue life.
The cathodic potential at 275 MPa increases the number of cycles from 4.7 × 105 (free
potential at: ca. −3 mV) to 2.6 × 106 (−150 mV) up to 5.4 × 106 at −300 mV and 107 cycles
at a potential of −450 to −900 mV. As a back draw, hydrogen evolves from the specimen’s
surface at very low potentials [90] (an anodic potential causes severe pit formation and
therefore a more rapid failure of the specimen).
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3.7.3. Influence of Load Type

The superior corrosion fatigue resistance in a geothermal environment under the rota-
tion bending load is significant by the factor 1.11–1.25 in the cycle range 105 to 106 [90]. The
initially better corrosion fatigue properties under the rotation bending load (higher stress
amplitudes at a certain number of failure) become less significant with the increasing num-
ber of cycles. The S-N 50% probability graphs converge at approximately 3.5 × 106 cycles
(30 h of cyclic loading), eliminating the advantage of the rotation bending load (slope
factors of rotating bending k = 8.2 and push/pull k = 19). The greater negative slope
coefficient achieved for rotation bending experiments describes the higher rate of alloy
degradation and therefore greater susceptibility to the corrosive attack, especially after
high cycle numbers and therefore long exposure to a corrosive environment.

3.7.4. Influence of Surface Conditions

Data regarding the influence of surface conditions on the corrosion fatigue of X2CrNi-
Mo22-5-3 was mainly compiled from references: [52,91,92,109].

The surface roughness influences the corrosion fatigue behavior of the duplex steel
significantly (note that there is no influence on the corrosion fatigue behavior within one
experimental series). The line of regression for technical surfaces has a greater negative
slope (steeper) (k = 8.78) than for polished surfaces (k = 19.006). (Note that the lines of
regression with a small number of k decline greater than those with large numbers of k
(Figure 15)). Rather, the low scatter ranges (technical surface: TN = 1:1.35, polished surface:
TN = 1:1.95) indicate no change in failure mechanism.
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insulated test setup. (Top right): Turned, (bottom right): Polished.

As discussed in detail [92,109], a polished surface finish (approximate RZ = 1.4–
1.59 µm) inhibits degradation compared to the turned surface finishes (approximate RZ
= 3.2 µm). The specimen with technical surfaces (Rz = 2.6–4.6) tested at stress ampli-
tudes above 275 MPa (9 × 105 cycles) (P50% at Sa 300 Mpa = 5 × 105) reveal a higher life
expectancy than the specimen with polished surfaces (P50% at Sa 300 Mpa = 1.5 × 105)
(Figure 15). The life expectancy for polished surfaces, however, increases with the test
duration and decreasing stress amplitude. Smoother polished surfaces provide little to
no additional stress concentration associated with the base region of micro-notches and
inhibit crack initiation and early failure [52].

4. Discussion

In general, a higher Ni and Cr content in the heat treated steels improve the corrosion
resistance [22,27], also proven by the steels investigated in this study. Moreover, the inter-
mediate heat treatment protocols for steels with continuous martensitic microstructures are
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favorable in terms of good corrosion resistance and are widely discussed before [9,17]. The
corrosion rate is more susceptible to the heat treatment at 100 bar than at ambient pressure.
Therefore, the heat treatment is less significant compared to the chromium content and
atmosphere. Hardening or hardening and tempering coupons are promising at ambi-
ent pressure with regards to low surface corrosion rates. Considering surface corrosion
only, at 100 bar the martensitic microstructure (hardened and tempered at 650 ◦C for the
supercritical phase: <0.001 mm/year) is superior in water saturated supercritical CO2.
However, in the CO2 saturated aquifer, the water normalized ferritic-perlitic microstructure
is sufficiently resistant against corrosion (ca. 0.004 mm/year) [98,104].

Here, we will briefly discuss specifically picked topics that we find most interesting.

4.1. Precipitation of Corrosion Scales in a Geothermal Environment

High alloyed steels exposed to water saturated CO2 show little dependence on the
exposure time or heat treatment. Corrosion rates remain nearly constant at approximately
0.004 (X5CrNiCuNb16-4)-0.4 (X46Cr13) mm/year. The sufficiently thick carbonate layer
acts as a diffusion barrier passivating the steel [36,89,90,99,104,113,115,116].

Heterogeneous carbonate layers are formed in a CO2-saturated saline aquifer and
cover the specimens’ surface and pits because carbonic acid forms, which reduces the
siderite FeCO3-solubility in CO2-containing water with a rather low pH [24]. Main phases
at ambient pressure are: Siderite FeCO3 and cementite Fe3C. Moreover, goethite α-FeOOH
at 100 bar and mackinawite FeS, akaganeite Fe8O8(OH)8Cl1.34, and spinel-phases of various
compositions [98,99,103,113].

The corrosion rates first increase in a CO2-saturated saline aquifer, then passivate
resulting in decreasing corrosion rates but later the rates increase again (ca. 0.004 to
0.014 mm/year for X5CrNiCuNb16-4). The passivating layer breaks down and gaseous
CO3

2−- and O2-species diffuse into the metal and iron diffuses towards the surface. Here,
siderite FeCO3 layers form (Figure 16) [9,15,17,36,99,113]. Due to the fact that the larger
areas of the corrosion layer locally detach, a fresh surface is exposed to the brine and
corrosion reactions accelerated [113].
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Figure 16. Schematic drawing of the precipitation of the corrosion layer on X5CrNiCuNb16-4 (1.4542) and an example of
sample surfaces after 8000 h of exposure to water saturated supercritical CO2.

However, X5CrNiCuNb16-4 shows an unusual corrosion behavior forming homoge-
neous ellipsoids on the surfaces (Figures 12 and 16 (leopard shaped). The corrosion layer
reveals inhomogeneously thick carbonate corrosion products on the surface such as siderite
FeCO3, goethite FeOOH, and carbides, mainly Fe3C. The center of the typical ellipsoids at
exposure greater than 4000 h reveals mainly hematite Fe2O3 but also iron sulfate FeSO4,
siderite FeCO3, and goethite FeOOH—the latter also after corrosion fatigue tests.

Corrosion ellipsoids may form since carbides are distributed heterogeneously within
the microstructure and these are more susceptible to initial corrosion [34] steels, which are
locally depassivated [98].

Another likely explanation depends on water solubility, pressure, and tempera-
ture [98]. Generally, the solubility of water increases with temperature. However, un-
der pressure, the solubility of water decreases from 0 to 50 bar and then increases again
slightly [31]. In water saturated supercritical CO2 at 100 bar and 60 ◦C, the metal surface is
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wetted due to the decreasing water solubility in the supercritical CO2. Consequently, small
and very thin “leopard”-shaped droplets form and thin corrosion layers grow. Due to the
oxygen content (Figure 12), these are most likely iron carbonate or iron hydroxide.

Consolidating droplets form small pits around the former droplet and corrosion
processes are enhanced at this distinct multiphase boundary (water, metal, supercritical
CO2). Since small droplets are formed much faster, the consolidated water diffuses back
into the supercritical CO2. As a consequence, the area of consolidated droplets reduces
inwards with the sulphates (FeSO4) found in the outer and hematite (Fe2O3) in the centered
areas (Figure 12) [98].

4.2. Influence of Austenitizing

Results from the DoE analysis after Klein [117] prove that the surface corrosion resis-
tance is dependent only on the austenitizing time, but neither the austenitizing temperature
nor the carbon content of the base material [17] (Figure 17). The carbon content shows
the largest impact on the local corrosion but still no significant dependence on the local
corrosion behavior [103].
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Figure 17. The impact of the experimental parameters on the corrosion rate after 4000 h of exposure
time combined with confidence intervals.

Generally, martensitic microstructures are highly corrosive (up to two orders of mag-
nitude higher than ferritic or ferritic-bainitic microstructures) since grain boundaries are
more reactive [25,118]. However, increasing the austenitizing temperature lowers the
pitting potential of lean high alloyed steels [24,28,82] with a maximum improvement by
annealing at 1200 ◦C [24]. Since carbides dissolve at high annealing temperatures the
corrosion resistance of martensitic stainless steels with 13% Cr increases at higher austeni-
tizing temperatures (980–1050 ◦C) [25,30,91]. (Note that Cr-rich M23C6 and M7C3 carbides
generally increase the mechanical properties due to secondary hardening [30], but reduce
the resistance of a passivating film and enhance pitting [82]). However, at the beginning,
the corrosion rates of X46Cr13 and X20Cr13 are significantly higher after austenitizing at
higher temperatures and longer holding times, but after 4000 h of exposure to the CCS
environment the corrosion rates are of not much difference. Most likely the advantageous
carbide dissolution at high austenitizing temperatures is not the driving corrosion force and
the grain boundaries are corrosively attacked. Diffusion processes are slowed down with
the increasing thickness of the growing corrosion layer. Additionally, shorter austenitizing
at a low temperature limits the grain growth by not allowing for equilibration. The slow
grain growth leads to coarse grain sizes resulting in lower corrosion rates. Moreover, the
retained austenite at a low austenitizing temperature may be beneficial against pitting of
13%-chromium steels (13CrNiMo) [26]. However, in a geothermal environment, austenitiz-
ing does not influence the corrosion behavior after long exposure times (Figure 13).
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4.3. Crack Initiation and Corrosion Fatigue Failure of High Alloyed Steels X46Cr13 and
X5CrNiCuNb16-4

The deterioration of grain boundaries and pit formation initiate crack formation thus
failure of high alloyed steels under cyclic load in a (CO2-saturated) corrosive geothermal
environment [32–34,36,99,113].

Pits on stainless steels form due to chemical reactions, local changes of lattice energy
within the steel’s surface, and mechanical load [9,15]. During cyclic stress-strain load-
ing, plastic deformation is a reason for strain and work hardening effects increasing the
grain/phase boundary energy at dual or triple points of grain/phase boundaries, residual
perlite grains, and more likely carbides [34]. This local lattice mismatch initiates pit -,
selective-, and intergranular corrosion, as well as crack formation [33] and accelerates crack
propagation [32,34].

At the beginning, the pits form grain and phase boundaries catalyzing corrosion
reactions. In geothermal water with high chloride concentrations, the phases arrange at
equilibrium and dissolute an outer metastable oxide/hydroxide film before siderite then
precipitate [9,15] despite a passivating inner chromium oxide film [31,53]. Mu et al. [6]
illustrated that siderite forms when carbonate ions absorb into the base material at the
hydroxide/brine interface and combine with oxygen vacancies (cation/oxygen vacancy
pairs of Mott-Schottky-type). At the hydroxide/brine interface, oxygen vacancies and addi-
tional carbonate ions form excess cation vacancies. These travel to the hydroxide/siderite
interface, consolidate, and condense to form larger vacancy areas. As a consequence, the
siderite and hydroxide film detach, enhancing pitting and lateral surface degradation [6,36].

A possible crack initiation model was presented by Han et al. [37] and modified
by Pfennig et al. [17,35,36,99,113] (Figure 18): Initially, pits catalyze corrosion on steels
exposed to CO2-environment [15,17,29] and siderite FeCO3 [3,38] precipitates (a). Anodic
iron dissolution forms transient Fe(OH)2 [6,30] (grey area in: a) The pH rises locally at the
hydroxide film and a thin ferrous carbonate layer precipitates internally and externally
(a and b) (Equations (1)–(6)) [15,29,37]. Both corrosion layers grow with regards to carbon
and oxygen partial pressures (b). When the ferrous hydroxide film (c) is locally damaged
(either mechanically or chemically) the non-protective porous ferrous carbonate film is
exposed to the brine (local low pH). It dissolves and depassivates the steel (d) intensifying
local surface degradation. Oxygen vacancies consolidate and condense at the hydrox-
ide/brine interface resulting in the lateral spallation of the siderite from the hydroxide
aligned to the mechanical stress applied (e). The remaining film is dissipated by the flowing
brine inducing further pit enlargement, since the newly exposed surface reactions will start
repeatedly from the top (f). Concurrently, cracks initiate and propagate due to the cyclic
load and additional forces at the pit bottom, where the stress concentration and plastic
deformation produce slip bands [26] at the crack flanks. Newly formed slip bands are
susceptible to corrosive reactions as explained and once wetted the corrosion steps repeat
within the crack itself.
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4.4. Influence of Surface Quality on the Corrosion Fatigue of Duplex Stainless Steel
X2CrNiMoN22-5-3

Generally, technical surfaces of duplex stainless steel X2CrNiMoN22-5-3 (1.4462,
equilibrium at 98 ◦C in a corrosive environment of the Northern German Basin (NGB) at
275 MPa) reveal good corrosion fatigue resistance in a CCS or geothermal environment at
low stress amplitudes. Note: at Sa > 270 MPa, technical surfaces (average surface roughness
of 3.2 µm) the fatigue life succeeds that of polished surfaces (average surface roughness of
1.59 µm). At Sa < 270 MPa, polished surfaces succeed technical surfaces (Figures 15 and
19) [81–84].
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Cracks usually propagate perpendicular to the laminar duplex structure (Figure 20).
Sanjuro et al. [82] stated that residual stress only contributes 10% to the enhanced corrosion
fatigue behavior. Mostly surface finishing accompanied with the removal of surface stress
raisers contribute. However, the specimen with technical surfaces plastically deform and
harden during machining. The influence of this residual compressive stress might weigh
higher than the increased surface roughness and is responsible for the high fatigue life
expectancy at amplitudes above 275 MPa [109].
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Figure 20. Microsection of macro crack with significant residual surface opening. Etchant: Beraha II (top) [93]. Microsections
of major crack initiation (left) and major crack termination zone (right) (380 MPa; 0.36 × 106 cycles).

Another explanation is related to a changing mechanism of crack growth depending
on the stress amplitude (note: At 275 MPa, the overlapping regression lines prove that the
surface condition does not influence the corrosion fatigue behavior).

At Sa > 275 MPa, the overall tensile stress in the specimen during push-pull loading
enhances the micro crack formation (Figure 20). During cyclic loading the crack constantly
opens and closes exposing the (newly formed) crack flanks to the geothermal media. As a
consequence of the corrosive reactions described earlier [26,81,105], siderite precipitates
and segregates. Since the strain of the corrosion layer and base metal do not match further
the mechanical stress causes crack propagation until failure. High endurance limits are
generally found for high strength material and because technical surfaces may reveal
increased strength from compressive stress, the number of cycles to fatigue is higher for
technical surfaces at Sa > 275 MPa [109].

At Sa < 275 MPa, pit corrosion is responsible for crack formation. During exposure to
the mechanical load and corrosive environment pits grow to a critical size and due to a
notch effect, the fatigue cracks form (Figure 19) [68]. Local corrosion is a reason for micro
crack initiation at Sa < 270 MPa and therefore, polished surfaces suppressing pit formation
are a reason for higher numbers of cycles to failure [93,109].

Generally, the surface roughness may be neglected for small stress amplitudes where
pitting is the driving force for crack initiation. At high stress amplitudes, mechanically
induced micro cracks are responsible for crack initiation and propagation.
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4.5. Failure of Duplex Stainless Steel X2CrNiMoN22-5-3 in a Geothermal Environment

When X2CrNiMoN22-5-3 is tested under axial push-pull load, the crack path is normal
to the load direction [93]. Cracks propagate predominantly perpendicular to the lamellar
austenitic as well as ferritic phases [91,93] (Figure 20, top).

Linear crack propagation leaves a 30 µm residual crack width. Multiple small sec-
ondary micro cracks ca. 3 mm below the sample surface (Figures 20 and 21) are associated
with pits and disappear soon after initiation. The remaining pits form cavities.
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Figure 21. Left: Cross section through the corrosion pit. Etchant: Beraha II. Right: Schematic drawing showing the preferred
deterioration of the austenitic phase (γ).

Figures 20 and 21 proof that mainly the austenitic phase corrodes at crack flanks and
within cavities, whereas the ferritic phase remains uncorroded since the electric potential
dominates [91,93]. Due to higher contents of molybdenum, chromium, and nitrogen,
elements known to improve corrosion resistance, the pitting resistance equivalent number
(PREN) is lower for the austenitic 32.37 than the ferritic phase [91,93] resulting in a lower
corrosion resistance of the austenitic phase (total: 37.39). (Note that a high PREN = high
corrosion resistant for high alloyed steels). Moreover, due to its face cubic centered (FCC)
structure, the large octahedral interstitial sites of the austenitic phase (mean diameter ca.
0.41 R (R = average atomic radius)) can incorporate more corrosive elements than the body
cubic centered (BCC) ferritic phase with only small octahedral interstitial sites (ca. 0.20 µm).
Since diffusion is enhanced in structures with a large voids intrusion of, e.g., chlorides from
the brine and therefore, pitting is preferential in the austenitic phase or austenite-ferrite
phase boundary.

The initiation of corrosion fatigue failure in the passive state may be first derived
from local corrosion effects and secondly from the decay of passivation [91,93] (Figure 22):
1. Pitting causes the formation of initial micro cracks. The area of micro cracks is depas-
sivated followed by crack propagation when the stress rises above a critical level. 2. The
passivation layer is locally destroyed and since the mechanical axial push-pull load develop
a slip band that grows at the metal surface the enlarged material surface is exposed to the
corrosive environment. Pits now originate easily and lead to micro crack formation. Both
mechanisms result in crack formation that degrades the crack flanks and consequently lead
to failure (Figure 21, right and Figure 22, right). Environmentally induced cracks in railway
axels exposed to artificial rainwater tend to initiate from localized corrosion pits for smooth
surface specimens [50], but Hu et al. [50] did not find that corrosion pits are observed at
the crack nucleation sites for scratched specimens. Therefore, the surface condition also
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influences crack nucleation with or without pitting. Intergranular cracking was stated for
both conditions [50], while the duplex steel also shows transgranular cracking.
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5. Conclusions

This paper comprises and compares data of previously published work: [9,15,17,35,
36,38,52,53,79,89–93,97–100,103–106,108,109,113,115–117].

The corrosion and corrosion fatigue behavior of AISI 420 (X20Cr13, 1.4021), AISI 420C
(X46Cr13, 1.4043), No AISI (X35CrMo17, 1.4122), AISI 630 (X5CrNiCuNb 16-4, 1.4542), and
AISI A182 F51 (329LN)) SAF 2205 (X2 CrNiMoN 22-5-3 (UNS S31803) 1.4462) were tested
in the laboratory CO2-saturated CCS environment of the onshore saline aquifer (Stuttgart
Aquifer and Northern German Basin).

5.1. Static Corrosion

1. Corrosion products: The continuous corrosion scale and pits of all steels mainly
comprises of FeCO3 and FeOOH at ambient pressure as well as 100 bar. X5CrNiCuNb
16-4 shows an unusual non-uniform ellipsoidal corrosion layer additionally containing
Fe3C and in the center Fe2O3 and FeSO4.

2. Influence of pressure: After 8000 h of exposure, corrosion rates are generally much
lower at 100 bar than at ambient pressure (depending on the atmosphere: (Vapor
or liquid) by a factor of ca. 10–80 for 42CrMo4, a factor of ca. 1.5–30 for X46Cr13, a
factor of ca. 10–100 for X20Cr13, and a factor of ca. 10 for X35CrMo17-1. (Note that
X5CrNiCuNb16-4 shows similar surface corrosion rates in the liquid phase).

3. Influence of atmosphere: Generally, the corrosion rates at ambient pressure are higher
in the vapor phase, at 100 bar higher corrosion rates are found in the liquid phase.
Independent of pressure the higher number of pits was found for the liquid phase.

4. Influence of alloy composition: Higher chromium content increases surface corrosion
resistance, while carbon has no significant influence (ambient pressure, vapor phase:
0.8 mm/year for 42CrMo4 (1% Cr), 0.3 mm/year for X46Cr13 (13% Cr), 0.3 mm/year
for X20Cr13 (13% Cr), 0.1 mm/year for X35CrMo17-1 (17% Cr), and 0.01 mm/year for
X5CrNiCuNb16-4 (16% Cr)). However, the local corrosion behavior of X35CrMo17-1
and X5CrNiCuNb16-4 compares to the less costly X20Cr13 and X46Cr13. At 100 bar
and 8000 h of exposure with no significant regard of atmosphere, the highest corrosion
rates are 0.01 mm/year for 42CrMo4, X20Cr13 (liquid phase) X46Cr13, and less than
0.01 mm/year for X35CrMo4 and X5CrNiCuNb16-4.
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5. Influence of heat treatment: In general, the shorter austenitizing time and lower
austenitizing temperature result in better corrosion resistance regarding surface corro-
sion, but has no significant impact on the number of pit and pit sizes. At 100 bar as
well as at ambient pressure and 60 ◦C, hardening and tempering at low temperatures
(600 to 670 ◦C) for X20Cr13, X46Cr13, and X5CrNiCuNb16-4 result in the lowest
corrosion rates and reveal good resistance against local corrosion. Therefore, the best
corrosion resistance is achieved by a continuous martensitic microstructure.

5.2. Corrosion Fatigue

In general, the fatigue strength of steels in a CCS environment is reduced and no typical
endurance limit of S-N curves exists compared to non-corrosive conditions. Primarily,
pitting (pit/local corrosion) driven by the formation of carbonic acid, not the mechanical
loading, induces crack formation and propagation and therefore, is most likely the cause
for failure.

X46Cr13 (air: Endurance limit: 260 MPa). Max. number of cycles to failure is
1.10 × 107 at stress amplitude 173

MPa under CCS conditions. Corrosion fatigue in the passive state is assumingly the
main cause for failure. Above Sa = 170 MPa, 90% of the specimen has typical multiple
cracks that originate from a central 0.2 mm pit. The initial local corrosion initiates cracks
that then condition the inter crystalline corrosion.

X5CrNiCuNb16-4 (air: Endurance limit: 620 MPa). Corrosion phenomena are unusual,
such as: Elliptic surface pattern, no typical corrosion fatigue limits of S-N plot, high Wöhler-
exponent (k = 3.5 and scatter range (TN = 1:34), and very small coefficient of correlation
(r2 = 0.33). The max. number of cycles to failure of 10 × 106 at Sa = 150 MPa is even lower
in a second experimental set (10 × 107 at Sa = 130 MPa). Local corrosion and inclusions at
the fracture surface as well as the inter crystalline corrosion of crack flanks during crack
propagation lower the number of cycles to failure independent of: Hardness (335 HV10),
aquifer water composition, and microstructure.

X2CrNiMoN22-5-3 (air: Endurance limit: 485 MPa): Max. number of cycles for
standard duplex stainless steel X2CrNiMoN22-5-3 without insulation of the testing machine
is 4.2 × 106 at Sa = 290 MPa and 9.2 × 106 at Sa = 240 MPa with insulation. Initially, the
crack follows a linear path perpendicular to the axial load followed by a delta-like micro
crack structure with an overall curved path with considerable horizontal degradation of the
austenitic phase only. Crack initiation may be allocated to both: First, early pit formation
results in depassivation and then second, local depassivation results in pit formation.

At the critical electrical potential at USHE = −450 to −900 mV at Sa = 275 MPa, the
specimen did not fail (107 cycles to failure). However, at low potentials hydrogen evolves
to degrading the steel.

Polished surface finishes result in a higher corrosion fatigue life expectancy at medium
to low stress amplitudes (long exposure time). At low stress amplitudes, local corrosion
is likely to initialize the crack growth. Technical surfaces perform better at high stress
amplitudes (and shorter exposure). At high stress amplitudes, micro cracks are the reason
for crack propagation and failure.
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