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Abstract

The initial stages of oxidation of 9Cr steel in CO2, Oz, CO2-O; and CO,-0,-H;O0 is studied by Gas Phase Analysis
(GPA) at 550 °C using 3C!6160,, 8180, and 2H,!®0 isotopic molecules in order to discriminate the reactions of
all gas molecules. Protective and non-protective oxide scales are formed on 9Cr steel depending on the exact
composition of the gas mixture. In pure CO;, 9Cr steel forms a slow growing chromium rich oxide scale without
any carburization. Adding O, impurities in CO; favors the formation of fast growing iron rich duplex oxide scale
coupled to strong carburization. Adding several % of O, in CO» favors again the formation of slow growing oxide
scale but with different structure and composition than in pure CO,. GPA analyses combined with oxide scale
analyses demonstrate that the composition and structure of the transient oxide scale formed on 9Cr surface is
determined by the rate at which surface adsorbed oxygen atoms are supplied by the gas phase in the first minutes
of exposure. The presence of the very oxidizing O» molecules in CO; increases drastically the surface oxidation
rate and favors the formation of non-protective duplex oxide scale against carburization. Adding water vapor to a
CO, gas environment slows carburization. Preferential adsorption of water vapor molecules over CO,/CO
molecules in the inner oxide scale is proposed to explain this result. A unified mechanism for the formation of the

transient oxide scale on 9Cr steel in CO»/O/H,O gas mixtures is described.

Keywords: Oxidation, carbon dioxide, oxygen, water vapor, chromium steel

1. Introduction

Ferritic-martensitic steels are widely used at moderate temperatures where good creep strength and
acceptable corrosion resistance are required. However, their chromium levels are marginal, and service in CO»-
rich gases can lead to two very different outcomes: formation of a protective Cr-rich oxide scale or non-protective
iron rich oxide scale sometimes called « breakaway corrosion » [1]. In the latter case, a much thicker, duplex scale
consisting of an outer layer of almost pure iron oxide and an inner porous layer of spinel (Fe3.«CrO4) with iron

oxide results, and carburization of the underlying metal is extensive. As the same steel can produce the two



different results at the same temperature in different CO, gases, reasons for the difference are sought in the details

of gas composition.

Commercial purity CO» contains of order 10 ppm (by volume) O, whereas high purity CO, contains
about 1 ppm. On the other hand, flue gases resulting from carbon combustion contains several % O», because
excess oxygen is used to ensure maximum fuel utilization. Work by Bouhieda et al. [2, 3] showed that a 12 Cr
ferritic-martensitic steel VM 12 (all alloy compositions in wt. %) exposed at 550 °C to high purity CO; containing
less than 1 ppm O, developed a thin, protective, Cr-rich oxide scale, but when the gas was commercial purity CO»

(measured O, content of 70 ppm), the thicker duplex scale morphology resulted.

The opposite effect was observed at higher oxygen levels (1-3 vol %). Exposure of a 9Cr ferritic-
martensitic steel to Ar-50CO,-(1-3)O, at 550 °C led to partial passivation of the steel surface [4]. A thin, protective
Cr-rich scale formed on parts of the surface in 1 % O, and most of the surface was passivated in this way in a 3 %
O, gas. The remainder of the surface grew thick duplex scales. The authors noted that a full explanation was not

available. Similar results have been reported by others [5, 6, 7].

Finally, it has been observed that the presence of a few % of H,O in CO; decreased the carburization rate

of 9Cr drastically at 550 °C [8] and 650 °C [9].

As is seen, breakaway corrosion during steel exposure to CO, is at least partially suppressed by high
oxygen partial pressures, is promoted by low oxygen levels and again suppressed by very low level of oxygen.
This puzzling result remains to be explained. Interpretation is made difficult by the low temperatures involved,

and the consequently slow approach to local thermodynamic equilibrium in solids.

The issue is of practical importance because CO; is used as a heat transfer medium in a number of
applications. Pressurised CO, is the primary coolant in the British AGR reactors. Supercritical CO> is proposed as
the working fluid in a Brayton cycle, where the heat source can be concentrated solar power or a new generation

nuclear reactor. Oxyfuel combustion of fossil fuels produces flue gases made up mainly of CO,, H,O and O».

For economic reasons, the gas used in all cases will be commercial purity, i.e. containing some tens of
ppm CO,. In closed systems such as the AGR or Brayton cycle, any impurity oxygen in the gas is removed by
reaction with containment materials, and graphite in the case of the AGR. Thus the additional question arises as to

how long the deleterious effect of impurity O, lasts.

It seems likely that the initial transient stages of gas-steel reaction are important in establishing the
reaction morphology and nature of the reaction products. This is a difficult domain to study using conventional
methods of reaction product characterisation. However, reaction kinetics can be followed in the very early stages
by observing changes in the gas phase compositions using mass spectrometric analysis and isotopically labelled
gases. This technique has recently been shown [10] to be able to distinguish the contributions to corrosion of the

oxygen and CO species.

This paper is mainly concerned with the early stages of corrosion for a 9Cr ferritic-martensitic steel
exposed to CO; containing different levels of O, and pure O. Reaction kinetics are followed using gas phase
analysis (GPA) in a closed system, coupled with subsequent analysis of reaction products and the underlying steel.

Additional results are added on the effect of H,O in CO,.
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2. Corrosion studies using Gas Phase Analysis technique (GPA)

a. [Experimental apparatus

The experiments were conducted in a Gas Phase Analysis facility (GPA) described in detail in [10]. This
apparatus consisted of three main parts: an almost completely closed reaction chamber, a gas handling system and
a mass spectrometer (MS) placed in an ultra-high vacuum (UHV) chamber. The reaction chamber consisted of a
0.4 m long silica tube connected to a stainless steel cross. The total volume of the reaction chamber was about 200
cm?. Silica tube was chosen as the tube material because it showed negligible reactivity and gas release during
operation. One end of the tube was externally heated by a moving furnace positioned on a rail. The isothermal

zone length (+ 5°C) was measured to be about 4 cm which is larger than the sample length.

One branch of the stainless steel cross connected to quartz tube was connected via a leak valve to an UHV chamber
containing the MS. The UHV chamber was pumped with a turbo-molecular pump down to 10 mbar. During
experiment, the leak valve was slightly opened to transmit small quantities of reaction chamber gas to the mass
spectrometer. Under the conditions used, the mass spectrometer yielded a linear response to the partial pressures
of all gas species in the UHV chamber and in the reaction chamber. The linear coefficients for CO;, and O,
molecules were obtained at the beginning of each experiment before reaction of the gas phase with the sample.
The sensitivity and measurement accuracy for gas partial pressures was improved by using a direct connection
from the leak valve to the ionization chamber in the MS. The total pressure of the reaction chamber could be
measured at room temperature by three absolute capacitive pressure gauges (full scale: 1 mbar, 10 mbar and 100

mbar) fitted on the stainless steel cross part of the reaction chamber.

The remaining branch of the stainless steel cross of the reaction chamber was connected to a gas handling system.
This provided controlled inlet of isotopic gas molecules in the reaction chamber. A bottle of '3130,, a bottle of
13C16.160, and a tank of H,'°O liquid were connected. Their exact isotopic composition were measured by MS.
The 31830, bottle contained about 12 vol% of %80, molecules, the '3C!%160, bottle about 1 vol% of '3C'®'180, as
main impurity. The used ?H,'°0O was composed of 60 vol% of >?H,'°0, and 40 vol% of >'H,'°0, molecules. The
isotopic carbon and oxygen composition of the two bottles was chosen in order to differentiate by MS in the gas
phase or subsequent SIMS analyses of the sample surface, oxygen atoms coming from O, molecules ('30) from
oxygen atoms coming from CO, molecules (!%0) and carbon atoms coming from the metallic sample (!2C) from
carbon atoms coming from CO, molecules ('3C). The use of deuterated water 2*H,O was used to favor hydrogen

detection by Mass Spectrometry both in the gas phase GPA and during analysis of the sample by SIMS.

After verifying that there was negligible background interference and negligible gas consumption due to sampling
though the leak valve, the GPA facility was used to measure both consumption and production of gas molecules

during reaction of steel.

b. Experimental procedure



The interaction of 9Cr steel samples with CO»-O> gas mixtures was studied at 550 °C in a total gas pressure
between 1 and 50 mbar. Compositions of gas mixtures used in that study are summarized in Table 1, with absolute

pressures quoted for room temperature.

Table 1 : Composition of the gas mixtures used in the corrosion tests

mbar/Test name 1CO» | 49CO; | 49C0Ox/10; | 10, | 150 | 10H,0-10; | 10CO,-102-x>H,0
Pcoz 1 49 49 / / / 10
Poa / / 1 1/ 15/ 1 1
Pu2o / / / / / 10 x=1,5,10
Exposure duration (min) | 240 240 20 or 240 20 20 240 20 or 240

The elemental composition of 9Cr steel (EM10 grade) is given in Table 2.

Table 2: Composition of 9Cr steel

Yowt Trade Name Fe C |Cr| Mo | Mn Si Ni Al
9Cr steel EM10 Balance | 0.1 | 9 | 096 | 0.49 | 0.41 | 0.05 | 0.004

Samples of dimension 20 x 9 x 0.1 mm were cut by electrical discharge machining from thicker EM10 grade plate.
No additional mechanical polishing of the sample surfaces was carried out, and they were all exposed in their as-
received state. The roughness of the sample surface was measured by laser interferometer. The average roughness
was about 1 um with 15 um deep zones induced by the electrical discharge machining process. After ultrasonic
cleaning in ethanol, each sample was weighed then inserted into the reaction chamber via a gate valve and
positioned in the colder zone of the reaction chamber near the stainless steel cross. Then, the reactor was pumped
down to 10”7 mbar at room temperature, the gas mixture injected at the desired pressure, the reactor heated to 550
°C and the sample moved into the hot zone. More details about the used experimental procedure is given in [10].
During each experiment, the evolution of the gas phase composition was measured by MS and the total gas pressure
in the reaction chamber was measured by capacitive gauges. In particular, all mass/charge (m/z) ratios
corresponding to CO, CO,, Hz, H>O and O» molecules composed of '*C, 2C, 2H, '°O and 'O atoms were carefully
followed. After reaction, the corroded sample were weighed and metallographically sectioned. The morphology,
composition and structure of the corrosion products formed on the sample surface and deeper in the substrate were
analyzed by various analytical techniques such as: X-Ray Photoelectron Spectroscopy (with or without sputtering
mode), Glow Discharge Optical Emission Spectroscopy, Raman Spectroscopy, Optical Microscopy, Scanning
Electron Microscopy with EDS detection and Transmission Electron Microscopy with EDS spectroscopy and

TEM-ASTAR mode [11] for a few selected samples on thin lamellae prepared by dual FIB-SEM microscopy.



The isotopic oxygen, carbon and hydrogen composition of the corroded surface were obtained on a few samples
by SIMS (CAMECA IMS 7F model). To optimize their detection, negative ion detection mode was selected. The
surface was scanned over 150%150 um? by primary Cs*ions with an impact energy of 15 keV and a primary beam
intensity of 40 nA. The diameter of the analyzed area in the center of the sputtered zone was 33 um. High mass
resolution mode was used (M/AM = 4000) in order to distinguish between atomic and molecular species detected

at a very close mass to charge ratio, in particular *C/'2C'H- and '#0O7/'OHy".

3. Results
a. Corrosion in pure CO:
i. 1CO:

Exposure of 9Cr steel to 1 mbar CO; for 240 min at 550 °C produced a mass loss of ~ 6 ug/cm? and a golden
colored sample surface. Consumption of 3C!'®1°0, and formation of '*C'°O molecules were observed (Fig. 1).
Simultaneously, the formation of '>C!®O was detected. Both observations, the mass loss and the formation of
12C16Q, proved that decarburization of the sample occurred through the reaction (R1) as proposed for mild steel

exposed to CO» [5]:
13COZ + 12Csolution - 12CO + 13C() (Rl)

This decarburization reaction was transient since the production of >C'°O was observed only during the first
minutes of exposure. Since the production rate of '*CO was much higher than that of '2CO, a large part of the '*CO

was produced by steel oxidation according to (R2).
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Fig. 1: Gas phase composition measured by MS during corrosion test 1CO».



Analyses of 9Cr steel surface by XPS in sputtering mode (Fig. 2) revealed the formation of a thin chromium-rich
oxide layer enriched slightly with aluminum and manganese (about 5 at%, not shown in Fig. 2). The presence of
metallic Cr and Fe in the oxide layer was due to the uneven oxide/metal interface during the sputtering of the 2
mm x 2 mm? surface by XPS.
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Fig. 2: Elementary profiles of 9Cr sample surface by XPS in sputtering mode after corrosion test

1COa,.

The (Cr/Fe+Cr) molar ratio in the oxide layer was about 70 at%. The ionization degree of chromium and iron at
the gas interface was analyzed by XPS (not shown). All chromium ions were Cr** and about 80% of iron ions were
Fe**, the other part being Fe?*. This composition suggests the formation of M»>O3 with M being mainly chromium
on the major part of the surface. The formation of Cr rich M»O3 has been confirmed by Raman spectroscopy (not
shown). From a GDOES profile (not shown), the oxide thickness was estimated to be lower than 50 nm which was
in good agreement with the measured '3CO'® molecule production. Thus, it was proposed that for 1CO test, an

oxide scale grew on the surface through the following reaction (R2):

3 BCI6160, + (2-x) Fe + x Cr — Fe,xCri03 + 3 *C1%0  (R2)

ii. 49CO:

Changes in gas composition during exposure of 9Cr steel in a higher pressure of CO», 49 mbar, at 550 °C for 240

min are shown in Fig. 3.
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Fig. 4: Oxidized and metallic iron and chromium profiles measured by XPS (sputtering mode) through 9Cr steel

surface after corrosion test 49CO,.

As observed in Fig. 3, the '*C'®1°0, (m/z = 45) pressure decreased slowly, '*C'°O (m/z = 29) formed
simultaneously and the total pressure in the reactor stayed constant. After reaction, the 9Cr steel surface was
slightly darkened. XPS analysis in sputtering mode revealed that a thin 50 at% chromium — 50 at% iron bearing
oxide layer formed on the surface (Fig. 4). The oxide thickness was estimated from the measured mass gain to be
about 250 nm. The Cr enrichment within the oxide layer was lower than the 80 at% of Cr enrichment obtained

after exposure in 1 mbar CO; and the oxide thickness higher.
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This time, the oxide layer was identified as Cr-rich Fe-Cr spinel oxide by Raman spectroscopy (not shown).
According to Fig. 4, the following average stoichiometry can be proposed: FeisCri504. On the basis of the gas

phase analysis, the steel oxidation reaction (R3) can be formulated as
4 3C16160, + (3-x) Fe + x Cr — Fe3xCrxO4 + 4 13C!°0 (R3),

The oxygen/carbon profiles and the '*C enrichment profile in the 9Cr sample surface were measured by SIMS and
are shown in Fig. 5 and 6 respectively. A slight depletion of '2C is detected below the oxide layer in good agreement
with the GDOES profile (not shown). In order to detect any transfer of '*C coming from *CO, molecules, the '*C
intensity due to the initial presence of carbon in unreacted 9Cr steel (natural isotopic abundance ratio 3C/(2C+'3C)
= 1.1 at%) was measured in a reference sample and subtracted from the *C intensity measured in the corroded
sample. '*C was detected in the reacted sample, both in the oxide layer and below the oxide scale. However, its
concentration was extremely low, and it could be only detected as a result of the high carbon sensitivity of the
SIMS apparatus. By considering that the intensity of '>C measured in the metallic bulk (around 2.7 x 103 count/s)
corresponds to 0.1 wt%, it is concluded that only a few tens of ppm by weight of '3C were transferred below the

oxide scale during reaction with 49CQO..
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Fig. 5: Oxygen and carbon profiles measured by SIMS on 9Cr steel surface after corrosion test 49CQO». The 13C
intensity was multiplied by 10.
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b. Corrosion in CO: with low concentrations of Oz (low Po2/Pco: ratio)

i. 49C02/10: for 240 min

The evolution of the gas phase composition during the exposure of 9Cr steel in 49 mbar 3C!%!°0; + 1 mbar

18180, at 550 °C is shown in Fig. 7.
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Two stages could be distinguished: stage 1 during the first 10 min and stage 2 from 10 min to the end of the
experiment (zoom in Fig. 8). During the first stage, ''80, molecules were consumed, '3C!%1°0, molecules were
consumed and "3C'®!80, molecules were produced. As shown in Fig. 8, the production rate of 3C'®!80; at this
stage was equal to the consumption rate of *C!%!°0,. No '3CO was produced in the gas phase during this first
stage. Then, after 10 minutes, once the pressure of %180, has decreased below 0.3 mbar in the reactor chamber,

13CO started to be produced accompanied by the consumption of *C'%!°0, molecules.
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These observations were very similar to those made during exposure of mild steel and iron in CO»/O; gas mixtures
[5]. It was proposed in [5] that '*C!%!60Q, and 3130, adsorb on the surface. Subsequently, *C!%1°0, molecules
dissociate to form adsorbed '°O and '3C!°0, and !®'80, molecules dissociate to form two adsorbed atoms of '20.
These '30 atoms either react with the metallic elements to form and grow oxide or combine with adsorbed *C!°0O
molecules to form *C!3160, gas species (similarly with *C!80 formed by !*C'#!80, dissociation to form
1BCISIS0,).

In order to know which proportion of 80 provided by the dissociation reaction of 130, reacted with *C'°0 to form
3C18.180), or oxidised metal, the production rate of m/z = 47 (!3C!%130,) and loss rates of m/z = 36 (*%!80,) were
compared. The absolute value of the rate ratio is shown in Fig. 9. As is seen, the oxidation of the sample by 30
atoms coming from O, molecules was important only during the first two minutes of exposure (the rate of
production of 1*C!#1Q, is less than 2 times the rate of consumption of '#!80, and one molecule of O, consumed
leads to the formation of two molecules of CO, from two molecules of CO when recombination is complete). After
two minutes, all '®0 atoms provided by dissociation of '®!30, molecules react with adsorbed *CO to form
13C16.180),, In consequence, only a small fraction of 80 delivered by '#!80, participated in the oxide growth. This
fraction was estimated from GPA to be less than 5 % of the total quantity of oxygen produced by '%180,

dissociation. This proportion is about twice that of the fraction of O in CO; (2 vol%).

The 9Cr sample surface was uniformly dark colored after exposure. Undoubtedly, a thicker oxide layer than the
one formed in pure 49CO; had grown. The oxide layer was observed by FESEM (Fig. 10): a duplex oxide scale
about 1.5 um thick is seen. This oxide thickness was quite in good agreement with the measured mass gain, the
oxide layer thickness suggested by GDOES profile (Fig.Fig. 11) and the consumption of oxygen atoms deduced

from the gas phase composition evolution in Fig. 7.
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Fig. 10: FESEM image of 9Cr cross section after Fig. 11: Atomic fraction of Fe, Cr, Mn, Mo and C
corrosion test 49CO,/1CO; for 240 min. measured by GDOES through 9Cr steel surface after
corrosion test 49C0O»/10..

Using Raman Spectroscopy, the outer layer was identified as magnetite (no hematite was detected on top of it) and
the inner layer as Fe;.<CriO4. The outer/inner oxide thickness ratio was roughly equal to 1. From GDOES analysis
of metal components (Fig. 11), the chromium molar fraction in the inner layer was roughly equal to that initially

present in the metallic substrate, about 10 at%. In consequence, the following average stoichiometry for the inner
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spinel oxide scale was proposed: Fe;4CrocO4. Moreover, no alloy chromium depletion was detected below the

oxide scale.

A clear and straight interface is visible between the outer and inner oxide scale layers (Fig. 10). This interface has
been shown to be the original substrate surface in past work on corrosion of 9Cr steel in CO; [1, 12]. It was
confirmed in this study by a complementary corrosion test on 9Cr steel with gold markers sputtered on its surface
before exposure (not shown): the gold deposit was indeed detected between the outer and inner layer. Clearly, the

inner oxide layer grew inwardly and the outer oxide layer grew outwardly.

Finally, the GDOES profile revealed carbon enrichment below the oxide scale. Thanks to SIMS analysis, it was
possible to discriminate between carbon coming from CO; ('3C) and carbon present in the substrate initially (*2C).
The net '*C fraction is presented in Fig. 12. This net '3C fraction is the '3C intensity measured by SIMS minus the
13C intensity induced by its presence in natural carbon (1.1 at% of total carbon intensity). '3C enrichment was
clearly observed below the oxide scale and into the inner part of the oxide scale at a lesser level (Fig. 12). The 30
profile in the oxide scale is also shown in Fig. 13. The 80 profile is quite flat through the oxide scale at a fraction
of 2 at %. This level of 130 is in very good agreement with the calculated level of 80 transferred into the substrate

from GPA.
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Fig. 12: SIMS profile across 9Cr surface after Fig. 13: SIMS measurements of %'®0 in the oxide scale.
exposure in 49C0O,/10; for 240 min. The natural isotopic abundancy of 0 in natural O is

0.2%.

ii. 49C02/10: for 20 min

The morphology, structure and composition of the oxide layer formed on 9Cr steel exposed for a shorter exposure
time, 20 min, was studied in more detail by TEM analyses. As shown in Fig. 14, a duplex oxide layer was formed
again. However, the ratio between the outer and the inner oxide thicknesses was about 3, much higher than after
240 min (ratio = 1). The 600 nm thick outer layer is seen to be compact with large columnar magnetite grains
(identified by diffraction) with a few large voids near the inner layer. The 200 nm thick inner oxide layer was more
complex in term of composition and microstructure: an intimate mixture of tiny Fes.xCrxO4 and Fe3O4 oxide grains
surrounded by nanometer sized voids (bright contrast in Fig. 14a)). The composition of the oxide layer was

measured by EDS-TEM. The average stoichiometry of the inner oxide scale was Fe;gCrj 204 revealing a higher
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chromium molar fraction than after 240 min of exposure (Fe24Cros04). The volume fraction of the tiny voids
present in the inner layer was calculated from Image J software (Fig. 15) to be between 7 and 9%. No chromium

depletion was detected in the substrate below the oxide scale.

(a)
Fig. 14: (a) Bright Field STEM-image and (b) TEM-ASTAR orientations along direction perpendicular to
interface metal/oxide map combined with index of the duplex oxide scale formed on 9Cr steel after exposure in

49C0,-10; at 550 °C for 20 min.

Min
fraction of
voids = 7%

Min
fraction of
voids = 9%

Fig. 15: Void fraction in the inner spinel oxide layer determined by Image Analysis by two different levels of

white for criteria.

The oxide composition and carbon enrichment from the environment (!3C) was determined by SIMS analysis (Fig.
16). Again '3C was detected in the metallic substrate with a maximum enrichment at the metal-oxide interface.
The % of 130 in the oxide scale was again homogeneously distributed in the oxide scale. Its fraction was slightly
higher than the one measured previously, 3% compared to 2 % (Fig. 17). This result is in good agreement with the
fact that the proportion of 80, among all CO, and O, molecules which reacted during this 10 min exposure is

slightly higher.
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¢. Corrosion in CO: with high concentrations of Oz (high Po2/Pco: ratio)

Corrosion of 9Cr steel was studied in environments containing varying fractions of O2: 49C0;-50;, 49CO;-100.,
49C0,-2005, and 40C0O,-400; (all partial pressures in mbar). After 240 min of exposure, it was observed that the
oxide scale formed in 49C0O;>-50; was similar in nature and microstructure to the one formed in 49CO»-10,, but

thicker. The molar consumption of oxygen atoms was quantified from GPA analysis from the following formula:

Total |An(0)| = 2|4n(0,)| + |An(CO)| (1),

Where An(0,) and An(C0O), the molar quantity of consumed O, and produced CO molecules are calculated from
the pressure evolution. The final consumption of oxygen was higher after reaction in 5 mbar than in 1 mbar O,
(Fig. 18). However, a closer examination of the oxidation kinetics showed that the oxidation rate within the first
fifteen min of exposure was quite similar for both gases. The main difference was that the oxidation rate did not
decrease significantly after fifteen minutes in 49CO»-50;. This observation can be linked to the continued presence
of O, molecules in the reaction chamber for a longer period, resulting in a delay in the formation of CO molecules

(by oxidising adsorbed CO to CO, molecules) and continued metal oxidation (Fig. 19).
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Fig. 19: Gas phase analysis during corrosion test in 49C0O»-50; at 550 °C for 240 min.

Interestingly, at higher pressure than 5 mbar of O in COs, the final measured mass gain after reaction for 20 min
started to decrease, and the amplitude of this decrease increased with the O, proportion (see Fig. 20). At these
higher pressures of O» in CO,, 9Cr steel surface was covered both by thick and thin oxide scale as described in
Section 3d. The lower the mass gain, the higher the proportion of thin scale on the surface. The thin scale was still
duplex, but the outer part was made of hematite instead of magnetite. Much less '3C was transferred when thin

oxide scale was formed (compare Figs. 12 and 21). The mass gain of 9Cr sample exposed in the binary 400;-
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40CO; environment was only 1.5 times higher than the mass gain observed in 15 mbar of pure O, (Fig. 20). Both
samples were covered by thick and thin oxide scale with the proportion of thick oxide scale slightly higher for the

sample exposed in 40C0O,-400,.
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Fig. 20: Mass gain of 9Cr sample after 20 min of Fig. 21: SIMS profile of the oxide scale formed on

exposure in various CO»/O; gas composition (mbar). 9Cr after exposure in 49C0O»-200, at 550 °C for 20

min.

d. Corrosion in pure O2

A 9Cr sample was exposed in 1 mbar O; at 550 °C for 20 minutes. Reaction kinetics are revealed by the gas phase
analysis shown in Fig. 22. Consumption of O, and production of CO, were observed revealing oxidation of the
carbon contained in the sample. After 20 minutes, about 0.7 mbar of the 1 mbar of O; initially present at room
temperature had reacted. Only 0.3 mbar of CO; had been produced, demonstrating that metal oxidation occurred
as well. The reaction rate of O, molecules was high within the first minute, but then decreased drastically as did
the production of CO,. Thus, both the oxide scale growth rate and the decarburization rate decreased after one
minute. The oxidation kinetics of 9Cr steel in pure O, and in CO»/O, mixtures are compared in Fig. 23. The
oxidation rate in 10, was much higher than in 49CO,-10, within the first minutes. But then, it decreased drastically

in 10, whereas the oxidation rate in 49CO»-10; was still high.
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measured by MS during the exposure of 9Cr steel in steel in 49C0O»-10; and in pure O, (1 and 15 mbar).
10 at 550 °C for 20 min. 106 mol of O/cm? corresponds to a 110 nm thick

equivalent Fe,Oj3 oxide scale.

Increasing the pressure of O; from 1 to 15 mbar decreased the mass gain after 20 min (Fig. 23). The oxidation rate

was slightly lower after 30 s but decreased drastically hereafter.

The oxide layer formed on 9Cr steel surface after exposure in 10, for 20 minutes was observed by TEM. The
oxide scale was quite heterogeneous in thickness and microstructure. Two different zones were clearly identified:
zone A, about 200-500 nm thick oxide described here as “thick oxide scale” and zone B, about 50-100 nm thick

oxide described as “thin oxide scale”.

The “thick oxide scale” (zone A) is shown in detail in Fig. 24. The morphology and microstructure of this oxide
layer were very similar to the oxide layer formed in 49CO;-10; (Fig. 14). The composition was also similar: the
outer scale was iron oxide only, the inner scale was a mixture of iron and chromium oxide and no chromium
depletion was evidenced below the scale (Table 3). However, there exists a major difference: the outer oxide scale
was hematite and not magnetite. The presence of hematite at the gas-oxide interface was confirmed by Raman
spectroscopy (not shown) and by XPS analysis (not shown) where only Fe’* could be detected. Moreover, the
inner Fe-Cr spinel oxide layer was richer in chromium than the one formed in 49C0O»-10,, with an average
stoichiometry approximating to FeCr,O4 from TEM-EDX analyses given in Table 3. Finally, this “thick oxide

scale” was thinner than the one formed in 49C0O»-10,.
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Fig. 24: (a) TEM-ASTAR phase map combined with index (green = hematite ; blue = magnetite ; red =

substrate) and (b) TEM-ASTAR orientations (along direction perpendicular to metal/oxide interface) map

combined with index of the oxide layer formed on 9Cr in zone A after exposure in 10, for 20 min.

Table 3: Fe and Cr composition (in at %) determined by TEM-EDS on Figure 22 (a)

(“thick oxide scale”, zone A)

Outer oxide layer | Inner oxide layer Metallic substrate
Analyzed area 1 and 2 3 4 5167|819
Fe (at %) > 99 39 30 91190 |90 |90 |90
Cr (at %) <1 61 70 10| 10 | 11 | 11 | 11

STEM images of the “thin oxide scale” (zone B) are shown in Fig. 25 where a duplex oxide scale is clearly visible.
The outer layer is again made of hematite, with chromium-rich oxide formed below it. An almost continuous gap
was observed below the chromium rich oxide separating physically the oxide scale from the metallic substrate. No

chromium depletion was detected in the substrate below the chromium rich scale from Fig. 24 and Table 3.

Porosity

Cr rich oxide b)

C’r rich oxide

a)
Fig. 25: Bright Field-STEM image of zone B (“thin oxide scale”) at two different scales.
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The proportion of “thin oxide scale” (zone B) was higher on sample exposed to higher Po> (15 mbar). This

observation is in agreement with the lower oxidation kinetics shown in Fig. 23.

e. Comparison of the oxidation kinetics of 9Cr, iron and mild steel in Oz and CO2-O>

Fig. 26 compares the oxidation kinetics of iron, mild steel, and 9Cr steel when exposed to O,, CO»-O; gas mixtures,
and He-O; at 550 °C for a duration of 20 minutes. The results obtained for iron and mild steel were extracted from

[5].

Interestingly, the oxidation rates of iron, mild steel, and 9Cr steel in 10, were equal for the first 30 seconds,
reaching approximately 2.8 pmol/cm*min equivalent to 300 nm/min (if considering Fe,O3 growth). However,
after this initial period, the oxidation kinetics diverged significantly between iron/mild steel on one side and 9Cr
steel on the other side. The oxidation rate of 9Cr steel experienced a drastic decrease, and only half of the O»
molecules in the reactor were consumed after 20 minutes, resulting in an oxide thickness of about 400 nm. This
led to the formation of a duplex oxide scale with hematite in the outer part and voids at the oxide/metal interface
as detailed previously. In the case of iron and mild steel, all O, molecules were consumed within the first two
minutes of exposure, resulting in an oxide scale thickness of around 650 nm. Only magnetite was detected, and

the scale remained well attached to the substrate.

In 49CO»-10,, the observed oxidation kinetics over the 20-minute exposure period were similar for all three
materials. The oxidation rate was approximately 80 nm/min for the first two minutes which is about four times
lower than in 10, and gradually decreased after longer times. After 20 minutes, the three materials reached a final
oxide thickness of approximately 600-700 nm. This result demonstrates that the presence of Cr had no effect at all
on the oxidation rate of the alloy in 49CO»-10, which differs strongly from what has been observed previously in

pure Oa.
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Fig 26: Oxidation kinetics (measured by the total quantity of oxygen moles consumed as a function of time)
within the first 20 min of exposure for mild steel and 9Cr steel exposed in 49C0O,-10,, 49CO; and 10, at 550

°C. 10® mol of O/cm? corresponds to a 110 nm thick equivalent Fe,Oj; oxide scale.

f. Influence of H20 in CO2/0>

The influence of water vapour on the corrosion behaviour of “as received” 9Cr foil sample was evaluated through
exposure tests at 550 °C for 20 min in 10C0,-0.50,-x>’H,O gas mixtures with increasing x values, typically 1, 5

or 10 mbar. The GPA results for the tests in 10C0»-0.50,-10°H,0 is shown in Figs. 27.
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Fig. 27: Gas phase composition measured by MS during corrosion test in 10CO,-10,-10?H,0 at 550 °C for 20

min.
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As is seen in Fig. 27, the reactivity of a Cr steel in 10C0O»-0.50,-10?H,0 is quite similar to CO,-O,. Both #1280,
(m/z = 36),"3C!%1°0, (m/z = 45) and ?H,'°0 (m/z = 20 and 19) molecules dissociated on the surface to form '*O,
160 atoms and *CO and *H, molecules. Almost all '*0 atoms reacted with CO and H, to form CO, (m/z = 47) and
H>0 (m/z = 21 and 22) again. The proportion of 30 atoms forming CO, molecules was higher than that forming
H,0 (85% and 15% respectively). CO (m/z = 29) and H, (m/z = 3 and 4) molecules were also formed. As observed
in CO»-O; gas mixtures, the proportion of released CO was much lower than CO, (m/z = 47) when O, was present
in the reactor. This was not the case for Hy (m/z = 3 and 4) and H,O (m/z = 21 and 22) which were formed at
almost the same rate. When O, was consumed totally in the reactor, only CO (m/z = 29) and H, (m/z = 3 and 4)

were produced.

9Cr steel formed a similar duplex oxide scale in structure such as shown in Figure 10 in all 10C0O,-0.50,-x*H,O
gas mixtures. The mass gain increased with increasing the partial pressure of x?H>O in the gas mixture. The mass
gain was about 30% higher in 10C0O-0.50,-10H,0 compared to 10C0O,-0.50,-12H,0. The oxide thickness of the

duplex oxide scale formed 10C02-0.50,-x?H,O gas mixtures for 20 min was between 0.6 and 0.8 pm.

Scale composition measured by SIMS with a particular focus on the incorporation of '*C and ?H, are shown in
Figs 28 to 31 for samples oxidized for 20 min in the various 10C0O»-0.50,-x?H,0 gas mixtures. Only duplex oxide
scale with the structure shown in Fig. 14 formed on the samples exposed in H>O containing CO»/O, gas mixtures.
A small fraction of the 9Cr surface exposed in 10CO»-O, was covered by thin oxide scale (as in Fig. 25), the other
part being covered by thick oxide scale which explains why two chromium peaks were observed in Fig. 28 (uneven

surface).

For the sample exposed in 10CO»-10», high amount of '*C was detected in the inner oxide layer and in the metallic
substrate below (Fig. 28) as for the sample exposed in 49C0O,-10; (Fig. 16). The amount of '3C transferred into
the substrate decreased with the increase of 2H,O pressure. Almost no carbon transfer occurred in 10CO,-0.50,-
10’H,0. Moreover, *H enrichment was clearly detected into the inner oxide layer, where chromium was present.
Interestingly, the 2H profile was quite similar to the Cr profile. Almost no 2H was detected in the outer magnetite
layer. The amount of H in the oxide scale increased with the increase of PH>O/PO; ratio. In a total pressure of 21

mbar, carburization was completely suppressed at a HoO/CO ratio equal to 1.

21



amen L0E0h La108 108 <

!
Total O Lntsod Lo e oo
L o) LAL08 LU L
§ - o % 13108 —
g Lokl ;- E nox0e ""-
s 100w
2 e § § wii
2 Lk z ! i LE o §
- = & T
K] s 2 i &
s et g Ao % 4
L0e0d o Lo e
orece it s -
L w0 une 0% s 050
Sputtering tinse (s} Sputtering time ()
Fig. 28: SIMS profile of the oxide scale formed on 9Cr after Fig. 29: SIMS profile of the oxide scale formed on
exposure in 10C0,-0.50; for 20 min. 9Cr after exposure in 10C0,-0.50,-12H,0 for 20 min.
’H intensity was multiplied by 10*.
Létvm | 1ot A L ) 2Mch
v j et Total O f:
1008 L <»n TMeT4
§ 1008 Y/ 0h é e
g woreor (F@ . = g 1% Y
\: ahe g a | e ) §
| ot LK ol § T 1am | 1000 5
= - = —
2 | wos £ : ww £
E3 F
d X 0s d - oreta
1ouar 7~
1008 . o4
; ) 13¢ ———
LOC00 - - ] (0000  N—— . aee0e
“ “u Lue e 1%0 160 1B Ko i e wc 1% 1 o L Hnow rac LI0 S
Sputtering time (v Sputtaring time {v)

Fig. 30: SIMS profile of the oxide scale formed on 9Cr after Fig. 31: SIMS profile of the oxide scale formed on
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22



4. Discussion
a. Preliminary remarks

A complex pattern of behaviour by the 9Cr1Mo ferritic-martensitic steel during oxidation in different gases at 550
°C has been revealed. The discussion commences with an examination of the Fe-Cr-O gas-solid thermodynamics,
which reveals that many of the reactions do not achieve local equilibrium and are instead kinetically controlled. A
brief summary of reaction product morphologies is then used to relate oxidation rates to the extent of chromium
enrichment in the scales. This is of importance to the different degrees of protection offered by the various scales,
and possible means of achieving better alloy performance. Gas phase analysis results are used in conjunction with
high resolution analyses of the corrosion reaction products to identify detailed chemical processes involved in the
gas-scale interactions. An oxidation scenario is proposed for all gas mixtures (pure CO,, CO, with low and high
pressure of O, and pure O»). Finally, the influence of H>O on the corrosion behaviour in CO,-O; gas mixtures is

examined.

b. Thermodynamics, Reaction Products and Kinetics

The various results reported here are summarized in Table 4. It shows that the corrosion behaviour of 9Cr steel in
CO»/0O; environments at 550 °C was strongly dependent on the CO,/O; ratio in the environment. As it will be
demonstrated, the corrosion behaviour and kinetics are strongly dependent on the oxidizing potential imposed at
the gas-oxide surface at any time and, more importantly, within the first instants of reaction since its value strongly
influences the nature, morphology and microstructure of the resulting oxide scale. From a thermodynamic point
of view, the CO», H20, O, or CO»/0./H,O gas mixtures used here can all form iron and chromium oxide and
oxidize carbon (Fig. 32). Nevertheless, very different corrosion behaviour patterns were observed as a function of
the gas phase composition and total gas pressure. In that sense, thermodynamic prediction of which oxide should
form is of limited use here, and the effect of the other chemical species, carbon and oxygen, must be taken into

account.
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Fig. 32: Equilibrium oxygen partial pressure imposed by a CO»/CO gas mixture as function of CO pressure (or
Ho pressure when considering H,O) compared to the equilibrium oxygen partial pressure for the main metallic
elements of 9Cr steel at 550 °C. The activities of all metallic elements were taken equal to their atomic fractions

in 9Cr steel. The activity of carbon was taken equal to 10" (from Thermocalc).
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Table 4: Description of the corrosion behavior of 9Cr foil as a function of gas composition,

H = Hematite ; S = Spinel ; M = Magnetite ; C = Corundum

Gas, exposure time Scale morphology and Oxide thickness Scale Cr content Feature Carburization
phases [Cr]/[Cr]+[Fe]
1 mbar Oz, 20 min Thick duplex oxide scale Thin : 50 — 100 nm Thin : Inner > 95 % Presence of large voids at the oxide /
(Outer = H ; Inner = S) Thick : 200 — 500 nm Thick : Inner = 70 % metal/interface
+ Thin duplex oxide scale
(Outer = H ; Inner = C)
15 mbar Oz, 20 min Thick duplex oxide scale Thin : 50 — 100 nm Thin : Inner > 95 % Proportion of the surface covered by the /
(Outer = H ; Inner = S) Thick : 200 — 500 nm Thick : Inner = 70 % thin duplex oxide scale twice that observed
+ Thin duplex oxide scale in 1 mbar
(Outer = H ; Inner = C)
1 mbar CO2,4h Single oxide scale, C 50 nm = 80 % / Very Low
49 mbar CO2,4 h Single oxide scale, C 250 nm =50 % / Very Low
49 mbar CO2 + 1 mbar Oz, Duplex oxide scale 600 nm Inner : = 67 % Porous inner spinel layer structure High
20 min Outer =M ; Inner =S
49 mbar CO2 + 1 mbar Oz, Duplex oxide scale 1.5 um Inner : =43 % Porous inner spinel layer structure High
4 h Outer =M ; Inner = S
49 mbar CO:2 + x mbar Oz, Thick duplex oxide scale Between 200 and 600 Thin : Inner > 95 % The proportion of the surface covered by Decrease with
20 min (Outer =M ; Inner = S) nm Thick : Inner =43 % the thin duplex oxide scale increased with the Po2/Pcoz
+ Thin duplex oxide scale 02/CO2 ratio ratio
(Outer = H ; Inner = C)
49 mbar CO2 + 0.5 mbar Thick duplex oxide scale between 600 and 800 Inner: =43 % Presence of H in the inner oxide scale Decrease with
02+ x mbar H20, 20 min (Outer =M ; Inner = S) nm the Pu2o/Pcoz

ratio




The details of solid-gas interaction are important as they determine which phases and microstructures form on

the steel surface. This leads to substantial differences in behavior of 9Cr steel in different gases.

c. Corrosion behaviour of 9Cr steel in pure COz

When exposed to pure CO, the steel formed a slow growing thin “single” Fe/Cr rich oxide scale (Fig. 2). This
oxide scale formation was accompanied by a small amount of transient decarburization of '>C initially present in
the steel and a very slight injection of *C from the gas phase. Decarburization in pure CO; is in good agreement
with previous observations made on iron and mild steel in pure CO; [10]. Nevertheless, for 9Cr steel,
decarburization is very slight and appears to be transient which was not the case for iron/mild steel. The reason for
this difference lies in the fact that 9Cr forms an oxide scale, whereas iron and mild steel formed no oxide.
Moreover, it was observed that the Cr/(Fe+Cr) ratio in the oxide scale increases with the decrease of Pcoz (50 at%
in 49 mbar against 80 at% in 1 mbar). At the lowest CO; pressure, 1 mbar, the most stable oxide forming elements,
Al and Si, which are minority components of 9Cr steel are present in the oxide scale in great quantity compared
to their very low concentrations initially in the substrate. These observations cannot be understood from a
thermodynamic point of view alone, since the oxidation of the major elements, Fe, C, Cr and minor elements Mn,

Al and Si are always possible, whatever the gas phase Pco» value (Fig. 32).

These observations demonstrate that the surface reaction and composition of the oxide scale are governed by the
rate of surface reaction of CO», a conclusion already reached [10] for reaction of CO with iron and mild steel. The
rate of dissociation of CO, is low and, in consequence, the availability of oxygen atoms free to react with the
surface is strongly linked to the p(CO,) value. The oxygen atoms produced by CO; dissociation react in the very
initial stage with all surface metal atoms capable of forming stable oxides. The resulting mix of iron and chromium
oxides can be kinetically unstable with respect to the underlying alloy. If oxidation is slow compared with alloy

diffusion, Cr can diffuse to the alloy surface, there to reduce iron oxide yielding Cr-rich oxide.

In low CO; pressure gas, the number of O atoms produced is very low and the most stable oxide forming elements
have time to diffuse from the metallic substrate to reach the surface and react when new O atoms are produced on
the surface. Such a scenario explains why Al- and Si-enriched oxide scale is preferentially formed in low Pcoa (1
mbar), and why the chromium enrichment in the scale is increased by decreasing Pcoz from 49 to 1 mbar. There is
a clear link between the rate of oxidation during the initial instant of exposure and the level of chromium
enrichment in the oxide scale. In higher CO; pressure (here 49 mbar), the number of dissociatively adsorbed O
atoms increases. In this situation, iron starts to oxidize since the diffusion rates of Al and Si are not fast enough to
reach the surface and react with and reduce the Fe-rich oxide. The higher concentration of Cr in the steel also
permits its enrichment in the scale, but not to the same degree as in the slower growing scale formed in 1 mbar

COs..

For 9Cr steel, decarburization appeared to slow down after the formation of the oxide layer on the surface which
differed, again, from mild steel exposed in pure CO,. Two reasons could explain this observation: either the
chromium rich oxide layer formed on 9Cr steel is more gas-tight than the iron oxide layer formed on iron and mild

steel and/or the activity of carbon reached below the oxide layer is so low that the decarburization rate becomes
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negligible. The first assumption is very likely as Cr,O3 has been demonstrated to be impermeable to carbon

diffusion [13].

d. Corrosion behaviour in CO: plus low pressure O:

i. Acceleration of initial oxidation rate

When O, was added to CO,, the corrosion behaviour of 9Cr steel was drastically altered. The steel formed a fast
growing, iron-rich duplex oxide scale whilst undergoing strong internal carburization. This corrosion behaviour is
the one usually observed by 9-12Cr steel in atmospheric or high-pressure industrial grade CO, at temperatures
below 600 °C [1, 9, 12, 4, 15]. As evidenced by Fig. 26, the oxidation rate of the duplex oxide layer formed in 49
mbar CO, with 1 mbar O, was high within the first minutes of exposure when O, was still present in the reactor,
about one order of magnitude higher than in pure CO,. Significantly, this fast initial oxidation rate was not
influenced by the presence of chromium, since roughly the same oxidation rate was observed for iron and mild
steel in the same environment (Fig. 26). The strong corrosion behaviour difference between reaction with pure
CO; and CO;, with 1 mbar O, can be explained by a surface reaction limited oxidation process during the first

instants of exposure.

The following scenario of oxide formation and growth is proposed. During exposure of 9Cr steel, the O, and CO;
molecules contained in the gas phase adsorb on the surface, dissociate and the generated atoms (O) or molecules
(CO) react again with each other and/or with the alloying elements (metallic elements and/or carbon). The number
of adsorbed O atoms available at any time to form oxide depends on many successive processes: the impingement
rates of CO, and O, molecules, their dissociative adsorption rate to form O atoms on the surface, the rates of
reaction of O atoms with other adsorbed molecules or atoms on the surface (such as CO molecules) and the rate
of incorporation into an oxide unit cell. All these events have been detailed in a previous study for exposure of
iron and mild steel in CO»-O, gas mixtures at 550 °C [10]. In that study [10], it was demonstrated that the oxidation
rate of iron was initially controlled almost exclusively by the dissociation rate of adsorbed O, and that adsorbed
CO; acted mainly by limiting O, access to the surface, since its dissociation rate was much lower. For iron and
mild steel, this oxidation regime where the dissociation rate of O, was the rate limiting step for oxide scale
formation was in effect until a 1.2 pm thick iron oxide was built, whereupon the limiting step of the oxidation rate

became outwards iron diffusion through the scale.

The similar oxidation rates of iron/mild steel and 9Cr steel during the first minutes of exposure suggests that the
same process occurs, that is to say that the initial oxidation growth is controlled by the dissociation of O, molecules
and that the diffusion properties of the formed oxide scale did not differ strongly between the one formed on iron
and mild steel and the one formed on 9Cr steel. Since the dissociation rate of O is much higher than that of CO,,
the oxidation rate of the surface is far higher than in pure CO; [10]. Thus, the presence of O, impurities in CO,

increases drastically the initial oxidation rate of 9Cr steel.

As seen from Fig. 32, the equilibrium partial pressure of 49C0O,-10 is far above that needed to stabilize iron and
chromium oxides. Thus, the questions of interest is how the very fast initial oxidation rate of the steel by O,
molecules in CO, impacts so much the Cr enrichment of the oxide scale, its morphology and its permeability for

carbon? To try to answer to these questions, an oxide growth mechanism involving several steps is proposed below.
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ii. Proposed oxidation mechanism for the formation of non-protective fast growing

oxide scale on 9Cr steel exposed to CO2-O2 gas mixtures

During the first instants of exposure at high temperature, the description of transient oxidation and the subsequent
microstructural evolution is similar to that given for reaction in pure CO, (Section 4c). Initial reaction causes
oxidation of all surface metal atoms. If the resulting structure grows slowly, Cr from the substrate has time to
diffuse to the surface and reduce Fe oxide, forming Cr-rich oxide and metallic Fe. However, if transient oxidation

is more rapid, the degree of Cr-enrichment achieved is less.

The concentration of adsorbed oxygen atoms increases with the value of p(O») in the gas mixture. If the free O
atom formation rateon the surface is lower or equal to the diffusion flux of metallic chromium from the alloy to its
surface, chromium oxide accumulates on the surface and protective corrosion performance is achieved. This is
what is observed in pure CO,, the dissociation of which yields the slow generation of free O atoms. If the supply
of free O atoms at the surface is much higher than the flux of metallic chromium coming to the surface to react,
then iron oxidize massively and iron oxide Fe3O4 builds on the surface. As Fe3Oy4 is known to grow fast outwardly,
a large concentration of iron vacancies are created in the metallic substrate below the oxide layer [16 - 20]. If the
substrate cannot annihilate fast enough this creation of iron vacancies, the critical iron vacancy concentration to
form voids is reached and voids form ultimately. Then, oxide forms in this “available volume” by penetration of
the oxidizing molecules (O, and CO,) according to the so-called “Available Space Model” (ASM) [16, 18, 19, 20]
re-named recently “Void-induced duplex oxide growth” [1, 12, 14].

In that model, the oxide grows both outwardly by reaction with the oxidizing gas phase at the gas-oxide interface
and inwardly by reaction of the oxygen-depleted gas phase with metallic iron and chromium to form oxide inside
the available space created by the formation of voids. Consequently, chromium atoms are “in-situ” oxidized (its
outwards diffusion is too low) and the outer-inner oxide interface corresponds to the initial 9Cr steel surface.
Oxidation of the metals at the oxide-steel interface by CO, molecules induces carburization of the substrate through
the generation of CO molecules which then react through the following Boudouard reaction as already proposed

in literature [1, 15, 21, 22, 23]:
2CO — C+CO; (R4)

It is then proposed that the filling of voids by oxide is possible as long as pathways for fast access of the oxidizing
molecules (CO; and O) into voids are available. The remnant porosity is maintained in the inner oxide layer, as
observed in Figs 14 and 15. This oxidation mechanism was first proposed by Gibbs for mild steel in dry CO» [16].
From quantified characteristics of the duplex scale observed by TEM (oxide thickness of the outer and inner oxide
scale, %Cr in the inner layer and void fraction), calculations were carried out to verify if the duplex oxide scale
formed in 49CO,-10; and observed in Fig. 14 grows according to the “Available Space Model”. A schematic of

the oxidation process is shown in Fig. 33.
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Fig. 33: Schematic of the “Available Space Model” for oxide growth.

To that purpose, mass balance was carried out on Fe (equation E1) and Cr (equation E2). It was assumed that the
interface between the outer and the inner oxide scale corresponds to the initial substrate surface (Fig. 33).
Moreover, it was assumed that the voids contain neither Fe nor Cr atoms. From these assumptions, the following

expressions were obtained:
Cre(9Cr) xV(9Cr) = Cp.(Inner Spinel Oxide) * [V (Inner Spinel Oxide) — V (void)]
+ Cp.(Fe30,) * V(Fe30,) (E1)
Ccr(9Cr) * V(9Cr) = Ccr(Inner Spinel Oxide) = [V (Inner Spinel Oxide) — V (void)] (E2)

with V(9Cr), (VInner Spinel Oxide), V(Fe;0,) and V (void) the volumes of the consumed metallic substrate,
of the inner spinel oxide layer, of the outer magnetite layer and the of the voids, respectively. The quantities
Ccr(9CT) (0.013 mol/cm®), Cr, (9CT) (0.12 mol/cm?), Cc,-(Inner Spinel Oxide), Cr, (Inner Spinel Oxide) and
Cre(Fe30,) (0.067 mol/cm?), are the chromium and iron concentration in 9Cr steel, the chromium concentration
and the iron concentration in the inner Fe-Cr spinel oxide and in magnetite respectively. The void fraction, f(void),

was obtained by dividing (E1) by (E2). The following expression E3 was obtained in one space dimension:

1
Cre(9Cr) Cpe(Inner Oxide Spinel) . Ccr(Inner Oxide Spinel)xh(Inner Spinel Oxide)
Ccr(9Cr) Ccp(Inner Oxide Spinel) ¢ Cre(Fe304)+h(Fe304) )

f(void) =1 —

(E3)

with h(9Cr), h(Inner Spinel Oxide) and h(Fe30,), the thicknesses of the consumed metallic substrate, the inner
spinel oxide layer and the outer magnetite layer respectively. The molar concentrations of Cr and Fe in the oxide

are related to the oxide stoichiometry through the following relations:

X

Ccr(Inner Oxide Spinel) = (E4)

VFe3_xCryx04

Cre(Inner Oxide Spinel) = VL (ES)

Fe3z_xCrx04

With Vi, cr.0,» the molar volume of the Fe-Cr spinel oxide taken equal to the one of Fe;0,, 44.7 cm*/mol and

x, the stoichiometric coefficient of the inner spinel oxide scale. Thus, Expression (E3) is re-written as:
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1
0.12 mol.cem=3 3—x)*(§*(h(1nner Spinel Oxide))
0.013mol.cm™3 «x 3 h(Fe304)

fvoid) =1 — (E6)

According to (E6), the fraction of voids in the inner spinel oxide layer is directly linked to the composition of the

).

h(Inner Spinel Oxide)
h(Fe30,4)

inner spinel oxide layer (x value) and the ratio of the inner/outer oxide thicknesses, (

The average experimental x value was determined from the %at Cr and %at Fe in the inner spinel layer measured

by EDS-TEM on many zones (Fig. 14) and the following expression E7:

%at Cr\¢*P x
=— E7
(%at Fe) 3—x ( )

h(Inner Spinel Oxide)
h(F€3 04)

From Fig. 14, x = 1.2 and the ratio of the inner/outer oxide thickness, ( ) is equal to 1/3 (200 nm

/600 nm). With all the uncertainties on measurement of the oxide thicknesses, % at Cr, % a Fe and by considering
a few large pores as well in magnetite, it was calculated that 3% < f(void) < 12%. The experimental value of
f(void) determined by image analysis in Fig. 15 was about 8-9 %. This experimental void fraction value is in

satisfactory agreement with the value expected from expression (E6).

It is to be noted that the relative thicknesses of the inner and outer oxide layers are not as expected. In longer term
experiments the ratio of the inner to outer layer thicknesses is 1.1 and the average inner layer stoichiometry
expressed by x has the value 0.6. It can be concluded that during the firsts 20 minutes of oxidation, the steady state

has not yet been reached.

Once the formation of the duplex oxide scale had started, that is to say with an outer iron oxide layer (magnetite
or hematite or both) and a mixture of Fe3O4, Cr rich Fe-Cr spinel and gas-filled pore space, its growth rate was
controlled by diffusion through the scale which in term depends upon the oxygen potential at the gas-oxide
interface and diffusion of iron through the scale. One difficulty is to know, at any time, the exact oxygen potential
at the gas-oxide interface, that is to say the concentration of adsorbed oxygen atoms free to react with the substrate
to form oxide. As mentioned previously, this value depends strongly on kinetics factors such as the impingement
rate of the molecules, their dissociative adsorption rate and the rate of reaction with other adsorbed molecules on
the surface such as CO. In 49CO,-0O,, during the first fifteen minutes when O, is still present in the reactor, the

minimum oxygen potential imposed at the substrate surface is greater than the one imposed by pure COo.

After the fifteen minutes long period, when all O; molecules in the reactor were consumed, CO was produced (no
recombination with O; to form CO; being possible) and accumulated in the reactor. Thus, the oxidizing potential
at the gas-oxide surface was established by a CO/CO, gas mixture. With increasing CO pressure, the oxygen
potential decreased drastically (Fig. 32). Therefore, the oxide growth rate decreased drastically as illustrated by
Figs 26. The presence of magnetite and absence of hematite at the oxide-gas interface after the test was in good

agreement with the thermodynamic prediction in CO/CO, gas mixture (Fig. 33).

When the O, pressure in CO» was instead 5 mbar (test in 49C0O,-505), the initial high oxide growth rate did not
decrease drastically at t = 15 min because O, molecules were still present. The formation of a CO,/CO environment
was postponed and, consequently, the high oxidation rate was maintained (Figs 18 and 20). However, it decreased
progressively with time. This observation could be explained by the progressive decrease of PO in the reactor or

more likely by the fact the rate limiting step of oxide growth switched from the dissociation rate of O, molecules
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to the diffusion of iron cations which also depends on PO, but to a lesser extent. Indeed, in 49CO»-50,, O> was
totally consumed and CO molecules started to be produced at t = 140 min (Fig. 16) but this event did not have a
drastic influence on the oxidation rate as was the case in 49CO»-10,. This last scenario was suggested to occur for

iron and mild steel in CO»/O- gas mixtures when the thickness of magnetite reached about 1.2 um [10].

e. Corrosion behaviour in Oz and in CO: with high pressure of O2

i. Corrosion behaviour in pure O:

As proposed in the previous part d.ii), the activation of the fast oxidation/carburization behaviour mode of 9Cr
steel in CO,-O> gas mixture is induced by a high initial surface oxygen potential which causes a high initial
oxidation rate of iron (very likely rate limited by O» dissociation as evidenced in [10] for iron), formation of high
concentrations of iron vacancies which condenses into voids, which make inward transport through the inner layer
possible. On this basis, the oxidation behaviour of 9Cr steel in pure O> would be expected to operate as in CO2-O,

gas mixture since the oxidizing power of O is even larger than in CO,-O; environments (Fig. 32).

To some extent, this was the case: a duplex scale made of an outer iron oxide and an inner chromium-iron rich
oxide formed without any Cr depletion in the metallic substrate below the oxide scale (Figs. 24 and 25). Thus, the
morphology of the oxide scale was close to the one formed in CO,-O, environments on some parts of the surface
(“thick” oxide scale”, Fig. 24), but differed on other parts which developed a much thinner chromium-rich oxide
scale (“thin” oxide scale, Fig. 25). By looking carefully on the morphology and the composition of the oxide scale,
it could be noted that, after exposure in 1 mbar O, a gap is observed in between the oxide scale and the substrate
(Fig. 25). It is not clear from the available evidence whether this gap is due to vacancies created by oxidation or
simply scale/metal mechanical separation. Moreover, the chromium concentration in the inner spinel oxide was
much higher than after exposure in CO,-O, forming an average stoichiometry of FeCr,O4 or even richer in
chromium, to be compared with Fe; gCr;204in 49CO,-10,. This higher concentration in chromium after exposure
in pure O, could be explained according to the ASM. Indeed, at 550 °C, chromium atoms are almost immobile
[18] and the chromium concentration in the inner oxide layer is, according to the ASM, a consequence of iron
depletion due to outwards iron oxide growth mainly. Since faster outward growth of iron oxide occurred in pure

0,, more depletion of iron would occur at the oxide/metal interface.

Except during the first minutes of exposure, the observed oxide growth rate was much lower in pure 1 mbar O,
than in 49 mbar CO, — 1 mbar O, (Fig. 26). The reasons for this beneficial effect of O, on the oxidation rate of 9Cr
steel are of obvious interest and is discussed. There are three factors that lead to slower oxidation rate. Firstly, the
continuous Cr rich inner oxide layer slows transport of iron. As a result of the slowed transport of iron, magnetite
is transformed into hematite. Hematite could have been formed without any need of the formation of inner
chromium rich oxide layer and only because of the higher oxidizing potential of pure O, (Fig. 32). The presence
of hematite could have decreased the oxidation rate as well. And finally, the oxidation rate could have decreased

drastically because of the separation of metal and oxide in many parts of the surface.

Very interestingly, Fig. 26 shows that the rate of oxidation of iron, mild steel and 9Cr in 1 mbar O, was equal
within the first minute of exposure but then was much higher for iron and mild steel. Since the impingement rate

of O and the dissociation rate of O, are assumed to be equal for the tests on iron/mild steel and 9Cr steel, it is
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expected that the oxidation rate would be the same for the three alloys. This is exactly what was observed within
the first minute of exposure. But the consequence of this very fast oxidation rate differed strongly between
iron/mild steel and 9Cr steel in the following minutes of exposure. In the latter case, the fast oxidation of Fe led to
Cr enrichment in the inner layer, consequent formation of a Cr-rich inner oxide layer and separation of the oxide
and the metal in many parts of the surface. Iron and mild steel succeeded in maintaining a good oxide/metal
adhesion, probably by moving the oxide-metal interface more easily (better plasticity of the oxide). The formation
of voids at the oxide/metal interface may be strongly linked to the ability of the substrate to annihilate metal

vacancies, as proposed by Gibbs [16], Robertson et al. [18] and Atkinson et al. [19].

ii. Corrosion behaviour in CO: with high pressure of Oz

When the O,/CO; ratio in the gas environment was increased, the oxygen potential on the surface is increased and
the formation of hematite is favored from the very first instants of exposure on some parts of the sample: some
parts of the surface are covered by “O; like” protective oxide scale and some other parts by “CO, like” non-
protective oxide scale. The surface fraction of the protective oxide scale increased with the O»/CO; ratio in the gas

mixture.

f. Influence of H20 in CO2-0O:

The reactivity of 9Cr in CO»-O,-H>O gas mixtures was very similar to what has been observed in CO»-O, gas
mixtures (part 3 b)).

First, a thick iron rich duplex oxide scale formed on the surface of 9Cr steel, with the same structure and
morphology as the one formed in CO»/O» gas mixture. This observation is in agreement with a previous study [24].

Secondly, the GPA showed that all molecules, O», H,O and CO, participated to the oxide growth. Similar
reactions between atoms and molecules than the ones observed in CO»-O, gas mixtures occurred on 9Cr surface.
The O> molecules dissociated fast on the surface and the produced '®0 atoms recombined, not only with CO to
form '3C'31°0,, as it was the case in CO,-O, gas mixtures, but with H, coming from H,O dissociation as well to
form 2H,'%0 respectively. Interestingly, less produced H, than CO molecules recombined with '®0 atoms whereas
both initial H,O and CO, pressures were equal, 10 mbar (Fig. 27). This observation could be explained by the
more reducing power of CO than H». Indeed, the equilibrium constant of dissociation of CO» (to form 0.50, and
CO) is about 4 times higher than H,O (to form 0.50, and H»). They were calculated to be 4.1 10" bar and 1.4 10°
13 bar respectively at 550 °C [25].
H; and CO molecules were also produced during 9Cr oxidation in 10CO,-0.50,-xH>0 gas mixtures even when O,
was present in the reactor. This observation differed with what was observed in 49CO;-10;, where no CO was
produced. This difference were very likely due to the lower O, pressure in the used gas mixtures which disfavored
the recombination of all produced CO and H; molecules. The much higher rate of O, consumption than CO and
H; production confirmed that O, was the main oxidizing species during the growth of the transient oxide scale in
initial stages of exposure. When O, was totally consumed in the reactor, the molecules that participated to the

growth of the oxide layers was H>O and CO; with the production of H; and CO.
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Finally, adding H,O in CO;-O; has a strong impact regarding carburization. The carburization rate of 9Cr
steel decreased with the increase of Pu2o/Pco» pressure in the gas mixture. This important phenomenon has already
been evidenced on 9Cr steel by Abellan et al at 550 °C [8] and Gheno et al. at 650 °C [9]. In the ASM, it is
proposed that the oxidizing molecules such as O, H>O and of course CO, diffuse through the oxide scale via “high
diffusion pathways” such as cracks to reach the oxide-metal interface. For Ni, Atkinson demonstrated that this
cracks are formed in oxide grain boundaries preferentially [19]. Then, these oxidizing molecules react with the
metallic elements present on the surface of the voids. The reaction of CO, with the metallic elements produces CO
molecules which then induces carburization through the Boudouard reaction. To explain the beneficial influence
of water molecules against carburization, it is proposed that H>O preferentially adsorbs on the surface of the voids
and limits CO, and/or CO reaction. Indeed, Anghel et al.’s has demonstrated that HO molecule has a much
stronger adsorption power than O, and other molecules such as N», H or CO [26]. The preferential adsorption of
H>0 over CO has also been demonstrated in [27]. Since we have demonstrated that O, react preferentially to CO,,
it is justified to propose that CO; has a much lower adsorption power than H,O as well. The fact that hydrogen
was massively detected in the inner Fe-Cr spinel layer are in good agreement with this scenario of CO»/H,O
adsorption competition. This region was exactly where was observed the accumulation of carbon after exposure
to CO,/O; gas mixture. In consequence, it could be proposed that the hydrogen accumulation was provoked by the
reaction of the water molecules in the inner layer during the ASM. Once transferred in the oxide scale, hydrogen
accumulated, then, in the Cr rich oxide region and not the iron rich oxide, very likely due to its higher affinity with
chromium than with iron [28]. The absence of H in the outer magnetite layer might also be explained by the fact
that magnetite grows at the gas/oxide interface and, in consequence, the produced H, molecules desorb into the

gas phase favorably.

5. Conclusions

The following conclusions can be proposed for this study:

= The corrosion behavior of 9Cr steel in CO»/O2/H>O gas mixtures at 550 °C was analyzed by Gas

Phase Analysis using isotopic molecules in order to probe all gas-gas and gas-solid reactions.
= All molecules, CO;, H,O and O, reacted with the 9Cr surface to form a transient oxide scale.

= The composition and structure of the transient oxide scale was determined by the surface

reaction rate of 9Cr steel at the very beginning of the test, during the first minutes of exposure.

= The formation rate of the transient oxide scale was clearly controlled by the rate at which the
gas phase supplies adsorbed oxygen atoms, and in consequence, depends strongly on the partial

pressure of Oy.

= In pure CO,, 9Cr oxide steel formed a slow growing oxide scale with a Cr rich oxide due to the

low oxidizing power of CO,.

= In CO; containing a low amount of O, the oxidation rate of 9Cr was drastically increased by the

high oxidizing power of O, molecules. In CO»/O; gas mixture, almost all oxygen atoms created
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6. Funding

by the dissociation of O, on the surface recombined with the formed CO molecules created by
CO, dissociation to form again CO> molecules. The oxidation rate was strongly increased
compared to pure CO. Only the use of labelled molecules could demonstrate this non obvious
reaction scheme. In that gas mixtures, fast growing duplex iron rich oxide scale formed with a
microstructure consistent with the “Available Space Model”, accompanied by strong

carburization.

In pure O,, the oxidizing power of the gas is even more increased, and a thin duplex oxide scale
made of inner chromium very rich oxide and outer hematite is formed. Oxidation was, initially,
much faster than in the CO,/O, gas mixtures, in agreement with the faster supply of adsorbed
oxygen atoms, but was stopped very quickly. The slower rate could be explained by the
separation of the oxide scale from metal and/or the formation of outer hematite and inner

chromium rich oxide layer that both decreased iron diffusion.

In CO; containing a high amount of O, thin and thick duplex oxide scales, such as the one

observed in pure O; and in CO; with low amount of O,, were formed.

The oxidation behavior of 9Cr observed in H,O containing CO,/O, gas mixtures was similar to
CO> containing low amount of O, gas mixtures with a quite similar reaction scheme on the

surface, but less carburisation.

Adding H>O to carburizing CO,/O; gas mixtures decreased the carburization rate of 9Cr steel
and transferred hydrogen into the inner Cr rich oxide layer. The carburization rate decreased
with the increase of H,O/CO; ratio in the gas mixture. These observations were very likely due

to the strong adsorption of some H>O-derived species in the inner oxide layer.
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