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Introduction

Gas Phase Analysis (GPA) equipment using mass spectrometry and isotopically labelled gases has been shown to be a straightforward and reliable tool for studying gas-gas and gas-solid interactions [START_REF] Anghel | A gas phase analysis technique applied to in-situ studies of gas-solid interactions[END_REF]. In particular, it is a powerful technique for measuring the kinetics of chemical reactions between gases and solid such as oxidation and hydration, the dissociation of gas molecules on a solid surface or the outgassing of solid materials and permeation of gases through membranes. The objective of this paper is to demonstrate the considerable benefits of using a GPA facility in understanding the mechanism of metal corrosion in gas environments. By combining GPA with another isotope sensitive technique, SIMS, the measured compositional changes in the gas phase can be linked to the composition of the reaction products. The power of this facility is demonstrated using the example of iron and mild steel reacted with CO2, CO2/O2 and O2 at 550 °C.

Corrosion studies using Gas Phase Analysis 2.1 Experimental apparatus

The experiments are conducted in a Gas Phase Analysis facility (GPA) such as that described in detail in [START_REF] Anghel | A gas phase analysis technique applied to in-situ studies of gas-solid interactions[END_REF]. A schematic diagram of the current facility is shown in Figure 1. This apparatus consists of three main parts: an almost completely closed (see below) reaction chamber, a gas handling system and a quadrupole mass spectrometer (QMS) within an ultra-high vacuum (UHV) chamber.

The reaction chamber is a 0.4 m long silica tube connected to a stainless steel cross. The total volume of the reaction chamber is 188 cm 3 . This volume was accurately determined by a specific oxidation test in which a zirconium foil was exposed to 5 mbar of pure O2 at 700 °C for 15 min. The pressure decrease of O2 in the reaction chamber was determined by a capacitive pressure gauge at ambient temperature at the end of the test, and the reactor volume V determined using the ideal gas law equation:

= * (1) 
With the reactor volume, the pressure decrease measured during the test at room temperature, R the universal gas constant, T the room temperature and Δn the molar change in O2(g), calculated from the mass gain of the oxidized sample at the end of the test.

Silica tube is chosen as the tube material because it showed negligible reactivity or gas release during operation. One end of the tube is externally heated by a movable furnace positioned on a rail. The isothermal zone length (± 5 °C) is about 4 cm. One branch of the stainless steel cross is connected via a gas dosing valve to an UHV chamber containing the MS. The used MS is a quadrupole provided by INFICON ® (Transpector 2 H100M model). The UHV chamber is pumped continuously with a turbomolecular pump down to 10 -9 mbar. The lower the pressure in the UHV chamber, the better is the detection limit of the MS. During an oxidation experiment, the gas dosing valve is slightly opened to transmit small quantities of reaction chamber gas to the mass spectrometer. The sensitivity and measurement accuracy for gas partial pressures is improved by connecting the gas dosing valve directly to the ionization chamber of the MS via a stainless steel capillary, as proposed in [START_REF] Anghel | A gas phase analysis technique applied to in-situ studies of gas-solid interactions[END_REF].

In the experiments presented here, the pressure decrease in the reaction chamber induced by the gas leak to the UHV chamber was about 0.02 mbar/h. This very slow gas leak allows analysis of the reaction gas composition at any time during the experiment, without altering the gas conditions. Under the conditions used (with the Faraday cup mode for the MS), the signal intensities of the molecular ions created in the MS with specific ⁄ ratio (with m the mass of the ionic molecule and z, its charge) are proportional to the partial pressures of the gas molecules of mass m in the reaction chamber:

⁄ = ⁄ (2)
with ⁄ , the signal intensity of the molecular ion of specific ⁄ ratio measured by the MS, ⁄ , the linear coefficient and , the partial pressure of the molecule of mass m in the reaction chamber.

Calibrations for the

⁄ values were carried out immediately before each experiment using the procedures detailed by Anghel et al [START_REF] Anghel | A gas phase analysis technique applied to in-situ studies of gas-solid interactions[END_REF].

The total pressure of the reaction chamber is measured at room temperature by three absolute capacitive pressure gauges (full scale: 1 mbar, 10 mbar and 100 mbar) fitted to the stainless steel cross. The advantage of using capacitive pressure gauge is that the measured pressure is independent of the nature of the gas and is, in consequence, measured very accurately. The remaining branch of the stainless steel cross of the reaction chamber is connected to a gas handling system. Controlled amounts of isotopically labelled gases are injected into the reaction chamber until the desired pressure is reached. For the present work, a bottle of 18,18 O2 and a bottle of 13 C 16,16 O2, supplied by Eurisotop ® , were used. The exact isotopic compositions of the 18,18 O2 and 13 C 16,16 O2 bottles were measured by MS. They contained, respectively, about 10 vol% of 16,18 O2 molecules and 1 vol% of 13 C 16,18 O2 as their main impurity.

The isotopic carbon and oxygen compositions of these two gases were chosen to differentiate (by MS in the gas phase or subsequent SIMS analyses of the reacted sample surface) oxygen atoms coming from O2 molecules ( 18 O) from oxygen atoms coming from CO2 molecules ( 16 O), and carbon atoms coming from the metallic sample ( 12 C) from carbon atoms coming from CO2 molecules ( 13 C). Before experiments with the steel samples, a blank test was carried out at reaction temperature, but without any sample in the reaction chamber. No change in the gas composition was observed, confirming that any such change during a corrosion experiment resulted from reactions with the steel sample.

Experimental procedure

The interaction of A37 mild steel and iron samples with CO2, CO2-O2 and O2 gas environments was studied at 550 °C in total gas pressures between 1 and 50 mbar. Mild steel and iron contained a carbon concentration of 1050 ± 12 ppm and 25 ± 12 ppm by weight respectively (measured by combustion, using a LECO ® machine -IR). Rectangular samples were machined from A37 plate. Their dimensions were of size 15-18 x 6 x 1.1 mm. 7 x 20 x 0.14 mm iron foil was used. No additional mechanical polishing of the sample surfaces was carried out. All experiments are listed in Table 1.

After ultrasonic cleaning in ethanol, each sample was weighed, inserted into the reaction chamber via a gate valve and positioned in the cold zone of the reaction chamber near the stainless steel cross. The reaction chamber was pumped down to 10 -7 mbar at ambient temperature for 1 h, then at 550 °C for 1 h again in order to outgas the reaction chamber walls. After removal of the hot furnace, the reaction chamber was filled with the desired gas mixture at room temperature and the leak valve adjusted. At this stage, the linear coefficient relating the MS signal to the reaction chamber gas pressure, ⁄ , was measured for O2 and CO2.

In most cases, the gas phase was then heated as fast as possible by sliding the hot tube furnace over the reactor while the sample was still in its cold zone. Once the gas temperature in the reactor stabilized (after about 10 min), the furnace was removed again, the mild steel sample transferred magnetically from the cold zone into the hot zone and the furnace repositioned over the isothermal zone. This last procedure was carried out as fast as possible (less than 10 s) so that the temperature of the gas phase did not decrease significantly (< 10 °C). This moment was taken as reaction time zero.

During the corrosion test, the signal intensities for all mass/charge (m/z) ratios from 1 to 50 were measured. The signal intensities corresponding to CO (28, 29 and 31), CO2 (45 and 47) and O2 (36, 34, and 32) molecules composed of 13 C, 12 C, 16 O and 18 O atoms were carefully followed. After reaction, the corroded sample was weighed with a precision of 10 µg.

The isotopic composition of the corrosion products formed on a few samples was analyzed by SIMS (CAMECA ® IMS 7f model). To optimize the detection of oxygen and carbon, negative ion detection mode was selected. The surface was scanned over 150*150 µm 2 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 µm. High mass resolution mode was used to distinguish between atomic and molecular species detected at very close mass/charge ratios, in particular 13 C -/ 12 C 1 H -and 18 O -/ 16 OH2 -. The exact measured mass resolution, M/ΔM, between 12 C 1 H -and 13 C was 3400. The intensities of iron and chromium (present as an impurity) were also measured during sputtering.

Technique validation and corrosion of iron and mild steel in pure O2

The evolution of gas composition during exposure of mild steel in 1 mbar O2 at 550 °C for 20 min is shown in Figure 2. Comparison of the total gas pressure, arrived at by summation of all partial pressures measured by MS, with the capacitance gauge results yields excellent agreement. This confirms that the gas leak system provides unbiased sampling of the reaction chamber atmosphere.

The consumption of O2 (both 18,18 O2 and 16,18 O2) was very fast: all O2 molecules were consumed within the first two minutes of exposure. The sample surface was darkened, revealing the formation of iron oxide on its surface. Analysis of the surface product by XRD revealed the presence of magnetite, Fe3O4, only on the iron surface. Interestingly, 12 CO2 molecules with both oxygen isotopes ( 16 O and 18 O) and, to a lesser extent, 12 C 18 O, were also produced showing that decarburization of the samples (the only available source of 12 C) occurred as well. Thus, the following main reactions with O2 are proposed to occur on the sample surface:
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with & ' ( , the carbon in solution in mild steel.

As seen from the MS quantification of CO2 production, about 25% of the O2 molecules oxidized carbon. The remainder reacted with the steel surface to form iron oxide. Using ∆ * + = 0.75 mbar for the latter process, together with the known value of V reactor , one calculates from Eq (1) the change in mol number of O2, ∆n(O2), in the course of the steel oxidation reaction. Normalised to the specimen surface area, S, the result is ∆n(O2)/S = -2.97 ,mol cm -2 . The weight of oxygen uptake, ∆m(O), is then calculated using the average molecular weight of oxygen for the experimental mixture of 95 atom % 18 O, 5 atom % 16 O. The oxide thickness, X, is calculated assuming it to be pure, dense and stoichiometric Fe3O4:
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where M(Fe3O4) and 4(Fe3O4) are the molar weight and density of magnetite.

The final calculated oxide thickness is about 0.5 ± 0.1 µm. This calculated oxide thickness is in good agreement with the oxide measured from Scanning Electronic Microscopy (SEM). It is of interest that the decarburization reaction (4) did not stop, even after several hundred nanometers of oxide had formed on the steel surface. Evidently, a carbon-bearing species was able to escape through the oxide.

Production of CO2 and CO ceased only when O2 molecules were no longer present.

The overall mass gain for the steel specimen is calculated from the combined oxygen uptake, measured by O2 consumption, and carbon loss, measured by CO2 and CO production. ) and Δp( 12 CO) via Eq [START_REF] Anghel | A gas phase analysis technique applied to in-situ studies of gas-solid interactions[END_REF]. The result found in this way was 0.065 mg cm -2 , in good agreement with the direct gravimetric measurement of 0.070 mg cm - 2 .

Measurement and calculation results are summarized in Table 1, along with those for other experiments described below. In the last row of Table entries, the differences between the two methods for calculating mass change are expressed as a percentage of the gravimetric measure. In the three experiments with oxygen in the gas, agreement is good; in the two experiments conducted with mild steel in pure CO2, it is not. In the latter two cases, however, mass changes are exceedingly small, of the order of the sensitivity of the gravimetric measurement (10 µg). As discussed below, GPA is probably more useful than weight change measurements in cases of decarburization in the absence of oxidation.

GPA is also a powerful technique for measuring the isotopic make-up of an oxide scale. To demonstrate this, pure iron was oxidized at 550 °C for 50 min in 15 mbar of the 18,18 O2 gas. According to MS quantification, this bottle contains 90 mol % of 18,18 O2 and 10 mol % of 18,16 O2, corresponding to 95 ± 1 at % of 18 O. As expected, the two oxygen molecules were equally likely to react with the iron, and their partial pressures decreased together during reaction (Figure 3). Subsequent analysis of the entire oxide scale by SIMS (Figure 4) yielded an average value of 93 ± 1 at% of 18 O. This very good agreement confirms, in agreement with Hultquist et al. in [START_REF] Hultquist | Secondary ion mass spectrometry analysis of iron oxides with known 18 O-16 O contents[END_REF], that GPA is also an accurate technique for quantitative measurement of reaction product oxide isotope content.

In addition, reaction of the small amount of carbon impurity present in iron with O2 molecules was revealed through the formation of 12 C 18,18 O2. The other 12 C bearing gas species evidenced in the previous test for mild steel in 1 mbar O2 (Fig. 2) might also have been produced, but their intensities were below the detection limit. This additional decarburization reaction explained why the pressure in the chamber was not null at the end of the test, after consumption of all O2 molecules. Again, as previously observed for mild steel in 1 mbar O2, decarburization was not stopped by the growth of oxide scale on the iron surface. It only stopped when all O2 molecules in the reaction chamber were consumed. The formation of a 6 ± 0.5 µm thick magnetite scale was evidenced on the iron surface by SEM and Raman analyses. The oxide thickness was in good agreement with the oxide thickness calculated by Eq (5).

Results

Corrosion of iron and mild steel in pure CO2

Mild steel was exposed to 5 mbar 13 CO2 and the temperature increased from room temperature to 700 °C at a rate of 7 °C/min. The evolution of gas pressure and composition are shown in Figure 5. As the gas was heated to about 500 °C, it expanded but its composition remained unchanged, and p( 13 C 16,16 O2) remained equal to the total pressure. From 510 °C, the production of 12 C 16 O and 13 C 16 O was detected. Their rates of formation were equal and increased with temperature. After the experiment, the mild steel specimen was still bright metallic in colour: no visible oxide layer was formed under 5 mbar CO2 even at temperatures as high as 700 °C.

The detection of equimolar isotopic CO production, one with 12 C (coming from mild steel) and one with 13 C (coming from the 13 CO2 gas) results from the reaction:
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Accordingly, p( 13 C 16,16 O2) should decrease simultaneously with CO production. Indeed, CO2 consumption was observed, but only at T ≥ 640 °C. This apparent discrepancy is due to the much lower sensitivity of GPA to pressure changes in the major species in the reaction gas. Moreover, in this temperature ramp experiment, p(CO2) increases with temperature independent of any reaction, further decreasing the detection sensitivity for CO2 consumption. In the GPA configuration used here, the detection limit for CO molecules (10 µbar) corresponds to a detection limit for carbon loss of 1 µg equivalent to roughly 1 ppm (in weight) for the particular mild steel specimen.

Isothermal exposures of mild steel in 1 and 5 mbar 13 CO2 at 550 °C, a temperature at which decarburization was observed in Figure 5, were carried out for 20 min and 200 min respectively (Figures 6 and7). Again, the mild steel sample only decarburised (Eq. 7), as shown by the equimolar production of 12 C 16 O and 13 C 16 O molecules. This was confirmed by the observation of bright, unoxidized steel surfaces after reaction. In these isothermal exposures, the 13 CO2 consumption was observed simultaneously with the CO production, a result differing from that in Figure 5. Consequently, the total pressure deduced from the pressures of all gas species detected by the MS (CO and CO2) is in good agreement with the total pressure measured in the reaction chamber by the capacitive pressure gauge.

The weight evolution of the sample is determined from the GPA analyses through the following equation:
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Steel specimen weight losses calculated from the measured 12 CO production are in reasonable agreement with the directly measured but less accurate weight loss (Table 1). As shown in Figure 8, the rate of decarburization of mild steel during the first minutes of exposure is higher in 5 mbar than 1 mbar CO2. If the kinetics of carbon loss in the first 2 min of reaction are approximated as linear, rates are estimated as 0.05 and 0.02 μmol cm -2 min -1 for reaction in 5 and 1 mbar CO2, respectively.

When pure iron was exposed to a higher CO2 pressure, 70 mbar, for 180 min, 13 CO formation was detected without any formation of 12 CO (Figure 9). Moreover, the iron sample surface after reaction was dark colored, and XRD analysis of the surface revealed the formation of magnetite, Fe3O4. Thus, under this CO2 condition, decarburization was negligible and the main reaction was oxidation of iron according to [START_REF] Valette | C40E steel oxidation under CO2: Kinetics and reactional mechanism[END_REF]:
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The measured mass gain of iron after exposure was in good agreement with the value calculated from the amount of 13 CO produced in the chamber using reaction (9) (Table 1).

Corrosion of iron and mild steel in CO2 + O2 mixture

A preliminary blank experiment was performed at 550 °C using a CO2-O2 mixture, with no metal sample present. Monitoring of all gas species by MS confirmed that isotope exchange was negligible. This establishes that homogeneous gas phase reactions are slow, and that the quartz reactor wall had no effect on gas molecule dissociation at this temperature.

The evolution of gas phase composition during exposure of mild steel to 5CO2-1O2 and 49CO2-1O2 (pressures in mbar) at 550 °C is shown in Figures 10 and11, respectively. As is seen, 18,18 O2 and 13 C 16,16 O2 start to be consumed immediately, whilst 13 C 16,18 O2 is produced simultaneously. Interestingly, the total amount of 13 CO2, including all isotopic variants, in the reaction chamber remains constant during this initial period even if its isotopic composition was modified. After about 2 minutes in 5CO2-1O2, 13 C 16 O starts to be produced as well. The amount of CO produced after 20 minutes in 5CO2-1O2 is very low (< 20 µbar). It is much higher, about 1.1 mbar, at the end of the much longer 49CO2-1O2 experiment. No 12 CO or 12 CO2 was observed at any time, indicating that steel decarburisation did not occur, unlike the case of reaction in pure CO2 or pure O2. Similar gas phase composition evolution were observed during exposure of iron to 5CO2-1O2 (Figure 12), 5CO2-5O2 (Figure 13) and 49CO2-1O2 at 550 °C (not shown). The formation of 13 C 18,18 O2 was significant in 5CO2-5O2 but not detected in 5CO2-1O2. Fe3O4 was detected on the surface of iron and mild steel at the end of all tests.

As is clear from the blank experiment, all gas composition changes resulted from interaction with the sample surface, which was oxidized during these exposures.

Gold markers were sputtered onto the mild steel sample before exposure in 49CO2-1O2 in order to identify the initial steel surface and the oxide growth direction. As seen in the SIMS profile (Figure 14), the gold markers were detected in the inner part of the iron oxide scale, at or near the scale-metal interface after reaction in 49CO2-1O2. This was confirmed by the FESEM image (Figure 15) of the reacted sample cross-section. Interestingly, the gold markers were positioned on two different lines parallel to the oxide metal interface: exactly at the oxide-metal interface and about 200 nm above it.

A rather low (3 to 4%) and relatively constant 18 O concentration profile was measured in the oxide scale by SIMS (Figure 14) after exposure in 49CO2-1O2. The 18 O concentration was slightly higher in the inner part of the oxide. From the SIMS profile, the composition of this inner oxide part was also quite different from the composition of outer part of the oxide scale. This oxide region was very likely the one existing in between the two gold marker positions shown in Figure 15. Enrichment of both 12 C, the carbon isotope initially present in mild steel, and 13 C, the carbon isotope coming from CO2 is seen in the inner oxide. The intensity of 13 C shown in Figure 14 was carefully calculated by subtracting the intensity of 13 C originating from the abundancy of this isotope in natural carbon (about 1.1 at%) from the measured 13 C intensity. Thus it is clear that transfer of 13 C from 13 C-bearing gas molecules into the inner part of the oxide scale had occurred. Of course, 12 C was also detected in the metallic substrate.

Isotopic exchange of oxygen between CO2 and the iron oxide scale

In order to better understand the formation of 18 O bearing CO2 molecules during metal oxidation by 13 C 16,16 O2/ 18,18 O2 gas mixtures, the isotopic exchange rate between CO2 and the oxygen contained in an iron oxide scale was measured. To that purpose, iron was first oxidized in 5 mbar of 18,18 O2 until complete consumption of O2, producing a 2 µm thick oxide scale (estimated from calculation). Whilst the temperature was maintained at 550 °C, the reaction chamber was pumped out then refilled with 5 mbar 13 C 16,16 O2 and the subsequent interaction between this gas and the preoxidized sample monitored.

Plots in Figure 16 of absolute values of changes in partial pressures, |Δpi,| show consumption of C 16,16 O2 and formation of 13 C 18,16 O2, revealing oxygen exchange between CO2 molecules and the iron oxide scale. Rates are compared with the corresponding quantities measured during exposure of iron in 5 mbar 13 C 16,16 O2 -5 mbar 18,18 O2 in Figure 13. The rate of oxygen exchange between CO2 and the preformed oxide scale is about 5 times lower than the one measured when 13 C 16,16 O2 and 18,18 O2 were injected together to react simultaneously with iron. This experiment demonstrates clearly that oxygen exchange occurs between CO2 and the oxide scale, and that this phenomenon must be taken into account in the deduction of oxidation mechanisms from observations of changes in oxygen isotope abundances.

Discussion

Reaction Products

The pattern of reaction products formed by a mild steel in the different gases is of interest. In low pressure pure oxygen (1 mbar), the steel simultaneously oxidized and decarburised. Iron does the same but with a much lower decarburization rate since it contains carbon only at the impurity level. In low pressure nominally pure CO2 (1 and 5 mbar), steel decarburised, but did not oxidize. Interestingly, at higher pressure of CO2 (70 mbar), iron did oxidize. Finally, mild steel exposed in CO2 + O2 gas mixtures oxidized and carburised.

These different outcomes are not explained in any simple way by the thermodynamics of the Fe-C-O system. In Figure 17, the oxygen pressures required to oxidize carbon (at the steel carbon activity, aC = 2.6, as estimated using ThermoCalc) and iron (aFe = 1) are compared with those supplied by the different gases. Clearly, in 1 mbar of O2, mild steel is expected to form iron oxide and decarburise, even at the low oxygen activity in effect at the Fe/Fe3O4 interface, just as was observed. However, the mixtures of 5 or 49 mbar CO2 with 1 mbar O2 provide essentially the same oxygen pressure at thermodynamic equilibrium, and might at first sight be expected to produce the same reaction outcomes. However, whilst iron was oxidized, carbon (within the steel) was not reacted, and instead, carbon from CO2 was transferred into the sample.

The difference is due to the availability of carbon from the gas. Although pure CO2 is decarburising, the steel is not in contact with the gas after formation of iron oxide. Instead, it is in contact with the underside of the scale, where not only is the oxygen activity much lower, but the carbon activity is higher [START_REF] Gheno | Carburisation of Ferritic Fe-Cr Alloys by Low Carbon Activity Gases[END_REF][START_REF] Rouillard | Corrosion of 9Cr Steel in CO2 at Intermediate Temperature II: Mechanism of Carburization[END_REF][START_REF] Young | Non-steady state carburisation of martensitic 9-12%Cr steels in CO2 rich gases at 550 °C[END_REF][START_REF] Nygren | Effect of sample thickness on the oxidation and carburization kinetics of 9Cr-1Mo steel in high and atmospheric pressure CO2 at 550 °C[END_REF]. The effect is to reduce the driving force for Reaction (4), and indeed bring about its reverse, carburization. As evidenced in Figure 14, transfer of 13 C from the gas into the inner oxide zone did take place. The presence of 12 C and chromium, both originating from the steel in this inner oxide, together with the presence of gold markers above it, show that the inner oxide part of the oxide scale had grown inwards. Not only does the advancing oxidation front lead to encapsulation of 12 C from the steel, but additional 13 C from the gas is deposited in this region.

During reaction with low pressure pure CO2, no oxide was formed and no enhancement of carbon activity at the steel surface was possible. In that sense, the decarburization of steel in CO2, but not in CO2+O2 is understandable. The question, then, is why does pure CO2 not oxidize the steel at low pressure (1 and 5 mbar) but at 70 mbar CO2 oxidizes iron ? The dashed lines in Figure 18 plot the variation in gas phase oxygen potential with pCO in nominally pure CO2. To prevent iron oxidation, a value of pCO ~ 0.6 mbar is required in 1 mbar CO2 and ~ 3 mbar in 5 mbar CO2. Decarburisation of the steel did produce CO, but at significantly lower levels (Figures 10 and11) than are required to make Fe3O4 unstable. In consequence, the explanation is kinetic rather than thermodynamic.

Earlier studies on iron oxidation in CO2/CO mixtures at much higher temperatures showed that the oxidation kinetics were linear [START_REF] Pettit | The mechanism of oxidation of iron in carbon monoxide-carbon dioxide mixtures[END_REF][START_REF] Pettit | Transition from the linear to the parabolic rate law during the oxidation of iron to wüstite in CO-CO2 mixtures[END_REF], being controlled by dissociation of CO2 on the surface. This result was also observed on mild steel [START_REF] Valette | C40E steel oxidation under CO2: Kinetics and reactional mechanism[END_REF]. It was also found that the expected equilibrium p(O2) values were not achieved [START_REF] Smeltzer | Kinetik der Bildung von wüstit-schichten auf eisen[END_REF][START_REF] Grabke | Kinetik der Sauerstoffübertragung aus CO2 an die Oberfläche von Oxyden[END_REF]. At the low temperature of the present experiments, CO2 dissociation is even slower. Consequently, the only reaction taking place at the gas-metal interface at any time is decarburisation via Reaction [START_REF] Pettit | The mechanism of oxidation of iron in carbon monoxide-carbon dioxide mixtures[END_REF] which is much faster than the oxidation of iron via Reaction [START_REF] Valette | C40E steel oxidation under CO2: Kinetics and reactional mechanism[END_REF].

Decarburisation of the steel occurs as long as the rate of Reaction ( 5) is faster than that of Reaction [START_REF] Valette | C40E steel oxidation under CO2: Kinetics and reactional mechanism[END_REF]. This it typically the case for mild steel, when diffusion in the metal is fast enough to provide sufficient carbon at the surface. In the case of iron reacting with 70 mbar CO2, however, the surface decarburisation reaction is faster (because of the higher CO2 pressure, see below) and the supply of carbon from the metal cannot be maintained. The value of aC at the iron surface is consequently reduced to the point that reaction (4) stops. The competing reaction [START_REF] Valette | C40E steel oxidation under CO2: Kinetics and reactional mechanism[END_REF], although slow, is still thermodynamically favoured, and becomes the only surface oxidation process.

Decarburisation Kinetics

Mild steel decarburises both in 1 mbar O2 and in 1 mbar CO2. The decarburisation kinetics in both environments are shown in Figure 18. It is seen that decarburisation is much slower in CO2 than in O2, demonstrating that the rate of decarburisation in CO2 cannot be controlled by carbon diffusion in the steel, at least during the first minutes of exposure. Furthermore, the decarburisation rate slightly increased with the increase of CO2 pressure between 1 and 5 mbar, indicating the importance of the gas-solid interaction in controlling the rate. Calculation of the linear rates over the first 2 min of reaction (Section 4.1) showed that the rate at 5 mbar CO2 was about 2.5 times greater than in 1 mbar CO2. Thus the rate was not proportional to p(CO2), indicating that reaction ( 7) is not a simple, singlestep process. The simplest possibility is that CO2 adsorption is a dissociative process on the bare (unoxidized) steel surface, requiring two adsorption surface sites s: 

In the absence of any other gas species, the equilibrium concentration of adsorbed oxygen, [ 16 O-s], is given by

F -G (A H = I ( ⁄ [G] L* + M.N (11) 
with [G], the concentration of free adsorption sites, I, the thermodynamic equilibrium constant and L* + , the partial pressure of CO2.

If the decarburisation rate is controlled by [ 16 O-s], then it is predicted to be proportional to p(CO2) 0.5 . For the data in Figure 8, the initial rate in 5 mbar CO2 is then expected to be 2.2 times faster than in 1 mbar, in reasonable agreement with measurement. Surface reaction mechanisms are explored further in the following Section.

At longer times, the decarburisation kinetics observed in CO2 are more difficult to model since the reaction involves several processes: dissociation of CO2, carbon diffusion and dissolution of cementite which contains much of the carbon within the steel. Analysis of this problem is beyond the scope of the present paper.

Reaction mechanism for mild steel in CO2/O2

Mild steel and iron in 49 mbar or 5 mbar CO2 with 1 or 5 mbar O2 both oxidize. The steel also carburises (carbon transfer was not checked in iron). To explain the observed evolution of the gas phase composition in Figures 10 to 13 and to propose a global reaction scheme, all possible reaction steps involving CO2/O2 molecules on the oxide surface are identified. They are listed in Table 2, where the symbol s represents a surface site. Since no 12 C bearing gas molecules, 12 CO2 or 12 CO, were detected during these experiments, no steps involving 12 C (coming from the steel) are listed. For simplicity, only the principal gas species initially injected into the reaction chamber, 13 C 16,16 O2 and 18,18 O2, are mentioned (thus 13 C 18,16 O2 and 16,18 O2 are ignored).

Reactions ( 16) and ( 17) also involve interaction with oxide lattice defects, iron vacancies or interstitials. As these species are not dealt with in this paper, they have not been specified. Of course, the reverse of reactions ( 14) and ( 15) can also occur. Since, however, they lead to no net change, they are ignored. Finally, it should be noted that carburisation of the metal occurs in the long term [START_REF] Oleksak | Materials Performance in CO2 and Supercritical CO2[END_REF], but has been omitted from the reaction scheme show above: oxidation of iron is the main process described here.

From the observations plotted in Figures 10 to 13, it is proposed that 13 C 16,16 O2 and 18,18 O2 first adsorb on the surface through reactions ( 12) and ( 13). Subsequently, 13 C 16,16 O2 molecules dissociate through reaction ( 14) to form adsorbed 16 O and 13 C 16 O, and 18,18 O2 dissociates through reaction [START_REF] Bouhieda | Selective oxidation of chromium by O2 impurities in CO2 during initial stages of oxidation[END_REF]. The resulting adsorbed 18 O atoms either react with iron to form and grow oxide (reaction (17)) or combine through reaction (19) with adsorbed 13 C 16 O molecules derived from reaction ( 14) to form 13 C 18,16 O2 gas species (similarly with 13 C 18 O formed by 13 C 18,18 O2 dissociation to form 13 C 18,18 O2, see Figure 13) .

In addition, adsorbed 13 C 16 O (and 13 C 18 O) can also react with 18 O contained within the outer part of the oxide scale (oxygen isotopic exchange) as shown in Figure 16. Finally, CO can also desorb to form 13 C 16 O(g) through reaction (18). Production of CO in the gas, observed mainly in 49CO2-1O2 (its production was very low in 5 mbar CO2), corresponds to CO2 reduction and iron oxidation. The rate of desorption of CO molecules decreased with the increase of O2/CO2 ratio in the gas phase, and was slower in 5CO2/1O2 than in the 49CO2/1O2 mixture (Figures 10 and11). This different rates of CO desorption in the two gas mixtures reflects different relative rates of reactions ( 18) and (19).

In principle, adsorbed oxygen atoms formed by reactions ( 14) and ( 15) can also recombine to form molecular oxygen (reaction (20)). However, the resulting increase in p( 16,18 O2) is never observed, and reaction (20) is concluded to be unimportant in these experiments.

It will now be argued that reactions [START_REF] Backhaus-Ricoult | Defects and cation diffusion in Magnetite[END_REF], ( 15) and (17) to form iron oxide from O2 molecules are predominant in the early stages of reaction of steel in CO2 -O2 mixtures. The production and consumption of all species detected in the reaction chamber are shown as molar quantities per unit steel surface area, Δn, in Figures 19 to 21 for mild steel in 5CO2-1O2 and 49CO2-1O2 and for iron in 5CO2-5O2. For convenience, absolute values are plotted, but of course Δn( 13 C 16,16 O2) and Δn( 18 O from O2) are negative as these species are consumed.

To evaluate the proportion of 18 O (coming from O2) which combines with adsorbed CO or participates in steel oxidation, the molar rates of 18 O production in CO2 molecules and 18 O consumption from oxygen molecules are calculated from the p vs t data, and their ratio plotted in Figures 19 to 21. This ratio increases within the first five minutes of exposure from about 0.4 in 5CO2-1O2 (Figure 19), and 0.3 in 49CO2-1O2 after 1 minute to a constant value (Figure 20), 1, at times of five minutes or longer. This final constant ratio of 1 indicates that all 18 O atoms coming from 18,18 O2 (and impurity 18,16 O2) molecules participate in CO2 formation through reaction 19, and do not participate any more in oxide scale growth.

This 18 O transfer into CO2 does not mean that iron oxide growth stops: it grows, but instead via uptake of 16 O produced by CO2 dissociation (reactions 12, 14 and 16). Indeed, 13 CO must be produced first on the surface to allow the continued formation of 13 C 18,16 O2 (Figure 20). On the other hand, during the first five minutes of exposure, the ratio of 18 O appearing in CO2 to total 18 O consumption is lower than 1, meaning that O2 molecules do participate in iron oxide formation (through reaction 17) at this stage.

Recalling that no steel decarburization occurs in these gas mixtures, it is recognized that the total molar amount of oxygen removed from the gas to form solid oxide is given by:

OCPQR | <( )| = 2| <( )| + | <(& )| (22) 
The molar amount of the 18 O isotope removed from the gas to form solid oxide is calculated from the amount of molecular oxygen lost from the gas less the amount reappearing as carbon dioxide:

T <= (U >T = 2T <= (U,(U >T + T <= (U,(A >T -T2 <=& (U,(U >T -V <=& (U,(A >W (23)

The evolution of 18 O level in the iron oxide is calculated from expressions ( 22) and ( 23) and reported in Figures 19 to 21 as a function of time (curve labelled " 18 O/total O in oxide scale"). The highest ratio is measured at times near zero, confirming the strongest participation of O2 in oxide formation during the first seconds of reaction.

During the first 10 s of exposure, about 45 ± 5 % and 70 ± 5 % of the oxygen atoms in the oxide layer formed on mild steel surface comes from reaction with 18 O2 in 49CO2-1O2 and 5CO2-1O2 respectively. This value is higher, about 90%, when the O2/CO2 ratio in the binary gas mixture is increased (5CO2-5O2 in Figure 21). The 18 O levels in the iron oxide mentioned previously are much higher than the proportions of 18 O in the initial CO2/O2 gas mixtures which are 2%, 20%, 50% respectively. After 5 minutes, the 18 O level (%) in the iron oxide had decreased to 60% in 5CO2-5O2, 30% in 5CO2-1O2 and 4% in 49CO2-1O2. These lower 18 O concentrations resulted from oxygen isotopic exchange between C 16,16 O2 and 18 O contained in the oxide scale (reactions 14 and 21) and additional oxide growth by reaction with C 16,16 O2 (reactions 14 and 16). The value of 4% calculated from GPA analysis after exposure in 49CO2-1O2 is in very good agreement with the value in the oxide scale measured by SIMS (Figure 14). This reconfirms the high potential of GPA for measuring the isotopic make-up of an oxide scale. The differences between the 18,18 O2/C 16,16 O2 ratio in the gas phase and the ratio 18 O/ 16 O incorporated into the scale in the very early stage of exposure reflect differences in adsorption and/or molecular dissociation rates. To determine the relative importance of these factors, a kinetic analysis is required.

Oxidation Kinetic modelling

The oxidation kinetics of mild steel and iron could be determined from the pressures measured by GPA and equation (21). They are shown for mild steel exposed in 5CO2-1O2 and for iron in 5CO2-5O2 in Figures 19 and21 respectively. In the first minutes of exposure in both tests, the metal oxidation kinetics corresponded exactly to the kinetics of 18 O consumption from the gas phase. Some of the 18 O was consumed directly by iron oxide growth (reaction 17); the remainder reacted with 13 C 16,16 O2 via ( 14) and ( 19) to form 13 C 16,18 O2 and 16 O-s, and the latter species grew more iron oxide. Similar observations were made in all experiments carried out in CO2-O2 gas mixtures. The oxidation kinetics of iron in O2 and CO2/O2 binary mixtures are shown in Figure 22.

As observed in Figure 22 and more clearly seen in Figure 19 and 21, the oxidation rate was linear for the first minutes of reaction in all experiments. These observations suggest that the oxidation rate of iron and mild steel within the first minutes of exposure is very likely related to the rate at which O2 molecules dissociate and react on the surface. Moreover, 5CO2-1O2 and 49CO2-1O2 (or 15O2 and 15CO2-15O2) had almost the same oxygen partial pressure, but the gas with higher CO2 pressure produced a slower Fe oxidation rate than the low CO2 pressure. Thus, CO2 hindered the O2 reaction. This must reflect the fact that CO2 decreased O2 adsorption on the oxide surface (by competitive adsorption), and itself reacted more slowly with the scale than O2.

In order to investigate the validity of this hypothesis, elementary kinetic modelling of the experimental data was carried out assuming several sequential steps leading to oxidation of iron. First, it is assumed that the species which reacts with the scale to form new oxide is adsorbed O atoms, 16 O or 18 O. Both oxygen atom production processes operate simultaneously, through adsorption and dissociation of CO2 (reactions 12 and 14) and O2 (reactions 13 and 15) respectively.

The oxidation rate of iron, X Y , can be written as following:

X Y = Y (Z (A*[' +Z (U*[' ) (24) 
With Y , the rate constant of iron oxide formation (reactions 16 and 17) and Z \ , the fraction of adsorption sites occupied by species i.

The time rates of change in the molar amount of adsorbed O species, 16 O and 18 O, are defined by the following equations, considering all relevant processes identified in Table 2:

] = * ^_ ['> ] = 2 (N `Z* [' Z ' -(N Z (U*[' -(% Z (U*[' Z L*[' -Y Z (U*[' ( 25 
) ] = * ^a ['> ] = (% `ZL* [' Z ' -(N Z (U*[' Z (A*[' -(% Z (A*[' Z L*[' -Y Z (A*[' (26) 
With <(@), the molar amount of species i, \ `and \ the forward and reverse reaction rate constants.

No formation of 16,18 O2 could be detected in the tests. Instead, the abundant formation of C 16,18 O2 was clearly evidenced. In consequence, (N ≪ (% which makes the second term in ( 25) and ( 26) negligible compared to the third term. The very fast recombination of CO with O (high (% ) compared with the rate of dissociation is consistent with the expected low dissociation equilibrium constant of CO2. 

At steady state,

Solving expression ( 27) and (28) at steady state for Z (U*[' and Z (A*[' gives:

Z (U*[' ≈ e ^f g h i+jk h k (e lm ne ^1 o h pijk ) (29) 
Z (A*[' ≈ e ^1 g h pi+jk h k (e lm n e ^1 o h pijk ) (30) 
We assume that the adsorption of CO2 and O2 are at equilibrium:

Z L* [' = I ( L* Z ' (31) Z * [' = I ($ * Z ' (32) 
with I ( and I ($ , the adsorption equilibrium constants for CO2 and O2 respectively. Combination of (29)-(32) then yields:

Z (U*[' ≈ e ^f g q ^0r i+ h k + (e lm ne ^1 o h pijk ) (33) 
Z (A*[' ≈ e ^1 g q ^+r pi+ h k + (e lm ne ^1 o h pijk ) (34) 
In the first few minutes of exposure, before any significant level of adsorbed CO is formed, the conservation of the number of adsorption sites on the surface gives:

1 ≈ Z ' + Z L* [' + Z * [' (35) 
From which Z ' (the fraction of free adsorption sites) is determined:

Z ' ≈ ( ((nq ^+ pi+ nq ^0 i+ ) (36) 
Thus, the oxidation rate of mild steel and iron in CO2/O2 in the first instants of exposure in CO2/O2 binary gas mixture is given by the following expression:

X Y ≈
e lm (e lm ne ^1 o h pijk ) t e ^f g q ^0 i+ ne ^1 g q ^+ pi+ u ((nq ^+ pi+ nq ^0 i+ ) + (37) Interestingly, it was observed in the tests that the oxidation rate of iron was roughly equal to the rate of O2 consumption during the initial two minutes of reaction. The iron oxidation rate during the initial instants of exposure can thus be approximated as:

X Y ≈ e ^f g q ^0 i+ ((nq ^+ pi+ nq ^0 i+ ) + (38)
Three unknown parameters appear in expression (38): the adsorption equilibrium constant of O2, I ($ , its dissociation rate constant, (N ` and the adsorption equilibrium constant of CO2, I ( . Substituting the partial pressures and oxidation rate values measured during the first 30 s of exposure in all tests shown in Figure 22 into expression (38) leads to the solution I ( = 50 ± 5 and I ($ = 330 ± 70 for pi expressed in bar. The adsorption constant for O2 is clearly higher than that of CO2, by a factor of 5 to 7.

The dissociation rate constant for adsorbed O2, (N `, was determined by fitting as best as possible all the oxidation kinetics of iron shown in Figure 22 by expression (38). The fits are shown in Figure 23.

A dissociation rate constant (N ` equal to 3.3 ± 0.03 10 -7 mol/cm 2 /s is determined.

As observed in Figure 23 and more clearly visible in Figure 24, the oxidation kinetics simulated from expression 38 overestimates the measured oxidation kinetics in oxygen-rich gases 15O2, 15O2-15CO2 and 5CO2-5O2 after about 1.5 minutes of exposure, when the iron oxide thickness reaches 1.2 ± 0.2 µm for the three samples. In all three tests, Fe3O4 was the only oxide to form. A very likely scenario is that the transport of the diffusing species through the oxide scale, iron [START_REF] Backhaus-Ricoult | Defects and cation diffusion in Magnetite[END_REF], becomes the rate limiting process once this critical oxide thickness is reached. However, this is not the case for CO2-rich gas mixtures, which are dilute in O2. They are rapidly depleted in O2, so that surface oxidation by CO2 becomes rate limiting.

After about 20 min reaction in 49CO2-1O2, O2 has been completely consumed and, in consequence, the gas mixture is essentially a CO2/CO binary mixture. As observed in Figure 25, the oxidation rate of iron is drastically decreased in this environment. In the period of slow linear kinetics, little CO2 is consumed, and the small amount of CO produced can be ignored.

In this situation, the only adsorbed species are CO2, CO and O, the first being abundant and the latter two sparse. Reaction ( 14) is then approximated as being at equilibrium, and

Z *[2 ≈ Z L*[2 = y I ( I (% L* + Z 2 (39) 
In consequence, the oxidation rate is that of Reaction ( 16):

X Y = Y y q ^+q ^1 pi + =(nq ^+r pi+ n y q ^+q ^1 pi + > (40) This oxidation rate expression is the maximum oxidation rate that can be obtained in CO2, assuming that no CO molecules accumulate in the reaction chamber.

The resulting expression yields the fit shown in Figure 25 from the I ( value determined previously and the optimised constant Y yI (% = 2.2 x 10 -8 mol cm -2 s -1 . The success of this procedure was verified by using the same parameter values to predict the corrosion rate of iron at a much lower L* + value after depletion of oxygen. As seen in Figure 26, the prediction is successful for a 5 mbar CO2 -1 mbar O2 gas mixture.

The kinetic modelling of iron oxidation in CO2/O2 then in CO2 that has been proposed demonstrates clearly that O2 oxidizes iron much faster than CO2. This result may also explain the strong influence of O2 added to CO2 at the % level [START_REF] Quadakkers | Oxidation of metallic materials in simulated CO2/H2O-rich service environments relevant to an oxyfuel plant[END_REF] or even at the impurity level [START_REF] Bouhieda | Selective oxidation of chromium by O2 impurities in CO2 during initial stages of oxidation[END_REF] on the corrosion behaviour of chromium steels.

Conclusions

The technique of Gas Phase Analysis (GPA) using isotopically labelled gases is a powerful technique for identifying the gas-metal and gas-gas interactions in reactions of iron and steel with mixed CO2-O2 gases. Its accuracy was verified by comparing gas phase compositional changes during metal oxidation with the weight and thickness of oxide developed and its isotopic makeup. Its sensitivity is superior to that of gravimetric measurement in cases where steel decarburises without oxidizing. At 550 °C, mild steel reacts with O2, CO2 and CO2-O2 gas mixtures to yield differing reaction products. On this basis, it is concluded that in the short term, the gas-solid interface does not achieve local equilibrium, and interfacial kinetics play an important role.

In low pressure O2, mild steel decarburises and oxidizes, in agreement with thermodynamic predictions. Mild steel keeps on decarburising when an oxide scale of several hundreds of nanometers is formed on the surface. In view of the negligible solubility of carbon in these oxides, this demonstrates the gas permeability of the oxide scale. In low pressure CO2, mild steel decarburises but does not oxidize, whereas both phenomena are thermodynamically favorable. This is due to the low dissociation rate of adsorbed CO2, and its faster rate of reaction with solute carbon than with iron. When exposed to CO2-O2 gas mixtures, mild steel forms iron oxide, but also carburises. Carburization is explained by the transport of carbon species through the oxide scale and the resulting increase in carbon activity near the oxide-metal interface. Using simple kinetic modeling, it is demonstrated that both 18,18 O2 and 13 C 16,16 O2 molecules participate in oxide formation. Nevertheless, the oxidation rate of iron is initially controlled almost exclusively by the dissociation rate of adsorbed O2. In this regime, adsorbed CO2 acts mainly by limiting O2 access to the surface. In CO2-rich oxygen dilute mixtures, molecular oxygen is consumed relatively quickly and slow oxidation by CO2 becomes rate controlling.
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 2 Figure 2: Gas phase composition and total pressure measured by MS and capacitive gauge during corrosion test of mild steel in 1 mbar O2 at 550 °C.
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 4 Figure4: Elementary profile and % 18 O content of the oxide formed on iron during exposure in 15 mbar O2 at 550 °C for 50 min. NB: the intensity of iron is higher in the oxide scale than in the substrate because of the higher ionization yield of iron in iron oxide.

Figure 5 :
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 10 Figure 10: Gas phase composition and total pressure measured by MS and capacitive gauge during corrosion test of mild steel in 5 mbar CO2 + 1 mbar O2 at 550 °C for 20 min.
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 11 Figure 11: Gas phase composition and total pressure measured by MS and capacitive gauge during corrosion test of mild steel in 49 mbar CO2 + 1 mbar O2 at 550 °C for 240 min.
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 12 Figure 12: Gas phase composition and total pressure measured by MS and capacitive gauge during corrosion test of iron in 5 mbar CO2 + 1 mbar O2 at 550 °C for 20 min.
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 13 Figure 13: Gas phase composition and total pressure measured by MS and capacitive gauge during corrosion test of iron in 5 mbar CO2 + 5 mbar O2 at 550 °C for 20 min.
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 14 Figure 14: Elementary profile and % 18 O content of the oxide formed on mild steel surface after exposure in 49 mbar CO2 + 1 mbar O2 at 550 °C for 240 min. Both 13 C and 18 O intensities shown are values in excess of the natural isotopic abundance of 13 C and 18 O in natural carbon and oxygen.
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 15 Figure 15: FESEM image of oxide layer formed on mild steel surface after exposure in 49 mbar CO2 + 1 mbar O2 at 550 °C for 240 min.
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 16 Figure16: Absolute pressure changes of13 C 16,16 O2,13 C 16,18 O2 and 13 C 16 O as function of time during exposure of iron in 5CO2-5O2, and during exposure of 18 O enriched iron oxide (preoxidised sample) in 5 mbar13 C 16,16 O2.
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 18 Figure 18: Decarburization kinetics of mild steel in CO2 and O2 at 550 °C.
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 19 Figure 19: Absolute molar quantity of the various gas species formed or consumed in the reactor per unit area of mild steel reacted in 5 mbar CO2 + 1 mbar O2 at 550 °C. Total n(O) calculated from Eq. (22).
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 21 Figure 21: Absolute molar quantity of the various gas species formed or consumed in the reactor per unit area of iron reacted in 5 mbar CO2 + 5 mbar O2 at 550 °C. Total n(O) calculated from Eq. (22).
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 22 Figure 22: Oxidation kinetics of iron in O2 and CO2/O2 binary gas mixture at 550 °C. The dashed and continuous horizontal lines indicate the period of time when the sample is exposed to CO2/O2 and CO2/CO respectively.
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 23 Figure 23: Initial measured and simulated oxidation kinetics of iron in O2 and CO2-O2 binary gas mixtures at 550 °C.
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 24 Figure 24: Measured and simulated oxidation kinetics of iron in 15O2, 15O2-15CO2 and 5CO2-5O2 at 550 °C.
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 25 Figure 25: Measured and simulated oxidation kinetics (by expression 40) of iron in 49CO2-1O2 at 550 °C.
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 26 Figure 26: Measured and simulated oxidation kinetics (by expression 40) of iron in 5CO2-1O2 at 550 °C.
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Table 1 :

 1 Description of experiments and principal results

	Test name	1O2	1CO2	5CO2	5CO2+1O2	49CO2+1O2	70CO2	15O2	15CO2+15O2	5CO2+1O2	5CO2+5O2	49CO2+1O2
	Sample			Mild steel						Iron		
	Gas composition	1 mbar O2	1 mbar CO2	5 mbar CO2	5 mbar CO2 + 1 mbar O2	49 mbar CO2 + 1 mbar O2	70 mbar CO2	15 mbar O2	15 mbar CO2 + 15 mbar O2	5 mbar CO2 + 1 mbar O2	5 mbar CO2 + 5 mbar O2	49 mbar CO2 + 1 mbar O2
	Exposure time, min	20	20	200	20	240	180	40	40	20	20	240
	Sample area S, cm 2	2.61	2.62	2.24	2.19	2.68	2.00	3.8	4.12	2.6	2.6	3
	∆m (weight), mg	0.18	-0.005	-0.02	0.19	0.37	0.12	3.78	3.81	0.19	1.04	0.41
	∆m/S (weight), mg/cm 2	0.069	-0.002	-0.009	0.087	0.138	0.061	0.990	0.920	0.096	0.45	0.140
	Initial Pressure at room T, mbar	1.01	1.00	Not determined	6.1	50.3	Not determined	15.1	30.5	6	10	50.4
	Final Pressure at room T, mbar	0.28	1.04	Not determined	5.3	49.3	Not determined	0.5	15.7	5	5	49.4
	Δp, mbar	-0.73	0.04	Not determined	-0.81	-1	Not determined	-14.6	-14.8	-1	-5	-1
	Δn(O2)/S (GPA), µmol/cm 2	-2.97	/	/	-2.79	-2.87	/	-29.7	-27.6	-2.67	-14.8	-2.56
	Δn(CO2)/S (GPA), µmol/cm 2	0.76	Not determined	Not determined	Not determined	Not determined	Not determined	1.01	Not determined	Not determined	Not determined	Not determined
	Δn											

(CO)/S (GPA), µmol/cm 2

  

		0.11	0.16	1.7	/	2.87	4.3	/	/	/	0.12	2.90
	Δm(O)/S (GPA), mg/cm 2	0.076	/	/	0.090	0.148	0.065	1.02	0.987	0.095	0.48	1.1

Calculated iron oxide thickness from Δm(O)/S (GPA), µm

  

		0.48	/	/	0.62	0.95	0.46	6.60	6.30	0.65	3.30	0.96
	Δm(C)/S (GPA), mg/cm 2	-0.010	-0.001	-0.010	/	/	/	0.046	/	/	/	/
	Δm/S (GPA), mg/cm 2	0.066	-0.001	-0.010	0.090	0.148	0.066	0.954	0.987	0.095	0.48	0.137
	[Δm (weight) -Δm (GPA)]/ Δm (weight), %	7	42	16	2	7	7	4	7	1	6	2

Table 2 :

 2 Elementary reaction steps between gas molecules and mild steel/iron Adsorption of CO2 and O2 molecules: 13 C 16,16 O2 + s → 13 C 16,16 O2-s (12) C 16,16 O2-s + s → 16 O-s + 13 C 16 O-s (14) 18,18 O2-s + s → 18 O-s + 18 O-s (15) Iron oxide formation/growth by O atoms 16 O-s → Fe-oxide 16 + s with 16 O coming mainly from CO2 molecules (16) 18 O-s → Fe-oxide 18 + s with 18 O coming mainly from O2 molecules (17) Desorption of 13 C 16 O molecules 13 C 16 O-s → 13 C 16 O + s (18) Recombination of adsorbed atoms to form 13 C 16,18 O2 and 18,16 O2 13 C 16 O-s + 18 O-s → 13 C 16,18 O2 + 2 s (19) 18 O-s + 16 O-s → 18,16 O2 + 2 s (20) Recombination of adsorbed 13 C 16 O molecules with O atoms from the oxide scale (oxygen isotopic exchange with the oxide scale) 13 C 16 O-s + 18 O or 16 O from Fe-oxide → 13 C 16,18 O2 or 13 C 16,16 O2 + s (21)

	18,18 O2 + s → 18,18 O2-s (13)
	Dissociation of CO2 and O2 molecules:

13 
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