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Performance of chromia-and alumina-forming Fe-and Ni-base alloys exposed to metal dusting environments: The effect of water vapor and temperature
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Fe and Ni base alloys including an alumina forming austenitic alloy were exposed for 500 h under metal dusting environments with varying temperature, gas composition and total pressure. For one H 2 CO C0 2 H 2 0 environment, the inc rease in temperature from 550 to 750 •c generally decreased metal dusting. When H 2 0 was added to a H 2 CO COi environrnent at 650 0C, the metal dus ting attack was reduced. Even after 5000 h at a total pressure of 9.1 atm with 20%H20, the higher alloyed specimens retained a thin protective oxide. For gas mixtures containing little or no H20, the Fe base alloys were less resistant to rnetal dusting than Ni base alloys. C. High temperature corrosion A. Stainless steel B.

Introduction

Metal dusting is a catastrophic form of corrosion occurring between 400 and 800 •c in environments for which the carbon activity (a c ) is greater than 1. lt leads to the disintegration of metallic materials as a result of the formation of a carbon deposit containing metallic particles, carbides and oxides. A large number of studies have been devoted to define which alloys and composi tians [1 8] are more resistant to metal dusting. The in fluence of alloy grain size [START_REF] Grabke | Protection of high alloy steels against metal dusting by oxide scales[END_REF][START_REF] Grabke | Effects of grain size, cold working, and surface finish on the metal-dusting resistance of steels[END_REF], surface finish, cold working [3,9 12] or the addition of a coating [13 16] on the resistance to such corrosion has been evaluated. Other studies were interested in the effect of parameters defining the metal dusting environment: temperature [START_REF] Chun | Metal dusting corrosion of austenitic 304 stainless steel[END_REF][START_REF] Nishiyama | Metal dusting behaviour of alloy 800H in laboratory carbonaceous environments under high pressure[END_REF], total pressure [11,17 19] or gas composition [ 19 23].

Quantifying degradation by metal dusting is complex because there is no single gas mixture, temperature and total pressure encountered in in dustrial applications. Those parameters differ with the application and process, which results in a wide range of laboratory studies and difficulties comparing experimental results. One relevant observation about laboratory studies is that typical gas compositions creating a metal dusting en vironment con tain litt le or no water vapor, in general <10% and very few contain ;;,:20% of H 2 O. However, Hoffman et al. [START_REF] Hoffman | Proposed Metal Dusting Mechanism in Lower Temperature, High Steam Syn Gas[END_REF] reported that industrial applications can contain up to 40% H 2 O, in addition to being run at a high total pressure. These differences between laboratory and industrial conditions appeared to be significant as laboratory studies tend to highlight the superiority of Ni base alloys, as shown by Grabke et al. [START_REF] Grabke | Metal dusting of nickelbase[END_REF], white Hoffman et al. [START_REF] Hoffman | Proposed Metal Dusting Mechanism in Lower Temperature, High Steam Syn Gas[END_REF] reported better resistance for Fe base alloys under industrial conditions.

This study surveyed the influence on metal dusting of temper ature as well as H 2 O content and total pressure ( expanding initial results published previously [START_REF] Vande Put | Performance of Alumina-Forming Austenitic Steels, Fe-base and Ni-base Alloys Exposed to Metal Dusting Environments[END_REF]271). Three sets of tests were defined. The first one was carried out at atmospheric pressure in a given CO 2 CO H 2 H 2 O mixture with the temperature being raised from 550 to 750 °C. The second one was carried out at 650 •c and atmospheric pressure in a CO 2 CO H 2 environment in which H 2 was replaced by H2O, leading to a decrease in CJc. The third one was also performed at 650 •c under the same CO 2 CO H2 environment in which H2O was added from 0 to 28% by keeping the CO/CO 2 and CO/H 2 ratios constant and raising the total pressure to keep ac constant. Under each metal dusting en viron ment, a wide range of commercial chromia and alumina forrning Fe and Ni base alloys were tested. The test matrix also included a new class of alumina forming austenitic (AFA) stainless steels, alloys developed at Oak Ridge National Laboratory to offer both good oxidation and creep resistance [ 28 30]. Select alloys were also oxidized at 650 •c in wet air to compare the effect of water vapor in high and low oxygen partial pressures.

Experimental procedure

Materials

A series of chromia and alumina forming Fe and Ni base alloys was studied under metal dusting conditions. Their chemical composition is given in atomic percent in Table 1. The alloy spec imens were rectangular coupons (typically % 1.5 Â 10 Â 19 mm), except for 3 mm thick H224 specimens, or 16 mm diameter disks for cast FeCrAlY and NiAl. A hole was drilled close to one end to facilitate their positioning within the rig. Samples were ground to a 600 grit finish with SiC paper on all faces and then cleaned ultrasonically in acetone and methanol before being exposed to metal dusting/oxidizing environments for 500 h. After an ultra sonic cleaning of the samples in acetone to remove coke, post test mass changes were measured using a Mettler Toledo model XP205 balance (±0.02 mg accuracy).

Metal dusting exposures

In order to study the effect of temperature and H 2 O content on the metal dusting resistance of alloys, 9 metal dusting conditions were designed. They were defined using the gas mixture, the temperature, the carbon activity (a c ) and the oxygen partial pressure (P O 2 ). The carbon activity can be calculated using:

ðaÞ the synthesis gas reaction :

H 2 þ CO H 2 O þ C a c K 1 Â P CO Â P H 2 P H 2 O ð1Þ 
ðbÞ the Boudouard reaction :

2CO CO 2 þ C a c K 2 Â P 2 CO P CO 2 ð2Þ 
ðcÞ the hydrocarbon cracking reaction :

CH 4 2H 2 þ C a c K 3 Â P CH 4 P 2 H 2 ð3Þ 
where K i are the equilibrium constants of the corresponding reac tions and P i the partial pressures of CO, CO 2 , H 2 and H 2 O.

The carbon activity of a CO 2 CO H 2 H 2 O gas mixture can then be calculated using either the synthesis gas reaction or the Boudouard reaction. As the synthesis gas reaction is faster than the Boudouard reaction [START_REF] Grabke | Carburization, carbide formation, metal dusting, coking[END_REF][START_REF] Young | High Temperature Oxidation and Corrosion of Metals[END_REF], a c is commonly determined using reaction [START_REF] Grabke | Resistance of 9-20%Cr-steels against metal dusting[END_REF]. The oxygen partial pressure P O 2 is calculated using the following reaction:

H 2 O H 2 þ 1=2O 2 P O 2 K 4 Â P H 2 O P H 2 2 ð4Þ 
In the case of a CO 2 CO H 2 environment without H 2 O, a c cannot be determined using reaction (1) but rather with reaction (2) and P O 2 is calculated using reaction (5):

CO 2 CO þ 1=2O 2 P O 2 K 5 Â P CO 2 P CO 2 ð5Þ 
Those 9 metal dusting environments were organized in three sets:

(1) At atmospheric pressure, for a 59%H Adding up to 20%H 2 O to a 43%CO 51%H 2 6%CO 2 environment at atmospheric pressure leads to a large decrease in a c that rapidly becomes inferior to 1. To maintain conditions favorable to metal dusting, i.e. a c greater than 1, CO and CO 2 contents were kept con stant and H 2 was replaced by H 2 O in the second set of experiments. However, degradation by metal dusting is dependent on the ratio between H 2 and CO, as shown by Zhang et al. [START_REF] Zhang | Effect of gas composition on cementite decomposition and coke formation on iron[END_REF] on iron exposed at 700 °C to various H 2 CO 0.19 vol%H 2 O environments. To isolate the effect of H 2 O, CO/CO 2 and H 2 /CO ratios were kept constant in the third set of experiments. In this set, the decrease in Oc due to the addition of H 2 O was compensated by an increase in total pressure. Then, the increase in total pressure will have to be taken into account in the discussion on the H 2 O effect. The calculation of Oc and Po, was performed using the "reac tion" module of Factsage version 6.1 software. These metal dusting conditions are represented according to their carbon activity and oxygen partial pressure in Fig. 1a.

An isothermal oxidation for 500 h at 650 °c in air + 10%H2O at 1 atm (Test 'Ox' in Table 2) was also carried out on select alloys to study their behavior with water vapor and a high oxygen partial pressure.

Tests Ox and 1 6 were conducted in a horizontal alumina tube in a resistively heated furnace with the specimens hung on alumina rods resting on the sides of an alumina boat, Fig. 1 b. The samples were positioned so that their faces were parallel to the gas tlow. For Tests 5 (10%H 2 0, Oc = 2. 76) and Ox, the specimens were sitting in the alumina boat and did not have a hole. The gas tlow rate was 300 cc/min for the H 2 O free gas mixture. It was decreased for Tests 2 3 and 5 6 in order to account for the water vapor addition, made by atomizing filtered, deionized and deaerated water (::::,0.065 µS /cm conductivity) into the tlowing gas. The gas mixture was created from three separate gas cylinders of H2, CO and CO2. For Tests 4' and 7 9, a resistively heated furnaoe enclosed a vertical 9 cm diameter x 92 cm long tube made of alloy 230 and a stainless steel flange at the top. The specimens were attached to a slotted alumina tube using Pt wire, Fig. 1 c. The gas mixing system was sim ilar to that of the horizontal fumace, except that the 43CO 51H 2 6CO 2 gas mixture was premixed. The gas tlow rate was also fixed at 300 cc/min in the case of the H 2 O free environment. Because of slightly different internai diameter between tubes, gas velo àties are in the same order of magni tude at atmospheric pressure (5.4 cm/min and 4.7 cm/min for respectively the fumaoe working at 1 atm and the one able to maintain high total pressures).

Chorocterizotion

After exposure, the surface of some speàmens was analyzed by X ray diffraction (XRD) using a PANalytical X'Pert Pro diffractome ter with Cu KCl radiation (45 kV/40 mA) with a 2 ° incidence angle. Morphology was examined by scanning electron microscopy (SEM) using a Hitachi mode! S4800. In the case of cross section character ization, specimens were Cu plated, sectioned and metallography polished.

Resuits

Eff ect of the temperature

The mass changes from Tests 1 3 at 550 750 °c are reported in Fig. 2. At 550 °C with the highest Oc, ail of the Fe base alloys lost mass (347H was not included), and three Ni base alloys (601, H224, NiAI) exhibited mass lasses. The largest mass lasses were enco untered for T122 and 800H alloys, which ex hibited the largest visual surface degradation, while some degradation around the hole was responsible for the mass loss of the AFA alloy. The mass loss of H224 alloy was associated with the formation of many little pits, while no attack was observed associated with the very small mass loss for the NiAI speàmen ( 0.002 mg/cm 2 ).

When the temperature was increased to 650 °C, only two Fe base alloys lost mass: 347H and T122. The mass loss of the T122 specimen was smaller at 650 °C than at 550 °C. At 750 °C, a mass gain was recorded for the T122 specimen. The decrease in the degra dation of T122 alloy with increasing temperature and decreasing Oc is illustrated with cross sect ions in Fig. 3. The pits decreased in size from 550 to 650 °c and, at 750 °c, an apparently continuous oxide scale formed, Fig. 3 c. Based on SEM EDS analysis, the oxide scale contained mainly Cr and Mn. 

Decrease in a c by repladng H 2 with H 2 0, at 1 atm

The mass changes from Tests 4 6 at 650 °C with varying H 2 /H 2O ratios are shown in Fig. 4. Mass lasses were only observed afterTest 4 without H2O, where five alloys exhibited mass lasses: Ni base alloy 601 and four Fe base alloys with T122 having the greatest mass Joss. With the addition of water vapor in Tests 5 and 6 all of the specimens exhibited small mass gains with no clear trends with the increase in H 2 O between these two experiments except for T122, which showed the highest mass gain in Test 6. A small mass gain was measured for alloy H224 specimen afterTest 4 despite two pits visible on its surface. This will be discussed elsewhere [START_REF] Rouaix-Vande Put | Performance of Al-rich alloys exposed to metal dusting environments[END_REF].

Pictures of selected specimens from Tests 4 6 are shown in Fig. 5. Consistent with the mass lasses in Test 4, significant degra dation was visible for the T122, 347H, 800H and AFA specimens with large and numerous pits observed on T122, 347H and AFA, Fig. 6. Pits were observed on the edges of 800H alloy (Fig. 6c) and small pits on the alloy 601 specimen, Fig. 6e. The benefit of adding H2O in Tests 5 and 6 also is clear in Fig. 5 where no pitting was observed. After Test 5, SEM characterization of the T122 spec imen surface confirmed the absence of pits, Fig. 7a andb. However, areas exhibiting a dark contrast were visible. According to EDS analysis, they were C rich, suggesting an attack by metal dusting. After Test 6, the T122 surface did not show any sign of metal dust ing attack, Fig. 7c e. However, the oxide scale that developed exhibited two microstructures typical of outward growing oxides that would not be expected for oxidation of T122 in air, Fig. 7d ande. Based on EDS analyses, the large oxides on the T122 surface were Fe rich, Fig. 7d, while the whiskers type oxides were rich in Cr, Fe and Mn, Fig. 7e.

Fig. 8 shows polished cross sections of the T122 and AFA speci mens after Tests 4 and 5. Consistent with the observations above, significant pitting occurred for both alloys after Test 4 but not with the addition of H 2 O in Test 5. This difference could be attributed to the lower Oc with the addition of H 2 O, thus the final set of experi ments was conducted with a c held constant by increasing the pressure.

Constant Oc• 10 with increasing H20% and total pressure

The specimen mass changes for Tests 4' and 7 9 are reported in Fig. 9. When duplicate specimens were exposed, the average is shown and one standard deviation noted. Similar to Tests 4 6, mass lasses were only encountered in Test 4' without H 2 O. Similar to the results for Test 4, mass lasses were observed for T122 and 347H due to pit formation. However, the other Fe base alloys showed mass gains and only H224 exhibited a mass Joss. No spe cific degradation was observed to justify the small mass Joss for the H224 specimen. The specimen could have been damaged while removing the Pt Rh wire, which was blocked by deposits. Two AFA specimens were exposed in Test 4' and both exhibited minor pitting but not suffiàent to result in a mass Joss as in Test 4. Small pits also were observed for the T122, 601 and HR6W specimens. For Tests 7 9 containing increasing water vapor contents and increasing pressure, the mass gains were typically small with no particular trend . One exception was the NiAI specimens exposed to 20 % and 28%H 2 O. Very high mass gains were observed for these specimens, which was surprising given pr evious reports of excellent metal dusting resistance [START_REF] Speck | Metal dusting of nickel-aluminium alloys[END_REF]. The NiAI behavior will be discussed elsewhere [START_REF] Rouaix-Vande Put | Performance of Al-rich alloys exposed to metal dusting environments[END_REF].

Fig. 10 shows the surface morphology of the T122 specimens in these four experiments. ln addition to the large pits observed after Test 4', the surface ofT122 exhibited C rich areas, appearing with a dark contrast in Fig. 10 a. With the addition of H 2 O, Fe rich oxide nodules formed, Fig. 10b andc, which is consistent with the large In order to investigate long term performance, Test 8 was continued for 5000 h (10 Â 500 h cycles). The specimen mass change data versus time is shown in Fig. 12. Since the T122 and NiAl specimens exhibited high mass gains after 500 h, they were not continued for longer times. For the other specimens, the mass changes after 5000 h remained small and positive, and a thin oxide scale formed on the surface that did not exhibit any sign of metal dusting attack, examples are shown in Fig. 13. 

Oxidation compared to metal dusting

Because of the high mass gains and FeO x nodule formation observed in some cases with the addition of water vapor, a final experiment was conducted with air + 10%H 2 O and compared with the results from Test 5 in Fig. 14. The T122 specimen exhibited a much larger mass gain after the wet air test than after the metal dusting test. In contrast, the 347H, 800H, HR6W and 602 alloys exhibited mass losses during the oxidation, which was not observed in Test 5, perhaps due to the lower P O 2 . The large mass gain for the T122 specimen and large mass loss for the 347H specimen are both typical of accelerated attack (i.e. FeO x forma tion) in the presence of wet air where the thick Fe rich oxide remains adherent to the ferritic martensitic steel and spalls from the austenitic steel due to its larger thermal expansion mismatch with the oxide [START_REF] Silberschmidt | Analysis of thermal residual stresses in duplextype materials[END_REF]. The remaining oxides on T122 and 347H are shown in Fig. 15a andb. In Fig. 15b, only the Cr rich inner scale is present, the outer Fe rich oxide had spalled. Also, the accelerated attack was not uniform on the 347H specimen, perhaps because part of the specimen was shielded by the alumina boat. Surpris ingly, small mass losses were also observed from the 800H and HR6W specimens. It is possible this is related to evaporation of CrO 2 (OH) 2 due to the presence of O 2 and H 2 O [START_REF] Asteman | Influence of water vapor and flow rate on the high-temperature oxidation of 304L; effect of chromium oxide hydroxide evaporation[END_REF]. The AFA alloy formed a protective and stable oxide scale, Fig. 15c.

Discussion

Effect of the temperature

The decrease in metal dusting degradation observed with the increase in the temperature from 550 to 750 °C is consistent with • + •

25

... the decrease in the equilibrium constant of the synthesis gas reaction [START_REF] Young | High Temperature Oxidation and Corrosion of Metals[END_REF], leading to a decrease in a 0 Table 2. This is also in agreement with the works of Grabke and Müller Lorenz [3), who metal dusting are the strongest depend on the gas mixture compo sition, the tested materials and the total pressure. In 1959, Walker et al. [START_REF] Walker | Carbon formation from carbon monoxide-hydrogen mixtures over iron catalysts. 2. Rates of carbon formation[END_REF] studied rates of carbon formation on iron catalysts and found that increasing the H 2 content of a CO H 2 mixture increased the temperature at which the maximum rate of carbon deposition occurred (528 °c for a 0.8%H 2 rich mixture and 630 °c for a 19.9%H 2 mixture). On Ni and alloy 600 specimens, Schneider et al. [START_REF] Schneider | Microprocesses of metal dusting on nickel and Ni-base alloys[END_REF] noticed a maximum carbon uptake rate at 625 °C in a H 2 24%CO 2%H 2 O gas mixture. On a 3165S specimen exposed at atm ospheric pressure to a 75%H 2 25%CO gas mixture at temperatures ranging from ~450 650 °C, Levi et al. [START_REF] Levi | Metal dusting of type 316 stainless steel in high pressure environments between 450 °C and 650 °C[END_REF] observed a more severe metal dusting attack when the temperature was increased. Under the same gas mixture but at a total pressure of 2 MPa or 3 MPa, they reported a simitar trend. Finally, a 800H specimen subjected to a 454 777 °C thermal gradient in a 24%CO 47%H 2 6%CO 2 23%H 2 O gas mixture at 4 x 10 6 Pa under went pitting over the 607 713 °C range white at 2.5 x 10 6 Pa, the pits were scattered over the 605 676 °C range (with the maximum number of pits reported respectively at 650 660 °C and 610 620 °C) [START_REF] Nishiyama | Metal dusting behaviour of alloy 800H in laboratory carbonaceous environments under high pressure[END_REF]. Based on these last two studies that pointed out a greater degradation under high total pressures for temperatures around 650 °C [START_REF] Nishiyama | Metal dusting behaviour of alloy 800H in laboratory carbonaceous environments under high pressure[END_REF][START_REF] Levi | Metal dusting of type 316 stainless steel in high pressure environments between 450 °C and 650 °C[END_REF], the current series of tests focused on this temperature. White increasing temperature leads to a decrease in ac, it also results in faster diffusion, which should favor the establishment of a continuous chromia/alumina layer at higher temperatures. In the case of T122, significant Mn was detected within the oxide scale formed at 750 °C. This is consistent with results for 800H [START_REF] Nishiyama | Metal dusting behaviour of alloy 800H in laboratory carbonaceous environments under high pressure[END_REF] where lower Fe/Mn ratios within the oxide scale were mea sured after exposures above 700 °C compared to 613 °C. At 550 °C, all the Fe base alloys were attacked (347H was not included) while only two out of six Ni base alloys experienced mass losses (the mixed chromia /alumina forming alloy 601 and alumina forming H224). After exposure at 650 °C, only two Fe base alloys underwent mass losses (T122 and 347H). This confirms the superior behavior of Ni base alloys under metal dusting conditions containing little water vapor. This is also consistent with the works of Toh et al. [START_REF] Toh | High temperature carbon corrosion in solid oxide fuel cells[END_REF] and Nishiyama et al. [START_REF] Nishiyama | Metal Dusting Behaviour of New Ni-base Alloy in a Laboratory Carbonaceous Environment[END_REF] who observed a lower resistance to metal dusting for 800 and 601 alloys at respectively 680 °C in a CO 26 vol%H 2 6 vol%H 2 O environment and 650 °C in a 60%CO 26%H 2 11.5%CO 2 2 O. Toh et al. also noticed a weak resistance of 602CA alloy, which was not observed in this study [START_REF] Toh | High temperature carbon corrosion in solid oxide fuel cells[END_REF]. However, both studies [START_REF] Nishiyama | Metal Dusting Behaviour of New Ni-base Alloy in a Laboratory Carbonaceous Environment[END_REF][START_REF] Toh | High temperature carbon corrosion in solid oxide fuel cells[END_REF] used thermal cycling, which is more aggressive than these results, which were mostly isothermal.
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Decrease in a c by replacing H 2 by H 2 O at 1 atm

The reduction/suppression of degradation by adding H 2 O is widely known and has been observed on various alloys [40 42]. According to Hochman [START_REF] Hochman | Basic Studies of Metal Deterioration (Metal Dusting) in Carbonaceous Atmospheres at Elevated Temperatures[END_REF], such a decrease in the metal dusting attack could be explained by H 2 O affecting the alloy oxidation as well as by affecting the O 2 and C activities. Because the addition of H 2 O increases the oxygen activity and blocks reactions releasing free C on the surface, the probability of developing sites of ''low O 2 activity high C activity'', conditions favorable for pitting attack, is decreased [START_REF] Hochman | Basic Studies of Metal Deterioration (Metal Dusting) in Carbonaceous Atmospheres at Elevated Temperatures[END_REF]. A decrease in the CO dissociation rate due to water adsorption causing a blocking of surface reaction centers has been later confirmed experimentally on a Cr sample [START_REF] Anghel | Gas phase analysis of CO interactions with solid surface at high temperatures[END_REF]. In the present work, the addition of H 2 O to the H 2 CO CO 2 gas mixture led to a decrease in a c and was done by decreasing the H 2 content, Table 2. Grabke [START_REF] Grabke | Kinetics and mechanisms of surface-reactions occurring during carburization and decarburization and also nitrogenation and denitrogenation of iron in gases[END_REF] showed that H 2 accelerates the transfer of C from CO in the case of iron. Later, the rate of C uptake of pure iron was found to increase when increasing the CO content, up to about 60 75%, at 700 °C in a CO H 2 0.19%H 2 O gas mixture [START_REF] Zhang | Effect of gas composition on cementite decomposition and coke formation on iron[END_REF]. Therefore, the absence of metal dusting observed with the increase in the H 2 O content could also be due to the decreases in both the a c and the H 2 content.

The 500 h exposure at 650 °C, in 51%H 2 43%CO 6%CO 2 (Test 4) led to apparent surface attack by metal dusting of four Fe base alloys (T122, 347H, 800H, AFA) and two Ni base alloys (601 and H224). This is also consistent with the widely reported better behavior of Ni base alloys exposed at atmospheric pressure to metal dusting environments containing little or no H 2 O.

Carbon activity equal to 10 while increasing H 2 O% and total pressure

The effect of pressure is not commonly investigated but more severe metal dusting attack has been reported with increasing test pressure [11,17 19]. Contrary to Hochman who explained that low P O 2 and a c sites are favorable for metal dusting [START_REF] Hochman | Basic Studies of Metal Deterioration (Metal Dusting) in Carbonaceous Atmospheres at Elevated Temperatures[END_REF], Nishiyama et al. [START_REF] Nishiyama | Metal dusting behaviour of alloy 800H in laboratory carbonaceous environments under high pressure[END_REF] considered that an increase in P O 2 is harmful because it lowers the oxide scale integrity by creating defects. In their work, for a given gas mixture, an increase in the total pressure favored metal dusting because it increased P O 2 in addition to raising a c [START_REF] Nishiyama | Metal dusting behaviour of alloy 800H in laboratory carbonaceous environments under high pressure[END_REF]. In these experiments, P CO was increased from 0.43 atm to 4.96 atm. Despite that increase, no degradation by metal dusting was noticed with the addition of H 2 O, confirming the beneficial effect of H 2 O in preventing metal dusting. Because high H 2 O con tents and high pressures lead to higher P O 2 , favoring the formation of an oxide scale, the absence of metal dusting attack could be a matter of incubation time. However, extending Test 8 to 5000 h did not change the results for any of the specimens.

In addition to showing the great impact of the H 2 O addition on metal dusting prevention, this set of experiments illustrates that a c is not the only key criterion to evaluate a possible attack by metal dusting. Instead of considering a c as a quantification of the environment harmfulness, every parameter constituting the envi ronment has to be taken into account: (i) nature of the gases, (ii) gas content, (iii) total pressure, (iv) P O 2 and (v) temperature.

Concerning the T122 behavior, Cr 2 O 3 and a spinel oxide were identified as the main constituents of its oxide scale after expo sures in atmospheres containing 0%, 10% and 28%H 2 O while FeO and a spinel oxide composed the oxide scale formed in the 20%H 2 O rich environment. Cr 2 O 3 and the spinel oxide are com monly formed under metal dusting conditions. The presence of FeO is unusual but this oxide could form under the higher oxygen partial pressures of Tests 7 9, according to the calculated phase equilibria at 627 °C of the Fe Cr O system [START_REF] Davies | Theoretical study of stream grown oxides as a function of temperature, pressure and p(O2)[END_REF]. According to EDS and SEM analyses, the nodules observed under 10 and 20%H 2 O rich environments are Fe rich, outward and fast growing oxides. They could be FeO oxides. The absence of FeO on the XRD diagram for 10%H 2 O is therefore surprising. While those nodules were uni formly distributed on the surface exposed to 20%H 2 O, they were mainly concentrated close to one end on the surface exposed to 10%H 2 O. Thus the region analyzed by XRD may not have contained nodules. While arguing that there is a sufficiently high oxygen par tial pressure and H 2 O accelerated oxidation, the absence of Fe rich nodules after exposure to 16 atm and 28%H 2 O is therefore surprising. However, it is consistent with the low mass gain, smal ler than those obtained after testing in 10% and 20%H 2 O and under a high total pressure. In 2008, Essuman et al. observed accelerated internal oxidation for Fe Cr alloys exposed to H 2 O containing atmospheres at 900 °C and 1050 °C compared to O 2 rich atmo spheres [START_REF] Essuman | The effect of water vapor on selective oxidation of Fe-Cr alloys[END_REF]. In the present study, the highest H 2 O content associ ated with the highest total pressure of Test 9 could have modified T122 oxidation behavior by favoring the formation of more stable oxides, therefore hindering nodules formation.

Effect of the alloy composition

Among the alloys tested in these metal dusting conditions, T122 and 347H are low concentration of Cr alloys containing no Al which likely explains their poor behavior. Increasing Cr and Al con tents in 800H, led to more protective behavior. There is likely a synergistic benefit of higher Ni content, as was observed in model Fe Cr Ni alloys in water vapor [START_REF] Peraldi | Effect of Cr and Ni contents on the oxidation behavior of ferritic and austenitic model alloys in air with water vapor[END_REF]. For the alumina forming Fe base alloys, FeCrAlY behaved very well except after the exposure at 550 °C (which will be addressed in a future paper [START_REF] Rouaix-Vande Put | Performance of Al-rich alloys exposed to metal dusting environments[END_REF]). While ferritic FeCrAlY has little creep strength at 650 °C, the AFA alloys were designed to have high creep strength due to their nano carbide precipitates [START_REF] Yamamoto | Creepresistant, Al 2 O 3 -forming austenitic stainless steels[END_REF][START_REF] Brady | The development of alumina-forming austenitic stainless steels for high-temperature structural use[END_REF] as well as good oxidation resistance in air and wet air by the formation of an alumina scale [START_REF] Brady | Effects of minor alloy additions and oxidation temperature on protective alumina scale formation in creep-resistant austenitic stainless steels[END_REF][START_REF] Brady | Increasing the upper temperature oxidation limit of alumina forming austenitic stainless steels in air with water vapor[END_REF]. A consequence of this balancing of oxidation resistance and mechan ical properties is that austenitic AFA is not as ''strong'' an alumina former as ferritic FeCrAlY type alloys, perhaps due to slower Al diffusion in austenite. Despite the generally good oxidation behavior of AFA in oxidizing environments at 650°800 °C, the AFA specimens were attacked in the H 2 O free metal dusting envi ronment and after exposure at 550 °C in an atmosphere containing 4%H 2 O. Other AFA alloys, with different compositions, were tested at 650 °C in 50%CO 49%H 2 1%H 2 O (a c = 36.7, P O 2 = 2.83 Â 10 26 atm) under thermal cycling (1 h) conditions by Zhang et al. [START_REF] Zhang | Metal dusting of alumina-forming creepresistant austenitic stainless steels[END_REF]. While the rates for metal wastage were low for the first 100 cycles, they observed large mass losses after $350 cycles, suggesting that the protective oxide scale was not durable. The AFA alloy evaluated in this study contained 0.4 at% Cu, 14.7 at% Cr and 7.1 at% Al. It has been shown that Cu additions prevent metal dusting for Ni [START_REF] Zhang | Alloying with copper to reduce metal dusting of nickel[END_REF][START_REF] Nishiyama | Improving metal dusting resistance of transition-metals and Ni-Cu alloys[END_REF], Ni base alloys [START_REF] Nishiyama | The role of copper in resisting metal dusting of Nibase alloys[END_REF], stainless steels [START_REF] Zhang | Effect of copper on metal dusting of austenitic stainless steels[END_REF] and model Fe Ni Cu alloys [START_REF] Zhang | Contributions of carbon permeation and graphite nucleation to the austenite dusting reaction: a study of model Fe-Ni-Cu alloys[END_REF]. However, these Cu additions are usually higher than that present in AFA, which was added to improve creep strength. The poor behavior of this AFA composition is probably due to insufficient Al and Cr contents to guarantee the formation of a protective oxide scale under such aggressive conditions. Another concern is that the majority of carbide forming elements in AFA are already linked to carbon, so any carbon ingress during exposure will lead to Cr carbide formation in an alloy with relatively low Cr. It is also possible that the elements added to strengthen AFA, such as Mo and W, may not be beneficial for metal dusting resistance. However, 3%W or 3%Mo additions to Fe 32Ni 20Cr were found to improve metal dusting resistance [START_REF] Straub | Role of alloying elements in steels on metal dusting[END_REF].

Regarding Ni base alloys, 601 and H224 were degraded after exposure at 550 °C. Specimens of 601 and HR6W exhibited tiny pits after Test 4' (650 0%H 2 O, a c = 10) despite a positive mass change while H224 exhibited a mass loss (probably due to the removing of the Pt Rh wire). Also, alloy 601 was strongly attacked after Test 4 (650 °C, 0%H 2 O, a c = 10) but not HR6W. From these results, alloy HR6W appears to have somewhat better resistance to metal dusting than alloy 601. Alloy HR6W contains 26.3 at% Cr but no Al while 601 has less Cr (23.7 at%) and some Al (2.7 at%): a level not sufficient to form an alumina scale formation but does cause significant internal oxidation, which could disrupt the chro mia scale. However, 500 h exposures are relatively short duration tests and the difference observed between HR6W and 601 could also be a matter of incubation time.

Effect of the rig/furnace wall material

Tests 4 and 4' with the same temperature and gas conditions were conducted in order to compare the results in two different experimental rigs. In general, there was less pitting attack in Test 4' (Figs. 4 and9). The different behavior cannot be explained by the number of specimens as more samples were exposed in Test 4. The other differences between the tests were the sample arrangement within the rigs, the reaction tubes and the gas cylin ders. The specimens were placed in a horizontal alumina tube for Test 4. Test 4' was performed using a vertical pre oxidized alloy 230 tube. While the gas mixture inlet and exhaust were placed at opposite ends of the horizontal alumina tube, both inlet and exhaust were located at the top of the alloy 230 tube and the inlet gas flowed through a FeCrAl (Kanthal AF) tube to the bottom and then the gas flowed up across the specimens. It is possible that some reaction occurred within this FeCrAl tube or with the alloy 230 tube, leading to a change in the gas mixture composition (less carburizing) and therefore to a lower attack. In addition, one gas cylinder containing the appropriate gas mixture was used for Test 4' while three separate cylinders were used to create the gas mixture of Test 4. Despite the fact that all those cylinders con tained high purity gases, the impurities present in the gas mixture were probably not exactly the same between both tests. Different oxygen impurities would affect P O 2 while sulfur impurities would inhibit metal dusting [START_REF] Young | High Temperature Oxidation and Corrosion of Metals[END_REF][START_REF] Schneider | Influence of H2S on metal dusting[END_REF].

Conclusions

A series of chromia and alumina forming Fe and Ni base alloys were exposed under nine different metal dusting and one air + H 2 O environments. For a given gas mixture composition, increasing the temperature from 550 to 750 °C at atmospheric pressure reduced the a c , leading to reduced metal dusting attack, as expected. At 650 °C and atmospheric pressure, the replacement of H 2 by H 2 O in a CO H 2 CO 2 environment also reduced a c and led to reduced alloy degradation. At 650 °C, the addition of H 2 O to a CO H 2 CO 2 gas mixture in association with an increase in the total pressure to maintain a c equal to 10 also prevented metal dusting attack. One condition with 20%H 2 O and 9.1 atm was continued for 5000 h to determine if the oxides would break down after longer exposures. However, among the alloys that were protective at 500 h, none showed degradation by metal dusting during the longer exposure. Both of these sets of experiments illustrate the beneficial effect of water vapor, which is commonly used in industrial applications. As has been found in many studies, atmo spheric pressure, high a c environments containing little or no H 2 O cause severe attack of Fe base alloys compared to Ni base alloys. However, the differences among Fe and Ni base alloys with similar Cr and/or Al levels were reduced in metal dusting environ ments containing H 2 O. The experiments at constant a c indicate that the beneficial effect of H 2 O is not simply related to increasing the oxygen partial pressure and reducing a c . For low alloyed steels such as T122, the beneficial effect of H 2 O was not the same as for higher alloyed materials. While H 2 O did prevent pitting in T122, the presence of H 2 O generally led to thick, Fe rich oxide formation in high a c environment, similar to that observed in air + H 2 O.
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 12 Fig. 1. (a) Diagram representing a, ver sus P o, of the metal dusting environments. Sample ar r angement (b) in Tests 1-6, at atmospheric pressure and ( c) in Tests 4' and 7-9, at a total pressure from 1 atm to 16 atm.

Fig. 4 .

 4 Fig. 4. Mass changes after exposure in a (51-X}%H:r43%CO-6%CO:rX%H:i() gas mixture for 500 h at 650 °C and Paan for Tests 4 (0%H:i(), ac • 10), 5 (10%H:i(), ac • 2.76) and 6 (20%H2O, ac • 1. 05} When duplicate specimens were tested, the average mass change is reported and error bars indicate the exact mass changes.
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 3 Fig. 3. Ught optical microscopy of T122 cross-sections after 500 h of exposure in a 59%H :r 35%C0-2%CO :r 4%H2O environment at atmospheric pressure and at (a) 550 °C (ac• 69.4), (b) 650 °C (ac • 8. 1} (c) 750 °C (ac• 1. 4).

  , a c =2.76 20%H 2 O, a c =1.05
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 5 Fig. 5. Samples after exposure for 500 h at 650 °C and P atm in a (51-X)%H 2 -43%CO-6%CO -X%H 2 O gas mixture for Tests 4 (0%H 2 O, a c = 10), 5 (10%H 2 O, a c = 2.76) and 6 (20%H 2 O, a c = 1.05). Cr and Al concentrations are given in at%.
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 6 Fig. 6. SEM images of the surface of (a) T122, (b) 347H, (c) 800H, (d) AFA and (e) 601 alloys after Test 4 (500 h at 650 °C and P atm , 51%H 2 -43%CO-6%CO 2 , a c = 10). SE mode.
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 78 Fig. 7. SEM images of the surface of T122 alloy after 500 h at 650 °C and P atm in a (51-X)%H 2 -43%CO-6%CO 2 -X%H 2 O gas mixture for (a and b) Test 5 (10%H 2 O, a c = 2.76) and (c-e) Test 6 (20%H 2 O, a c = 1.05). Image (b) is a high magnification of (a), (d) and (e) are respectively high magnification images of nodules and the flat surface observed on image (c). SE mode.
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 97210 Fig. 9. Mass changes after exposure in a H : r CO-CÛ2-H 2 0 gas mixture (with H 2 /CO • 12 and CO/CÛ2 • 7 2) for 500 h at 650 °C and Oc• 10 for Tests 4' (atHP, 1 atm), 7 {10%H 2 0, 3.6 atm} 8 (20%H 2 0, 9.1 atm)and 9(28%H 2 0, 16 atm). When duplicatespecimens were tested, the average mass change is reported and error bars indicate the mass change of each sample. ln the case of T122 and NiAl the given numbers are real mass changes, not an average.
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 11 Fig. 11. XRD diagrams obtained by analyzing T122 surface after Tests 4' (0%H20, P,,m> 7 (10%H 2 0, 3.6 atm), 8 (20 %H 2 0, 9.1 atm) and 9 (28%H 2 0, 16 atm) at 650 °C for 500 h and O c• 10.
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 1213 Fig. 12. Mass changes versus time for merai dustingTest 8 (650 °C, 20%H20, Oc • 10, 9.1 atm}
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 14 Fig. 14. Mass changes after 500 h of exposure at 650 °C and Pa,m for the metal dusting Test 5 (10%H:i(), a,• 2.76) and the oxidizing test in air+ 10%H:i(). When dupliG1te specimens were tested, the average mass change is reported and error bars indiG1te the exact mass changes.
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 15 Fig. 15. Light optiGII images of the cross-sections of alloys (a) T122, (b) 347H and (c) AFA af ter 500 h at 650 °C and Pa,m after the oxidation test in air+ 10%H:i().

  2 35%CO 2%CO 2 4%H 2 O gas mixture, the temperature was increased from 550 to 750 °C, leading to a decrease in a c from 69.4 to 1.4 (Tests 1 3 in Table 2). (2) At atmospheric pressure and 650 °C, a c was decreased from 10 to 1.1 by replacing H 2 by H 2 O in a 43%CO 51%H 2 6%CO 2 gas mixture (Tests 4 6 in Table 2). (3) At 650 °C, H 2 O was added to a 43%CO 51%H 2 6%CO 2 gas mixture keeping the CO/CO 2 and H

2 /CO ratios constant. The total pressure was increased from 1 to 16 atm in order to maintain a c around 10 (Tests 4' and 7 9 in Table

2

). Metal dusting conditions in Test 4 and 4' were identical and compared exposures in the two furnaces described below.

Table 1

 1 Composition of the alloys in at%.

	Alloy			Fe-base alloys					Ni-base alloys		
		T122	800H	347H	AFA	FeCrAlY	601	602	693	HR6W	H224	NiAl
	Fe	84.74	42.72	68.19	48.42	70.14	12.84	9.27	4.70	24.41	26.74	
	Ni	0.33	31.84	7.89	23.63		58.45	58.05	57.70	44.38	42.92	52.46
	Cr	11.36	20.90	19.87	14.69	20.01	23.74	26.22	29.99	26.28	21.12	
	Al		1.43		7.08	9.77	2.66	4.80	6.23	0.09	7.20	47.53
	Si	0.24	0.55	2.20	0.29		0.46	0.16	0.10	0.44	0.48	
	Co	0.02	0.06	0.12			0.05	0.03	0.04	0.44	0.24	
	Cu	0.73	0.30	0.22	0.43		0.48	0.01	0.01	0.09	0.01	
	Mn	0.68	0.99	0.95	1.94		0.21	0.10	0.19	1.04	0.34	
	Mo	0.21	0.10	0.17	1.15		0.21	0.02	0.02	0.1	0.14	
	Nb	0.02	0.04	0.02	1.47		0.06	0.01	0.37	0.12		
	V	0.24	0.05	0.03	0.05		0.05	0.03		0.06	0.02	
	Ti		0.60		0.06		0.55	0.17	0.47	0.17	0.54	
	W	0.57	0.01	0.01	0.30			0.003		1.99		
	Others	0.01B	0.02P	0.004B	0.03B	0.07Y	0.02B	0.04B	0.01P	0.02B	0.0001Y	
		0.02P	0.01Zn	0.03P	0.03P		0.02P	0.06Y	0.03Zr	0.02P		
								0.06Zr				
	C	0.51	0.36	0.21	0.42	0.004	0.13	0.86	0.12	0.32	0.23	
	S	<0.3	<0.09	0.006	<0.00003	<0.03	0.005	<0.3	<9 Â 10 6	<0.3	0	<9 Â 10 6
	O	0.012	0.004	0.011	0.003	0.007	0.003	0.100	0	0.013	0.005	0.002
	N	0.297	0.026	0.093	0.002	0.0004	0.060	0.002	0.04	0.028	0.015	0

Table 2 Details about the exposure conditions for the metal dusting and oxidation te sts. Test T(OC)

 2 

			Ptotal	
			(atm)	H2O
	1	550		
	2	650	1.0	4.0
	3	750		
	4			0
	5	650	1.0	10
	6			20
	4'		1.0	0
	7 8	650	3.6 9.1	10 20
	9		16.0	28
	Ox	650	1.0	

Gas mixture (%) CO H2 CO 2 35.0 59.0 2.0 51.0 43.0 41.0 6.0 31.0 43.0 51.0 6.0 38.7 45.9 5.4 34. 4 40.8 4.8 31.0 36.7 4.3 Air+10%H2O a, 69.4 8.1 1.4 10.0 2.8 1.1 10.0 10.0 10.0 102 P o, (atm) 9.7 X 10 29 2.4 X 10 lS 1.3x10 22 2.4 X 10 25 3.1 X 10 24 2.2x10 23 2.4 X 10 25 2.5 X 10 24 1.3x10 23 3.1 X 10 23 0.21
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