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High-temperature oxidation of Cr2AlC MAX phase produced by different powder metallurgy routes: study of the relationship between microstructure and oxidation resistance

MAX phases are a family of nanolayered carbides and nitrides widely studied for their unique properties cumulating those of ceramics and metals. Cr2AlC is considered as one of the most promising MAX phase for its corrosion resistance properties. In this study, fine and coarse-grained Cr2AlC samples were respectively synthesized using spark plasma sintering and hot isostatic pressing techniques. The operating parameters were varied to optimize the purity and the density of the end-product. Oxidation tests were carried out in dry air on fine and coarse-grained polycrystalline samples in the temperature range 800-1400 •C up to 1000h. Thermodynamic calculations were also performed to give further analysis of the experiments and to better understand the oxidation mechanisms. The effect of both the oxidation conditions and the MAX phases microstructural characteristics (grain size) were studied via the observation of the oxide layers morphology, the analysis of the oxidation products and the study of the oxidation kinetics.

Introduction

Among high-temperature materials, the MAX phase family (M transition metal, A p-bloc element, X carbon or nitrogen) offers, besides ceramic and metallic mixed properties, a variety of oxidation resistant materials [START_REF] Barsoum | The Mn+1AXn phases: A new class of solids: Thermodynamically stable nanolaminates[END_REF][START_REF] Tallman | A critical review of the oxidation of Ti2AlC, Ti3AlC2 and Cr2AlC in air[END_REF][START_REF] Sokol | On the chemical diversity of the max phases[END_REF]. Due to the nanolamellar structure of the MAX phases and the weak bonding between its M6X octahedrons sheets and planes of A element, the nature of the A element governs the nature of the oxide scale that forms during oxidation. As an example, M-Al-X phases are known as alumina-forming materials even if some MxOy oxides can be formed [START_REF] Magnuson | Chemical bonding and electronic-structure in MAX-phases as viewed by X-Ray spectroscopy and density functional theory[END_REF]. Cr2AlC is one of the most promising alumina-forming MAX phase and its oxidation resistance has been assessed from 700 to 1400°C for various oxidation times [START_REF] Lee | Oxidation of Cr2AlC at 1300 •C in air[END_REF][START_REF] Lin | High-temperature oxidation and hot corrosion of Cr2AlC[END_REF][START_REF] Lee | Oxidation of Cr2AlC between 900 and 1200 •C in air[END_REF][START_REF] Tian | Oxidation behavior of Cr2AlC ceramics at 1100 and 1250 •C[END_REF][START_REF] Lee | Cyclic oxidation of Cr2AlC between 1000 and 1300 •C in air[END_REF][START_REF] Lee | Long-time oxidation of Cr2AlC between 700 and 1000 in air[END_REF][START_REF] Li | Oxidation and crack healing behavior of a finegrained Cr2AlC ceramic[END_REF][START_REF] Li | Influence of grain size on high temperature oxidation behavior of Cr2AlC ceramics[END_REF][START_REF] Zuber | Towards a better understanding of the high-temperature oxidation of MAX phase Cr2AlC[END_REF][START_REF] Zuber | Cr2AlC high temperature oxidation under dry and wet air: Understanding of the oxidation mechanism[END_REF]. In most cases, Cr2AlC forms a continuous α-Al2O3 layer and a Cr7C3 sublayer which may be porous depending on the study considered. Cr2AlC oxidizes slowly with diffusion based (parabolic, cubic) kinetics and a resulting activation energy typically in the range 350-400 kJ mol -1 [START_REF] Tallman | A critical review of the oxidation of Ti2AlC, Ti3AlC2 and Cr2AlC in air[END_REF][START_REF] Smialek | Oxygen diffusivity in alumina scales grown on Al-MAX phases[END_REF]. Such an energy corresponds to the activation energy for oxygen diffusion at the grain boundaries of the alumina layer. The formation of the oxide scale is therefore quite well understood whereas the presence of the carbide sublayer is simply described as the result of aluminum depletion in the MAX phase. The pore formation in the carbide sublayer is explained by carbon and chromium oxides evaporation [START_REF] Lee | Oxidation of Cr2AlC at 1300 •C in air[END_REF][START_REF] Lee | Oxidation of Cr2AlC between 900 and 1200 •C in air[END_REF]. Nevertheless, only carbon dioxide has been detected in the early work of Lin et al. [START_REF] Lin | High-temperature oxidation and hot corrosion of Cr2AlC[END_REF]. The only study of the microstructure's influence on the oxidation behaviour of Cr2AlC focused on the grain size effect: Li et al. [START_REF] Li | Influence of grain size on high temperature oxidation behavior of Cr2AlC ceramics[END_REF] observed the formation of a Cr7C3 subscale under the alumina scale of coarse grained (60 μm) samples after 2 h oxidation at 1100 •C while they did not observe any in the case of fine grained (2 μm) samples. Moreover, they did not find any carbide after oxidation times up to 100 h for both fine and coarse-grained samples. The present paper focuses on the effect of the microstructure onto the high-temperature oxidation resistance of the Cr2AlC MAX phase produced by different powder metallurgy routes. The oxidation behaviour of bulk Cr2AlC up to 1000 h in dry air in the temperature range 800-1400 •C is investigated in relation with the grain size. For that purpose, oxidation products are characterized and oxidation kinetics are compared. Thermodynamic calculations are performed to better understand the nature of both the carbide sublayer and the different phases formed during the oxidation. Finally, a complete oxidation mechanism is proposed for fine and coarse-grained Cr2AlC samples.

Experimental methods

Synthesis method

For coarse grained sample synthesis, powders <40µm of chromium (Alfa Aesar, purity >99 %), aluminum (Alfa Aesar, purity >99.5%) and chromium carbide Cr3C2 (Alfa Aesar, purity >99.5%) were mixed with a molar ratio Cr:Cr3C2:Al= 0.525:0.475:1.2 in a tridimensional Turbula® mixer for 10min. A carbon sub-stoichiometry was used in order to avoid the formation of aluminum carbide Al4C3 at the origin of the pest phenomenon. Such a phenomenon is associated with the MAX phase material disintegration due to the formation of aluminum oxide and hydroxide at the grain boundaries. The powder mixture was then uniaxially cold-pressed (35MPa) into a cylindrical green pellet (12mm diameter). The pellet was encapsulated into a glass container under primary vacuum to prevent further oxidation. Assisted-pressure reactive sintering was performed using a Hot Isostatic Press (ACB-HIP6) at 1400 •C during 4h under 150MPa [START_REF] Zuber | Towards a better understanding of the high-temperature oxidation of MAX phase Cr2AlC[END_REF]. For fine grained sample synthesis, chromium (Alfa Aesar, 99 % purity, d50 = 28.0μm), aluminum (Alfa Aesar, 99.5 % purity, d50 = 9.1μm) and graphite (Alfa Aesar, 99.0 % purity, d50 = 6.9μm) powders were mixed with a molar ratio Cr:Al :C= 2:1.02:0.97 using a planetary ball-mill. The mixture was milled using 5mm diameter ZrO2 balls with a ball to powder mass ratio of 1:1 during 24h in ethanol. After a drying step, the powder mixture was reactively sintered under pressure using a Field Assisted Sintering Technology/Spark Plasma Sintering (FAST/SPS, FCT-HPD5, FCT Systeme GmbH, Germany). The powder mixture was sintered under vacuum (~4mbar) at 1200 •C for 15min, with an uniaxial pressure of 30MPa. The sintered Cr2AlC samples were discs of 30mm diameter and 5mm thickness [START_REF] Zuber | Towards a better understanding of the high-temperature oxidation of MAX phase Cr2AlC[END_REF].

Oxidation process and kinetic models

The polycrystalline samples were cut, polished with silicon carbide abrasive disks and then finished on felt disk with diamond paste of 0.25μm particles. The polished samples were placed into a thermogravimetric analysis chamber (TGA, SETARAM EVOSYSTEM) and heated at 20 •C/min under argon flow. The subsequent isothermal oxidation treatment was performed under dry air flow at T= [800;1400] •C during 100h. The long-term oxidation behaviour of Cr2AlC samples was investigated using a shaft furnace at 1000 •C under ambient air for 1000h. The mass gain was measured as a function of time during the oxidation process. The mass gain was thus normalized by the surface of the sample and raised to the power n (integer) until its shape was linear as a function of the oxidation time in order to deduce kinetic constant at a given temperature. The paralinear model [START_REF] Berthod | Kinetics of high temperature oxidation and chromia volatilization for a binary Ni-Cr alloy[END_REF] was used when the mass gain curve is flawed by species volatilization. While the parabolic (n= 2) and cubic (n= 3) models are only diffusion driven growth kinetic models, the paralinear model contains a growth term and a volatilization term expressed as Δm/S = (2kpl.t) 1/2 -kvt. The paralinear kinetic constant kpl (kg 2 .m -4 .s -1 ) is homogeneous to a parabolic kinetic constant while the volatilization kinetic constant kv (kg.m -2 .s -1 ), corresponds to a linear kinetic constant. The volatilization kinetic constant kv can be used to estimate the partial pressure of the volatilized gas Pv according to Pv α kvP 1/2 tot v 1/2 gas, with Ptot and vgas the total gas pressure and the gas velocity respectively [START_REF] Opila | Volatility of common protective oxides in high-temperature water vapor: current understanding and unanswered questions[END_REF]. For all models, the kinetic constants calculated for each temperature can then be used to obtain the ln(k)=f(1/T) Arrhenius plots and determine the activation energy of the associated oxidation mechanism.

Thermodynamic calculations

To support the experimental results, thermodynamic analyses of Cr2AlC equilibrium in air were performed with Thermo-Calc software [START_REF] Andersson | Thermo-calc and dictra[END_REF]. The thermodynamic equilibria calculated from this software were based on the CALculation of PHAse Diagrams (CALPHAD) methodology [START_REF] Sundman | Computational Thermodynamics: the Calphad Method[END_REF]. The relevant thermodynamic descriptions of the Cr-Al-C and CrO2-Al2O3 systems reported, respectively by Y. Liang et al. and by T. M. Besmann et al., were used for the equilibrium calculations of the system [START_REF] Hallstedt | Thermodynamic evaluation of the Al-Cr-C system[END_REF][START_REF] Besmann | Thermochemical analysis and modelling of the Al2O3 -Cr2O3, Cr2O3 -SiO2, and Al2O3 -Cr2O3 -SiO2 systems relevant to refractories[END_REF]. The thermodynamic descriptions of the gaseous species considered for the calculations were obtained from the NIST Chemistry WebBook and the work reported by B.B. Ebbinghaus [START_REF] Linstrom | NIST Chemistry Webbook, NIST Standard Reference Database 69[END_REF][START_REF] Ebbinghaus | Thermodynamics of gas phase chromium species: the chromium oxides, the chromium oxyhydroxides, and volatility calculations in waste incineration processes[END_REF].

Microstructural characterization

Scanning electron microscopy (SEM -JEOL 7001-TTLS) and energy dispersive X-Ray spectrometry (EDXS, Oxford Instrument) were used to observe the sample's surface and analyse the composition of the different contrasted regions, before and after oxidation. X-Ray Diffraction (XRD -BRUKER D8 diffractometer) with Cu-Kα radiation was performed for crystalline structure identification of synthesized and oxidized samples.

Results and discussion

Microstructure characterization before and after oxidation

Prior to oxidation, the bulk samples are observed and characterized. Fig. 1 shows SEM micrographs in composition mode of the surface of polycrystalline HIP (a) and SPS (b) Cr2AlC samples. From image analyses, few quantities of Al2O3 and Cr7C3 impurities are detected into HIP (< 2 %) and SPS (< 4 %) Cr2AlC samples. Al2O3 being inert and Cr7C3 being a chromino-forming carbide, their presence should not affect the oxidation behaviour of the MAX phase. The grain size, revealed after adequate polishing process and polarized optical microscopy image analysis is about 50-100μm for HIP samples and 2μm for SPS samples. As a consequence, HIP and SPS samples will be further mentioned as coarse-grained and fine-grained samples respectively. The relative density of the various samples is higher than 98 % of the theoretical density. Independently of their microstructure, Cr2AlC samples show several common features after oxidation in the 800-1400 •C temperature range for 100h. Indeed, coarse and fine-grained polycrystalline samples exhibit a layered structure composed of a α-Al2O3 corundum layer and a Cr7C3 sublayer, as illustrated in Figs. 2 A andB. Pores are also observed in the carbide layer for both types of samples but it isn't systematic. Furthermore, depending on the alumina thickness, delamination-induced buckling is observed on the surface of oxidized samples due to compressive stress during cooling [START_REF] Zuber | Towards a better understanding of the alumina scale buckling during high temperature oxidation of Cr2AlC[END_REF]. It was reported by Li et al. that the chromium carbide subscale was not observed after 2h oxidation at 1100°C on fine-grained samples (2 µm) [START_REF] Li | Influence of grain size on high temperature oxidation behavior of Cr2AlC ceramics[END_REF]. This phenomenon was explained as an effect of the large number of grain boundaries providing easy diffusion paths for aluminum atoms, avoiding the Al depletion in the MAX phase grains below the oxide scale. In this study, the observations performed on fine-grained samples seem to belie this statement as one can observe that the grain size, for samples with micrometric grains (2 to 100 μm), is not the key factor controlling the species formation and the final microstructure. Indeed, in the present study, the carbide layer formed in the oxidized fine and coarse-grained samples as well as the thermodynamic calculations in the next part strongly suggest that the formation of chromium carbide is inevitable. Experimentally, in order to move to more advanced stage of oxidation, the oxidation rate was increased by increasing the duration of the oxidation reaction. In the case of the oxidation of a finegrained polycrystalline sample oxidized at 1000 •C for 1000h in dry air, a triple oxide layer is observed with a chromia-rich layer in between two alumina layers, as shown in Fig. 2C.

Thermodynamic calculation vs. experimental data

Thermodynamic calculation allows determining which phases are expected to form at the equilibrium. Figs. 3A and3C show that four main phases are expected to form as the amount of oxygen increases in the presence of Cr2AlC: aluminum carbide Al4C3, two chromium carbides Cr7C3 and Cr3C2 and an alumina-rich corundum phase (Corundum#1). As the oxygen content continues to increase, a chromiarich corundum phase (Corundum#2) can also be formed. It is important to note that both of the corundum phases contain alumina and chromia as reported in Figs. 3C and3D. The formation of Corundum#2 phase and the increase of Cr2O3 in Corundum#1 phase are correlated to the decomposition of the chromium carbides (Figs. 3A, 3C and3D). However, if a special attention is given to the driving forces of the compound's formation, one can clearly observe in Figs. 3B and3B' that the driving force of the Cr7C3 formation is higher than the Cr3C2 one. This reveals that the formation of Cr7C3 is thermodynamically favoured as evidenced in the observations shown in Fig. 2.

Looking at the proportion of chromia in the most-likely-to-form Corundum#1, calculations show that for low mole fraction of air (<0.5), alumina is the only oxide formed, as observed after 100h oxidation in the temperature range 800-1400°C (Figs. 2A and2B). For higher mole fraction of air, alumina is predominant but the proportion of chromia incorporated in the corundum#1 phase increases as shown in Fig. 2C. As shown in Fig. 3D, a second corundum phase (corundum#2), with a large amount of chromia, is formed for mole fraction of air higher than 0,67. Such thermodynamic calculations are in very good agreement with the observations reported in Fig. 2C for long-term oxidation tests. 

Kinetics

Most of the mass gain curves resulting from dry air oxidation tests could be considered to fit parabolic (n=2) or cubic (n=3) law, but we selected cubic kinetic constant to be able to compare our results with recent studies. Fig. 4 shows the Arrhenius plots of the cubic kinetic constants determined for the fine and coarse-grained polycrystalline samples in the temperature range 800-1400 •C. The Arrhenius curves deduced from the cubic kinetic constants show a slope variation at low (below 900 •C) and high (above 1200 •C) temperatures independently of the grain size. The slope change at 900 •C likely results from the oxidation mechanism being, at least partially, driven by surface reactions. The slope change observed at high temperature results from a modification of the oxidation mechanism which will be further discussed. For the two types of samples, the activation energy is about 400kJ. mol -1 in the temperature range 900-1200°C. Such a value is neighbouring the one of 350-380kJ.mol -1 which is the activation energy value for oxygen anions diffusion at the grain boundaries of alumina [START_REF] Zuber | Towards a better understanding of the high-temperature oxidation of MAX phase Cr2AlC[END_REF]. As shown by Smialek et al.

for other alumina-forming MAX phases [START_REF] Ebbinghaus | Thermodynamics of gas phase chromium species: the chromium oxides, the chromium oxyhydroxides, and volatility calculations in waste incineration processes[END_REF], oxygen diffusion at the grain boundaries of the alumina scale is also the predominant oxidation mechanism for Cr2AlC. The change in reaction mechanism for temperatures above 1200°C can be explained by the increase, with temperature, of the volatilization of gaseous species. According to the literature, such species should be mainly composed of carbon oxides [START_REF] Lin | High-temperature oxidation and hot corrosion of Cr2AlC[END_REF], which is corroborated by thermodynamic calculations, as reported in Fig. 5A. Indeed, during the dry air oxidation process, the carbon oxides' partial pressure increases prevailing on other gas products by far. This volatilization of carbon oxides is characteristic of the oxidation of chromium carbide, which is consistent with the formation of chromia for long oxidation times (see Fig. 2C). Carbon oxides volatilization together with the creation of Kirkendall voids, could also explain the formation of pores in the Cr7C3 layer as observed in Fig 2B .  To consider the superposition of the mass gain associated with the growth of the oxide and the loss of mass related to the volatilization of gaseous species, the paralinear model was used. The volatilization kinetic constant kv makes it possible to estimate the partial pressure of the volatilized gas Pv [START_REF] Opila | Volatility of common protective oxides in high-temperature water vapor: current understanding and unanswered questions[END_REF]. In Fig. 5B, the gas partial pressure shows that the paralinear model highlights gas species volatilization above 1200 •C for the Cr2AlC coarse and fine-grained samples. 

Oxidation mechanism

From the experimental data of the present and previous studies [START_REF] Zuber | Towards a better understanding of the high-temperature oxidation of MAX phase Cr2AlC[END_REF][START_REF] Zuber | Cr2AlC high temperature oxidation under dry and wet air: Understanding of the oxidation mechanism[END_REF] coupled with thermodynamic calculations, an oxidation mechanism is proposed for both fine and coarse-grained Cr2AlC samples:

1) The oxygen reacts at the surface with aluminium atoms of the MAX phase to form an alumina scale and the Al-depleted Cr2AlC in contact with Al2O3 transforms into Cr7C3

2) The alumina scale thickens by inward diffusion of oxygen anions through alumina grain boundaries and the outward diffusion of aluminium cations through Cr7C3 allows the alumina to be formed at the Cr7C3/Cr2AlC interface 3) The alumina layer grows until the Cr7C3 sublayer thickens enough to make significant the distance between Cr2AlC/Cr7C3 and Cr7C3/Al2O3 interfaces. At this stage, we assume that oxygen anions diffusion through the alumina scale up to Cr7C3 is faster than the Al cations diffusion from the inner Cr2AlC up to the Cr7C3/Al2O3 interface. Thus, oxygen anions diffuse through alumina and reach the Cr7C3 layer which is further oxidized, involving chromium carbide's volatilization as COx gaseous species 4) Then the carbon-depleted Cr7C3 layer is further oxidized into chromia, along with some alumina due to the remaining aluminium cations from the MAX phase diffusing through the Cr7C3. These phenomena lead to an oxide scale composed of chromia and alumina 5) With respect to the progress of the chromia-alumina oxide formation, oxygen anions can reach Cr2AlC and lead to the formation of a new alumina layer and chromium carbide sublayer at the interface between Cr2AlC and the chromia-alumina oxide scale. Al atoms of Cr2AlC are oxidized in alumina and the outer Cr2AlC is transformed into Cr7C3.

Conclusion

Oxidation tests in dry air in the temperature range 800-1400 •C for up to 1000 h were carried out on fine and coarse-grained polycrystalline samples produced by powder metallurgy. Thermodynamic calculations were also performed to support experimental investigations. It is demonstrated that the nature and the arrangement of oxidation products related to fine and coarse-grained polycrystals are similar after 100h oxidation. They consist in a continuous Al2O3 layer, a chromium carbide Cr7C3 sublayer as well as progressive gaseous carbon oxide emission due to Cr7C3 oxidation for temperatures higher than 1200°C. For long-term oxidation tests (1000h), a chromia-rich corundum phase is formed instead of the alumina-rich corundum phase. Such results are in very good agreement with thermodynamic calculations. Finally, based on thermodynamic calculations, kinetics and microstructural analyses related to dry air oxidation tests, a complete oxidation mechanism has been proposed for fine and coarse-grained Cr2AlC samples.
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 1 Fig. 1. Surface SEM micrograph in back-scattered mode of A) HIP (coarse-grained), B) SPS (fine-grained) Cr2AlC samples.

Fig. 2 .

 2 Fig. 2. Cross-sectional SEM micrographs in back-scattered mode of Cr2AlC A) coarse-grained sample oxidized at 1000°C/100h in dry air, B) fine-grained sample oxidized at 1200°C/100h in dry air, C) fine-grained sample oxidized at 1000 •C for 1000h in dry air.

Fig. 3 .

 3 Fig. 3. CALPHAD calculations A) of the mole fraction of compounds at the equilibrium depending on the mole fraction of air, B) of the normalized driving forces of precipitation of the phases depending on the mole fraction of air, C) of the composition of the Corundum#1 phase, D) of the composition of the Corundum#2 phase (dotted lines for metastable phase) at 1200 •C.
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 4 Fig. 4. Arrhenius plots of cubic kinetic constants of Cr2AlC fine and coarse-grained samples after 100h oxidation in dry air in the temperature range 800-1400 •C.
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 5 Fig 5. A) CALPHAD calculations of the oxidation product's partial pressures at 1200 •C under dry air. B) Evaporated gas partial pressures deduced from the volatilization kinetic constant of Cr2AlC fine and coarse-grained samples oxidized in dry air during 100h in the temperature range 800-1400 •C. The dashed line draws the limit between the temperature (T> 1200 •C) where gas volatilization occurs or not (T <1200 •C).