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High Temperature Oxidation of Additively Manufactured Structural Alloys

Metal alloys produced by additive manufacturing have specifi c microstruc tures and compositions. Their microstructure is generally out of equilibrium, textured, and inhomogeneities can be observed. They can have pores and nano-inclusions. The contents of volatile elements may deviate from the nominal composition. These alloys often experience signifi cant interna! stresses and present fairly rough surfaces depending on the process used. Hipping these alloys modifies their microstructure and defects. This literature review shows that open porosity can lead to much higher oxidation kinetics than dense materials, with very deep interna! oxide penetrations. Neverthe less, when fabricated with optimized parameters, LBM-or EBM-alloys, such as TA6V, 718, or 316L, can behave as well as, or even better than, wrought alloys. The roughness of the surface is not necessarily problematic, but it can lead to local breakaway phenomena and premature spalling on some alloys. It has been verifi ed that the nature of the grain boundaries strongly affects the intergranular oxidation. The effect of chemical segregations on the protective nature of the outer oxide layer has also been reported. Today, too few studies have been devoted to the effect of raw and pre-oxidized surface states after HIP on cyclic oxidation and on hot corrosion of these alloys.

INTRODUCTION

The alloys produced by additive manufacturing (AM) 1 • 2 may have been designed for specific pro cesses, but in general, they use standard chemical compositions of alloys already used in industry, and produced by casting or forging. However, these alloys have special characteristics that can affect their resistance to oxidation at high temperatures. Therefore, most of the work published to date reports standard characterizations of resistance to oxidation at high temperature, intended to demon strate that the material does not have strongly degraded properties compared to those produced by conventional processes. Most of these studies deal with alloys fabricated by laser beam melting (LBM) and electron beam melting (EBM) of powder bed processes. In this article, we present the chemical and microstructural characteristics of alloys result ing from additive manufacturing that we believe to be important in relation to resistance to oxidation. We then review the experimental results which do or do not demonstrate an influence of these charac teristics. W e also highlight topics that are not yet well documented.

SPECIAL CHA.RACTERISTICS OF AM ALLOYS THAT CAN INFLUENCE OXIDATION AT HIGH TEMPERATURE

The particular characteristics of metal alloy parts resulting from additive manufacturing relate to the chemical composition and its homogeneity, the microstructure, the surface condition and the sur face particular morphology, the complex geometry of the parts, and, in particular, the possible thinness of their walls, the residual stresses, and fi nally certain characteristic defects. 1 • 2 Figure 1 illustrates some characteristics of AM alloys with their consequences on high-temperature oxidation. Nominal compositions of all the alloys cited in this paper are given in Table I.

EFFECT OF CHEMICAL COMPOSITION

The various atomization processes (by gas jet, water jet, etc.) can lead to significantly different compositions from the alloy powder intended for additive manufacturing. If the contents of the major elements comply with the desired characteristic values, those of the minor elements may, on the other hand, diverge depending on the process for making the powder. This is, for example, the case with manganese, the content of which varied from 0.1 wt.% to 0.5 wt.% within two types of powder used by Tobar et al. 7 to produce 316L steels by laser fusion (Table I). In addition, the chemical composition of LBM or EBM alloys may differ slightly from the composition of the precursor powder. Some elements, which can volatilize, are important for oxidation and corrosion. Note in particular the case of aluminum, which allows the formation of a protective oxide layer of alumina, provided it is in sufficient concentration in the alloy. Juechter et al. studied the compositional variations during EBM of a TA6V titanium alloy, and showed loss of Al during processing. 8 Finally, during manufacturing, it is difficult to guarantee that the gas of the chamber is completely inert.

Additive manufacturing processes use a flow of Ar (or even N 2 ) directed to the melting zone, or are carried out under secondary vacuum. Nevertheless, gases such as O 2 , H 2 , H 2 O, N 2 , CO, and CO 2 can cause contamination of the material and powder particles which will be recycled. 9 These gases are impurities in the shielding gases used, but they can also desorb from the metal during its melting. Given the nature of the gases and the vacuum levels used, one can expect partial oxygen pressures of 10 -5 atm to 10 -8 atm, which are sufficient to oxidize most metals and, in particular, Al, Ti, Zr, Si, and Cr; however, the oxidation times are short. Yu et al. 10 demonstrated that fine particles of Al 2 O 3 may have formed during the fabrication of alloy 718 by the EBM and LBM processes. These particles have been identified as being sites for the nucleation of Ti-Nb carbides.

Titanium alloys can be expected to be sensitive to the printing atmosphere, due to the reactivity of titanium with oxygen, nitrogen, and carbon. This has been shown for the TA6V alloy produced by the EBM process. An increase of 0.11 wt.% oxygen was measured on TA6V powder recycled 21 times. 11 This is important for titanium alloys, whose microstructure and mechanical properties are strongly affected by a few hundred ppm of oxygen. 12 The recycled powder particles accumulate pollution by oxidation cycle after cycle. The recyclability of powders has been the subject of numerous studies, for example, 4 (c) unmelted powder particles fully oxidized (A), TA6V EBM (SEM-SE), 5 (d) special grain boundaries (B in blue, green, red, yellow) without any intergranular oxidation (C in black) (electron backscatter diffraction). 6 for titanium alloy TA6V and superalloy 718. 11,[13][14][15] The results show overall that it is possible to maintain a very low pollution with the LBM and EBM processes for these two alloys, even after dozens of cycles.

Impurities are very important for certain properties of alloys. In the field of high-temperature oxidation, with conventionally processed materials, it is well known that the sulfur content, at the ppm or even at the sub-ppm level, affects the adhesion of alumina to Ni-based superalloys (e.g., 16 ) As a consequence, the kinetics of cyclic oxidation increases with the level of S (in terms of metal consumption). Carbon can also play a role. 17 The reactive elements (Hf, Y, Zr, Ce, and La) interact with these species, 18 and then also affect the oxidation behavior in thermal cycling. It has also been shown that phosphorus can affect intergranular oxidation in alloy 718. 19 In 2014, Unocic et al. 20 published a first study on the cyclic oxidation characterization of AM-alloy 718. Following these pioneering works carried out at ORNL, Romedenne et al. 21 studied the cyclic oxidation in air at 950°C of the Hastelloy X alloy, produced by LBM and EBM, by comparing their behavior with that of the wrought alloy. They found that the oxide scale of the Hastelloy X alloy produced by EBM and LBM spalled faster than the wrought alloy. This result was attributed to the formation of a thin layer of SiO 2 at the metal/Cr 2 O 3 interface.

In 2021, Sanviemvongsak 22 showed that the LBM 718 alloy exhibited a highly degraded cyclic oxidation resistance compared to the EBM 718 and the wrought 718 alloys, while these alloys exhibit similar isothermal oxidation behaviors. No explanation could be found in the microstructural differences of the three alloys. It was instead proposed that the level of free sulfur (S dissolved in the gamma phase) was the explanation, and it was shown by a thermodynamic calculation that the small concentration of Mn could explain the fact that the alloy LBM had a higher level of free S (Fig. 2). These examples show that, first, cyclic oxidation experiments are required in addition to isothermal experiments, and, second, the level of impurities should be controlled at the level of 0.1-100 ppm, depending on the elements. This includes the level of S and C in Ni-base superalloys and steels, and also of reactive elements known to traps S and C, and of some elements with the same properties, such as Mn. This includes also Al, Ti, and Si elements in Ni-or Fe-based chromia formers because they can form internal and intergranular oxides (Fig. 3). 23 

EFFECT OF MICROSTRUCTURE AND CHEMICAL HOMOGENEITY

Even when their level of porosity is very low, alloys from additive manufacturing can have specific microstructures that can affect high-temperature Morphological anisotropies and crystallographic texturing are also often observed. Parts can be used as raw materials, as processed or annealed, or exposed to high isostatic pressing (HIP). HIP can erase all or part of these microstructural peculiarities. These differences in microstructures can influence the homogeneity of the outer oxide layer, intergranular oxidation, or even the diffusion of oxygen into the metal matrix in the case of titanium alloys. 26 For example, it has been shown for standard manufacturing processes that the texturing of alloys influences the number of special grain boundaries, and that these are much more resistant to intergranular oxidation. 27,28 In particular, R3 grain boundaries have better resistance to intergranular oxidation. Sanviemvongsak et al. 4 studied the link between the nature of grain boundaries resulting from additive manufacturing and the kinetics of intergranular oxidation. Samples of alloy 718 from LBM-or EBM-optimized fabrication showed external oxidation kinetics and mass gains similar to wrought samples. On the other hand, intergranular oxidation differences were noted. More recently, it was shown by electron backscatter diffraction analyzes on samples oxidized over long periods of time Fig. 2. Effect of alloy 718 impurities on cyclic oxidation kinetics. The worst behavior is obtained for the LBM-718 alloy which may not have enough Mn to compensate for its S level. The best behavior is obtained for the forged alloy 718 which has a low S concentration and a lot of Mn (see text). 22 HT heat-treated, P600 ground to P600 paper finish, raw not ground. Fig. 3. Effect of powder composition and AM processing on the composition on internal and intergranular oxidation of alloy 625 (after). 23 Less Al in LBM-625 than in wrought 625 leads to less internal and intergranular oxidation at 900°C and 1050°C. at 850°C, that these differences were in part due to different special grain boundary densities in these different samples (Fig. 4). 6 Ramenatte et al. 23 compared the air oxidation of alloy 625 produced by LBM or casting and rolling. The LBM alloy exhibits a cellular microstructure with significant segregations of Nb and Mo. At 900°C, this does not impact the resistance to oxidation, but at 1050°C, a marked deterioration in the oxidation behavior of the LBM alloy is observed, with the formation of numerous pores under the oxide layer and a significant amount of Nb 1.5 Cr 0.5 O 4 rutile in the internal part of the oxide layer (Fig. 5). Juillet et al. 29 had previously found an opposite effect when comparing cast and LBM alloys. The higher d-Ni 3 Nb phase level in the cast alloy resulted in the presence of more Nb 2 O 5 in the oxide layer which was then less protective. Siri et al. 30 have compared the isothermal oxidation behavior of 316L steel made by LBM to the isothermal oxidation behavior of a wrought alloy. They found slower oxidation kinetics for the LBM alloy between 700°C and 1000°C, and attributed this improvement to an enhanced diffusion of Cr to the surface.

Regarding the TA6V alloy, the microstructure is closely dependent on the AM technique used, as illustrated in Fig. 2, showing the microstructures of two materials studied by Casadebaigt et al., 5,26 produced, respectively, by EBM and LBM. The main problem with titanium alloys is their embrittlement due to oxygen dissolution at high temperature. 12 The temperature of use of TA6V (<500°C) is low compared to its melting temperature, so we can therefore expect a significant contribution of shortcircuit diffusion at internal interfaces on the diffusion of oxygen in the metal matrix. Despite this, Casadebaigt et al. 26 showed that the fineness of the microstructure did not influence the kinetics of oxygen penetration. This was shown by comparing the behavior of TA6V produced by conventional methods, by LBM and EBM, with thin microstructures and after HIP with a much coarser microstructure.

EFFECT OF PROCESSING DEFECTS AND HIP

The manufacture of an alloy with non-optimized parameters can lead to the presence of defects which can greatly influence the oxidation kinetics. Jia et al. 3 studied the high-temperature oxidation of samples of the LBM-718 alloy with high energy densities, which led to the presence of open porosity in the samples and to mass gains very important during high-temperature oxidation. Sanviemvongsak et al. 4 also studied the oxidation of alloy 718 manufactured by LBM and EBM, but with optimized parameters, and few defects were observed. They showed that the LBM, EBM, and forged alloys then had very similar oxidation kinetics when the surface conditions were equivalent (P600 polishing). For a material with pores, a HIP treatment can lead to an improvement in the resistance to oxidation at high temperature by densifying the material, but the HIP can also lead to microstructural changes, such as precipitation at the grain boundaries which can affect intergranular oxidation, as has been shown on alloy 718 fabricated by LBM. 31 

EFFECT OF SURFACE ROUGHNESS

The powder particles used for additive manufacturing have diameters generally between 15 lm and 120 lm, with a typical particle size of a TA6V powder for the EBM process being 70 lm ± À25/+50 lm and a typical particle size of a Ni-base alloy powder for the LBM process being 30 lm ± 20 lm. 32 This leads to surface roughness which can be high (R a of several tens of micrometers). There are ''staircase'' effects due to the fabrication by layer, with an effect of the fabrication angle. Sometimes, the presence of unmelted powder particles sintered on the surface (''satellites''), or metal droplets of very variable sizes, ejected from the molten bath to a previously molten and solidified layer of metal (''spatters''), are observed. It has been shown that, for alloy 718, roughness of EBM samples could lead to reactive surface areas 2-4 times higher than a flat surface. 4 When measuring the reactive surface area, one must be careful of hidden surfaces if a 3Dimage analysis is used. 5,33 When the oxidation or corrosion kinetics are studied, it is therefore necessary to be particularly attentive to this parameter in order not to reach erroneous conclusions. For example, in, 4 as processed additive manufacturing alloys exhibit higher oxidation kinetics than alloys forged or polished in terms of mass gains. However, this is only due to their higher reactive surface area. If the oxidation kinetics are characterized by the thickness of the oxide layer formed, or the thickness of the metal consumed, and this is what ultimately matters, there is no longer any difference between the 718 alloys forged, LBM or EBM, under isothermal oxidation conditions. These authors even noted that the EBM alloy exhibited slightly better behavior than forged, from measurements on polished samples. Ramenatte et al. 23 confirmed these results on alloy 625.

Casadebaigt et al. 5 studied the effect of surface roughness on a TA6V alloy obtained from LBM, EBM, or rolled. However, they also showed a specific behavior for this titanium alloy. Indeed, on a raw surface after additive manufacturing, the partially melted powder particles attached to the surface oxidize catastrophically. After an incubation time, the anionic growth of the rutile TiO 2 layer and the strong increase in volume induced by the oxidation of titanium generated very high mechanical stresses in the powder particles, which caused their cracking and the acceleration of their oxidation. In this study, it was shown that the very rapid oxidation of the powder particles contributed about half of the mass gains recorded (Fig. 6).

The catastrophic oxidation of the Ti powder at the surface of AM part is a phenomenon which does not affect the health of the material. However, sometimes, the surface geometry can affect the nature, the kinetics, and the growth constraints of the layer and its adherence. In an atmosphere of catastrophic powdery carburization, called metal dusting, Vernouillet et al. 34 showed that the samples of alloy 625 LBM and LBM + HIP with rough surfaces, suffered greater mass losses than polished samples. In addition, the raw HIP samples showed large variations in behavior. Indeed, the significant roughness due to additive manufacturing, and the high grain sizes due to HIP, can cause greater localized depletion of Cr and thus lead to the formation of a spinel on the surface, which catalyzes the decomposition of CO and is less protective with respect to oxidation and carburization (Fig. 4). The spinel formation in convex surface areas has also been observed after 500 h of oxidation at 800°C of EBM-Hastelloy X. 33 The roughness also affects the state of stress in the oxide layer and can lead to premature spalling of the oxide layers. 35 During their study on the cyclic oxidation kinetics of alloy 718, Sanviemvongsak et al. 22 observed that grinding with P600 paper of the surface of the LBM alloy delayed the catastrophic spallation of oxides during thermal cycles of 1 h at 900°C, but did not prevent it.

EFFECT OF RESIDUAL STRESSES

Due to the large temperature gradients during additive manufacturing, parts are subjected to high levels of residual elastic stresses. These can influence the reactivity of surfaces, and the diffusion to the core of the material. In particular, internal and intergranular oxidation, which itself generates significant strain due to the large increase in volume associated with oxidation, may depend on the initial presence of stresses from the manufacturing process. This has been shown by Bertali et al. 36 for a conventional 600 alloy tested at 480°C under an H 2 + H 2 O mixture, but this does not seem to have been reported to date for additive manufacturing materials.

EFFECT OF COMPLEX GEOMETRIES AND THIN WALLS

One of the major interests of additive manufacturing is the possibility of manufacturing parts of complex geometry, with hidden surfaces inaccessible to machining. These complex geometries can have thin elements and thin walls, which can have several consequences on their chemical reactivity and mechanical behavior. First, hidden surfaces cannot receive all types of surface treatments. For example, grit blasting, shot blasting, and coating application can be difficult or impossible inside parts. This of course has an effect on the reactivity of the internal surfaces. Then, the morphology and the surface defects depend on their angle with respect to the direction of construction of the part. This influences the oxidation. For example, Li et al. 28 seem to show during preliminary results on an alloy 718 produced by EBM, that the fabrication angle affects the orientation of the grains and the density of grain boundaries, which would have a slight repercussion on the resistance to oxidation at high temperature. Finally, the fineness of some AM structures can make them susceptible to premature exhaustion of alloying elements that protect against oxidation or corrosion at high temperature. In isothermal oxidation, if a protective layer of Al 2 O 3 or Cr 2 O 3 forms on a surface, this creates a Cr or Al depletion under the oxide layer. If the wall of the part is thin and at high temperature, the depletion profiles meet from the two surfaces of the wall, the core concentration decreases, and consequently that under the oxide layer also decreases. This can cause a ''breakaway'' phenomenon, that is, the formation of a less protective oxide layer formed from the other elements of the alloy, and faster growing by several orders of magnitude. [START_REF] Chyrkin | Predicting subsurface enrichment de pletion processes during high temperature oxidation of alloy 625 thin foils[END_REF][START_REF] Romain | [END_REF] In the case of a titanium alloy, another thin wall effect exists, as oxygen diffuses in large quantities into the metal under the oxide layer and weakens it. 12 This effect is, of course, more dangerous on a thin wall. [START_REF] Texier | 14th World Conference on Titanium[END_REF] 

EFFECT OF PREOXIDATION DURING HIGH ISOSTATIC PRESSURE TREATMENT (HIP)

The purpose of the HIP treatment carried out at high temperature and high hydrostatic pressure is to close the pores and defects formed during additive manufacturing. This heat treatment will also reduce or eliminate the internal stresses 31 and modify the microstructure (nature of the phases and grain size). It is carried out at a high temperature and under a very high pressure, typically 1000 bars. If the gas used is nitrogen or argon, these contain impurities of O 2 and H 2 O, which, due to the high pressure,can lead to significant surface oxidation. Nitrogen can also cause internal nitridation. Since the HIP treatment is carried out in a closed chamber, which may contain metal walls, graphite tools, and ceramic insulators, the reactivity of the metal alloys will also depend on the furnace used and on the total surface area of the samples treated at the same time in the chamber. No systematic study on this subject is available in the literature to our knowledge. 

ALLOYS DEVELOPED SPECIFICALLY FOR AM

New alloys with improved mechanical and chemical properties have been designed by exploiting the specificities of AM powder bed fusion processes to develop novel microstructures. This is, for example, the high mechanical performance Scalmalloy Ò aluminum alloy, which has been patented by Airbus-APWorks GmbH, and which has been the subject of a comprehensive metallurgical study by Spierings et al. 40 Another example is given by Hong et al. 41 who reported a comparative study of the hightemperature oxidation of alloy 625 and of a 625/TiC composite, both developed by LMD. These authors report a surprising beneficial effect of the presence of TiC, but the oxidation kinetics are not compared to a forged 625 alloy, and the oxide layers are not observed in section to verify their thicknesses. These preliminary works need more extensive studies on reactivity.

SUMMARY OF AM ALLOY PERFORMANCE AND CONCLUSIONS

1. Porosity and defects resulting from a lack of powder fusion, and also from gas trapping, lead to significant degradation of oxidation behavior 3 if these defects are connected to the external surface. High-temperature oxidation reveals the open porosity. The oxidation kinetics increase, and also the consumption of protective alloying elements. This can lead to a premature breakaway phenomenon. In addition, the oxidation of cracks with the very significant increase in volume when the metal is transformed into oxide are sites of stress concentration and can lead to rupture. 2. The surface roughness, generally linked to the particle size distribution of the powders, increases the area of the reactive surface and therefore the quantity of oxide formed for fairly short times. The reactive surface area was observed to be multiplied by 4 for EBM-718 in comparison to a flat surface. 4 . This increase in reactivity is transient and not necessarily detrimental to the part in terms of affected thickness, as has been seen in high-temperature oxidation of alloy 718, 4 but may lead to local breakaway, as observed on alloy 625 23,34 or Hastelloy X. 33 3. The complexity of microstructures is inherent to the rate of the melting and cooling processes, which is conducive to elemental segregation. During high-temperature oxidation, these segregations could lead to the formation of nonprotective oxides, 23 but there is a lack of experimental data on this point. 4. The nature of grain boundaries may be different from those observed in materials from conventional elaboration processes, due to increased segregation, pore closures during HIP, texturing, and internal stresses, and this may affect high-temperature intergranular oxidation kinetics. 6 5. The resistance to cyclic oxidation and hot corrosion has been scarcely reported in the literature. [20][21][22] On this subject, special attention must be paid to impurities and minor elements that can affect the adhesion of the oxide layers (S, C, reactive elements, sulfide-forming elements).

The geometry of the surfaces may also greatly affect the stress state during thermal cycling. Furthermore, surface roughness could affect hot corrosion with melted salts. Here again, experimental data are missing.

To improve the performance of AM parts, it is first mandatory to produce materials without open porosity. Roughness is not necessarily a problem, but it must be evaluated with long-term oxidation tests until the appearance of the ''breakaway'' phenomenon, and under thermal cycling conditions to increase the level of stress in the oxide scale. Then, it is possible to consider heat treatments intended to reduce the residual stresses. HIP treatment helps to homogenize the chemical composition and at the same time reduces manufacturing defects. Chemical or electrochemical surface treatments can also be considered to reduce surface roughness when necessary, with the difficulty of accessing hidden surfaces.
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 1 Fig. 1. Effect of the microstructural characteristics of materials from AM on their oxidation behavior: (a) open porosity, 718 LBM 3 (SEM-SE), (b) roughness, 718 EBM (SEM-SE),4 (c) unmelted powder particles fully oxidized (A), TA6V EBM (SEM-SE),5 (d) special grain boundaries (B in blue, green, red, yellow) without any intergranular oxidation (C in black) (electron backscatter diffraction).6 
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  TableI. Nominal composition of alloys referenced in this paper (wt.Max, **Min oxidation. Non-equilibrium microstructures can be generated: for example, a' martensite in Ti alloys, or the absence of hardening precipitates in Ni-based alloys, or chemical segregations, for example, Nb, Ti, and Mo in interdendritic zones of alloy 718, which can cause precipitation of Laves phases.[START_REF] Sames | Effect of process control and powder quality on inconel 718 produced using electron beam melting[END_REF][START_REF] Tao | [END_REF] 
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 465 Fig.4. Intergranular oxidation of alloy 718. Statistical evaluations showed that AM alloys present thicker intergranular oxidation, the same average depth of intergranular oxidation than forged alloy, but with deeper occurrences.6 
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 6 Fig. 6. Effect of TA6V powder oxidation at the surface of LBM-TA6V. Catastrophic oxidation of titanium powder leads to an initial large increase of mass gain. (after 5 ).
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