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Coupling powder bed additive manufacturing and vapor phase deposition methods for elaboration of coated 3D

Ti-6Al-4V architectures with enhanced surface properties

Introduction

Powder bed additive manufacturing technics have been widely developed these last decades for their unique performance in the processing of complex and tailored metallic objects.

Among the existing technologies, Electron Beam Melting (EBM) involves the layer-by-layer addition of pre-alloyed powders selectively melted with a high-energy electron beam scanning the sample from a Computer-Aided Design (CAD) model [START_REF] Murr | Electron beam melting[END_REF]. A large set of metals such as Co-, Ni-based alloys or copper have already been manufactured by EBM [START_REF] Murr | Electron beam melting[END_REF]. The Ti-6Al-4V (wt. %) alloy, is one of the most studied materials for EBM fabrication [START_REF] Harrysson | [END_REF][3][4][5][6][7]. The structure of the Ti-6Al-4V alloy is a mixture of hcp -Ti and bcc -Ti phases stabilized by Al and V respectively. It is largely used in the aeronautics and biomedical industries [START_REF] Leyens | Titanium and Titanium Alloys: Fundamentals and Applications[END_REF][START_REF] Boyer | [END_REF]. Thanks to EBM technology, there is a growing interest in Ti-6Al-4V 3D structures generally known as "lattice structures", for weight reduction or mechanical properties adjustment for example.

One of the limitations of using Ti-6Al-4V in aeronautic applications is its low oxidation resistance at temperatures above 400 °C [START_REF] Boyer | Materials Properties Handbook: Titanium Alloys[END_REF]. To increase the working temperature limit, Ti-6Al-4V has been coated with different materials [START_REF] Leyens | Oxidation and Protection of Titanium Alloys and Titanium Aluminides[END_REF], e.g. materials based on Ti-Al [START_REF] Dai | [END_REF][13][14], Ti-Al-Nb-Si [15], TiAl(Si)N [16,17], NiCrAl [18], Nb [19], Y 2 O 3 [20], SiO 2 -Al 2 O 3 [21].

Corrosion prevention at temperatures from 600 to 900°C can be achieved. To our knowledge, aluminium nitride (AlN) coating has never been reported on Ti-6Al-4V despite its high oxidation resistance at temperature below 800°C [22,23] and its high temperature stability.

The deposition processes of AlN are currently well developed in the industry and can easily be adapted for Ti-6Al-4V coating. Moreover, interesting physical properties of AlN such as high thermal conductivity and piezoelectric properties make it interesting for further surface functionalization of Ti-6Al-4V which could be on high interest by combination with EBM.

To our knowledge, such structures combining vapor-phase coatings and EBM have never been reported in literature. One of the major challenges for coating of EBM manufactured Ti-6Al-4V is the typical high roughness resulting from numerous surface irregularities [24]. Due to the complexity of the lattice structures, the usual surface preparation such as machining or polishing cannot be carried out prior to the coating deposition. Some suitable methods were reported for coating of metallic additive manufacturing [25]. For example, electrospark or electrophoretic depositions were used respectively for coating of Inconel 625 by aluminum alloy [26] and Ti implants by Chitosan-based layer with silver nanoparticules [27]. Soaking of Ti-6Al-4V structures fabricated by additive manufacturing in simulated body fluid also produces hydroxyapatite coating [START_REF] Yan | Materials science & engineering[END_REF]. Finally, TiO2 coatings were reported by surface oxidation by anodizing [29,[START_REF] Amin Yavari | Materials science & engineering[END_REF], plasma oxidation [31] or plasma electrolytic oxidation [32,[START_REF] Karaji | Materials science & engineering[END_REF]. Nevertheless only a conformal and isotropic technique as the chemical vapor phase deposition methods can be applied for the formation of high temperature protection coatings of the 3D lattice structures having high surface roughness.

The Atomic Layer Deposition (ALD) technique is the most favorable one, but is not suitable for the deposition of the micrometer-thick films necessary for oxidation protection. Thick films can be deposited by Chemical Vapor Deposition (CVD). However, a higher temperature than ALD must be used to grow the films, which can induce thermal stress, chemical reactions or microstructural modifications of the Ti-6Al-4V substrate. Chemical reactions and diffusion at the coating/substrate interface occurring during high temperature process can sometimes be beneficial. For example, nitrogen diffusion was observed during coating of stainless steel by TiN by plasma nidation of Ti layer at temperature above 650°C [34]. The authors showed the formation of a 10-15 µm nitrogen-rich austenite layer (expanded austenite) at the interface, improving the wear resistance and harness of the materials. Wear resistance improvement was also observed in Cp-Ti coated by TiO 2 due to oxygen diffusion of 60 -150 µm [31]. Nevertheless, when detrimental, these interface reactions should be avoided for example by addition of a protective layer.

In this paper, the growth of aluminum nitride (AlN) coatings is carried out on Ti-6Al-4V substrates manufactured by EBM using a combination of ALD and CVD processes. The effect of an intermediate ALD layer is studied to limit chemical reactions and diffusion due its lower processing temperature. Moreover, the high conformity of ALD process ensures full coverage of the surface of Ti-6Al-4V even in the narrower defects. The high temperature CVD process was selected for the deposition of micrometer-thick coating thanks to its appreciable growth rate (few µm/h). To our knowledge, this study shows for the first time the potentiality of chemical vapor deposition techniques like CVD and ALD for the coating of EBM structures. This study also suggests the use of AlN coating for high temperature oxidation protection of Ti-6Al-4V. In the first part of this paper, the morphology of a film deposited at high temperature by CVD directly on the Ti-6Al-4V alloy and its interface with the substrate are presented. Then, the effect of an intermediate layer of AlN deposited by ALD is discussed. Finally, the enhancement of oxidation resistance of EBM Ti-6Al-4V alloy through the AlN coating protection is shown at 650°C. By implementation of the process on 3D lattice substrates, we thus open new prospects in the use of complex and tailored structures in hot environment.

Materials and methods

Materials and manufacturing

Parallelepiped Ti-6Al-4V substrates (Fig. 1a ) and 3D lattice structures (Fig. 1b) were prepared using an ARCAM A1 EBM machine and Ti-6Al-4V ELI grade 23 powder with an average particle size of 50 µm and chemical composition given in Table 1. An accelerating voltage of 60 kV was applied under He atmosphere at 2 mbar [24,35,36]. The surface roughness of the as-built substrates, observed in Fig. 1c and1d, is the result of surface irregularities from two types of defects: not-fully-melted particles stuck to the structure leading to the formation of spherical defects, and irregularities in the layer stacking ("platepile" like defects) [24]. The roughness was measured by contact profilometer (Form Talysurf 50, Taylor Hobson) giving a mean roughness value, R a =33 µm. The SEM cross-section observation of the + microstructure of the Ti-6Al-4V is given in Supporting Information (Fig. S1).

CVD AlN coatings were obtained in a home-built vertical reactor working with a cold-wall configuration at low pressure [37,38] (schematic representation in Fig. S2a in Supporting Information). The aluminum precursor was AlCl 3 formed by in situ chlorination from Aluminum pellets (Goodfellow Company, 99.999%) and Cl 2 (g) (20 sccm, 99.999%). The chlorination zone was heated by a resistive system at 540°C. AlN growth was achieved by the reaction between NH 3 (g) (40 sccm, 99.999%) and AlCl 3 (g) . H 2 (99.999%) was used as the carrier gas with a flow rate of 2250 sccm.

Substrates were cleaned in an ultrasonic bath with ethanol and acetone. A graphite susceptor was heated by induction using a RF coil and the temperature was measured on the graphite using a N-type thermocouple. After reaching the chlorination and deposition temperatures and before introduction of the reactants, the Al pellets and the Ti-6Al-4V substrate were cleaned under H 2 (2250 sccm) for 20 min. This step also ensured the temperature stabilization of the substrates. As the properties of the Ti-6Al-4V alloy depend strongly on its microstructure, it is important to limit the Ti-6Al-4V microstructure modifications during the AlN deposition process by working at temperatures below the transus limit reported at 995°C for Ti-6Al-4V [START_REF] Peters | Structure and Properties of Titanium and Titanium Alloys[END_REF]. The Ti-6Al-4V substrates were coated at 850°C and 20 mbar with a deposition rate of about 4 µm/h. After deposition, cooling was made under N 2 with a 2250 sccm flow rate and a 20 mbar pressure. The film thicknesses were measured by cross-section observations using a Scanning Electron Microscopy (SEM) (see part 2.3).

Plasma-Enhanced ALD (PEALD) of AlN was made in a Picosun R-200 reactor at 350°C [START_REF] Tian | [END_REF].

The Al and N precursors were trimethylaluminium (TMA, 99.99%, STREM) and NH 3 (99.99%, Air Liquide), respectively. The cycle consisted on a TMA pulse of 0.1 s with a 4 s purge, 12 s of H 2 plasma activation and NH 3 pulse of 5 s with 4 s purge time. ALD film thicknesses were measured by ellipsometry with a Semilab SE-2000 apparatus using a reference film deposited on Si wafer during the same run. The shape and coating operations of the samples used in this study are described in Table 2. 

Oxidation tests

Cyclic oxidation tests were carried out under natural air at 650 °C in a Nabertherm P330

tubular furnace in open air equipped with a clean silica tube. The temperature at the sample location was previously checked with a calibrated probe. A parallelepiped Ti-6Al-4V substrate with a 7 µm thick AlN coating on both faces was tested (Coating 3 in Table 2) with a non-coated reference also manufactured by EBM. They were placed side by side in individual silica flat crucibles. The furnace was pre-heated before the introduction of the sample and its temperature was kept constant during the whole test. Thus, the oxidation cycle consists in placing the samples directly in the hot furnace for dwelling time from 1 h to 142 h and removing them from the furnace for natural cool down. The two samples were then weighted at room temperature with a laboratory digital balance with a precision of 0.1 mg.

Each point in the graph in Figure 8 corresponds with one cycle. A special care was taken to avoid film deterioration and to collect delaminated parts of the uncoated sample in the bottom of the crucible.

Characterization

Scanning Electron Microscope (SEM) observations were performed with a JEOL JSM-IT500HR LV microscope and equipped with an Energy Dispersive Spectroscopy (EDS) equipment. Prior to the observation, the coated samples were metallized with carbon. Crosssections were prepared by fixing the coated Ti-6Al-4V in an epoxy resin, cutting and polishing from 600 grit (26 µm) SiC paper to 1 µm polycrystalline diamond suspension.

The cross-sections of samples prepared by Focus Ion Beam (FIB, ZEISS NVision 40) were analyzed by Transmission Electron Microscopy (TEM) combined with the ASTAR/ ACOM technique which enables phase and orientation mapping at the nanometric scale (probe size of 2 nm in our conditions) by identifying the electronic diffraction pattern at each position [41,42]. A JEOL 2100F-200 kV FEG apparatus was used.

X-Ray Diffraction (XRD) was performed in /2 configuration with a Bruker D8 Advance diffractometer equipped with a copper source. Pattern matchings were carried out with FullProf software for the determination of lattice parameter [START_REF] Rodriguez-Carvajal | Abstract of the Satellite Meeting on Powder Diffraction of the XV Congress of the IUCr[END_REF].

Results and discussion

Direct AlN coating by CVD

The surface morphology of the Ti-6Al-4V substrate before (Fig. 1) and after AlN deposition (Fig. 2) by CVD (Coating 1 in Table 2) were characterized by SEM. The aspect of the AlNcoated Ti-6Al-4V surface is similar to that of the uncoated substrate shown in Fig. 1b. The chemical composition is homogeneous along the surface as observed in BSE images in Fig. 2a (grey contrasts are due to shadowing effects). XRD and EDS analysis confirm the AlN composition of the film with a preferential orientation along the [0001] direction. The lattice parameters obtained from pattern matching are a = 3.120 and c = 4.991 (Fig. S4 and Table S1, in Supporting Information). They are slightly higher than the reported values (a = 3.111 , c = 4.978 from ICDD PDF 00-066-0534). The atomic contents measured by EDS of Al and N are 49 % and 48 %, respectively. Traces of Cl, coming from the process, and O are also detected. The AlN film presents a cauliflower morphology observed at higher magnification (Fig. 2b).

Cross-section observation (Fig. 3a) shows a conformal 10 µm thick AlN film in dark contrast around the Ti-6Al-4V substrate. A good coverage is confirmed even in the narrower defects as that shown in Fig. 3b. The high deposition rate of the CVD process enables large surface and roughness reductions. We measured for example a surface reductions of 30 % by deposition of a 40 µm thick AlN coating (see Fig. S3 in Supporting Information).

It is important to mention that the usual + microstructure of the Ti-6Al-4V substrate is preserved after the CVD process.

However, a nitrogen-rich region at the Ti-6Al-4V/coating interface is visible in Fig. 3b. The presence of two titanium nitride phases, TiN and Ti 2 N, is confirmed by XRD (Fig. S4). By further analyzing this region with the TEM/ASTAR technique (Fig. 4), several layers are identified. It is a stack of a 400-700 nm thick Ti 2 N layer covered with a 300-400 nm thick TiN layer, then AlN. Clear interfaces are visible between each layer in Fig. 4b. In the substrate, at the upper interface, a α-Ti(N) solid solution of about 5.8 µm thickness is formed by nitrogen diffusion. The β-Ti phase is not detected in this region showing that microstructure is locally modified near the substrate surface. The initial microstructure of Ti-6Al-4V is finally observed by SEM under the diffusion zone. This TiN/Ti 2 N/α-Ti(N)/Ti-6Al-4V stack is similar to the microstructures reported in the case of Ti-6Al-4V nitriding [START_REF] Lee | [END_REF]45]. The formation of TiN and Ti 2 N during the AlN deposition results from two phenomena. First, the reaction of the Ti-6Al-4V substrate with NH 3 (g) occurs during the first stages of the CVD process due to the lower free enthalpy of formation of titanium nitrides than that of AlN (values are given in Fig. S5 in Supporting Information). Additionally, the formation of the titanium nitrides layers can be induced by the solid reaction between the freshly formed AlN and the Ti-6Al-4V substrate at high temperature because of the higher stability of TiN and Ti 2 N with respect to AlN. In the Al-N-Ti system, AlN and Ti are not in equilibrium and the system will evolve towards the formation of intermediate compounds such as TiN, Ti 2 N or even a ternary compound such as Ti 2 AlN and Ti 3 AlN. We do not observe the formation of Ti 2 AlN and Ti 3 AlN. This behavior can be explained by the relatively high partial pressure of nitrogen in the experimental conditions used (well above 10 -16 atm), which prevents the formation of these ternary compounds [46]. Finally no evidence of the presence of Al in the TiN structure is found (no formation of Ti 1-x Al x N solid solution).

As shown in Fig. 4a and Fig. 5, the -Ti(N) region is brittle and leads in a delamination of the coating from the substrate. The presence of holes at the interface between the Ti 2 N and the -Ti(N) layers in Fig. 4b confirms the brittleness of the material resulting from the α-Ti(N) formation while a good adherence of the AlN film on TiN and Ti 2 N is observed. This brittleness is particularly visible during the FIB preparation (Fig. 5a) preventing the use of these coating for any further application. As reported by Zhang et al. [16] in the case of a TiAlN coating on Ti-6Al-4V, the volume expansion and the changes on the thermal expansion coefficients induced by the titanium nitriding lead to residual stress explaining crack formation.

The deposition conditions for the AlN CVD coating thus induce a modification of the surface microstructure of Ti-6Al-4V due to nitrogen diffusion. The brittleness of the -Ti(N) layer can strongly limit the potential applications. To circumvent these drawbacks, the possibility of limiting titanium nitriding by depositing an additional AlN buffer layer by ALD is explored in the next section.

Mitigating the chemical reactivity with an ALD buffer layer

In the previous section, the formation of TiN and Ti 2 N is related to i) the reaction between NH 3(g) and the Ti-6Al-4V substrate during CVD deposition and, ii) the solid state reaction between the AlN coating and the substrate. The latter reaction cannot be avoided during the growth of the coating at high temperature. To control the diffusion of nitrogen from the NH 3 (g) gas phase into the Ti-6Al-4V substrate during the growth of the coating, a 300 nm thick AlN layer is deposited by the ALD process before the CVD process (Coating 2 in Table 2).

Fig. 6a shows SEM cross-sections and has to be compared with Fig. 4. The addition of the ALD layer improves the quality of the interface and avoid delamination of the AlN film. The ASTAR mapping (Fig. 6b) shows a 300 nm-thick layer at the interface made of a mixture of TiN and α-Ti grains due to nitrogen diffusion, and with a smooth interface with the α-Ti(N)

zone. It can be pointed out that the thickness of this layer is the same as the TiN layer thickness measured in the case of direct CVD deposition. The Ti 2 N phase is not detected. The thickness of the α-Ti(N) solid solution also decreases from 5.8 µm in the previous section to 1.8 µm. The AlN layer deposited by ALD limits the exposure of the substrate to NH 3 (g) during the growth of the layer by CVD. As a result, the formation of nitrided phases at the interface with the substrate is considerably reduced, as confirmed by XRD analysis (Fig. S6).

The only possibility of nitride formation is the result of the reaction between the AlN layer and the Ti-6Al-4V substrate. Additionally, stress reduction by the combination of the i) formation of the mixing microstructure of the TiN layer, ii) absence of Ti 2 N formation and iii) reduction of the thickness of α-Ti(N) zone, leads to the non-failure of the nitrided zone and avoid delamination of the coating. Another advantage of depositing the ALD undercoating is the guaranteed coverage of small features due to the high conformity of the ALD process (as shown by the SEM in Fig. S7).

The microstructural analysis of the AlN coating obtained by CVD with an ALD buffer layer is shown in Fig. 7. A columnar morphology of AlN is observed for both ALD and CVD layers with a preferential growth orientation along the [0001] direction, as confirmed by XRD and as previously observed without an ALD buffer layer (XRD pattern in Fig. S6 in Supporting Information). Therefore, the addition of an ALD sub-layer does not affect the preferential orientation of the AlN coating. As a consequence of local homoepitaxy of the CVD film on each grain of the ALD layer, no clear interface can be observed between ALD and CVD layers. Then, a grain coarsening can be noticed during CVD growth, increasing the grain size in the CVD film from about 100 nm in diameter in the ALD layer to 2.3 µm after CVD of a 3 µm thick film. Therefore, CVD reduces the amount of grain boundaries in the film when compared to the ALD layer. The decrease in the density of grain boundaries is beneficial when considering protection against oxidation.

Enhancement of surface properties of EBM Ti-6Al-4V

Protection of EBM Ti-6Al-4Vagainst cyclic oxidation

We studied the cyclic oxidation behavior of AlN coated (ALD + CVD, total thickness ~7 µm, Coating 3 in Table 2) and non-coated EBM Ti-6Al-4V at 650°C at atmospheric pressure in air, and the mass gain for both samples as a function of time are presented in Fig. 8. The oxidation kinetic follows the law: with the mass gain per surface unit, , the rate exponent, the rate constant and the oxidation time.

The oxidation behavior of non-coated EBM Ti-6Al-4V follows a nearly parabolic oxidation rate with and mg 2 .cm -4 .h -1 . These results are in good agreement with reported values on Ti-6Al-4V obtained by conventional processing at 650°C such as and mg 2 .cm -4 .h -1 [47] or and mg 2 .cm - 4 .h -1 [48]. Therefore, the oxidation behavior of the Ti-6Al-4V alloy obtained by EBM appears similar to the oxidation behavior of a Ti-6Al-4V alloy obtained by conventional processing.

The oxidation of Ti-6Al-4V is characterized by the formation of TiO 2 and Al 2 O 3 as shown by XRD (Fig. 9a) and described in references [48,49].

For AlN-coated structures, a clear reduction of the oxidation kinetics can be observed. The mass gain is below 0.1 mg/cm 2 during about 100 h whereas this value is reached during the first 4 h for non-coated materials. After 650 h, the mass gain values are 0.42 mg/cm 2 and 3.66 mg/cm 2 for coated and non-coated materials, respectively. The coated material follows the kinetic law with and mg 2 .cm -4 .h -1 , as shown by the dashed line in Fig. 8a. Thus, the rate constant, , is dramatically reduced compared to the non-coated Ti-6Al-4V. A high oxidation resistance of AlN is reported in literature for temperatures below 800°C under air [22,23], but to our knowledge, the study of AlN behavior under cyclic oxidation and for hundreds of hours at 650°C was never reported. Our oxidation rates cannot therefore be compared with literature data.

XRD patterns (Fig. 9), SEM observations and EDS maps after cyclic oxidation of 490 h (Fig. 211) and (220) at 27.4°, 54.2° and 56.5°, but is not observed by SEM. The TiO 2 formation, which also seems very low after 490 h, can be due to oxygen diffusion through the AlN coating. The combination of these two effects together can explain the slight mass gain. Finally, nitrogen diffusion at the coating/substrate interface can be detected over a distance of 2.4 µm after 490 h by EDS but without any detrimental effect on the adherence even under hard cyclic temperature variations.

Thus, we show that AlN coatings radically reduce the oxidation rate and provide an excellent protection of EBM Ti-6Al-4V for at least 650 h against cyclic oxidation at 650°C.

Coating of 3D Ti-6Al-4V structures.

The major interest of EBM is the possibility to process 3D structures. In Fig. 11, we show that CVD and ALD techniques are well adapted for the coating of lattice Ti-6Al-4V structures with 30 x 30 mm 2 dimensions (Coating 4 in Table 2). Further experimental details of these techniques are given in Supporting Information (Fig. S2). As opposed to "line-of-sight" deposition techniques such as physical vapor deposition (PVD), chemical reactions gas-phase based ALD and CVD have the capability to grow uniform and conformal films in 3D structures with complex shapes and in general terms with large aspect ratios. As shown before, coupling ALD and CVD enables to take advantages of both technics: thick coating deposition and roughness reduction by CVD, and reactivity mitigation and filling of narrow defects by ALD.

Although the CVD process has still to be optimized to improve thickness homogeneity and growth rate of the coating, an AlN film covering the entire 3D substrate is observed in Fig. 11. The coating thickness has been measured along the lattice length by SEM and is given in With adjusting pressure and exposure time, the Chemical Vapor Infiltration (CVI), alternative to classical CVD would definitely be even more efficient to cover the inside part of a porous material [50]. Using realistic CVI conditions and parameters, the optimum densification conditions could be found that result in better coverage. Besides, ALD using exposure mode available in T-ALD has proved its ability to infiltrate a porous media [START_REF] Tian | [END_REF]. This function provides the isolation between the reactor and the pump so that lengthening the time available for precursor diffusion and surface reactions on substrates for coating high aspect ratio structures, which makes it comparable to CVI. 

Conclusions

EBM elaborated Ti-6Al-4V substrates were coated with AlN thick films using CVD and ALD deposition processes, directly or successively. The following results were obtained:

 When using only CVD, thick and conformal films covering the entire structure were achieved. Nevertheless, the nitriding of Ti-6Al-4V led to the formation of an interface composed of a stack of three layers, TiN, Ti 2 N and a brittle -Ti(N) diffusion zone resulting in the delamination of the coating. This effect is due both to the reaction between NH 3 (g) and the Ti-6Al-4V substrate and to the solid state reaction between the AlN coating and the substrate.

 By depositing a 300 nm thick AlN buffer layer by ALD before implementing the CVD process, the nitriding can be limited and an adherent coating is achieved.

 Coupling CVD and ALD enables to take advantages of both techniques: due to high deposition rate, CVD process enables thick coatings deposition and roughness reduction.

The low temperature and high conformity of ALD techniques is interesting to mitigate the reactivity between substrate and CVD coating, and to fill narrow defects.

 The AlN crystalline orientation is along the [0001] direction with local epitaxy of the CVD film on each grain of the ALD layer.

 Because the deposition temperature was limited to 850°C, no change in the microstructure of the Ti-6Al-4V alloy was observed in its bulk.

 For the first time, a good protection of EBM Ti-6Al-4V was shown against cyclic oxidation at 650°C for at least 650 h by an AlN coating.

 As this process can easily be adapted to the coating of 3D lattice structures, this study opens new perspectives for the use of complex structures in high temperature oxidizing environments. 

List of figure captions

10 )

 10 , confirm the preservation of the AlN coating. The adherence of the AlN film is conserved and no clear alteration nor cracks can be noticed. Nevertheless, the formation of a thin Al 2 O 3 (corundum) layer at the surface of the coating inferred by EDS and is confirmed by XRD with the presence of the diffraction plans (113) and (116) at 43.3° and 57.5°, showing that the AlN film is not totally inert in our conditions. The Al 2 O 3 diffraction peaks are identified from 230 h and slightly increase with time showing that AlN slowly reacts with oxygen to form a nonprotective Al 2 O 3 layer at the surface. Nevertheless, the AlN consumption is low compared to the film thickness. The TiO 2 (rutile) phase is also detected by XRD from 40 h with a slightly increasing diffraction peaks (110), (

Fig. 12 .

 12 Fig. 12. Film thicknesses of about 13 µm are observed on the top of the lattice structure, in

Fig 12 :

 12 Fig 12: Thickness of AlN coating on 3D lattice structure. The distance origin is the top of the

Fig. 1 .

 1 Fig. 1. a) As-built parallelepiped and b) lattice Ti-6Al-4V substrates elaborated by EBM. c)

Fig. 2 .Fig. 3 .

 23 Fig. 2. (a) Homogeneous chemical composition and (b) Cauliflower morphology of the AlN

Fig. 4 .

 4 Fig. 4. Observation of the nitrogen-rich region at the interface between the Ti-6Al-4V

Fig. 5 .

 5 Fig. 5. a) Brittle -Ti(N) interface of the AlN CVD coated Ti-6Al-V surface observed during

Fig. 6 .

 6 Fig. 6. Improvement of the AlN / Ti-6Al-4V interface compared to Fig. 4. by addition of a

Fig. 7 .

 7 Fig. 7. TEM-ASTAR analysis of the CVD AlN film on the top of a 300 nm thick ALD pre-

Fig. 8 .

 8 Fig. 8. Oxidation protection of EBM Ti-6Al-4V by a 7 µm thick AlN coating (ALD +CVD)

Fig. 9 .

 9 Fig. 9. XRD patterns of a) uncoated EBM Ti-6Al-4V and b) EBM Ti-6Al-4V substrate with 7

Fig. 10 .

 10 Fig. 10. Chemical cartography (EDS) of the cross section of AlN-coated Ti-6Al-4V after 490

Fig. 11 .FiguresFig. 1

 111 Fig. 11. 3D Ti-6Al-4V lattice structure with AlN coating and SEM cross-section observations

Fig. 2

 2 Fig. 2

Fig. 3 Fig. 4

 34 Fig. 3

Fig. 5

 5 Fig. 5

Fig. 6

 6 Fig. 6

Fig. 7

 7 Fig. 7

Fig. 8 Fig. 9

 89 Fig. 8

Fig. 10

 10 Fig. 10

Fig. 11

 11 Fig. 11

Table 1 :

 1 Chemical composition of Ti-6Al-4V (wt.%)

	Al	V	C	Fe	O	N	H	Ti
	6.47	3.93	0.01	0.22	0.09	0.01	0.001	Balance

Table 2 :

 2 Designation and description of the coatings used in this study.

	Designation	Manufactured shape	Coating technique (thickness)
	Coating 1	Parallelepiped	CVD (10 µm)
	Coating 2	Parallelepiped	ALD ( 300 nm) + CVD (10 µm)
	Coating 3	Parallelepiped	ALD (140 nm) + CVD (7 µm) on both faces
	Coating 4	Lattice	ALD (140 nm) + CVD (1-13 µm)
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