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Introduction

Steels are the most used metallic alloys in various domains, mainly due to their attractive mechanical properties such as high tensile strength, high toughness, and good machining ability, combined with a low processing cost. Nevertheless, steels suffer from their weak resistance against corrosion, thus restricting their use in many corrosive environments, including hot oxidizing gases and oils, biological media and irradiating environments [START_REF] Dwivedi | Carbon steel corrosion: a review of key surface properties and characterization methods[END_REF].

Even if stainless steels have shown better high-temperature resistance against corrosive media, their surface hardness and their wear resistance remains too low in severe service conditions. To increase the service life of steel components, key strategies are generally centered on surface engineering with the aim of carefully modifying the surface microstructure and composition without sacrificing the mechanical properties of the bulk material [START_REF] Shahini | Recent advances in steel surface treatment via novel/green conversion coatings for anti-corrosion applications: a review study[END_REF][START_REF] Scheuer | An overview on plasma assisted thermochemical treatments of martensitic stainless steels[END_REF].

Surface treatments mostly focus on the formation of hard and protective ceramic coatings that usually consist of Al 2 O 3 [START_REF] Wang | Sol-gel coatings on metals for corrosion protection[END_REF][START_REF] Mavrič | Advanced applications of amorphous alumina: from nano to bulk[END_REF][START_REF] Dey | A review on metallurgical features of hot-dip aluminized steel[END_REF]. Indeed, alumina is considered as a material of choice for surface protection of metals since this ceramic exhibits a high hardness, a high chemical stability, a low corrosion rate in harsh environments and an extremely low oxygen diffusion rate [START_REF] Meyer | Al 2 O 3 /ZrO 2 nanolaminates as ultrahigh gas-diffusion barriers -A strategy for reliable encapsulation of organic electronics[END_REF][START_REF] Lee | Permeation barrier properties of an Al 2 O 3 /ZrO 2 multilayer deposited by remote plasma atomic layer deposition[END_REF][START_REF] Yin | In-situ oxidation of aluminized stainless-steel to form alumina as tritium permeation barrier coating[END_REF]. An effective approach to further enhance the protective performance of alumina consists in mixing it with complementary ceramic materials such as MoO 2 , ZrO 2 , SiC, TiO 2 or SiO 2 [START_REF] Lu | Plasma electrolytic oxidation coatings with particle additions -A review[END_REF][START_REF] Kaseem | Incorporation of MoO 2 and ZrO 2 particles into the oxide film formed on 7075 Al alloy via micro-arc oxidation[END_REF][START_REF] Kaseem | Electrochemical response of MoO 2 -Al2O3 oxide films via plasma electrolytic oxidation[END_REF][START_REF] Kaseem | Electrochemical response of Al 2 O 3 -MoO 2 -TiO 2 oxide films formed on 6061 Al alloy by plasma electrolytic oxidation[END_REF][START_REF] Kaseem | Fabrication of functionalized coating with a unique flowery-flake structure for an effective corrosion performance and catalytic degradation[END_REF][START_REF] Kaseem | Recent progress in surface modification of metals coated by plasma electrolytic oxidation: principle, structure, and performance[END_REF]. Among the alumina-based composites, Al 2 O 3 -ZrO 2 system has demonstrated unique features to achieve synergetic protective properties [START_REF] Gao | Microstructure and properties of Al 2 O 3 -ZrO 2 -TiO 2 composite coatings prepared by plasma spraying[END_REF]. Indeed, due to the insolubility of zirconia in alumina over a wide range of temperature, Al 2 O 3 -ZrO 2 ceramic compounds can form and have the potential to combine the high hardness and high chemical inertness of alumina with the excellent toughness of zirconia [START_REF] Exare | Structural evolution of ZTA composites during synthesis and processing[END_REF][START_REF] Kiilakoski | Evaluating the toughness of APS and HVOF-sprayed Al 2 O 3 -ZrO 2 -coatings by in-situ-and macroscopic bending[END_REF]. Thus, the advanced Al 2 O 3 -ZrO 2 composite ceramic coatings on metal substrates are widely used for their excellent corrosion resistance [START_REF] Yan | Effect of NaAlO 2 concentrations on microstructure and corrosion resistance of Al 2 O 3 /ZrO 2 coatings formed on zirconium by micro-arc oxidation[END_REF][START_REF] Sathishi | Comparative study on corrosion behavior of plasma sprayed Al 2 O 3 , ZrO 2 , Al 2 O 3 /ZrO 2 and ZrO 2 /Al 2 O 3 coatings[END_REF][START_REF] Wang | Oxidation and hot corrosion behavior of Al 2 O 3 /YSZ coatings prepared by cathode plasma electrolytic deposition[END_REF], their high friction and wear resistance [START_REF] Kern | Processing of alumina-zirconia composites by surface modification route with enhanced hardness and wear resistance[END_REF][START_REF] Abbas | Enhancement of the hardness and wear-resistance of aluminum-silicon alloy using atmospheric plasma-sprayed ZrO 2 , Al 2 O 3 -ZrO 2 multilayer, and Al 2 O 3 /ZrO 2 composite coatings[END_REF], their improved mechanical resistance even at high temperature (high fracture toughness and high thermal-shock resistance) [START_REF] Nejati | Microstructural analysis and thermal shock behavior of plasma sprayed ceria-stabilized zirconia thermal barrier coatings with micro and nano Al 2 O 3 as a third layer[END_REF][START_REF] Gao | A new strategy to obtain thin ZrO 2 -Al 2 O 3 composite aerogel coating with prominent high-temperature resistance and rapid heat dissipation[END_REF][START_REF] Bartolomé | Percolative mechanism of sliding wear in alumina/zirconia composites[END_REF] as well as their good biocompatibility [START_REF] Douillard | Comparative ageing behaviour of commercial unworn and worn 3Y-TZP and zirconia-toughened alumina hip joints heads[END_REF][START_REF] Wang | Microstructure and corrosion resistance of Al 2 O 3 -ZrO 2 composite coating on biomedical magnesium alloy fabricated by cathodic plasma electrolytic oxidation[END_REF]. Nowadays, aluminazirconia ceramics have attracted significant attention in many fields such as cutting tools, bearings, hip protheses and dental implants [START_REF] Wang | Microstructure and corrosion resistance of Al 2 O 3 -ZrO 2 composite coating on biomedical magnesium alloy fabricated by cathodic plasma electrolytic oxidation[END_REF][START_REF] Zhang | A nanoplate-like α-Al 2 O 3 out-layered Al 2 O 3 -ZrO 2 coating fabricated by micro-arc oxidation for hip joint prosthesis[END_REF] or even thermal barrier coatings (TBCs) for hot section components of engines [START_REF] Ramaswamy | Al 2 O 3 -ZrO 2 composite coatings for thermal-barrier applications[END_REF][START_REF] Keyvani | Microstructural stability oxidation and hot corrosion resistance of nanostructured Al 2 O 3 /YSZ composite compared to conventional YSZ TBC coatings[END_REF]. In recent years, many techniques have been used to synthesize Al 2 O 3 -ZrO 2 composite coatings with varying morphologies and compositions, such as physical vapor deposition (PVD) [START_REF] Portinha | Hard ZrO 2 /Al 2 O 3 nanolaminated PVD coatings evaluated by nanoindentation[END_REF][START_REF] Schalk | Hard coatings for cutting applications: physical vs chemical vapor deposition and future challenges for the coatings community[END_REF], chemical vapor deposition (CVD) [START_REF] Park | Synthesis of porous Al 2 O 3 /ZrO 2 nanocomposites by chemical vapour deposition[END_REF], atmospheric plasma spray (APS) [START_REF] Vasiliev | Coatings of metastable ceramics deposited by solution-precursor plasma spray: I. Binary ZrO 2 -Al 2 O 3 system[END_REF][START_REF] Dejang | Fabrication and properties of plasma-sprayed Al 2 O 3 /ZrO 2 composite coatings[END_REF], high velocity oxy fuel (HVOF) [START_REF] Kiilakoski | Evaluating the toughness of APS and HVOF-sprayed Al 2 O 3 -ZrO 2 -coatings by in-situ-and macroscopic bending[END_REF], spark plasma sintering [START_REF] Hong | Synthesis and mechanical properties of ZrO 2 /Al 2 O 3 composites prepared by spark plasma sintering[END_REF] and sol-gel [START_REF] Hao | Preparation of ZrO 2 -Al 2 O 3 composite membranes by sol-gel process and their characterization[END_REF][START_REF] Lee | Microstructure of sol-gel synthesized Al 2 O 3 -ZrO 2 (Y 2 O 3 ) nano-composites studied by transmission electron microscopy[END_REF]. However, the coatings formed by these techniques are usually thin (between 100 nm and 5 µm) and/or have relatively low adhesion strength [START_REF] Liang | Friction and wear behavior of ZrO 2 -Al 2 O 3 composite coatings deposited by air plasma spraying: Correlation with physical and mechanical properties[END_REF]. They are also usually amorphous and a subsequent heat treatment at relatively high temperature is required to crystallize the coatings, which can cause the delamination of the coating from the metallic substrate [START_REF] Yan | Formation of Al 2 O 3 -ZrO 2 composite coating on zirconium by micro-arc oxidation[END_REF].

Plasma electrolytic oxidation (PEO), also called micro-arc oxidation (MAO), is a plasmaassisted electrochemical coating technique that can produce thick, crystalline and welladherent protective oxide coatings on the surface of valve metals like aluminium, titanium, magnesium and their alloys [START_REF] Gh | Plasma electrolytic oxidation of magnesium and its alloys: Mechanism, properties and applications[END_REF][START_REF] Cheng | Key factors determining the development of two morphologies of plasma electrolytic coatings on an Al-Cu-Li alloy in aluminate electrolytes[END_REF][START_REF] Cheng | Wear resistant coatings formed on Zircaloy-2 by plasma electrolytic oxidation in sodium aluminate electrolytes[END_REF][START_REF] Mathis | Electrochemical behaviour of titanium in KOH at high potential[END_REF][START_REF] Yerokhin | Plasma electrolysis for surface engineering[END_REF] while using environmental friendly electrolytes.

Depending on the base metal treated, ceramic PEO coatings exhibit enhanced performances in terms of wear [START_REF] Molaei | Improving the wear resistance of plasma electrolytic oxidation (PEO) coating applied on Mg and its alloys under the addition of nanoand micro-sized additives into the electrolytes: A review[END_REF], corrosion [START_REF] Buling | Increasing the application fields of magnesium by ultraceramic ® : Corrosion and wear protection by plasma electrolytical oxidation (PEO) of Mg alloys[END_REF][START_REF] Ling | Growth characteristics and corrosion resistance of micro-arc oxidation coating on Al-Mg composite plate[END_REF] and thermal resistance [START_REF] Curran | Mullite-rich plasma electrolytic oxide coatings for thermal barrier applications[END_REF][START_REF] Xia | Preparation of the plasma electrolytic oxidation coating on Mg-Li alloy and its thermal control performance[END_REF][START_REF] Muhaffel | A study to enhance the mechanical durability of the MAO coating fabricated on the 7075 Al alloy for wear-related high temperature applications[END_REF], biocompatibility [START_REF] Pezzato | Microstructural and corrosion properties of hydroxyapatite containing PEO coating produced on AZ31 Mg alloy[END_REF][START_REF] Parfenova | Biocompatible organic coatings based on bisphosphonic acid RGD-derivatives for PEO-modified titanium implants[END_REF], and photocatalytic properties [START_REF] Coto | Optimization of the microstructure of TiO 2 photocatalytic surfaces created by Plasma Electrolytic Oxidation of titanium substrates[END_REF][START_REF] Stojadinović | Enhanced ultraviolet light driven photocatalytic activity of ZnO particles incorporated by plasma electrolytic oxidation into Al 2 O 3 coatings co-doped with Ce 3+[END_REF]. PEO process parameters, especially the electrical conditions applied to the electrodes and the chemical composition of the electrolyte control the thermal, electrochemical, and plasma phase reactions that take place locally on the processed surface [START_REF] Martin | Formation of a mestastable nanostructured mullite during Plasma Electrolytic Oxidation of aluminium in "soft" regime condition[END_REF][START_REF] Yerokhin | Discharge characterization in plasma electrolytic oxidation of aluminium[END_REF][START_REF] Hussein | Spectroscopic study of electrolytic plasma and discharging behaviour during the plasma electrolytic oxidation (PEO) process[END_REF][START_REF] Jovović | Spectroscopic study of plasma during electrolytic oxidation of magnesium-and aluminium-alloy[END_REF][START_REF] Stojadinović | Investigation of plasma electrolytic oxidation on valve metals by means of molecular spectroscopya review[END_REF][START_REF] Clyne | A review of recent work on discharge characteristics during plasma electrolytic oxidation of various metals[END_REF]. In the specific case of the PEO of aluminium, it is well-established that these parameters directly influence the grown alumina coating in terms of microstructure, porosity, thickness, crystallography, elemental composition, etc. Many studies report on the possible elaboration of Al 2 O 3 -ZrO 2 composite coatings by PEO [START_REF] Matykina | Incorporation of zirconia nanoparticles into coatings formed on aluminium by AC plasma electrolytic oxidation[END_REF][START_REF] Fatimah | Dual incroporation of SiO 2 and ZrO 2 nanoparticles into the oxide layer on 6061 Al alloy via plasma electrolytic oxidation : Coating structure and corrosion properties[END_REF][START_REF] Barati | Al 2 O 3 -ZrO 2 nanocomposites coating on aluminium alloy by plasma electrolytic-electrophoretic hybrid process[END_REF][START_REF] Askarnia | incorporation of Al 2 O 3 and ZrO 2 ceramics to AZ31 magnesium alloys composite coating using micro-arc oxidation method[END_REF][START_REF] Luo | Preparation and properties of composite ceramic coating containing Al 2 O 3 -ZrO 2 -Y 2 O 3 on AZ91D magnesium alloy by plasma electrolytic oxidation[END_REF][START_REF] Tang | Preparation Al 2 O 3 /ZrO 2 composite coating in an alkaline phosphate electrolyte containing K 2 ZrF 6 on aluminium alloy by microarc oxidation[END_REF][START_REF] Shoaei-Rad | In situ growth of ZrO 2 -Al 2 O 3 nano-crystalline ceramic coatings via micro arc oxidation of aluminum substrates[END_REF][START_REF] Barati | Al 2 O 3 -ZrO 2 nanostructured coatings using DC plasma electrolytic oxidation to improve tribological properties of Al substrates[END_REF][START_REF] Barati | Alumina-zirconia coatings produced by Plasma Electrolytic Oxidation on Al alloy for corrosion resistance improvement[END_REF][START_REF] Malinovschi | Characterization of Al 2 O 3 /ZrO 2 composite coatings deposited on Zr-2.5Nb alloy by plasma electrolytic oxidation[END_REF][START_REF] Gowtham | An investigation on ZrO 2 nano-particle incorporation, surface properties and electrochemical corrosion behaviour of PEO coating formed on Cp-Ti[END_REF][START_REF] O'hara | The incorporation of particles suspended in the electrolyte into plasma electrolytic oxidation coatings in Ti and Al substrates[END_REF][START_REF] Zhang | Modulation effects of K 2 ZrF 6 additive on microstructure and heat resistance of micro-arc oxide coatings fabricated on LY12 aluminium alloy[END_REF][START_REF] Ur Rehman | Towards a compact coating formed on Al6061 alloy in phosphate based electrolyte via two-step PEO process and K 2 ZrF 6 additives[END_REF][START_REF] Xin | Prepare and formation mechanism of the zirconia coating on aluminium alloy by plasma electrolytic oxidation[END_REF][START_REF] Gupta | Electrolytic plasma technology: Science and engineering -An overview[END_REF]. However, the main strategy in all these works consists in modifying the electrolyte, either by dispersing micro-or nano-ZrO 2 particles [START_REF] Matykina | Incorporation of zirconia nanoparticles into coatings formed on aluminium by AC plasma electrolytic oxidation[END_REF][START_REF] Fatimah | Dual incroporation of SiO 2 and ZrO 2 nanoparticles into the oxide layer on 6061 Al alloy via plasma electrolytic oxidation : Coating structure and corrosion properties[END_REF][START_REF] Barati | Al 2 O 3 -ZrO 2 nanocomposites coating on aluminium alloy by plasma electrolytic-electrophoretic hybrid process[END_REF][START_REF] Askarnia | incorporation of Al 2 O 3 and ZrO 2 ceramics to AZ31 magnesium alloys composite coating using micro-arc oxidation method[END_REF] or by dissolving zirconium-based salts (K 2 ZrF 6 , ZrOCl 2, Zr(OH) 4 ) [START_REF] Luo | Preparation and properties of composite ceramic coating containing Al 2 O 3 -ZrO 2 -Y 2 O 3 on AZ91D magnesium alloy by plasma electrolytic oxidation[END_REF][START_REF] Tang | Preparation Al 2 O 3 /ZrO 2 composite coating in an alkaline phosphate electrolyte containing K 2 ZrF 6 on aluminium alloy by microarc oxidation[END_REF][START_REF] Shoaei-Rad | In situ growth of ZrO 2 -Al 2 O 3 nano-crystalline ceramic coatings via micro arc oxidation of aluminum substrates[END_REF][START_REF] Barati | Al 2 O 3 -ZrO 2 nanostructured coatings using DC plasma electrolytic oxidation to improve tribological properties of Al substrates[END_REF][START_REF] Barati | Alumina-zirconia coatings produced by Plasma Electrolytic Oxidation on Al alloy for corrosion resistance improvement[END_REF][START_REF] Malinovschi | Characterization of Al 2 O 3 /ZrO 2 composite coatings deposited on Zr-2.5Nb alloy by plasma electrolytic oxidation[END_REF]. In the former case, the formation of the Al 2 O 3 -ZrO 2 composite coating occurs by the electrophoretic penetration of the dispersed ZrO 2 particles into the growing Al 2 O 3 PEO coating [START_REF] Lu | Plasma electrolytic oxidation coatings with particle additions -A review[END_REF][START_REF] Gowtham | An investigation on ZrO 2 nano-particle incorporation, surface properties and electrochemical corrosion behaviour of PEO coating formed on Cp-Ti[END_REF][START_REF] O'hara | The incorporation of particles suspended in the electrolyte into plasma electrolytic oxidation coatings in Ti and Al substrates[END_REF]. In the second case, its formation proceeds by the plasma-assisted electrochemical reactions that take place between the dissolved chemical species, involving complexation of zirconium ions, and their precipitation into zirconia through the growing Al 2 O 3 PEO coating [START_REF] Tang | Preparation Al 2 O 3 /ZrO 2 composite coating in an alkaline phosphate electrolyte containing K 2 ZrF 6 on aluminium alloy by microarc oxidation[END_REF][START_REF] Zhang | Modulation effects of K 2 ZrF 6 additive on microstructure and heat resistance of micro-arc oxide coatings fabricated on LY12 aluminium alloy[END_REF][START_REF] Ur Rehman | Towards a compact coating formed on Al6061 alloy in phosphate based electrolyte via two-step PEO process and K 2 ZrF 6 additives[END_REF]. However, in most cases, the preparation of Al 2 O 3 -ZrO 2 composite coatings by modifying the PEO electrolyte faces limiting factors due to a low and an uncontrolled incorporation rate as well as a heterogeneous distribution of ZrO 2 and Al 2 O 3 throughout the thickness of the PEO coatings, the outer sublayer being preferentially enriched with ZrO 2 ceramic [START_REF] Xin | Prepare and formation mechanism of the zirconia coating on aluminium alloy by plasma electrolytic oxidation[END_REF]. Moreover, the PEO process remains strictly inoperative on non-valve metals like steels [START_REF] Yerokhin | Plasma electrolysis for surface engineering[END_REF][START_REF] Gupta | Electrolytic plasma technology: Science and engineering -An overview[END_REF].

Combining cold spray deposition (CS) with plasma electrolytic oxidation can advantageously overcome these limitations, and make it possible to elaborate Al 2 O 3 / ZrO 2 composite coatings on non-valve metals, while keeping the main advantages of the PEO process. Based on recent results [START_REF] Martin | Duplex surface treatment of metallic alloys combining cold-spray and plasma electrolytic oxidation technology[END_REF], the present study aims at exploring the feasibility of growing (Al 2 O 3 , ZrO 2 )-based composite coatings on steel by a duplex process within two different configurations of CS and PEO. A first one consisted in producing a ZrO 2 / Zr / Al multilayer composite coating with the aim of replicating the typical arrangement of thermal barrier coatings (TBCs) [START_REF] Ramaswamy | Al 2 O 3 -ZrO 2 composite coatings for thermal-barrier applications[END_REF][START_REF] Keyvani | Microstructural stability oxidation and hot corrosion resistance of nanostructured Al 2 O 3 /YSZ composite compared to conventional YSZ TBC coatings[END_REF]. The second configuration consisted in developing a (Al 2 O 3 -ZrO 2 ) monolayer composite coating that may potentially find applications in many fields such as cutting tools, bearings and biomaterials for orthopedic implants [START_REF] Yan | Effect of NaAlO 2 concentrations on microstructure and corrosion resistance of Al 2 O 3 /ZrO 2 coatings formed on zirconium by micro-arc oxidation[END_REF][START_REF] Kern | Processing of alumina-zirconia composites by surface modification route with enhanced hardness and wear resistance[END_REF][START_REF] Nejati | Microstructural analysis and thermal shock behavior of plasma sprayed ceria-stabilized zirconia thermal barrier coatings with micro and nano Al 2 O 3 as a third layer[END_REF][START_REF] Douillard | Comparative ageing behaviour of commercial unworn and worn 3Y-TZP and zirconia-toughened alumina hip joints heads[END_REF]. The evaluation of the functional properties of the produced coatings will be the subject of further studies.

Materials and Methods

Commercial S235 steel (table 1) was used as metallic substrate. The samples exhibited a rectangular shape of 40  30  6 mm 3 with a processed surface area of about 12 cm 2 . As depicted in figure 1, and prior to be cold-sprayed, surfaces were prepared by high pressure ( 3000 bars) and low temperature ( 170 °C) cryogenic nitrogen jet [START_REF] Tazibt | Dry surface preparation using supercritical cryogenic nitrogen jet improves the adhesion strength of cold gas sprayed coatings (SCNCS)[END_REF]. It provided a significant roughness (R a = 45 µm  5 µm) ensuring good adhesion of the cold-sprayed coating to the steel substrate.

Commercial 1050 grade aluminium (table 2) and commercially pure zirconium metallic powders (table 3) were cold-sprayed on the steel substrate. The aluminium powder consisted of spherical Al particles with an average diameter of 36 µm  3 µm. The zirconium particles also exhibited a spherical shape with an average diameter of 42 µm  6 µm. Cold-sprayed coatings were prepared by using nitrogen as carrier gas with pressure and temperature parameters set to 25 bars and 340 °C, respectively. The spray-angle was 90 ° and the nozzle was set at 30 mm from the substrate. Fig. 1 depicts the two configurations of the duplex treatment that were carried out in order to produce two sets of (ZrO 2 , Al 2 O 3 ) / (Zr, Al) composite multilayer coatings. The first configuration was obtained by successively cold-spraying an aluminium layer on the steel substrate, and a zirconium layer on top of the cold-sprayed aluminium. The resulting Zr / Al metallic multilayer coating was then PEO-processed to elaborate a ZrO 2 / Zr / Al composite multilayer coating. The second configuration consisted in simultaneously cold-spraying aluminium and zirconium powders in equal volume proportion on the steel substrate. Cospraying was achieved using two powder tanks, each containing one metallic powder. The resulting (Zr, Al) metallic monolayer coating was then partially PEO-processed to achieve a (ZrO 2 , Al 2 O 3 ) / (Zr, Al) composite multilayer coating. PEO treatments were carried out for 20 min in a homemade experimental set-up described in detail in a previous works [START_REF] Martin | Effects of electrical parameters on plasma electrolytic oxidation of aluminium[END_REF][START_REF] Ntomprougkidis | Sequential run of the PEO process with various pulsed bipolar current waveforms[END_REF]. Before proceeding with PEO, all but the cold-sprayed face of the rectangular samples were masked using an epoxy resin to prevent them from oxidizing. The electrolytic solution consisted of potassium hydroxide KOH (1 g.L 1  0.018 mol.L 1 ) and sodium silicate Na 2 SiO 3 (1.65 g.L 1  0.014 mol.L 1 ) diluted in deionized water.

The resulting conductivity and pH were 7.5 mS.cm -1 and 12.5, respectively. Temperature of the electrolyte was maintained at 30 °C. As presented in references [START_REF] Martin | Effects of electrical parameters on plasma electrolytic oxidation of aluminium[END_REF][START_REF] Ntomprougkidis | Sequential run of the PEO process with various pulsed bipolar current waveforms[END_REF], the electrodes were supplied with a pulsed bipolar current. The anodic to cathodic charge quantity ratio, the anodic current density and the pulse frequency were set at 0.9, 65 A.dm 2 and 100 Hz, respectively. After PEO, the samples were rinsed with ethanol and dried under a warm air stream.

Samples produced after duplex cold-spray and PEO treatments were examined using a scanning electron microscope (FEG-SEM Philips XL 30S). Observations were performed in backscattered electrons imaging conditions (25 kV accelerating voltage) on the samples crosssection and in secondary electrons imaging conditions (5 kV) on the samples top surface. For the cross-section observations, the samples were previously hot mounted in resin and finely polished to achieve a mirror-like surface aspect. Prior to SEM examination samples were coated with a 10 nm carbon layer to avoid charging issues. Energy dispersive X-ray (EDX) analyses were conducted to estimate the chemical composition of the processed surfaces. In addition, EDX elemental mappings were carried out in order to image the spatial distribution of elements throughout the coating thickness. X-ray diffraction (XRD) measurements (Bruker D8 ADVANCE diffractometer, Cu-K 1 at 0.1541 nm) were performed to characterize the phase composition through the cold-sprayed coatings as well as through the PEO oxide layers. The scanning speed was set at 0.005° per second for a scan range 2 from 25 to 70°.

Results and discussion

Characterization of the cold-sprayed coatings

Figure 2 shows the visual aspect of the two series of samples. Just after performing the cold-spray deposition (fig. 2a and fig. 2c), the visual aspect of the samples appears homogeneous, suggesting a homogeneous covering of their surface with the metallic sprayed coating. The Zr sprayed coating appears dark-gray (fig. 2a) while the (Zr, Al) composite sprayed coating appears lighter (fig. 2c), as a result of the mixture between the dark-gray Zr sprayed particles and the silvery-coloured Al sprayed particles.

Figure 3 presents the results concerning the microstructural characterization of the Zr / Al metallic multilayer sprayed coating. The cross-sectional SEM micrograph (fig. 3a) evidences the high surface roughness of the steel substrate that was prepared by high-pressure cryogenic nitrogen jet prior to cold-spray deposition. On this prepared surface, a  70 µm thick Al layer and a  90 µm thick Zr layer were successively cold-spray deposited as shown in fig. 3a. The inner Al sublayer appears more compact than the outer Zr one. This can be explained by considering the mechanical properties of the sprayed powders [START_REF] Gärtner | The cod spray process and its potential for industrial applications[END_REF][START_REF] Champagne | The unique abilities of cold spray deposition[END_REF]. Indeed, the lower hardness and the lower yield stress of the Al sprayed particles ( 50 Hv and  130 MPa, respectively), compared to the Zr particles ( 170 Hv and  230 MPa, respectively), promote their plastic deformation during impact, and thus their adhesion on the substrate to form a denser coating. By contrast, a significant amount of the Zr particles rebound off the surface and their limited plastic deformation not only affects the deposition efficiency, but it also results in an extended level of porosity through the sprayed coating associated with a higher surface roughness. This porosity is also clearly observable from the top surface SEM micrograph given in fig. 3e. EDX spectra recorded on the substrate (spot 1 in fig. 3a), the inner (spot 2) and the outer (spot 3) sublayers, are displayed in fig. 3c and fig. 3f. They show that spots 1, 2 and 3 are composed of iron, aluminium and zirconium, respectively. This is particularly obvious in fig. 3d that shows the EDX elemental mappings in Fe, Al, Zr and O elements (the probed area is indicated by the yellow dashed rectangle in fig. 3a). It is worth noting that oxygen is also detected in a significant proportion throughout the zirconium outer sublayer. This is explained by considering the highly porous morphology of the zirconium outer sublayer that allows the thermoplastic mounting resin to deeply penetrate pores during the hot mounting procedure of the sample. Besides these chemical analyses, the XRD pattern recorded on the Zr / Al metallic multilayer sprayed coating (fig. 3b) confirms the presence of zirconium in the outer sublayer but also shows the presence of zirconium hydrides (ZrH and ZrH 2 ). Zirconium and hydrogen having a strong affinity at room temperature, the presence of zirconium hydrides in the sprayed zirconium coating can be explained by the partial hydrogenation of the zirconium metallic powder during its storage in air and at ambient conditions [START_REF] Ells | Hydride precipitates in zirconium alloys (A review)[END_REF][START_REF] Bair | A review on hydride precipitation in zirconium alloys[END_REF]. The presence of zirconium hydrides into the Zr-sprayed particles may explain the brown-coloured visual aspect of the Zr sprayed coating observed in fig. 2a.

Figure 4 gathers the results related to the microstructural characterization of the (Zr, Al) metallic monolayer sprayed coating. This coating has a thickness of about 100 µm. This coldsprayed layer, mixing Zr and Al, appears more compact than the Zr outer sublayer observed in fig. 3a. This observation can be explained by considering differences in the density and in the mechanical properties between the Al and Zr metallic co-sprayed particles. The addition of denser and harder Zr particles ( 6.5 g/cm 3 and  170 Hv, respectively) into the lighter-weight and softer Al powder ( 2.7 g/cm 3 and  50 Hv, respectively) helps improving the coating deposition as well as decreasing the coating porosity owing to a densification mechanism. This is likely due to the larger peening effect of the Zr particles caused by their higher kinetic energy combined with their higher hardness [START_REF] Irissou | investigation of Al-Al 2 O 3 cold spray coating formation and properties[END_REF][START_REF] Spencer | The use of Al-Al2O3 cold spray coatings to improve the surface properties of magnesium alloys[END_REF][START_REF] Wang | The influence of ceramic particles on bond strength of cold spray composite coatings on AZ91 alloy substrate[END_REF]. Figure 4 shows that the coating consists of irregularly shaped and fragmented particles with an average diameter of about 30 µm that are embedded in a darker matrix. This morphological aspect is also observable from the top surface SEM micrograph given in fig. 4e. The EDX spectra (fig. 4c and fig. 4f) show that the fragmented particles (spot 6 in fig. 4a) and the surrounding matrix (spot 5 in fig. 4a) are composed of zirconium and aluminium, respectively. Although the volume proportion of the sprayed zirconium powder was set at 50 %, image processing performed on cross-sectional SEM micrographs evidences that the volume proportion of zirconium particles really incorporated in the produced coating is about 38 %. This is due to the lower ductility of zirconium (as well as the zirconium hydrides contained in the zirconium particles) compared to aluminium, which results in a lower deposition rate [START_REF] Gärtner | The cod spray process and its potential for industrial applications[END_REF][START_REF] Champagne | The unique abilities of cold spray deposition[END_REF][START_REF] Moridi | Cold spray coating: review of material systems and future perspectives[END_REF][START_REF] Jeandin | Which powders for cold spray?[END_REF]. From a general point of view, the dark initial aspect of the as-sprayed coatings due to zirconium sprayed particles (fig. 2(a,c)) turns into a lighter aspect. This is a visual characteristic of the presence of ceramic oxides over the processed surface, zirconium oxide and aluminium oxide having both a white matte color. This first observation suggests that oxidation took place during the PEO treatment. This is particularly obvious in the case of the Zr/Al sprayed coating for which the typical dark-gray aspect of the cold-sprayed zirconium (fig. 2a) turns into the light gray-coloured aspect of zirconium oxide (fig. 2b). Additionally, after PEO, the visual aspect of the samples remains quite homogeneous over the surface also suggesting a quite homogeneous PEO processing of the surface. Particularly, the present PEO processed samples do not exhibit an inhomogeneous PEO treatment between the edges and the centre of samples as usually encountered with PEO process [START_REF] Melhem | Changes induced by process parameters in oxide layers grown by the PEO process on Al alloys[END_REF]. This is explained by the fact that before PEO, edges of the samples were protected with an epoxy resin, thus avoiding this edge effect during the PEO process. remaining throughout the oxide outer sublayer. This can be explained by the fact that during the PEO treatment, large size Zr particles or aggregated Zr particles had not enough time to completely be converted into an oxide, since oxidation takes place first at the shell of the particles, thus leaving the core unconverted. Such an explanation is in good agreement with other published works on the oxidation behaviour of (Ti, Al)-based composite coatings prepared by cold spray [START_REF] Novoselova | Formation of TiAl intermetallics by heat treatment of cold-sprayed precursor deposits[END_REF][START_REF] Kong | Preparation of TiAl3-Al composite coating by cold spray and its high temperature oxidation behavior[END_REF][START_REF] Lee | Fabrication of cold-sprayed Al-intermetallic compounds coatings by post annealing[END_REF]. Additionally, cracks appear in the Al cold-sprayed inner sublayer because of the development of strong internal compressive stresses during the formation of the oxide outer sublayer. The high proportion of the monoclinic form of zirconium oxide m-ZrO 2 (fig. 5b) evidences that the cold-sprayed Zr layer was partially converted into monoclinic zirconium oxide during the PEO process. It is worth mentioning that, although only m-ZrO 2 was identified from XRD measurements, the presence of the metastable tetragonal form t-ZrO 2 in a very small amount may not be excluded as discussed in reference [START_REF] Cheng | Wear resistant coatings formed on Zircaloy-2 by plasma electrolytic oxidation in sodium aluminate electrolytes[END_REF]. Low intensity XRD peaks of zirconium and zirconium hydrides are also observed, which confirms the presence in lower proportion of unconverted zirconium coldsprayed particles in the outer oxide sublayer. The EDX spectra (fig. 5c) and the EDX elemental mappings for Fe, Al, Zr, O (fig. 5d) confirm the presence of a zirconium oxide layer on the zirconium layer. Particularly, the EDX spectrum recorded on the outer sublayer (spot 10 in fig. 5c) evidences the presence of Zr and O while the spectrum recorded on the intermediate sublayer (spot 9 in fig. 5c) shows the exclusive presence of Zr. Moreover, and as usually encountered for PEO coatings prepared in silicate electrolyte, the EDX spectrum recorded on the topmost surface and displayed in fig. 5f shows that Si element incorporates through the thin outermost zirconia layer in contact with the electrolyte [START_REF] Yerokhin | Plasma electrolysis for surface engineering[END_REF][START_REF] Curran | Mullite-rich plasma electrolytic oxide coatings for thermal barrier applications[END_REF][START_REF] Martin | Formation of a mestastable nanostructured mullite during Plasma Electrolytic Oxidation of aluminium in "soft" regime condition[END_REF]. Finally, all these microstructural characterizations of the PEO-processed Zr / Al metallic multilayer cold-sprayed coating evidence the feasibility of elaborating a ZrO 2 / Zr / Al composite multilayer coating on steel.

Characterization of the PEO oxidized coatings

The results from the microstructural characterization of the (Zr, Al) metallic monolayer cold-sprayed coating after PEO treatment are gathered in fig. 6. The cross-sectional (fig. 6a) and top surface (fig. 6e) SEM micrographs show that the (Zr, Al) monolayer was partially converted into an oxide layer of about 30 µm in thickness, thus leaving an intermediate (Zr, Al) sublayer of about 70 µm thick. This outer PEO coating consists of light and dark diffuse areas that penetrate each other suggesting an interpenetration of aluminium oxide (dark areas) with zirconium oxide (light areas). This is in contrast to the (Zr, Al) metallic inner sublayer where Zr and Al cold-sprayed particles appear well delimited. Additionally and as previously observed in fig. 5a, the SEM micrograph also shows that some Zr particles are not fully converted into oxide throughout the outer PEO sublayer. These untreated particles are found in the diffuse light areas in fig. 6a. It is also noticeable that no crack is observed in the initial cold-sprayed coating, and no delamination is detected as well between the steel substrate and the overall multilayer coating. The XRD pattern recorded on the produced duplex coating is displayed in fig. 6b. Besides the presence of zirconium and zirconium hydrides (ZrH and ZrH 2 ) related to unconverted particles, the XRD pattern shows the formation of both zirconium oxide (monoclinic m-ZrO 2 ) and aluminium oxides (the face-centred cubic -Al 2 O 3 and the rhombohedral corundum -Al 2 O 3 ) in the outer PEO sublayer. The EDX spectra and the EDX elemental mappings of Fe, Al, Zr and O given in fig. 6c and fig. 6d, respectively, complete these observations. Particularly, the EDX spectrum recorded in a diffuse lightened area (spot 14 in fig. 6c) shows that it mainly consists of Zr and O as well as Al, to a lesser extent. Combined with previous XRD measurements, it suggests that these diffuse lightened areas are composed of a high phase proportion of zirconium oxide mixed with a low phase proportion of aluminium oxide. Inversely, in a diffuse darkened area (spot 15 in fig. 6c), the EDX spectrum shows that it mainly consists of Al and O as well as Zr, to a lesser extent. It suggests that these diffuse darkened areas are composed of a high phase proportion of aluminium oxide mixed with a low phase proportion of zirconium oxide. EDX spectra recorded from the top surface on these two different area also show that Si, K and Na elements initially dissolved into the electrolyte are found in the outermost layer (fig. 6f). Peak intensity of these elements appear higher in the alumina enriched areas than in the zirconia ones suggesting thereby a higher incorporation in the "pancake" like structure of the alumina enriched areas. Finally, all the microstructural characterizations carried out on the PEO processed (Zr, Al) metallic monolayer cold-sprayed coating evidence the feasibility of elaborating a (ZrO 2 , Al 2 O 3 ) / (Zr, Al) composite multilayer coating on steel.

Conclusion

The feasibility of elaborating (ZrO 2 , Al 2 O 3 ) / (Zr, Al) composite multilayer coatings on steel by combining cold-spray deposition and plasma electrolytic oxidation (PEO) methods was investigated. For this purpose, before performing PEO, zirconium and aluminium powders were cold-sprayed on steel into two different configurations. The first configuration consisted in subsequently cold-spraying a Zr / Al metallic multilayer coating while the second consisted in simultaneously cold-spraying a (Zr, Al) metallic monolayer coating. For the first configuration, after duplex cold-spray and PEO processing, results clearly demonstrate the possibility of elaborating a ZrO 2 / Zr / Al composite multilayer coating on steel. For the second configuration, results also evidence the possibility of elaborating a (ZrO 2 , Al 2 O 3 ) / (Zr, Al) composite multilayer coating on steel. Such a duplex treatment combining cold-spray and PEO offers new opportunities to protect the surface of non-valve metals for which direct PEO process is unsuitable, as well as to emerge new functional properties. At this point, further investigations must be carried out to study the properties of such duplex coatings such as wear resistance and corrosion resistance.  This work was also partly supported by the Institut Carnot ICEEL within the "SOPRODSYSE" and "MATITHY" projects.
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Figure 1 :

 1 Figure 1: Schematic description of the duplex surface treatments carried out on steel (prepared with cryogenic nitrogen jet) combining cold spray and plasma electrolytic oxidation, in the case of a cold-sprayed Zr / Al metallic multilayer coating, and a cold-sprayed (Zr, Al) metallic composite monolayer coating.

Figure 2 :

 2 Figure 2: Visual aspect of the samples produced by cold-spraying a Zr / Al metallic multilayer coating on a steel substrate a) before and b) after plasma electrolytic oxidation (PEO), and by cold-spraying a (Zr, Al) metallic composite monolayer coating on a steel substrate c) before and d) after PEO.

Figure 3 :

 3 Figure 3: a) Cross-sectional SEM micrograph and b) XRD pattern recorded on the Zr / Al metallic multilayer coating cold-sprayed on a steel substrate, and c) the corresponding EDX spectra and d) EDX elemental mappings in Fe, Al, Zr and O. EDX spectra are recorded at locations indicated by the numbered spots in fig. 3a. Boundary of the EDX elemental mapping is defined by the yellow dashed rectangle in fig. 3a. e) Top surface SEM micrograph recorded on the cold-sprayed Zr outer coating and f) the EDX spectrum recorded on the coldsprayed Zr particles.

Figure 4 :

 4 Figure 4: a) Cross-sectional SEM micrograph and b) XRD pattern recorded on the (Zr, Al) metallic composite monolayer coating cold-sprayed on a steel substrate, and the corresponding c) EDX spectra and d) EDX elemental mappings in Fe, Al, Zr and O. EDX spectra are recorded at locations indicated by the numbered spots in fig. 4a. Boundary of the EDX elemental mapping is defined by the yellow dashed rectangle in fig. 4a. e) Top surface SEM micrograph recorded on the cold-sprayed (Zr, Al) composite coating and f) the EDX spectra recorded on the cold-sprayed Zr and Al particles.

Figure 5 :

 5 Figure 5: a) Cross-sectional SEM micrograph and b) XRD pattern recorded, after PEO process, on the Zr / Al metallic multilayer coating cold-sprayed on a steel substrate, and the corresponding c) EDX spectra and d) EDX elemental mappings in Fe, Al, Zr and O. EDX spectra are recorded at locations indicated by the numbered spots in fig. 5a. Boundary of the EDX elemental mappings is defined by the yellow dashed rectangle in fig. 5a. e) Top surface SEM micrograph recorded, after PEO process, on the cold-sprayed Zr outer coating and f) the EDX spectrum recorded on the ZrO 2 coating.

Figure 6 :

 6 Figure 6: a) Cross-sectional SEM micrograph and b) XRD pattern recorded, after PEO process, on the (Zr, Al) metallic composite monolayer coating cold-sprayed on a steel substrate, and the corresponding c) EDX spectra and d) EDX elemental mappings in Fe, Al, Zr and O. EDX spectra are recorded at locations indicated by the numbered spots in fig. 6a. Boundary of the EDX elemental mapping is defined by the yellow dashed rectangle in fig. 6a. e) Top surface SEM micrograph recorded, after PEO process, on the cold-sprayed (Zr, Al) composite coating and f) the EDX spectra recorded on the ZrO 2 and Al 2 O 3 enriched area.

  

Table 1 :

 1 Elemental composition of the commercial S235 steel substrate

	Elements	Mn	C	Si	P	S	Fe
	in wt.%	1.4	0.17	0.05	0.035	0.035	Balance

Table 2 :

 2 Elemental composition of the commercial 1050 aluminium cold-sprayed powder.

	Elements	Fe	Si	Zn	Cu, Mg, Mn, Ti	Al
	in wt.%	0.40	0.25	0.07	<0.05	Balance

Table 3 :

 3 Elemental composition of the commercially pure zirconium cold-sprayed powder.

	Elements	O	Fe	Cr	Zr
	in wt.%	0.035	0.012	<0.01	Balance
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