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Flash Sintering (FS), that allows densifying ceramics at low furnace temperature in a few seconds, requires a reversible electrochemical reaction to enable the current flow through the electrode / material interface. For Li + pure ionic conductors such as Li1.3Al0.3Ti1.7(PO4)3 (LATP), the best material to ensure this fast charge transfer reaction is a mixed Li + / e -conductor, e. g., LiCoO2 (LCO). This paper demonstrates the feasibility of FS on LCO between two Pt electrodes and on multi-layers systems using LCO or LATP+LCO composite as electrodes. It is shown that a composite electrode both allows the flash event to occur and prevents the delamination possibly observed with pure LCO by lowering interfacial stresses

Introduction

Among Electrical Current Activated Sintering (ECAS) techniques, Flash Sintering (FS) is very effective to densify conductive ceramics in a few seconds at significantly lower temperatures compared to conventional sintering. [START_REF] Cologna | Flash sintering of nanograin zirconia in < 5 s at 850 °C[END_REF] [START_REF] Steil | From conventional ac flashsintering of YSZ to hyper-flash and double flash[END_REF] FS consists of making the current directly flow through the sample without the use of a conductive die. The flash phenomenon is observed as a sudden increase of the current due to a thermal runaway effect of Joule heating, [START_REF] Todd | Electrical characteristics of flash sintering: thermal runaway of Joule heating[END_REF] the key point being the increase of electrical conductivity with increasing temperature. A correlated sudden shrinkage and densification is observed. This recent technique was first reported by Cologna et al. [START_REF] Cologna | Flash sintering of nanograin zirconia in < 5 s at 850 °C[END_REF] in 2010 who sintered tetragonal yttrium-stabilized zirconia (3YSZ) in less than 5 s at 850 °C. Since then, numerous papers reported the feasibility of FS on YSZ either tetragonal [START_REF] Cologna | Flash sintering of nanograin zirconia in < 5 s at 850 °C[END_REF] ,(4) [START_REF] Carvalho | AC Electric Field Assisted Pressureless Sintering Zirconia: 3 mol% Yttria Solid Electrolyte[END_REF] or cubic, [START_REF] Steil | From conventional ac flashsintering of YSZ to hyper-flash and double flash[END_REF] , [START_REF] Cologna | Flash-sintering of cubic yttria-stabilized zirconia at 750 °C for possible sse in SOFC manufacturing[END_REF] [START_REF] Vendrell | Influence of flash sintering on the ionic conductivity of 8 mol% yttria stabilized zirconia[END_REF] which is now considered as a model material for the flash phenomenon studies. FS has been studied on many other oxides materials such as ionic conductors (Y2O3, [START_REF] Yoshida | Densification behaviour and microstructural development in undoped yttria prepared by flash-sintering[END_REF] Gd-doped ceria, [START_REF] Hao | A novel sintering method to obtain fully dense gadolinia doped ceria by applying a direct current[END_REF] ); mixed ionic electronic conductors (MIEC) ((La,Sr)(Co,Fe)O3, [START_REF] Gaur | Densification of La0.6Sr0.4Co0.2Fe0.8O3 ceramic by flash sintering at temperature less than 100 °C[END_REF] SrTi1-xFexO3-δ, [START_REF] Shomrat | The influence of doping on flash sintering conditions in SrTi1-xFexO3-δ[END_REF] MnCo2O4, [START_REF] Prette | Flash-sintering of Co2MnO4 spinel for solid oxide fuel cell applications[END_REF] ); semi-conductors (TiO2, [START_REF] Jhask | The effect of electric field on sintering and electrical conductivity of titania[END_REF] SnO2, [START_REF] Muccillo | Electric field-assisted flash sintering of tin dioxide[END_REF] ZnO, [START_REF] Schmerbauch | Flash Sintering of Nanocrystalline Zinc Oxide and its Influence on Microstructure and Defect Formation[END_REF] ); and microcomposites containing Al2O3 and ZrO2. [START_REF] Naik | Flash sintering as a nucleation phenomenon and a model thereof[END_REF] - [START_REF] Kok | Mecartney ML Flash sintering of a three-phase alumina, spinel, and yttria-stabilized zirconia composite[END_REF] Recent reviews more exhaustively reported FS process on different types of materials as well as their phenomenological behavior under a flash event. [START_REF] Yu | Review of flash sintering: materials, mechanisms and modeling[END_REF] , [START_REF] Biezus | Flash sintering of ceramics[END_REF] In the case of pure anionic oxides, the conductivity is attributed to oxygen vacancies. The charge transfer between the electronic conductor (i.e. current collectors) and the pure ionic conductor (i.e. ceramic electrolyte) is ensured by a reversible electrochemical reaction between oxygen vacancies and atmospheric O2 occurs at the interface (Eq. 1). Where gas, CC and El stand for gas phase, current collector and ceramic electrolyte, respectively. This electrochemical reaction enables the current flow through the sample and possibly the flash triggering. Platinum current collectors are classically used because they act as catalyst enabling fast reversible electrode reaction at temperature higher than 800 °C. [START_REF] Muccillo | Flash grain welding in yttria stabilized zirconia[END_REF] Another possible way to sinter anionic oxides, such as yttrium-stabilized zirconia, is to employ a mixed electronic / anionic conductor, for example a composite of NiO-8YSZ, in order to build a multilayer system for SOFC application. [START_REF] Francis | Flash Sintering of Anode-Electrolyte Multilayers for SOFC Applications[END_REF] Regarding pure cationic conductors (Li + , Na + , K + , etc.), Caliman et al. [START_REF] Caliman | Flash sintering of ionic conductors: the need of a reversible electrochemical reaction[END_REF] emphasized that a reversible electrochemical reaction at the electrode / material interface is a mandatory condition for the flash event to occur. Pt electrodes do not allow the flash phenomenon to occur because they are blocking electrodes: no charge transfer reaction between the electrodes and the material is possible. Thus, no current can flow through the interface. This has been well demonstrated by using Ag electrodes instead of Pt electrodes in order to flash sinter the Na + conductor β-alumina [START_REF] Caliman | Flash sintering of ionic conductors: the need of a reversible electrochemical reaction[END_REF] : the charge transfer reaction was in this case operated by means of the Na + ↔ Ag + ionic exchange.

The only drawback is the contamination of Na β-Al2O3 by Ag + ions. In their recent paper of flash sintering on Li + cationic conductors, [START_REF] Clemenceau | Flash sintering of Li-ion conducting ceramic in a few seconds at 850 °C[END_REF] the group of Raj also used Ag electrodes, that satisfy this criterion, but they did not comment this choice.

Therefore, to enable the current flow and perform flash sintering of Li + , Na + , K + or other ionic conductors, a reversible charge transfer reaction between alkaline cations (Li + , Na + or K + ) and electrons is necessary. The reversibility of the reaction is important since it involves high kinetics for the electrode reaction. If the reaction is irreversible (i. e. very slow), the flash event will not be easily triggered by DC polarization. To be noted that DC polarization implies a continuous electrochemical transformation at the interfaces (i. e. electrolysis) which may induce strong chemical composition variation near these interfaces, such as darkening of the cathodic surface of a flash-sintered yttrium-doped zirconia pellet (ref. Elizabeth Dickey) . Alternatively, the flash event can also be triggered by an AC polarization, with a mean value centered on zero. In that case, a reversible electrochemical reaction will ensure that in average there is almost no chemical composition variation at the interface between the collector and the ceramic, which is a necessary condition for one shot flash sintering of functional systems (electrode/electrolyte/electrode) such as solid-state batteries.

In the field of All Solid-State Li-ion Batteries (ASSLiB), mainly Spark Plasma Sintering (SPS) has been used to shape and sinter entire multi-material systems based on NASICON-type Li + ionic conductors such as Li1+xAlxTi2-x(PO4)3 (LATP) or Li1+xAlxGe2-x(PO4)3 (LAGP) [START_REF] Aboulaich | New Approach to Develop Safe All-Inorganic Monolithic Li-Ion Batteries[END_REF] [START_REF] Okumura | Application of LiCoPO4 Positive Electrode Material in All-Solid-State Lithium-Ion Battery[END_REF] or, more recently, on garnet-based electrolyte Li7La3Zr2O12 (LLZO) with LiCoO2 (LCO) as positive electrode material [START_REF] Laptev | High-pressure field assisted sintering of half-cell for all-solid-state battery[END_REF] [START_REF] Ihrig | Low temperature sintering of fully inorganic all-solid-state batteries -impact of interfaces on full cell performance[END_REF] . SPS does not required any charge transfer reaction because the sample is heated by an external source; However, SPS requires a more complex and expensive equipment than FS, as well as a special carbide die which can lead to reduction of some components (the active materials (such as LCO) and the electrolyte (e. g. LATP)) in such multimaterial systems. In addition the Flash sintering is generally faster then other electrically assisted sintering processes which may prevent grain growth and chemical interfacial reactivity.

In order to flash sinter Li + ionic conductors, the best electrode materials are mixed Li + / electronic conductors. In this context, the insertion compound LiCoO2 (LCO) seems appropriate to ensure the charge transfer reaction with the following reversible electrochemical reaction :

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 (+𝐼𝐼𝐼𝐼𝐼𝐼) 𝑂𝑂 2 ↔ 𝐿𝐿𝐿𝐿 1-𝑥𝑥 𝐿𝐿𝐿𝐿 (+III/𝐼𝐼𝐼𝐼) 𝑂𝑂 2 + 𝑥𝑥𝐿𝐿𝐿𝐿 + + 𝑒𝑒 - (Eq. 2)
As LCO is a mixed conductor (electronic and Li + ), it does not need, a priori, a specific electrode material to be flash sintered because the current can flow through the electrode / material interface directly by means of the electrons of which the conductivity is thermally activated. However, no

previous study reported about FS on mixed Li + / electronic conductors, such as LCO. In addition, a possible way to flash sinter cationic conductors such as LATP is to assemble a multi-layer system composed of the cationic conductor sandwiched between two mixed electronic/ionic conductors.

To pave the way to produce functional systems, our aim is to show the feasibility to flash sinter Li + cation conductor using active material for batteries based on the reversible electrochemical reaction at their interfaces. Firstly, the Flash Sintering of a mixed electronic / Li + ionic conductor (herein LCO) is demonstrated, which allowed us use it as electrode material, and conduct FS on multi-layer systems based on pure cationic conductor Li1+xAlxTi2-x(PO4)3 (LATP).

Experimental methods

2.1.Sample processing

Industrial LiCoO2 (labelled LCO) and Li1.3Al0.3Ti1.7(PO4)3 (labelled LATP) powders were ground by planetary ball milling (Pulverisette 7 classic line, Fristch) at 500 rpm for 5 h in a stainless steel bowl with balls of diameter 5 mm. A mix containing 40 wt% of LCO (28 vol%) + 60 wt% of LATP (72 vol%) was fabricated by planetary ball milling at 700 rpm for 15 min to make composite electrodes.

The powder mix was compacted first uniaxially under 40 MPa in a die of diameter 8 mm, then isostatically under 250 MPa. Green compacts with a relative density of 60% TD for LCO (theoretical density = 5.05 g.cm -3 ) [START_REF] Aboulaich | New Approach to Develop Safe All-Inorganic Monolithic Li-Ion Batteries[END_REF] and of 63% TD for LATP (theoretical density = 2.92 g.cm -

3 ) [START_REF] Duluard | Lithium conducting solid electrolyte Li1.3Al0.3Ti1.7(PO4)3 obtained via solution chemistry[END_REF] were obtained. The green compacts were around 8 mm in diameter (~ 0.45 cm² in area) and around 3 mm in thickness after isostatic compaction. Current densities, electric fields and effective conductivities mentioned in the following were calculated from applied voltage, measured current and initial compact dimensions. As a comparison, LCO and LATP pellets were densified by conventional sintering (CS) at 1040 °C for 2 h and 1000 °C for 1 h respectively, at 5 °C/min under argon atmosphere. The geometrical density of the sintered pellets was (95 ± 1)% TD.

Two multi-layer systems were studied.

1) Multi-layer System 1 (LCO/LATP/LCO)

The ball-milled LCO and LATP powders were placed in the 8 mm diameter die: 0.2 g of LCO, then 0.3 g of LATP then 0.2 g of LCO. Each layer was slightly pressed to ensure a flat top surface before pouring the next powder layer. In this system, the mixed electronic / ionic conductor LCO played the role of the electrode. This stacking was directly compacted uniaxially and isostatically as previously described. The total thickness of the green compact System 1 was 7.2 mm.

2) Multi-layer System 2 (composite LCO+LATP / LATP / composite LCO+LATP)

In this case, the stack was 0. where the composite plays the role of the electrode. The same process as System 1 was used for compaction. The thickness of the green compact System 2 is 8.4 mm. The post-flash density and the accurate thickness of each layer were determined geometrically from SEM cross sections. A theoretical density of 3.51 g.cm -3 was used for the composite mixture.

2.2.Flash sintering methodology

To ensure a uniform electrical contact distribution and collection, a shiny platinum layer of about 600-700 nm was deposited by PVD on the top and bottom surfaces of green compacts. Green samples were placed between platinum disk-shaped current collectors in the experimental setup described in a previous paper. [START_REF] Steil | From conventional ac flashsintering of YSZ to hyper-flash and double flash[END_REF] Platinum grids were added between the sample and the Pt current collectors to prevent them sticking together. Then, the setup was placed in the furnace with argon flux as the atmosphere. The oxygen partial pressure was measured with an oxygen sensor to be around 10 -5 bar in every experiment. The FS was performed under isothermal conditions, [START_REF] Steil | From conventional ac flashsintering of YSZ to hyper-flash and double flash[END_REF] , [START_REF] Bichaud | Flash sintering incubation in Al2O3/TZP composites[END_REF] , [START_REF] Francis | Influence of the field and the current limit on flash sintering at isothermal furnace temperatures[END_REF] i.e. an electric field E0 was applied to a sample while the furnace temperature T0 was kept constant.

The flash onset was observed after a delay time, which depends on the electric field E0 and on the green sample effective conductivity. The furnace was heated up to the sample pre-heating temperature (T0) for which the green sample conductivity was sufficient to trigger the flash (around 10 -3 S.cm -1 for 100 V.cm -1 ). [START_REF] Bichaud | Flash sintering incubation in Al2O3/TZP composites[END_REF] , [START_REF] Bichaud | flash » de céramiques sous courant alternative[END_REF] To determine T0, the green compact resistance was measured by electrochemical impedance spectroscopy every 50 °C from ambient temperature to 500 °C at 1.7 °C/min and stabilized for 90 min at each step. A thermocouple was placed in the setup close to the sample to precisely measure the temperature. Once the threshold temperature T0 was reached, the electric field E0 was applied. AC voltage was provided by a Pacific Smart Source 115ASX AC power generator connected to the sample holder and controlled by the UPC Manager V.1.4 software. We used alternative current (AC) to avoid undesirable electrode reaction, especially under high electrical fields. The amplitude of the applied AC electric field E0 ranged from 75 to 100 V.cm -1 . The AC frequency was 1 kHz. To limit the thermal runaway generated by the increasing dissipated power, the maximum electrical current density was fixed at 4 A.cm -2 .

This equipment has been implemented by Cordier et al. [START_REF] Cordier | Welding of yttrium-doped zirconia granules by electric current activated sintering (ECAS): Protrusion formation as a possible intermediate step in the consolidation mechanism[END_REF] 

2.3.Sample characterization

The sample conductivity was measured at various temperatures by impedance spectroscopy on Indeed, there is no need for a an interfacial electrochemical reaction to enable the current flow through the green sample. The only necessary condition for the flash to happen is a thermally activated conductivity. 

As seen in

Fig. 1-c, under isothermal conditions at T0 = 375 °C (temperature at which the conductivity is 1 mS.cm -1 ), a current flash was observed after a delay time (∆t = 46 s) following the application of an AC electric field E0 = 100 V.cm -1 between the Pt electrodes. The current suddenly increased in 1 or 2 s up to the pre-set limit Imax. Although the pre-set current density is 4 A.cm -², a current spike is observed at 6.5 A.cm -², because of the non-zero response time of the power generator (of the order of 1 s). [START_REF] Steil | From conventional ac flashsintering of YSZ to hyper-flash and double flash[END_REF] It was during this short period that fast densification (shrinkage) occurred. [START_REF] Naik | Flash sintering as a nucleation phenomenon and a model thereof[END_REF] , [START_REF] Bichaud | Flash sintering incubation in Al2O3/TZP composites[END_REF] However, depending on the temperature reached, the densification can be more or less effective.

In this case, the geometrical density of the LCO green sample increased from (60 ± 1)% to (65 ± 1)% instead of 95 % in conventional sintering at 1040 °C for 2 h. Interestingly, the SEM image of the sample cross-section (Fig. 2-a) shows two different zones:

Zone 1 composed of the two sample layers in contact with Pt electrodes and Zone 2 in the center part of the pellet. On magnified SEM images, it is clear that Zone 1 after fracture (Fig. 2-b) appears dense with almost melted regions. On the SEM images after polishing (Fig. 2-c), a certain amount of porosity is observed, and the grain size seems rather similar to the ones in the Zone 2 but imbedded in a glassy phase. On the opposite, Zone 2 seems to not be sintered at all, as no grain boundaries appear neither on the SEM images after fracture (Fig. 2-d) nor on the SEM images after polishing (Fig. 2-e). This suggests a strong temperature gradient across the sample that could be due to local overheating resulting from the contact resistance between the material and the Pt electrodes. To improve the final density as well as the homogeneity of the microstructure, an optimization of the FS conditions is required, for instance, a higher pre-set intensity Imax hold for a certain time. Nevertheless, a significant impact on the conductivity was observed, especially at 200°C, where the conductivity increases from almost one order of magnitude from 7.4 × 10 -6 S.cm - 1 before FS to 9.7 × 10 -5 S.cm -1 after FS ( Fig. 1-d). Activation energy after FS is approx. 0.44 eV and is very close to the one of the sintered pellet (0.43 eV). The high resistivity before FS is due to poor grain-to-grain contact. [START_REF] Bichaud | flash » de céramiques sous courant alternative[END_REF] ( [START_REF] Khal | Relations frittage -microstructure -propriétés électriques des céramiques de type LAMOX[END_REF] The conductivity enhancement is the result of interparticle necks formation during FS even if it remained one order of magnitude below the conductivity obtained for conventionally sintered pellet, due to high residual porosity especially in the centre of the pellet (Zone 2). [START_REF] Cordier | On the role of the pore morphology on the electrical conductivity of porous yttria-stabilized zirconia[END_REF] . These results demonstrate that FS can occur for LCO, a mixed e -/ Li + , between classical platinum electrodes, without electrochemical reaction between the electrodes and the material.

In the case of LATP, which is a pure Li + ionic conductor, a reversible electrochemical reaction is mandatory. With two platinum electrodes, no charge transfer reaction was expected between electrons and Li + ions (Fig. 3-a). Indeed, at 450 °C, even submitted to 200 V.cm -1 during 30 min, no current flow (and consequently no flash phenomenon) was observed in LATP (Fig. 3-b), in spite of the significant effective conductivity of the LATP green body (σeff = 1.6 × 10 -3 S.cm -1 ) at this temperature. Our first experiments demonstrated that FS was possible for the mixed Li + / e -conductor LCO ( Fig. 1) and knowing that LCO and LATP can exchange Li + ions via a reversible electrochemical reaction (Eq.2), two configurations of multi-layer systems using LCO or LATP+LCO composite as electrodes and LATP as electrolyte were tested.

Multi-layer System 1 consisted of a green LATP ionic conductor layer sandwiched between two LCO green layers as described in the Experimental Part. As in previous experiments, the system was placed between two Pt electrodes (Fig. 4-a), that acted as current collectors (c.c.). LCO was expected to play the role of reversible electrode. Indeed, by applying an electric field of only 75

V.cm -1 at a T0 = 375 °C, a flash was triggered after a delay time of 23 s (Fig. 4-a). The current efficiently flowed through both LCO, LATP and their interfaces. Thereby, this result highlights the feasibility of FS on multi-material systems by using appropriate electrode materials, following our previous work on Na β-alumina. [START_REF] Francis | Flash Sintering of Anode-Electrolyte Multilayers for SOFC Applications[END_REF] Fig The microstructure of the system was observed by SEM (Fig. 4-c andd) and element maps were performed by EDX (Fig. 4-e). Associated to the flash occurrence, a densification is noticed on System 1. The relative LATP density, calculated from thickness measurement on the cross section SEM image (Fig. 4-c), increased from 63% (overall density of the green body) to 74% after FS.

However, SEM images display a heterogeneous microstructure of LATP with large pores in the middle of the pellet (Fig. 4-c) and a denser part in the vicinity of LCO (Fig. 4-d). This could again be associated to a thermal gradient, due to either contact resistances, as in the case of LCO, or charge transfer resistance due to eq. 2, which would lead to a higher Joule dissipation at the LCO/LATP interface. The LCO layer (left side on Fig. 4-e) displays a small densification (66% after FS), close to our previous experiment with LCO only sintered by FS. Fig. 4-d shows a fracture between LCO and LATP layers, leading to delamination of the multi-layer system. This fracture, which cannot be completely explained by the relatively small difference in thermal expansion coefficients between LCO (∼13 × 10 -6 /°C over 50-400 °C temperature range) [START_REF] Cheng | Elastic properties of lithium cobalt oxide (LiCoO2)[END_REF] and LATP (∼ 11.2 × 10 -6 /°C over 50-400 °C temperature range) [START_REF] Jackman | Effect of microcracking on ionic conductivity in LATP[END_REF] reveals a weak interface, with low interfacial bounding between the 2 layers. In the present work, the layers were formed by pouring the second powder on the slightly pressed first powder, as explained in the experimental methods section.

Although this process is suitable for electrical contacts which give rise to the flash phenomenon, it does not ensure the formation of a mechanically strong interface, so that the mechanical optimization of interfaces will be an important issue for future works. The element mapping (Fig.

4-e) shows a straight delimitation apart from the interfacial fracture between the cobalt from LCO and phosphorus from LATP, which suggests no significant inter-diffusion of LCO and the LATP elements at least at the micron-scale.

literature for LATP conventional sintering. [START_REF] Wang | Recent Advances in Li1+xAlxTi2-x(PO4)3 Solid-State Electrolyte for Safe Lithium Batteries[END_REF] On the opposite, LCO sintered pellet does not show apparent extra phases on the diagram in Fig. 5-b after CS. System 1 XRD patterns (Fig. 5-e) present few impurities of TiO2, orthorhombic and triclinic AlPO4, orthorhombic and triclinic LiTiPO4.

However, most of these impurities comes from the LATP structural evolution after high temperature treatment, as seen on Erreur ! Source du renvoi introuvable.-d. Some unidentified phases appear on the diagrams of System 1 and 2 (arrows on Fig. 5-e and f). They may come from a contamination of the stainless steel ball milling media. No mixed compounds between LCO and LATP were clearly observed on the XRD patterns. It illustrates that the short duration of FS limits chemical reactions between the components of a multi-layer system in comparison with conventional sintering performed on the same materials. (43) (44) System 1 using LCO as electrodes demonstrates how electrochemical considerations can allow FS in a multi-layer system containing pure Li + ionic conductors. Optimized conditions are however still to be determined, as LATP exhibited significant densification close to the LATP-LCO interface but high porosity in the center area. Besides, delamination and cracks that happen during cooling possibly due to both differences in thermal properties of LCO and LATP and low interfacial bounding are strongly detrimental to electrochemical performances. For instance, we observed by impedance spectroscopy that the overall impedance of the multi-layered system appeared higher and more distributed in frequency after FS than before FS, as a result of the interfacial delamination.

That is why, in order to limit thermomechanical stresses at the LCO / LATP interface, a composite electrode made up of 28 vol% LCO + 72 vol% LATP, instead of pure LCO, was used in System 2 (Fig. 6-a). In that case, using similar conditions than for System 1, a Flash occurred after only 13 s (Fig. 6-b): the composite electrodes enabled the reversible electrochemical reaction (Eq. The SEM images (Fig. 6-c andd) reveal that the microstructure at the interface between LATP and the LCO+LATP composite presents some cracks but no delamination, unlike System 1. The use of this composite led to lower mechanical stresses at the interface between the layers. As for System 1, EDS maps show no significant inter-diffusion between the chemical elements of LATP (phosphorus) and LCO (cobalt), even within the composite where the particles of each phase are clearly distinguished. The XRD patterns displayed in Erreur ! Source du renvoi introuvable.-f have no evidence of any mixed compounds resulting from the chemical reactivity between LCO and LATP, even if small amounts of some extra phases (TiO2, AlPO4, LiTiPO4) can be observed.

As well as for System 1, these phases seem to come from the degradation of the LATP phase, which generally occurs above 1050°C. We can notice that the LiCoO2 phase does not appear on the XRD pattern of System 2 (Erreur ! Source du renvoi introuvable.-f), probably due to the low LCO content in the composite (almost half of the surface exposed to XRD beam, i. e. <14 vol%).

The relative density calculated from thickness measurement on the SEM image (Fig. 6-c) was estimated at 78 + /-2% for the pure LATP layer, and 75 + /-2% for each composite layer. That shows a significant improvement of densification compared to System 1, even if residual porosity is observed and the microstructure remains heterogeneous.

Conclusion

Through this work, we have demonstrated the feasibility of the Flash Sintering of ceramics multilayer systems composed of a pure Li + cationic conductor in between two layers of an electrode made of an active material of battery, based on the reversible electrochemical reaction at their interfaces.

Firstly, the possibility of performing FS on the mixed Li + ionic / electronic conductor (MIEC)

LCO was highlighted with the strong advantage of considerably reducing the furnace temperature (i.e. 375 °C compared to 1040 °C for the CS pellet). For a MIEC the only necessary condition for the flash seems to be that the electronic conductivity is thermally activated. However, the process parameters have to be further optimized to achieve high density. An increase of the current density and the application of a plateau are the first options to be studied.

Secondly, LCO has proven to be a suitable electrode material enabling FS for LATP cationic conductor. The flash event occurred with both studied multi-layer systems, i. 
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 31 Fig. 1 schematises the FS experiment on a LCO green sample. LCO is a mixed conductor whose intrinsic conductivity is both ensured by Li + ions and electrons (
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 1 Fig. 1. FS on LCO mixed conductor: (a) Scheme of the cell and charge carriers exchange; (b)

Fig. 2 .

 2 Fig. 2. SEM image of the LCO pellet after Flash Sintering: (a) Overall polished cross section

Fig. 3 .

 3 Fig. 3. FS attempt on LATP ionic conductor using Pt current collector: (a) Scheme of the cell and charge carriers exchange; (b) Average current density variation under 200 V.cm -1 at 450 °C

. 4 .

 4 Fig. 4. FS on System 1: LCO / LATP / LCO: (a) Scheme of the cell and charge carrier exchange; (b) Current density vs. time under 75 V.cm -1 at T0 = 375 °C (isothermal); (c) SEM image of the

Fig. 6 .

 6 Fig. 6. FS on System 2: composite LCO+LATP / LATP / composite LCO+LATP: (a) Scheme of the cell and charge carriers exchange; (b) Current density vs time under 75 V.cm -1 at T0 = 375 °C

  e. LATP sandwiched between two LCO powder layers as electrodes; and LATP sandwiched between two LCO+LATP composite powder electrodes. It has been shown that in the composite case a higher relative density is reached and the mechanical stresses are significantly reduced, thus preventing large delamination. These results open the path of one shot flash sintering of a functional electrochemical systems made of multimaterials such as All Solid-State Ion Batteries at relatively low temperature, and in short time, promising low interfacial reactivity which is one of the main drawbacks of multimaterial sintering.

  

  

  

  

  

  

  2 g of 40 wt% of composite (LCO (28 vol%) + 60 wt% of LATP (72 vol%)) / 0.3 g of LATP / 0.2 g of 40 wt% of composite (LCO (28 vol%) + 60 wt% of LATP (72 vol%)),

To verify the chemical reactivity of LCO and LATP during FS, XRD analyses were performed on the two multi-systems: System 1 (Fig. 5-e) and System 2 (Fig. 5-f) and compared to the analyses obtained on the pristine powders of LCO (Fig. 5-b) and LATP (Fig. 5-c). LCO and LATP pellets obtained by conventional sintering at 1040 °C under argon (Fig. 5-b) and at 1050°C under air (Fig. 5-d) respectively, are also displayed. First of all, it appears that LATP sintered pellet presents some impurities of AlPO4, LiTiPO4 and TiO2. These impurities are classically reported in the
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