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Spark plasma sintering technique is used for the fabrication of dense materials with a fine-grained microstructure. In this process, a powder is placed into a graphite mold and a uniaxial pressure is applied by two graphite punches. A graphite foil is inserted between the punches and the powder and between the mold and the powder to ensure good electrical, physical and thermal contact. One of the major drawbacks during sintering of metal powders is the carburization of the powder in contact with the graphite foils. In this study, a PVD coating of titanium was applied on the graphite foils in contact with the metal powder (pure iron). The results are promising, as the investigations show that the application of a Ti PVD film of 1.5 and 1.1 µm thickness is effective to completely avoid the carburization of iron powder. Carbon diffuses inside the PVD film during sintering. In parallel, iron diffusion was revealed inside the Ti coating of 1.5 µm thickness. On the other hand, a Ti PVD film of 0.5 µm thickness provides a protection against carbon diffusion just on the sides in contact with the mold, proving that the coating thickness represents an important parameter to consider.

Introduction

Spark plasma sintering (SPS) is a powder metallurgy technique allowing for the elaboration of dense materials with a fine-grained microstructure [START_REF] Zhang | Effect of Fabrication Method on Microstructure and Properties of Al 2 O 3 -TiC Composites[END_REF]. In this process, the powder is inserted into a mold and the densification is provided by a pulsed electric current and a uniaxial pressure, simultaneously applied [START_REF] Munir | The effect of electric field and pressure on the synthesis and consolidation of materials: A review of the spark plasma sintering method[END_REF][START_REF] Mamedov | Spark plasma sintering as advanced PM sintering method[END_REF]. The tooling (punches and die) is typically, but not exclusively, made of graphite. Heating of the system is mainly assured by Joule effect; however, the conduction in the powder induces electrical discharges and hightemperature plasma, which also contribute to the densification process [START_REF] Hu | A review of multi-physical fields induced phenomena and effects in spark plasma sintering: Fundamentals and applications[END_REF]. The insertion of a graphite foil between the powder and the mold (die and punches) is necessary in order to ensure a good electric, physical and thermal contact [START_REF] Vanmeensel | Modelling of the temperature distribution during field assisted sintering[END_REF]. After sintering, the graphite foil sticks on both mold and part, and is ripped off during the opening of the mold. The sintered part is then cleaned by sand blasting and the mold by simple friction.

Due to the high temperatures and pressures that can be attained during SPS (of the order of some thousands • C and some hundreds MPa, respectively, depending also on the composition of the tooling), a wide variety of materials in form of powder can be consolidated: ceramics, metals, composites and polymers [START_REF] Nečina | Highly dense spinel ceramics with completely suppressed grain growth prepared via SPS with NaF as a sintering additive[END_REF][START_REF] Csáki | Preparation of anorthite ceramics using SPS[END_REF][START_REF] Bolsonella | Influence of oxygen induced during high-energy ball milling process on the mechanical properties of sintered nickel by SPS[END_REF][START_REF] Hakeem | Comparative evaluation of thermal and mechanical properties of nickel alloy 718 prepared using selective laser melting, spark plasma sintering, and casting methods[END_REF][START_REF] Nie | Effect of Invar particle size on microstructures and properties of the Cu/Invar bi-metal matrix composites fabricated by SPS[END_REF][START_REF] Liu | Fabrication of MgAl 2 O 4 /Al 2 O 3 laminated transparent composite by spark-plasma-sintering (SPS) processing[END_REF]. One of the main advantages of the SPS process is the use of high heating and cooling rates (of the order of several hundred • C•min -1 ), shortening the sintering time and limiting the grain growth [START_REF] Munir | The effect of electric field and pressure on the synthesis and consolidation of materials: A review of the spark plasma sintering method[END_REF][START_REF] Mamedov | Spark plasma sintering as advanced PM sintering method[END_REF][START_REF] Hu | A review of multi-physical fields induced phenomena and effects in spark plasma sintering: Fundamentals and applications[END_REF][START_REF] Orru | Consolidation/synthesis of materials by electric current activated/assisted sintering[END_REF][START_REF] Koide | Preparation of silica glass by pulsed electric current method[END_REF]. On the other hand, microstructural heterogeneities could sometimes be observed between the core and the surface of the sample in the case of big parts, due to the important temperature gradients inside the sintering chamber [START_REF] Munir | The effect of electric field and pressure on the synthesis and consolidation of materials: A review of the spark plasma sintering method[END_REF]. Moreover, one of the major issues due to the use of graphite foils is the reaction between the carbon and the powder, leading to the formation of secondary and usually undesirable phases at the surface of the sintered sample and to carbon diffusion towards the bulk [START_REF] Moser | Influence of carbon diffusion and the presence of oxygen on the microstructure of molybdenum powders densified by SPS[END_REF]. This phenomenon is particularly significant in the case of the sintering of metal powders, typically steels. Previous studies performed on an austenitic and a duplex stainless steel showed, after 10 min SPS at 1200 • C under 50 MPa, the formation of a layer of carbides, having a thickness ranging from about 100 to 250 µm, respectively, from the surface of the sintering sample to the bulk (see Supplementary Materials, Figure S1a,b). In the case of the austenitic steel, energy-dispersive X-ray (EDX) maps clearly revealed that carbon diffused at steel grain boundaries during sintering (see Supplementary Materials, Figure S1a). If the sintered part is machined afterwards, the surface carbides can be removed; however, the diffusion of carbon at grains boundaries remains an irreversible phenomenon, affecting the structural integrity and reducing the mechanical and, more generally, the durability properties of the material. For these reasons, the problem of the carbon contamination of the metallic powders during SPS process must be considered with special attention.

Solutions already exist to try to limit the reaction between the powder and the graphite foil. A sprayed layer of boron nitride (BN), bonded with a silicone adhesive, can be applied on the graphite foils to avoid carbon diffusion. However, BN is an electrical insulator and the BN layer may be discontinuous and crack if too thick. It is reported in literature that the use of BN spray does not completely prevent carbon diffusion, as carbides formation at grains boundaries and inside the grains is observed [START_REF] Macía | Effect of mechanical alloying on the microstructural evolution of a ferritic ODS steel with (Y-Ti-Al-Zr) addition processed by Spark Plasma Sintering (SPS)[END_REF]. Formation of nitrides can also occur [START_REF] Ovtar | Control of barium ferrite decomposition during spark plasma sintering: Towards nanostructured samples with anisotropic magnetic properties[END_REF]. Another solution reported in literature is the use of graphite foils with a nano layer of sputtered gold. However, in the case of sintering of ceramic materials, this solution reduces but not fully suppresses secondary phase formation at the sample surface [START_REF] Ovtar | Control of barium ferrite decomposition during spark plasma sintering: Towards nanostructured samples with anisotropic magnetic properties[END_REF]. Moreover, gold is expensive and not adapted to a large-scale utilisation. Finally, an alumina (Al 2 O 3 ) layer can also be used, but Al 2 O 3 is an electrical insulator and modifies the current distribution and, as a consequence, the heating repartition inside the powder during sintering [START_REF] Ovtar | Control of barium ferrite decomposition during spark plasma sintering: Towards nanostructured samples with anisotropic magnetic properties[END_REF][START_REF] Minier | Influence of the current flow on the SPS sintering of a Ni powder[END_REF].

The underlying idea of the present study is to suggest a cost affordable, large-scale solution to limit the carburization of metal powders during sintering. In this aim, a thin layer (with thickness in the range of the µm) of titanium was applied on graphite foils by physical vapor deposition (PVD) technique. Titanium was chosen because it is a carbideforming element [START_REF] Okamoto | Carbon-Titanium)[END_REF] and it has a melting point of 1668 • C, making its use suitable for sintering a wide variety of metals and metallic alloys. Some authors report that the C-Fe-Ti ternary system is not in favour of the formation of the cementite Fe 3 C [START_REF] Raghavan | C-Fe-Ti (Carbon-Iron-Titanium)[END_REF][START_REF] Klopotov | Combined treatment of steel, including electrospark doping and subsequent irradiation with a high-intensity electron beam[END_REF]. Moreover, titanium is a better electrical conductor than graphite. Indeed, the electrical resistivity of titanium is of 0.42 × 10 -6 Ω•m, lower than graphite foils (1 × 10 -5 Ω•m in plane and 5 × 10 -4 trough thickness). In contrary to manual spraying, PVD technique allows a fine control of the film thickness and a uniform covering of the surfaces, even in the case of complex shapes [START_REF] Evrard | Study of the influence of the pressure and rotational motion of 3D substrates processed by magnetron sputtering: A comparative study between Monte Carlo modelling and experiments[END_REF]. Large surfaces can be coated, making this technique appropriate to an industrial-scale use. In this study, titanium-coated graphite foils were tested during sintering of pure iron. Indeed, pure iron is a simple system and allows to avoid the influence of alloying elements during diffusion phenomena. Moreover, the mobility of titanium in iron is lower than that of iron in titanium [START_REF] Nakajima | Diffusion in Titanium[END_REF][START_REF] Shapovalov | Diffusion of titaium in iron[END_REF], reducing the risk of contamination of the sintered powder. Three titanium coating thicknesses were tested: 0.5, 1.1 and 1.5 µm. The results are promising and show that carburization of iron powder was completely suppressed using titanium films of 1.5 and 1.1 µm and just partially limited in the case of the titanium film of 0.5 µm thickness. Moreover, in all cases, titanium did not diffuse inside iron during sintering, excluding any risk of contamination of the metallic powder during SPS process.

Materials and Methods

Iron powder with particle size ranging between 20 and 180 µm was supplied by Höganäs (Sweden). Samples were sintered using a SPS HPD 125 apparatus (FCT system, Germany). A cylindrical graphite mold of 30 mm inner diameter, 90 mm outer diameter and 50 mm height was filled with the iron powder (about 28 g) to obtain a disk of 30 mm in diameter and 5 mm in height. Coated or uncoated graphite foils (0.35 mm thickness) were previously inserted between the powder and the mold (the die and the graphite punches).

Sintering was performed at 1050 • C for 10 min in vacuum (10 -2 mbar) under a pressure of 70 MPa. The heating and the cooling rate were 50 • C•min -1 and more than 100

• C•min -1 , respectively.
Ti coatings on the graphite foils were performed in an industrial DC magnetron PVD system KS40V (Kenosistec, Binasco, Italy). The substrate holder oscillates in front of the titanium target (99.95 at.% purity, 406 × 127 × 6 mm in dimension) with a solid angle of 30 • and a minimal target-to-substrate distance of 95 mm. The nominal speed was 0.7 rpm. 80 sccm of pure argon were injected to obtain a working pressure of 0.43 Pa. An electrical power of 1500 W was applied on the target (U = 340 V, I = 4.41 A) during the deposition. Three deposition lengths were used: 10, 20 and 30 min, corresponding to a number of scan of 73, 142 and 212 (a scan is a half oscillation).

Figure 1 presents the scheme of both systems.
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Microhardness profiles were performed on the top and the side of the sintered samples with a Vickers indenter and a load of 100 gf (0.98 N) using a Wilson Tukon 1102/1202 tester.

Results and Discussion

Sintering of Pure Iron Using Graphite Foils without Coating

Figure 2 shows the top zone of the sintered iron sample (in the direction of the punches), after Nital 3% etching. This kind of etching is typically used to reveal cementite and pearlite in carbon steels as it attacks preferentially the ferrite. The bottom of the sample was identical from a microstructural point of view and it is not presented.
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Figure 4 displays OM and SEM images of zone 2 after Nital etching. Only lamellar pearlite was revealed, indicating the typical composition of a eutectoid steel and confirming a lower carbon diffusion than in zone 1.
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Sintering of Pure Iron Using Graphite Foils Coated with a Ti PVD Film

Figure 8 presents the OM views of the top and side of the iron samples sintered using graphite foils with Ti coatings having thicknesses of 1.5 (Figure 8a,b), 1.1 (Figure 8c,d) and 0.5 µm (Figure 8e,f). The first important observation that can be made is that the carburization of iron powder during SPS is completely avoided when the graphite foil is coated with a Ti PVD film of 1.5 and 1.1 µm thickness (Figure 8a,d). In these latter, only ferrite grains are observed. In the case of the Ti coating of 0.5 µm thickness, the carburization is avoided only on the side of the sample (Figure 8f), but not on the top (and the bottom) (Figure 8e), where a carburization layer having a heterogeneous thickness can be observed (from nearly no carburization to the reference thickness). All the samples (top and side views) show evidence of recrystallization and grain growth, in agreement with the phenomenon occurring during SPS. In order to investigate the diffusion phenomena occurring during sintering, the interface between the iron sintered sample and the graphite foil coated with the 1.5 µ m thick Ti film was analyzed. Figure 9 displays an OM magnification and a SEM image taken with low angle back-scattered electron detector (LABE). The coating, having a thickness of about 1.5 µ m, is still visible in both micrographies. SEM observation highlights the presence of a white phase inside the coating, due to a Z contrast. Ti coating presents several cracks due to sample metallographic preparation. In order to investigate the diffusion phenomena occurring during sintering, the interface between the iron sintered sample and the graphite foil coated with the 1.5 µm thick Ti film was analyzed. Figure 9 displays an OM magnification and a SEM image taken with low angle back-scattered electron detector (LABE). The coating, having a thickness of about 1.5 µm, is still visible in both micrographies. SEM observation highlights the presence of a white phase inside the coating, due to a Z contrast. Ti coating presents several cracks due to sample metallographic preparation. EDX analyses of the coating performed after SPS process (Figure 10) indicate that the white phase (points 6 and 7) is enriched in iron. Even if carbon quantification by EDX is difficult, carbon values are still given for comparison. Points 4 and 5, corresponding to darker phases inside the Ti coating, present a high amount of carbon compared to other analyzed points. It is worth noting that the atomic percentages reported in Figure 10 do not exactly correspond to the local composition of the different analyzed phases, due to the interaction volume of the SEM electron beam (about 1 µ m 3 ), and they don't allow determination of their stoichiometry. Anyway, they give interesting information about elementary diffusion phenomena. According to Ti-C equilibrium diagram [START_REF] Okamoto | Carbon-Titanium)[END_REF], the nonstoichiometric TiC phase is always in equilibrium with Ti. However, the presence of a solid solution of carbon inside the Ti coating cannot completely be excluded, even if it is present in a very tiny amount. On the other hand, FeTi and TiC are the most probable phases in points 6 and 7, as suggested by C-Fe-Ti isothermal section at 1000 °C [START_REF] Raghavan | C-Fe-Ti (Carbon-Iron-Titanium)[END_REF][START_REF] Klopotov | Combined treatment of steel, including electrospark doping and subsequent irradiation with a high-intensity electron beam[END_REF]. However, the exact determination of the nature and stoichiometry of the formed phases would require finer analyses, which are out the scope of the present paper. No Z contrast below the Ti coating, inside iron sintered sample, is visible in the SEM image of Figures 9 and 10, proving, together with EDX maps (see Supplementary Materials, Figure S3), that titanium did not diffuse in iron during SPS process, excluding any contamination of the substrate during sintering. As it can clearly be observed in Figure 8c,d, an effective protection against carbon diffusion from graphite foil was also obtained with the 1.1 µ m thick Ti coating. Surprisingly, in this case, iron did not diffuse sufficiently in titanium coating to form the TiFe, as revealed by EDX elementary maps (Figure 11). As reported in literature, the diffusion rate of carbon in titanium is higher than the diffusion rate of iron in titanium [START_REF] Scotti | Interstitial diffusion of O, N, and C in α-Ti from first-principles: Analytical model and kinetic Monte Carlo simulations[END_REF]. The present EDX analyses of the coating performed after SPS process (Figure 10) indicate that the white phase (points 6 and 7) is enriched in iron. Even if carbon quantification by EDX is difficult, carbon values are still given for comparison. Points 4 and 5, corresponding to darker phases inside the Ti coating, present a high amount of carbon compared to other analyzed points. It is worth noting that the atomic percentages reported in Figure 10 do not exactly correspond to the local composition of the different analyzed phases, due to the interaction volume of the SEM electron beam (about 1 µm 3 ), and they don't allow determination of their stoichiometry. Anyway, they give interesting information about elementary diffusion phenomena. According to Ti-C equilibrium diagram [START_REF] Okamoto | Carbon-Titanium)[END_REF], the nonstoichiometric TiC phase is always in equilibrium with Ti. However, the presence of a solid solution of carbon inside the Ti coating cannot completely be excluded, even if it is present in a very tiny amount. On the other hand, FeTi and TiC are the most probable phases in points 6 and 7, as suggested by C-Fe-Ti isothermal section at 1000 • C [START_REF] Raghavan | C-Fe-Ti (Carbon-Iron-Titanium)[END_REF][START_REF] Klopotov | Combined treatment of steel, including electrospark doping and subsequent irradiation with a high-intensity electron beam[END_REF]. However, the exact determination of the nature and stoichiometry of the formed phases would require finer analyses, which are out the scope of the present paper. No Z contrast below the Ti coating, inside iron sintered sample, is visible in the SEM image of Figures 9 and10, proving, together with EDX maps (see Supplementary Materials, Figure S3), that titanium did not diffuse in iron during SPS process, excluding any contamination of the substrate during sintering. EDX analyses of the coating performed after SPS process (Figure 10) indicate that the white phase (points 6 and 7) is enriched in iron. Even if carbon quantification by EDX is difficult, carbon values are still given for comparison. Points 4 and 5, corresponding to darker phases inside the Ti coating, present a high amount of carbon compared to other analyzed points. It is worth noting that the atomic percentages reported in Figure 10 do not exactly correspond to the local composition of the different analyzed phases, due to the interaction volume of the SEM electron beam (about 1 µ m 3 ), and they don't allow determination of their stoichiometry. Anyway, they give interesting information about elementary diffusion phenomena. According to Ti-C equilibrium diagram [START_REF] Okamoto | Carbon-Titanium)[END_REF], the nonstoichiometric TiC phase is always in equilibrium with Ti. However, the presence of a solid solution of carbon inside the Ti coating cannot completely be excluded, even if it is present in a very tiny amount. On the other hand, FeTi and TiC are the most probable phases in points 6 and 7, as suggested by C-Fe-Ti isothermal section at 1000 °C [START_REF] Raghavan | C-Fe-Ti (Carbon-Iron-Titanium)[END_REF][START_REF] Klopotov | Combined treatment of steel, including electrospark doping and subsequent irradiation with a high-intensity electron beam[END_REF]. However, the exact determination of the nature and stoichiometry of the formed phases would require finer analyses, which are out the scope of the present paper. No Z contrast below the Ti coating, inside iron sintered sample, is visible in the SEM image of Figures 9 and 10, proving, together with EDX maps (see Supplementary Materials, Figure S3), that titanium did not diffuse in iron during SPS process, excluding any contamination of the substrate during sintering. As it can clearly be observed in Figure 8c,d, an effective protection against carbon diffusion from graphite foil was also obtained with the 1.1 µ m thick Ti coating. Surprisingly, in this case, iron did not diffuse sufficiently in titanium coating to form the TiFe, as revealed by EDX elementary maps (Figure 11). As reported in literature, the diffusion rate of carbon in titanium is higher than the diffusion rate of iron in titanium [START_REF] Scotti | Interstitial diffusion of O, N, and C in α-Ti from first-principles: Analytical model and kinetic Monte Carlo simulations[END_REF]. The present As it can clearly be observed in Figure 8c,d, an effective protection against carbon diffusion from graphite foil was also obtained with the 1.1 µm thick Ti coating. Surprisingly, in this case, iron did not diffuse sufficiently in titanium coating to form the TiFe, as revealed by EDX elementary maps (Figure 11). As reported in literature, the diffusion rate of carbon in titanium is higher than the diffusion rate of iron in titanium [START_REF] Scotti | Interstitial diffusion of O, N, and C in α-Ti from first-principles: Analytical model and kinetic Monte Carlo simulations[END_REF]. The present results suggest that the presence on TiC phase reduces the diffusion rate of iron in titanium, inhibiting the formation of TiFe. 1.1 µm is a sufficient coating thickness to avoid carbon contamination of the iron substrate during SPS and, in parallel, elementary diffusion phenomena between the coating and the substrate.

results suggest that the presence on TiC phase reduces the diffusion rate of iron in titanium, inhibiting the formation of TiFe. 1.1 µ m is a sufficient coating thickness to avoid carbon contamination of the iron substrate during SPS and, in parallel, elementary diffusion phenomena between the coating and the substrate. Finally, OM observation revealed that a Ti coating of 0.5 µ m in thickness is not completely effective to prevent carbon contamination of the top and bottom zones of the iron sintered sample (Figure 8e). A magnification of the area where the carburization thickness is more significant (Figure 11) shows the presence of the five zones previously identified in the sintered sample, when graphite foil without coating was used. Zone 5, corresponding to big ferrite grains, is not visible in Figure 12, due to the figure size, but clearly observable in Figure 8e. Despite this unsatisfactory result, it is interesting to note that carburization was completely avoided on the side of the sintered sample, where Ti coating is still visible (Figure 8f). A difference in carburization kinetic between the top (and bottom) of the sample and the side has been also evidenced when sintering was performed using graphite foil without coating. The top (and bottom) of the samples and the side are not exposed to the same Finally, OM observation revealed that a Ti coating of 0.5 µm in thickness is not completely effective to prevent carbon contamination of the top and bottom zones of the iron sintered sample (Figure 8e). A magnification of the area where the carburization thickness is more significant (Figure 11) shows the presence of the five zones previously identified in the sintered sample, when graphite foil without coating was used. Zone 5, corresponding to big ferrite grains, is not visible in Figure 12, due to the figure size, but clearly observable in Figure 8e.

results suggest that the presence on TiC phase reduces the diffusion rate of iron in titanium, inhibiting the formation of TiFe. 1.1 µ m is a sufficient coating thickness to avoid carbon contamination of the iron substrate during SPS and, in parallel, elementary diffusion phenomena between the coating and the substrate. Finally, OM observation revealed that a Ti coating of 0.5 µ m in thickness is not completely effective to prevent carbon contamination of the top and bottom zones of the iron sintered sample (Figure 8e). A magnification of the area where the carburization thickness is more significant (Figure 11) shows the presence of the five zones previously identified in the sintered sample, when graphite foil without coating was used. Zone 5, corresponding to big ferrite grains, is not visible in Figure 12, due to the figure size, but clearly observable in Figure 8e. Despite this unsatisfactory result, it is interesting to note that carburization was completely avoided on the side of the sintered sample, where Ti coating is still visible (Figure 8f). A difference in carburization kinetic between the top (and bottom) of the sample and the side has been also evidenced when sintering was performed using graphite foil without coating. The top (and bottom) of the samples and the side are not exposed to the same Despite this unsatisfactory result, it is interesting to note that carburization was completely avoided on the side of the sintered sample, where Ti coating is still visible (Figure 8f). A difference in carburization kinetic between the top (and bottom) of the sample and the side has been also evidenced when sintering was performed using graphite foil without coating. The top (and bottom) of the samples and the side are not exposed to the same mechanical stress during sintering nor to the same current flows. This may partially explain the loss of the coating protective properties. A minimum Ti coating thickness probably exists, between 1.1 and 0.5 µm, assuring complete protection against carbon diffusion and further tests are planned to optimize this parameter. mechanical stress during sintering nor to the same current flows. This may partially explain the loss of the coating protective properties. A minimum Ti coating thickness probably exists, between 1.1 and 0.5 µ m, assuring complete protection against carbon diffusion and further tests are planned to optimize this parameter. The microhardness profiles confirm the OM observations. On the top (Figure 13a), the sample sintered using graphite foil without coating and the one sintered with a 0.5 µ m thick Ti coating present exactly the same hardness evolution: a high hardness of about 300 HV0.1 from the surface to a depth of 200 µ m, corresponding to zones 1 and 2, followed by a decrease to 100 HV0.1 at a depth of 400 µ m, corresponding to zone 3 and ending with a constant hardness of 100 HV0.1, corresponding to zones 4 and 5, the pure iron. The samples sintered using graphite foils with 1.5 and 1.1 µ m thick Ti coatings present, from the surface to the bulk, the low hardness of 100 HV0.1., confirming the absence of carburization. These values are in agreement with the one reported in the literature for pure ferrite (60 HV) and the eutectoid steel (250 HV) [START_REF] Tisza | Physical Metallurgy for Engineers[END_REF]. The values of the present study are slightly higher due to the fine-grained microstructure obtained by SPS. On the side (Figure 13b), the sample sintered using graphite foil without coating presents the same evolution observed on the top of the sample, except the depth of the carburization, that is smaller (i.e., 200 µ m compared to the 400 µ m on the top). All samples sintered using Ti-coated graphite foils present a constant hardness value, corresponding to that of iron.

Mechanical Properties

Mechanical Properties

Globally, the preliminary results obtained in the present study are promising and, even if further tests and characterizations are necessary, especially to understand the Fe and C diffusion mechanisms in Ti, they show that a thin PVD film deposited on graphite foils can represent a good and large-scale solution to reduce carbon contamination of metallic powder during SPS process.

Conclusions

In this study, a Ti PVD coating was applied on graphite foils to avoid the carburization of iron powders during SPS process. Three Ti films thicknesses were tested: 0.5, 1.1 and 1.5 µ m.

The main findings can be summarized as follows:  Without coating, the carburization of iron powder took place during sintering (up to 400 µ m) and five zones were detected from the top surface to the bulk: The microhardness profiles confirm the OM observations. On the top (Figure 13a), the sample sintered using graphite foil without coating and the one sintered with a 0.5 µm thick Ti coating present exactly the same hardness evolution: a high hardness of about 300 HV 0.1 from the surface to a depth of 200 µm, corresponding to zones 1 and 2, followed by a decrease to 100 HV 0.1 at a depth of 400 µm, corresponding to zone 3 and ending with a constant hardness of 100 HV 0.1, corresponding to zones 4 and 5, the pure iron. The samples sintered using graphite foils with 1.5 and 1.1 µm thick Ti coatings present, from the surface to the bulk, the low hardness of 100 HV 0.1 ., confirming the absence of carburization. These values are in agreement with the one reported in the literature for pure ferrite (60 HV) and the eutectoid steel (250 HV) [START_REF] Tisza | Physical Metallurgy for Engineers[END_REF]. The values of the present study are slightly higher due to the fine-grained microstructure obtained by SPS. On the side (Figure 13b), the sample sintered using graphite foil without coating presents the same evolution observed on the top of the sample, except the depth of the carburization, that is smaller (i.e., 200 µm compared to the 400 µm on the top). All samples sintered using Ti-coated graphite foils present a constant hardness value, corresponding to that of iron.

Globally, the preliminary results obtained in the present study are promising and, even if further tests and characterizations are necessary, especially to understand the Fe and C diffusion mechanisms in Ti, they show that a thin PVD film deposited on graphite foils can represent a good and large-scale solution to reduce carbon contamination of metallic powder during SPS process.

Conclusions

In this study, a Ti PVD coating was applied on graphite foils to avoid the carburization of iron powders during SPS process. Three Ti films thicknesses were tested: 0.5, 1.1 and 1.5 µm.

The main findings can be summarized as follows:

• Without coating, the carburization of iron powder took place during sintering (up to 400 µm) and five zones were detected from the top surface to the bulk:

zone 1: lamellar pearlite + cementite + abnormal ferrite (corresponding to hypereutectoid steel); -zone 2: lamellar pearlite (corresponding to eutectoid steel); -zone 3: pearlite + ferrite (corresponding to hypoeutectoid steel); -zone 4-5: recrystallized ferrite followed by grain growth (corresponding to iron).

• Carburization of iron powder is faster on top (and bottom) of the sample, compared to the side in contact with the graphite foil surrounding the mold, thanks to the pressure and the current flow.

•

The application of a Ti PVD film of 1.5 and 1.1 µm on graphite foils is effective to completely avoid carburization of iron powder (top, bottom and sides). Iron diffusion was revealed inside the Ti film of 1.5 µm thickness.

•

With a Ti film of 0.5 µm thickness carburization of iron powder was not avoided on top and bottom of the sintered sample, but only on the side.

•

Microhardness profiles confirm the OM observations. • Ti coatings with thicknesses between 1.1 and 0.5 µm have to be tested to find the minimum coating thickness assuring protection against carbon diffusion. Anyway, the obtained results suggest that the use of graphite foils coated by a thin PVD film can represent a large-scale effective solution to avoid carbon diffusion during SPS process in the case of metal powders. 
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 1 Figure 1. Schematic representations of (a) PVD and (b) SPS devices.
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 2 Figure 2. OM view of the top of the iron sample sintered using graphite foils without coating.
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 3 Figure 3. Magnification of zone 1 (sintering with graphite foils without coating): OM (on the left) and SEM (on the right) images after chemical etching.
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 2 Figure 2. OM view of the top of the iron sample sintered using graphite foils without coating.
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 3 Figure 3. Magnification of zone 1 (sintering with graphite foils without coating): OM (on the left) and SEM (on the right) images after chemical etching.
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 3 Figure 3. Magnification of zone 1 (sintering with graphite foils without coating): OM (on the left) and SEM (on the right) images after chemical etching.
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 4 Figure 4. Magnification of zone 2 (sintering with graphite foils without coating): OM (on the left) and SEM (on the right) images after chemical etching.
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 5 Figure 5. Magnification of zone 3 (sintering with graphite foils without coating): OM images after chemical etching.
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 4 Figure 4. Magnification of zone 2 (sintering with graphite foils without coating): OM (on the left) and SEM (on the right) images after chemical etching.
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 4 Figure 4. Magnification of zone 2 (sintering with graphite foils without coating): OM (on the left) and SEM (on the right) images after chemical etching.
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 5 Figure 5. Magnification of zone 3 (sintering with graphite foils without coating): OM images after chemical etching.
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 5 Figure 5. Magnification of zone 3 (sintering with graphite foils without coating): OM images after chemical etching.

Figure 6 .

 6 Figure 6. Correlation between Fe-C equilibrium diagram and the five zones observed in the sintered iron (sintering with graphite foils without coating).
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 7 Figure 7. OM views of the side of the iron sample sintered using graphite foils without coating.

Figure 6 .

 6 Figure 6. Correlation between Fe-C equilibrium diagram and the five zones observed in the sintered iron (sintering with graphite foils without coating).

Solids 2021, 1 ,Figure 6 .

 16 Figure 6. Correlation between Fe-C equilibrium diagram and the five zones observed in the sintered iron (sintering with graphite foils without coating).
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 7 Figure 7. OM views of the side of the iron sample sintered using graphite foils without coating.
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 8 Figure 8. OM observations of the iron samples sintered using graphite foils with Ti coatings of (a,b) 1.5 µ m thickness, (c,d) 1.1 µ m thickness and (e,f) 0.5 µ m thickness.
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 8 Figure 8. OM observations of the iron samples sintered using graphite foils with Ti coatings of (a,b) 1.5 µm thickness, (c,d) 1.1 µm thickness and (e,f) 0.5 µm thickness.
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 9 Figure 9. Magnification of the interface between the sintered sample and the graphite foil coated with a Ti PVD layer of 1.5 µ m thickness.
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 10 Figure 10. SEM image (backscattered electrons mode) and EDX analyses inside the 1.5 µ m thick Ti coating after sintering.

Figure 9 .

 9 Figure 9. Magnification of the interface between the sintered sample and the graphite foil coated with a Ti PVD layer of 1.5 µm thickness.

Figure 9 .

 9 Figure 9. Magnification of the interface between the sintered sample and the graphite foil coated with a Ti PVD layer of 1.5 µ m thickness.

Figure 10 .

 10 Figure 10. SEM image (backscattered electrons mode) and EDX analyses inside the 1.5 µ m thick Ti coating after sintering.
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Figure 11 .

 11 Figure 11. SEM image (secondary electrons mode) and EDX elementary maps of the 1.1 µ m thick Ti coating after sintering.
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 12 Figure 12. OM magnification of the top of the sample sintered using graphite foil with a 0.5 µ m tick Ti coating: area where carburization thickness is more significant.
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 11 Figure 11. SEM image (secondary electrons mode) and EDX elementary maps of the 1.1 µm thick Ti coating after sintering.
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 12 Figure 12. OM magnification of the top of the sample sintered using graphite foil with a 0.5 µ m tick Ti coating: area where carburization thickness is more significant.

Figure 12 .

 12 Figure 12. OM magnification of the top of the sample sintered using graphite foil with a 0.5 µm tick Ti coating: area where carburization thickness is more significant.
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 13 Figure 13 presents the microhardness profiles of the different iron sintered samples.
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 13 Figure 13. Microhardness profiles of (a) top of the samples and (b) side of the samples.
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