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Introduction

Barium AluminoSilicate or BAS (BaSi2Al2O8) is a potential candidate for matrix material in ceramic composites for thermostructural applications. Thanks to its high oxidation resistance [1,2] and attractive thermal, [3,[START_REF] Touloukian | Thermal Expansion: Nonmetallic Solids, Thermophysical Properties of Matter[END_REF] dielectric, [START_REF] Mccauley | [END_REF]6] and chemical [7][8][9] properties, BAS is very useful for a number of applications such as radomes, [10,[START_REF] Talmy | NASA Conference Publication No. 3235, 17 th Conference on Metal Matrix, Carbon, and Ceramic Matric Composites, Part 2[END_REF] microelectronic packaging, [START_REF] Wright | NASA Conference Publication No. 3175, 16 th Conference on Metal Matrix, Carbon, and Ceramic Matric Composites, Part 2[END_REF][START_REF] Ishihara | [END_REF] composites for power and propulsion systems, [START_REF] Buzniak | Advances in Ceramic-Matrix Composites II[END_REF][START_REF] Murthy | [END_REF] refractories [7,[START_REF] Bansal | NASA Conference Publication No. 3235, 17 th Conference on Metal Matrix, Carbon, and Ceramic Matric Composites, Part 2[END_REF] and protective 2 coatings. [START_REF] Bansal | [END_REF]18] . BAS exists under different polymorphic forms : paracelsian (always metastable), celsian (monoclinic), hexacelsian (hexagonal) and orthorhombic [19,20] . The two main polymorphs are the monoclinic ("celsian") form, stable from room temperature to 1590 °C, and the hexagonal ("hexacelsian") form, stable from 1590 °C to its melting point 1760 °C [20] (Figure1). Because of its stability range and low coefficient of thermal expansion (2.29x10 -6 °C-1 [21] ) celsian is often preferred to hexacelsian (8x10 -6 °C-1 [22] ) for the aforementioned applications. However, for some specific applications at very high temperature (in the range of 1600 °C and 1700 °C) the use of the hexacelsian form is required. This article focuses on hexacelsian preparation. Note that below 300°C, hexacelsian is converted reversibly into the orthorhombic form. [23] Various processes make synthesis of hexagonal BAS possible such as the crystallization of glass prepared by the sol-gel method [24,25] or solid-state process. [26] Several studies address the preparation of hexacelsian by SPS as a constituent of composite materials. Ye et al. [27] made 5 wt% BAS/α-SiAlON by SPS. They ball-milled mixed starting powders (Si3N4, AlN, Al2O3, Y2O3, Yb2O3, Lu2O3, BaCO3 and SiO2) in alcohol for 24h and subsequently dried them (Y2O3, Yb2O3 and Lu2O3 were chosen as dopants to form the α-SiAlON.) Then, the dried mixture was sintered by the SPS technique at 1800 °C under 35 MPa for 5 min, with a heating rate of 100 °C/min. The obtained BAS was a mix of hexacelsian and celsian. Ma et al. [28] studied the microstructure and the mechanical properties of a BAS/SiC composite sintered by SPS. The starting powders (β-SiC, BaCO3, Al2O3 and SiO2) were ball-milled in ethyl alcohol for 12h and dried. The mixed powders were sintered at 1900 °C under a nitrogen atmosphere with a pressure of 30 MPa for 5 min at a rate of 100 °C/min. Then the sample was cooled down to room temperature at a cooling rate of 100 °C/min. X-ray diffraction (XRD) analysis demonstrates that hexacelsian was the only crystalline phase in the BAS matrix. Ye et al. [29] used SPS to create a 30 wt% BAS/Si3N4 composite. As for the previous study, [28] the starting powders (Si3N4, BaCO3, Al2O3 and SiO2) were ball-milled in ethanol for 12h and then dried. Then, the powder mixture was sintered by SPS at 1800 °C at 25 MPa for 5 min into a cylindrical carbon die with an inner diameter of 45 mm and a heating rate of 150 °C/min. A post heat treatment at 1800 °C for 60 min, in a classical kiln under nitrogen atmosphere, was carried out. Without the second heat treatment, no crystallized BAS was detected (amorphous state). This was due to the fast quenching during the SPS process. However, after the post heat treatment at 1800 °C, the BAS crystallization into hexacelsian was observed due to the slower applied cooling rate.

In this instance, no celsian is detected by either electron diffraction or XRD methods. For the authors, the sluggish kinetics of the hexacelsian to celsian phase transformation was sufficient to stop the formation of celsian. Moreover, the presence of SiC and Si3N4 in these composites probably stabilized the hexacelsian form [28,29]. This is further supported by Quander [30] with the synthesis of a 30 wt% BAS/Si3N4 composite by pressureless sintering. For BAS sintered by SPS, Al(OH)3 can be preferable to Al2O3 that is usually used [1,2,8] because of its higher reactivity. Previous work [START_REF] Allemand | Laboratoire des Composites ThermoStructuraux)[END_REF] shows that low Al2O3 reactivity is not sufficient to get a full sample of hexacelsian by SPS. So, currently, using BaCO3, SiO2 and Al2O3 as precursors, it is not possible to get a monolithic hexagonal BAS by SPS : monoclinic BAS always appears [START_REF] Allemand | Laboratoire des Composites ThermoStructuraux)[END_REF] .

The objective of this study is to sinter pure hexagonal BAS. For that, fast and controlled sintering in the thermal stability field of the hexacelsian (between 1590 °C and 1760 °C) is necessary. Two rapid processes are compared: SPS and a new technology UFPS. Both lead to the same global rapid thermal history but with different thermal control methods. Moreover, no pressure is applied on the sample with the UFPS technology.

For the SPS process, knowing the difference between the temperature given by the pyrometer and the true temperature inside the material is essential. This issue is well known and is the subject of many studies carried out experimentally and by simulation. [START_REF] Manière | [END_REF][33][34] Simulations of electrical conduction performed in Al2O3, an insulating material at room temperature, [35] show that the current flows through the graphite mold, with a higher current density close to the sample. This induces a thermal gradient between the surface of the mold and the sample. At higher temperatures, the electrical resistivity of the oxides decreasing, this gradient could diminish, since part of the current would pass directly inside the sample; however this gradient evolution is largely uncontrolled. To overcome this important drawback, the UFPS technology was developed in order to control the sample temperature with better precision; it is being tested for the first time in this study. Hexacelsian BAS is a demanding challenge for sintering, due to its narrow temperature range of stability.

Experimental procedure

The starting powders were BaCO3 (99% grade, Sigma Aldrich), SiO2 quartz (99% grade, Sigma Aldrich) and Al(OH)3 (76.5% grade, Alfa Aesar). Starting powders were weighed to obtain a stoichiometric BAS (2:2:1 in mol for SiO2, Al(OH)3 and BaCO3 respectively). The powders were mixed into pure ethanol and the pH was adjusted to 11 by adding NH4OH (30% grade, Sigma Aldrich). This solution was homogenized by a sonicator (Vibrocell 75401) for 4 min, and then dried at 120 °C for 2h.

One part of the powder mixture was sintered using the SPS technology. Two SPS apparatus were used: the SPS-511S Model by Dr. Sinter's Lab used to fabricate small cylinders (15 mm diameter and 5 mm height) and the SUMITOMO 2080 Model by Sintex for larger samples : discs ( 60 mm diameter and 5 mm height) and bars (using rectangular molds 55mm length, 5mm width and 5 mm height, with rounded tops). The dry mixed powders were put into a graphite [36] pressing device made of one matrix and two pistons. Before introducing powders, a carbon sheet (Papyex®) was used to coat the inside of the mold (a boron nitride (BN) layer was deposited on this carbon sheet to protect the oxide powders). The SPS apparatus was run under temperature control. The heating process was controlled by an optical pyrometer focused on a tiny hole on the surface of the graphite mold. Graphite felt was wrapped around the graphite mold to reduce heat losses and reduce the thermal gradient inside the mold and the sample.

The other half of the powder mixture was sintered using the new UFPS technology, which will be detailed in section 3. This technology enables the same heating rate and holding time as in SPS, but avoids having electrical current passing through the sample or the graphite die. [35] The green body was prepared by compaction of the powders at 100 MPa in a mold.

For sake of compatibility with the thermal stability temperature range of the hexacelsian (between 1590 °C and 1760 °C), the sample sintering temperature was chosen at 1600 °C. In both cases SPS and UFPS, the thermal cycle was composed of 3 steps: first, a heating rate of 100 °C/min was set to reach 900 °C, followed by a holding time of 1 min. This step allowed dehydration of Al(OH)3 into Al2O3. Second, the temperature was increased at a rate of 80 °C/min to reach 1150°C with a holding time of 10 min, to form intermediate species (barium silicate and barium aluminate). Last, a heating rate of 100 °C/min is applied up to 1600°C, with a holding time of 10 min, to form the BAS. In the case of SPS, all cycles were carried out with a pressure of 40 MPa under gas vacuum (full pressure is applied during the first minute of the cycle and is then kept constant until the last minute). In the case of UFPS, it is a pressure free sintering.

The bulk densities and open porosities of the sintered materials were measured according to Archimedes' method. [37] The crystalline phases were characterized by X-ray diffraction (XRD). The room temperature XRD was carried out using Cu Kα radiation in a Bruker D8 Advance system. A 40 kV -40 mA power supply was used with a step size of 0.01 (2θ) and a scanning rate of 2s per step. All the XRD runs were made on samples with polished surface in the 2θ range of 10° to 80° to identify different phases present in the composition. The quantitative analysis of the content of the different phases was determined using refinement proposed by the EVA software. [START_REF] Rietveld | [END_REF] The morphology of the BAS was observed by scanning electron microscopy (SEM). An Energy Dispersive X-ray Spectrometer (EDS) was also used to identify the different atomic compositions.

New ultra-fast pressureless sintering process developed for this study

Galtenco Solutions is working on a new furnace technology in order to control thermal homogeneity in volume, despite the use of a high heating rate or possible local heterogeneity in thermal insulation. With this technology, the sintering of large or complex-shaped parts becomes possible without inducing cracks that often occur due to thermal gradients in most commercial furnaces. In order to control the thermal homogeneity, the furnace is made with several "units". One "unit" is composed by a heating element (Graphite, SiC, Kanthal, …) exclusively connected with a power supply and a temperature sensor (thermocouple, pyrometer, …). All "units" are independently controlled by a control-command software. The size and shape of the "units" are variable and can be optimized according to the sample shape. All "units" are disposed inside the furnace using numerical simulations. A customized version of this technology was built specifically for this study (Figure 2).

Because the main goal was to sinter a 5 cm-long BAS bar, it was composed of 3 graphite heating elements (i.e. 3 "units"). The hot zone dimensions were 7cm4cm3cm. The first heating element (9cm3cm) with 1kW electric power was on the floor of the hot zone. The 2 nd and 3 rd (52cm each) with lower power (250 W) were located at the two extremities of the hot zone.

They are used as "thermal balances" in order to control the homogeneity of the extremities of the ceramic pieces.

Two C type thermocouples (TC2 and TC3) were placed underneath the extremities of the sample in the graphite diffuser which holds the BAS pieces in the center of the heating device (the latter is not represented in the Fig. 2 to make the drawing more readable). With this configuration, the measured temperature was close to the sample temperature.

Each resistor was supplied by a variable voltage DC power supply. Thus, the power provided by the electrical resistances could be adjusted as required. The control software was designed to manage this parameter in real time.

The first resistor (1 st heat. element) provided the energy necessary for the rapid rise in temperature in the hot zone. It was controlled by a virtual temperature "TC1" which corresponds to the average temperature between TC2 and TC3. Numerical thermal conduction calculations had shown that the control of resistor 1 with "TC1" is sufficient if the "thermal balance" resistors maintain a small temperature difference between the two ends of the bar. Due to their low power, those two "thermal balance" provided a very precise supply of sufficient energy to guarantee the uniformity of the hot zone. For example, the temperature profile measured at the two extremities of the sample during the sintering cycle is given in Figure 3. The maximum temperature difference between TC2 and TC3 observed on the dwell plateau at 1150 °C is evaluated at +/-3 °C.

The thermal insulation around the hot zone is made of alumina fiber panels put inside a type 316 inox steel vacuum chamber. Sintering is achieved under vacuum without applied pressure on the sample.

Results and discussion

Thermal sintering cycles

As explained in the experimental procedure, for the SPS, the heating process is controlled by an optical pyrometer focused on a tiny hole on the surface of the graphite mold. Because of this, the real sample temperature is unknown and a difference between the sample and the surface of the mold can be assumed. [39] The gradient in the SPS process was estimated in this study. For a BAS sample 15 mm in the diameter and a heating rate of 100 °C/min, the BAS melts when the pyrometer measures 1540 °C. Whereas, the real BAS melting point is 1760 °C. Therefore, this difference of temperature can be estimated around 200 °C. Consequently, to sinter the hexagonal BAS by SPS in its thermal stability field and taking this observation into account, the setpoint temperature was set at 1400 °C for the last plateau (for the other plateaus (i.e 900°C and 1150°C ) it was kept unchanged because it is not possible to estimate easily the thermal gradient). For the UFPS technology, because the accuracy of the measured temperature is very high, the sintering dwell temperature was kept at 1600°C. An identical small sample (15 mm diameter/ 5mm height) was sintered with the two technologies. After sintering, apparent density measurements by Archimedes' method show a density of 3.1 g/cm 3 (open porosity 0.4%) for the sample obtained by SPS and 3.0 g/cm 3 (open porosity 2.0%) for the UFPS one. Figure 4 shows the microstructure of the materials. The SPS sample shows a mainly closed porosity with uniform distribution. On both samples, two phases were observed. Using EDS analysis, the main phase was identified as BAS and the secondary phase as clusters of crystallized alumina. The amount of alumina (Table 1) was higher in the SPS sample, probably because the temperatures of the reaction stages (i.e 900°C and 1150°C)

had not been optimized with respect to the SPS thermal gradient. Moreover, the alumina clusters were elongated, probably due to the pressure applied during the SPS process. The larger black spots present on the samples (noted "R") correspond to parts of the material which were removed during sample polishing for the SEM observations. XRD analyses of these samples (Figure 5) indicate that the hexacelsian phase was dominant. The alumina phase was also observed in agreement with the SEM observation. For the sample sintered by SPS, the celsian phase was also observed. Table 1 shows the weight percentages of the different sample phases made by SPS and UFPS technologies, as obtained from the quantitative analysis. According to these XRD results, the sample sintered by SPS has a higher proportion of the secondary phase. According to these results, it is shown that hexacelsian can be stabilized and densified by both sintering technologies. The difference between the two samples can be explained by the sintering temperature. Indeed, in SPS, it is difficult to evaluate the difference between the sample temperature and the measured temperature. To improve the proportion of the hexagonal phase, the sintering temperature has to be increased step by step. However, if one parameter is changed (e.g. mold composition, heating rate, sample size, or SPS device), the optimization of the sintering dwell will have to be re-determined. With the UFPS technology, since the temperature of the sample is known with an accuracy of a few degrees, the sintering dwell can be set independently from the choice of other parameters. This is because the thermal field is correctly monitored. UFPS 95 ± 5% 5 ± 5% -explanation of this phenomenon involves the presence of current pulses that could create a plasma at grain boundaries. [40] [41] UFPS could challenge this explanation because this technology has temperature rise rates similar to the SPS and similar dwell temperatures (provided that the correct sample temperature is correctly assessed during the temperature dwell in the SPS) without any current flow through the sample. In our case, densities and microstructures are very similar. So, it appears that, what is actually more essential in the effectiveness of BAS sintering is the rate at which energy is supplied to the system (and not the presence of electrical currents).

Sintering of complex shapes and larger samples

Bar-shaped parts (55 x 5 x 5 mm 3 ) and larger disk-shaped samples (60 mm diameter and 5 mm height) were prepared with the same processes as described in the previous section (SPS at 1400 °C for 10 min, on bar and disk, and UFPS at 1600 °C for 10 min without applied pressure, only on bar-shaped part). We conclude from these experiments that the control of SPS for larger or complex BAS pieces is complicated because of the induced thermal gradient (≈ 400 °C). Indeed, it is known that in SPS, the shapes of the part and mold influence directly the electrical field. [42] In the present case, it is seen that a rectangular shape favors energy accumulation at the part edges.

The resulting thermal gradient is increased by the low thermal and electrical conductivities of BAS. [35,43] In the large bar-shaped samples prepared by UFPS, the obtained microstructure is the same as the one obtained on 15 mm pellets and no hot spots were observed. 

Conclusion
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 51 Fig. 5: Room-temperature XRay Diffraction pattern of Barium AluminoSilicate a) Sintered at
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 6 shows the results obtained. The UFPS technology allowed the successful preparation of a bar-shaped sample (Fig. 6 a); conversely, with the SPS process, partial melting of the material (BAS) is observed, as shown in Figure 6 b : hot spots have appeared at the edges. This can be explained by the concentration of heat supply in the corners of the rectangular carbon mold. For the larger disk-shaped sample submitted to SPS, BAS melting and compression caused the explosion of the graphite mold, as shown in Figure 6c. The local temperature in these areas has been higher than 1760 °C (melting point of the BAS) while the pyrometer indicated only 1330°C. This means that a temperature difference of more than 400°C has been present in the setup.

Fig. 6 :

 6 Fig. 6: Pictures of the different samples prepared by Spark Plasma Sintering (SPS) and Ultra Fast Pressureless Sintering Technology (UFPS) a) Bar test piece (55 x 5 x 5 mm 3 ) prepared by the UFPS technology at 1600 °C for 10 min b) Bar test piece (55 x 5 x 5 mm 3 ) prepared by SPS

  Comparing results between the two samples, the UFPS is a new, feasible and effective fast sintering technology. The specificities of this technology make it particularly useful, and contribute to the understanding of the fundamental mechanisms involved in SPS. Indeed, in the case of SPS, a very rapid sintering of the materials has always been reported; a tentative

	Sample	Hexagonal BAS [%wt]	Alumina [%wt]	Monoclinic BAS [%wt]
	SPS	77 ± 5%	15 ± 5%	8 ± 5%
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Dense hexagonal BAS samples were prepared by two different processes: by Spark Plasma Sintering (SPS) at 1400 °C for 10 min and by a new Ultra-Fast Pressureless Sintering process (UFPS) at 1600 °C for 10 min. For these two processes, the hexagonal BAS has been synthesized in its stability thermal field (between 1590 °C and 1760 °C). In the SPS process reactor, a difference of 200 °C or more has been noticed between the temperature given by the pyrometer and the real temperature inside the material. A higher thermal gradient appeared when the objective was to sinter by SPS larger discoidal parts (60 mm diameter) or bar-shaped parts. It appears that the temperature is not controlled during the process; consequently, a partial or total melting of the material is observed.

The UFPS technology allows the manufacturing of large pieces. The use of pressure during BAS sintering is not necessary; only the heating rate is important. This technology offers chemical composition, microstructure and densification that is very similar to SPS, without the effect of any current passing through the die or the sample. The key reason for this is the superior thermal control during sintering, accordingly, manufacturing of larger and more complex parts is more easily achievable.

A comparative study of sintering using SPS and UFPS technologies is under progress on MgO, Al2O3, SiO2 and SiC (from the more ionic to the more covalent compound) to check whether any difference could be seen in the effectiveness of sintering and could be related to the effect of electric current in the SPS.
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