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Materials exhibiting a low thermal conductivity are the key components in several areas such as thermal barrier coatings (TBCs) or thermoelectric materials. TBCs have been the subject of considerable research over the past few decades, driven by the demands for improved efficiency and substantially higher operating temperatures required for future gas turbine applications [1][2][3]. To date, extensive efforts have been dedicated to explore insulator materials with low thermal conductivity. Considering its high temperature stability and low thermal conductivity (below 3 W m -1 K -1 [4], the (6-8)wt% yttria stabilized zirconia (YSZ) [5,6] has been widely used as bond and top coat for thermal barrier coatings systems. With continuous improvements, several TBCs materials have been proposed to replace YSZ, such as rare earth zirconates [7,8], pyrochlore oxides [9], magnetoplumbite [10,11], perovskite [START_REF] Dietrich | Ceramic Engineering and Science Proceedings[END_REF], garnet [START_REF] Padture | [END_REF] and metal phosphate [14]. Such materials have been extensively investigated showing a low thermal conductivity ranging from 1.2 to 2 W m -1 K -1 in the temperature range from 25 °C to 700 °C. Moreover, several studies have revealed the potential of lanthanum molybdate (La 2 Mo 2 O 9 ) as promising candidates for TBC material having lower thermal conductivity (0.95 W m -1 K -1 at 1273 K) than the current TBC materials [4,[15][16][17][18]. As Winter and Clarke pointed out, the low thermal conductivity may be attributed to the presence of several cation sublattices, large mean atomic mass and high concentration of structural oxygen vacancies [4]. For thermoelectric applications, an efficient material should exhibit high power factor and low thermal conductivity. Therefore, tremendous efforts have been made to reduce thermal conductivity of semiconductors by nanostructuring, composite and defect chemistry approaches [19][20][21][22][23]. However, for high temperature applications, stability of nanostructures may be an issue [23], and the thermoelectric community is actively looking for new materials with low intrinsic thermal conductivity [24][25][26][27][28][29][30][31]. Recently, Liu et al. have predicted very low thermal conductivity of scheelite type structure [32]. Scheelite oxides with general formula ABO 4 consists of strong units of BO 4 tetrahedra, week units of AO 8 as well as the anisotropy in A-O and B-O bonds that allow them having low thermal conductivity and mechanical properties which eventually can fulfil the requirements for next generation TBC materials. Various molybdenum-and tungsten-based scheelites (Ca, Sr, Ba) (Mo, W) O4 have been reported, by Liu et al. [32], predicting good intrinsic quasi-ductility and ultra-low thermal conductivity , ranging in 0.556 -1.2 W m -1 K -1 which is lower than common thermal insulating materials such as YSZ and pyrochlore oxides. Interestingly, in this study, results from previous experimental evidence and simulations models are successfully conducted. It is found that experimental result of thermal conductivity of BaWO 4 (1.63 W m -1 K -1 at 563 K) is consistent with theoretical predictions of Debye-Callaway model, thereby offering promising potential in exploring such materials for TBC applications. Among the compositions studied by Liu et al. [32], BaMoO 4 thermal conductivity is expected to reach value below 1 W m -1 K -1 according to the Debye-Callaway model. Another approach applied for reducing thermal conductivity consists in introducing defects on the cationic sublattice. Several studies reported that A-site deficiency in perovskite structures yields to lower thermal conductivity values [33,34]. Furthermore, Brixner et al. [35] have previously evidenced that it is easy to bring high defect concentrations at the A site of scheelites, and shown that vacancies can be as high as 1/3 in some rare-earth molybdate systems such as La 0.67 0.33 MoO 4 (also written as La 2 Mo 3 O 12 ) where stands for the vacancy site [35]. Assuming that such model predictions and experimental investigations are potentially valuable for improving TBC materials, our contribution in this work consists in studying structural and thermal properties of barium molybdate (BaMoO 4 ) belonging to scheelite family and the defect scheelite-type structure La 2 Mo 3 O 12 . Both ceramics were elaborated by solid state reaction method. A systematic study of the thermal conductivity of both samples was investigated from room temperature to 1000 K and differences were discussed. BaMoO 4 and La 2 Mo 3 O 12 ceramic samples were fabricated by conventional solid-state reaction starting from a stoichiometric mixture of the corresponding component oxides: BaCO 3 (99.9%), MoO 3 (99.9%) and La 2 O 3 (99.9%), purchased from ChemPur company. MoO 3 and La 2 O 3 reactants were preheated before weighing in air atmosphere respectively at 300 °C and 1000 °C overnight. The precursors were then grounded in planetary ball mill of tungsten carbide for 5 minutes at 300 rpm (Retsch PM 100). The mixed powders were then calcined in an alumina crucible, in a muffle furnace at 850 °C for 8 h at a heating rate of 5 °C min -1 in air, to ensure the single-phase formation. The calcined powders were then reground with few drops of polyvinyl alcohol (PVA) solution (2 wt% in water) and cold-pressed into pellets of about 13 mm in diameter. Finally, BaMoO 4 and La 2 Mo 3 O 12 pellets were heated in an alumina crucible at a heating rate of 5 °C min -1 , up to 650 °C for 2 h to drive off the PVA and then sintered respectively at 1100 °C and 980 °C for 4 h each. The density was determined from the weight and the calculated volume of the pellets.

The presence of tetragonal scheelite crystal structure and its phase purity were confirmed by X-ray diffraction (XRD) measurements [Bruker D8 advance diffractometer with CuKα radiations λ 1.5418 ¦ A]. XRD patterns were collected with a scanning speed of 2.4°(2Θ)/min with a step size of 0.02°over an angular range from 20°to 80°at room temperature. The microstructures of the samples were examined using scanning electron microscopy (TESCAN -MIRA 3 SEM) operating in backscattered electron (BSE) emission mode. The elementary composition was also analysed by Energy Dispersive X-ray (EDX) coupled to SEM with an acceleration voltage of 20 kV and a current of 20 pA. For both samples, a gold coating was deposited in order to reveal the surface and provide a conductive path for electrons.

The laser flash method (Netzsch LFA 457 instrument) was adopted for the measurement of the thermal diffusivity. Samples were coated with a thin layer of graphite in order to improve absorption of the laser light and then fixed in the holders of the LFA apparatus (6 × 6 mm). The measurements were carried out from 400 to 1000 K at 100 K intervals in a primary vacuum after three N 2 purges. In order to guarantee the reliability of the testing data, thermal diffusivity value was recorded three times at each temperature for averaging.

Specific heat capacity of both samples was evaluated by Differential Scanning Calorimeter (DSC, Netzsch STA 449 F3 Jupiter) analysis. The powdered samples of about 50 mg were spread evenly in a platinum crucible and heated continuously up to 1000 K under nitrogen atmosphere with a heating rate of 20 K min -1 . In conjunction with the DSC analysis, a Netzsch dilatometer (402 CL) was used to measure the thermal expansion evolution of the sintered La 2 Mo 3 O 12 pellet as a function of the temperature. Measurements were conducted during a single heating cycle from 400 to 1100 K at a heating rate of 10 K min -1 .

Based on the obtained experimental data of the thermal diffusivity (D), the heat capacity (C p ), and the density (ρ), one can deduce the thermal conductivity coefficient (κ) of both samples as follows:

κ = D × C p × ρ (1) 
The as-sintered pellets were white in colour. The theoretical density of pure BaMoO 4 and La 2 Mo 3 O 12 is 4.738 and 4.865 g cm -3 , respectively [36,37]. The maximum achieved relative density is ≈ 95% and ≈ 92% of theoretical value for BaMoO The measured heat capacities of BaMoO 4 and La 2 Mo 3 O 12 in the temperature range of 400 K to 1000 K are shown in figure 3. For BaMoO 4 , our data are consistent with the Calvet micro-calorimeter measurements of Singh et al. [38] and they also join smoothly and have similar evolution with measurements made by Saha et al. [39] and Kubaschewsi et al. [START_REF] Kubaschewsi | Materials Thermochemistry 6th ed[END_REF]. For those studies, the reported heat capacity data varies from about 0.4 J g -1 K -1 across 300 K to 0.7 J g -1 K -1 at 1800 K. The heat capacity of La 2 Mo 3 O 12 have been measured for the first time. A peak at around 850 K can be observed. It indicates that material undergoes a reversible ferroelastic phase transition behavior from monoclinic (P2 1 /a) phase at low temperatures to orthorhombic (Pnca) phase at high temperatures. Accordingly, Sleight et al. [START_REF] Sleight | [END_REF] have reported that A 2 (MoO 4 ) 3 compounds with monoclinic crystal structure at room temperature show a transition between 25 and 600 °C.

The small magnitude of the heat effect accompanying the phase transition in A 2 M 3 O 12 samples could be based on the rotation of polyhedral network of the lattice [42,43].

As La 2 Mo 3 O 12 shows phase transition around 850 K, the dilatometric thermal expansion behavior was also analysed in order to evaluate the impact of phase transition on the dilatation during heat treatment up to 1100 K with a rate of 10 K min -1 . Results reveal that the as-sintered La 2 Mo 3 O 12 exhibits a positive thermal expansion coefficient. This latter is approximately linear and does not display discontinuities. Therefore, the phase transition from a monoclinic to an orthorhombic form is not reflected. The La 2 Mo 3 O 12 compound exhibited a thermal expansion coefficient (α L ) ranging from 10 to 9 × 10 -6 K -1 at temperatures from 400 to 1100 K, indicating that α L remains almost constant all along the temperature range. This result is consistent with previous results obtained on La 2 Mo 3 O 12 indicating an average linear expansion coefficient of about 6.9 × 10 -6 K -1 at 1000 K [44]. Therefore, this phase transition does not hinder the possibility to use La 2 Mo 3 O 12 compound as a TBC.

Using the above-mentioned parameters, the thermal conductivity was calculated by mean of equation 1. The temperature dependence of the thermal conductivity (κ) of both La 2 Mo 3 O 12 and BaMoO 4 sintered ceramics is illustrated in figure 4. BaMoO 4 thermal conductivity decreases from 0.8 W m -1 K -1 at 400 K with increasing temperature and reaches 0.65 W m -1 K -1 at 650 K and then increases up to 1.15 W m -1 K -1 . The La 2 Mo 3 O 12 thermal conductivity is almost constant starting from 0.59 W m -1 K -1 at 400 K to 0.62 W m -1 K -1 at 1000 K. As for measurement uncertainty, the overall average value of the relative standard uncertainty on the thermal conductivity was estimated to be ±11% [45]. Furthermore, in an attempt to exclude the effect of porosity, thermal conductivity values were normalized to represent values for 100% dense materials (κ dense ) using Maxwell's relation [4] as follow: 

κ dense = κ measured × 1 1 -1.5Φ (2) 
where Φ is the porosity. The corrected data, obtained with 100% dense material show a thermal conductivity of 0.87 and 0.65 W m -1 K -1 at 400 K for BaMoO 4 and La 2 Mo 3 O 12 , respectively.

As shown in figure 4, for BaMoO 4 sample, one can see that κ decreases from ≈ 0.87 W m -1 K -1 at 400 K with increasing temperature and reaches 0.7 W m -1 K -1 at 650 K. The values of κ are reasonably consistent with theoretical prediction based on Debye-Callaway model (κ 1473 =0.974 W m -1 K -1 ) for the same composition [32], except for low temperature below 600 K. This discrepancy could originate from additional defects formed during the synthesis and sintering processes. As predicted, the A +2 B +6 O 4 scheelites structure possesses low thermal conductivity. The low thermal conductivity may be attributed to the structural feature of a BO 4 tetrahedron and the anisotropy in A -O and B -O bonds. However, thermal conductivity increases for temperatures higher than 700 K. This could be related to the enhanced radiative thermal conductivity. Indeed, the thermal diffusivity measured by laser flash method includes both the lattice and radiative contributions [46]. At low temperature, as the pellets were coated with carbon black as reported previously, radiation effect could be neglected and temperature dependence of thermal conductivity accords well with the 1/T law. However, at higher temperature as the carbon coating layer was gradually removed, and the pellet's color turns to white, the radiative effect arises indicating extensive internal optical scattering which was also reported in previous studies [4,47].

In the case of La 2 Mo 3 O 12 , the thermal conductivity value is almost constant starting from 0.65 W m -1 K -1 at 400 K to 0.72 W m -1 K -1 at 1000 K. Noticeably, in comparison to previous researches on La 2 Mo 2 O 9 , for which the experimentally reported thermal conductivity varies from 0.82 W m -1 K -1 at 400 K to 0.95 W m -1 K -1 at 1000 K [4,15,17,18], the A-deficiency of La in La 2 Mo 3 O 12 can significantly lower the thermal conductivity value as already reported for perovskite structure [33,34]. As expected, by introducing vacancies on the scheelite structure an important decrease on thermal conductivity of about ≈ 23% compared to BaMoO 4 is obtained as a result of phonon scattering by point defects [33,34,47]. An ultra-low thermal conductivity of about 0.65 -0.7 W m -1 K -1 is obtained in the range of 400 -1000 K. As far as the authors know, to date, this is the lowest thermal conductivity value reported for a dense crystalline oxide.

In conclusion, stoichiometric and cation deficient scheelite ceramic materials, BaMoO 4 and La 2 Mo 3 O 12

were prepared by a conventional solid-state route and sintered respectively at 1100 °C and 980 °C for 4 h in air. Dense ceramic bodies (95 and 92%, respectively) have been obtained. Structural and thermal properties of scheelite structures were studied. BaMoO 4 compound exhibited a low thermal conductivity, below 1 W m -1 K -1 in the range 400-800 K. We reported an ultra-low thermal conductivity of ≈0.65 W m -1 K -1 for A-site deficiency La 2 Mo 3 O 12 compound, in the range of 400 -1000 K. As far as the authors know, this is the lowest thermal conductivity value reported for a dense crystalline oxide. Therefore, scheelite-type structure provides a highly promising route to further improve thermal barrier coating materials. Relative to thermoelectric properties, low thermal conductivity is a first step, but electric transport properties should be improved by substitutions, doping or oxygen non-stoichiometry. This will be the subject of further studies.
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 21 Figure 1: XRD patterns of the obtained BaMoO 4 and La 2 Mo 3 O 12 sintered ceramics at room temperature: (*) monoclinic La 2 Mo 3 O 12 , (•) La 2 Mo 2 O 9 and (•) tetragonal BaMoO 4 The scanning electron microscopic study of both fractured surfaces of BaMoO 4 and La 2 Mo 3 O 12 sintered ceramics are shown in figure 2. It is observed from the micrographs a dense and fine microstructure. The grain sizes are estimated from SEM micrographs. For both samples, the SEM images exhibit grain size ranging from 7 to 15 µm. The average grain size is circa 11 µm and 9 µm for BaMoO 4 and La 2 Mo 3 O 12 , respectively.
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 2 Figure 2: BSE-SEM micrograph of the fractured surfaces of BaMoO 4 and La 2 Mo 3 O 12 sintered ceramics
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 3 Figure 3: Mean heat capacity of BaMoO 4 and La 2 Mo 3 O 12 as function of temperature
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 4 Figure 4: Calculated (solid line) and experimental (dash line) thermal conductivity of La 2 Mo 3 O 12 and BaMoO 4 sintered ceramics as a function of temperature. The vertical lines represents the total error bars.

  The average grain size is circa 11 µm and 9 µm for BaMoO 4 and La 2 Mo 3 O 12 , respectively. Some voids and pores can be observed for La 2 Mo 3 O 12 and BaMoO 4 ceramics, which is consistent with the relative density of about 92% and 95% respectively. EDX analyses or backscattered electrons images were unable to identify La 2 Mo 2 O 9 impurity.
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