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Introduction

Nuclear energy has been in continuous progress for years and is a current application for composite materials [START_REF] Chen | The design, microstructure and mechanical properties of B4C/6061Al neutron absorber composites fabricated by SPS[END_REF][START_REF] Chen | Microstructure and mechanical properties of friction stir welded AA6063-B4C metal matrix composites[END_REF][START_REF] Li | Effect of interfacial reaction on agehardening ability of B4C/6061Al composites[END_REF][START_REF] Miracle | Metal matrix composites -From science to technological significance[END_REF]. The transport and storage of spent nuclear fuel requires protective structures to prevent polluting the external environment. Spent nuclear fuel is highly radioactive and generates neutron radiation from nuclear decay [START_REF] Miracle | Metal matrix composites -From science to technological significance[END_REF][START_REF] Zhang | The design, fabrication and properties of B4C/Al neutron absorbers[END_REF]. To avoid critical accidents and resist extreme conditions, protective materials must be neutronabsorbing and possess adapted mechanical and thermal properties, such as thermal conductivity (TC), to dissipate the heat generated by nuclear materials. The coefficient of thermal expansion (CTE) of materials and, for our example, metal matrix composites has been recognized as one of the most important thermomechanical properties because thermal stability over time is regarded as a critical issue [START_REF] Silvain | Matériaux composites à matrices métalliques[END_REF][START_REF] Khare | Application of Eshelby's Tensor and Rotation Matrix for the Evaluation of Thermal Transport Properties of Composites[END_REF].

Aluminum (Al) matrix composites (AMCs) reinforced with ceramic particles (Al2O3 [START_REF] Dwivedi | Effect of ball-milling process parameters on mechanical properties of Al/Al2O3/collagen powder composite using statistical approach[END_REF], SiC [START_REF] Sharma | Investigation on mechanical, tribological and microstructural properties of Al-Mg-Si-T6/SiC/muscovite-hybrid metal-matrix composites for high strength applications[END_REF], TiB2, B4C) have shown high mechanical performance (e.g., strength [START_REF] Chen | The design, microstructure and mechanical properties of B4C/6061Al neutron absorber composites fabricated by SPS[END_REF] and hardness [START_REF] Li | Effect of interfacial reaction on agehardening ability of B4C/6061Al composites[END_REF]), low CTE, and good wear resistance properties, including low density and relatively low cost [START_REF] Miracle | Metal matrix composites -From science to technological significance[END_REF][START_REF] Ma | Particulate reinforced aluminum alloy matrix composites -a review on the effect of microconstituents[END_REF][START_REF] Girot | Discontinuously-reinforced aluminum matrix composites[END_REF]. Among these ceramic reinforcements, boron carbide (B4C) is an ideal candidate due to its neutron absorption ability, high strength and stiffness [START_REF] Chen | Microstructure and mechanical properties of friction stir welded AA6063-B4C metal matrix composites[END_REF] (Table I), good wear [START_REF] Li | Effect of interfacial reaction on agehardening ability of B4C/6061Al composites[END_REF], high thermal stability (melting point 2450 °C), good TC, chemical resistance, and low density (2.51 g/cm 3 ) [START_REF] Hayun | Microstructural characterization of spark plasma sintered boron carbide ceramics[END_REF][START_REF] Thévenot | Boron Carbide A Comprehensive Review[END_REF]. The thermal neutron absorption of B4C is linked with the thermal neutron absorbing cross section (3837 barn, barn = 10 -24 cm 2 [START_REF] Zhang | The design, fabrication and properties of B4C/Al neutron absorbers[END_REF]) of 10 B isotope. B4C reinforced Al composites have been adopted in the nuclear industry. Al has been chosen due to its high TC, good mechanical properties, low density (2.71 g/cm 3 ), and simple machinability, which allows a combination of properties not found in conventional materials [START_REF] Develay | Aluminium non allié, Techniques de l'ingénieur[END_REF]. Moreover, the presence of Cu, Mg, or Si in Al alloys improve the mechanical properties of Al but lower its ability to conduct heat [START_REF] Vargel | Propriétés générales de l'aluminium and de ses alliages[END_REF][START_REF] Vargel | Métallurgie de l'aluminium[END_REF]. Therefore, unalloyed Al is preferred to fulfil the specifications of the nuclear industry and, specifically, to achieve a thermal conductivity as high as possible.

Al matrix composite materials are fabricated by either the liquid-state process (e.g., stir welding [START_REF] Chen | Microstructure and mechanical properties of friction stir welded AA6063-B4C metal matrix composites[END_REF], stir casting [START_REF] Miracle | Metal matrix composites -From science to technological significance[END_REF], squeeze casting [START_REF] Girot | Discontinuously-reinforced aluminum matrix composites[END_REF], infiltration) [START_REF] Jung | Advances in Manufacturing Boron Carbide-Aluminum Composites[END_REF]) or the solid-state process (e.g., powder metallurgy) [START_REF] Miracle | Metal matrix composites -From science to technological significance[END_REF][START_REF] Silvain | Matériaux composites à matrices métalliques[END_REF][START_REF] Torralba | P/M aluminum matrix composites: an overview[END_REF]. The final macroscopic properties of metal matrix composites are linked with the intrinsic properties of the matrix (M), reinforcement (R), M-R interfacial zones, porosity level, and homogeneity of the distribution of the R inside the M. Thus, a strong chemical interface between the M and R should lead to optimal property transfer and physical and mechanical stability during the material's lifetime, where low porosity and homogeneous R distribution lead to optimal physical and mechanical properties. Therefore, each of these points has to be carefully challenged and are mainly linked with the fabrication process.

Homogeneity is often a challenge in the liquid sintering processes due to the density difference between the M and R and the complexity of mixing in the liquid sintering process. Whereas composite materials fabricated by powder metallurgy show a good dispersion of reinforcement particles in the Al matrix. On the other hand, the weak chemical affinity, in solid state, between Al and B4C particles limits the elemental diffusion and interphase formation even if Al3BC and AlB2 are thermodynamically stable in solid state range [START_REF] Li | Effect of interfacial reaction on agehardening ability of B4C/6061Al composites[END_REF][START_REF] Viala | Chemical reactivity of aluminium with boron carbide[END_REF][START_REF] Zhang | Effect of titanium on microstructure and fluidity of Al-B4C composites[END_REF]. In fact, the Al3BC phase can form above 550 °C at the Al-B4C interface in solid state, improving final mechanical properties [START_REF] Li | Effect of interfacial reaction on agehardening ability of B4C/6061Al composites[END_REF][START_REF] Guo | Improving the mechanical properties of B4C/Al composites by solid-state interfacial reaction[END_REF].

Microstructure of Al/B4C materials and of Al-B4C interfacial zones are important issue for mechanical properties and so commonly characterized in literature [START_REF] Guo | Improving the mechanical properties of B4C/Al composites by solid-state interfacial reaction[END_REF][START_REF] Yeh | Intermetallic/Ceramic Composites Synthesized from Al-Ni-Ti Combustion with B4C Addition[END_REF]. For example, the fabrication of such composite materials, using liquid route process, leads to interfacial reaction between Al and B4C [START_REF] Lee | Mechanical and Thermal Neutron Absorbing Properties of B4C/Aluminum Alloy Composites Fabricated by Stir Casting and Hot Rolling Process[END_REF]. Oppositely, in the solid route process, chemical interfacial reaction is low leading to poor interfacial property transfer [START_REF] Chen | The design, microstructure and mechanical properties of B4C/6061Al neutron absorber composites fabricated by SPS[END_REF][START_REF] Lee | Mechanical and Thermal Neutron Absorbing Properties of B4C/Aluminum Alloy Composites Fabricated by Stir Casting and Hot Rolling Process[END_REF][START_REF] Zhang | Microtopography and mechanical properties of vacuum hot pressing Al/B4C composites[END_REF].

Several studies show that the incorporation of carbide forming element such as Cr [START_REF] Zhang | Effect of titanium on microstructure and fluidity of Al-B4C composites[END_REF] or Ti [START_REF] Yeh | Intermetallic/Ceramic Composites Synthesized from Al-Ni-Ti Combustion with B4C Addition[END_REF], either in solid and liquid state, improve interfacial adhesion due to the formation of interfacial carbide species.

Moreover, the addition of B4C particles, in an Al matrix, leads to an increase of mechanical properties with a strengthening of the material. The rupture mechanisms have been studied by Soliman and al [START_REF] Soliman | Effect of tensile strain rate on high-temperature deformation and fracture of rolled Al-15 vol% B4C composite[END_REF], where the initiation of fractures is mainly carried out at the Al-B4C interface.

Neutron absorption is the main property desired for this nuclear material even if other mechanical and physical properties are also important. Obviously, the volume fraction of B4C materials is the major parameter to adapt all of these properties. Due to the intrinsic properties of B4C, increasing the B4C content will increase the mechanical and neutron absorption [START_REF] Chen | The design, microstructure and mechanical properties of B4C/6061Al neutron absorber composites fabricated by SPS[END_REF] of the composite material but decrease its thermal properties. 37-47 [START_REF] Basu | Processing and properties of monolithic TiB 2 based materials[END_REF] 445 [START_REF] Basu | Processing and properties of monolithic TiB 2 based materials[END_REF] 260 -560 [START_REF] Thévenot | Boron Carbide A Comprehensive Review[END_REF] < 0.1 [START_REF] Thévenot | Boron Carbide A Comprehensive Review[END_REF] Al2O3 18-21 [START_REF] Basu | Processing and properties of monolithic TiB 2 based materials[END_REF] 400 [START_REF] Basu | Processing and properties of monolithic TiB 2 based materials[END_REF] 267 [START_REF] Munro | Evaluated Material Properties for a Sintered alpha-Alumina[END_REF] 0.1-0.2 [START_REF] Munro | Evaluated Material Properties for a Sintered alpha-Alumina[END_REF] SiC 20-35 [START_REF] Basu | Processing and properties of monolithic TiB 2 based materials[END_REF] 480 [START_REF] Basu | Processing and properties of monolithic TiB 2 based materials[END_REF] 250-500 [START_REF] Munro | Material Properties of a Sintered α-SiC[END_REF], [START_REF] Ohji | Tensile Rupture Strength and Fracture Defects of Sintered Silicon Carbide[END_REF] ~ 0.1 [START_REF] Munro | Material Properties of a Sintered α-SiC[END_REF] TiB2 25-35 [START_REF] Basu | Processing and properties of monolithic TiB 2 based materials[END_REF] 560 [START_REF] Basu | Processing and properties of monolithic TiB 2 based materials[END_REF] --

In the present work, Al/B4C composite materials with different contents of B4C (2 -12 vol.%) were successfully fabricated by solid state powder metallurgy via conventional hot-pressing to fulfill the requirements of the nuclear industry. To improve interfacial reaction zone between Al and B4C, Al/B4C composite materials were densification in solid state at 620 °C, near to the melting temperature of Al, using small particles of B4C. TC and CTE of Al/B4C composite materials, with different B4C content, are measured.

The mechanical and thermal properties were investigated and correlated with the composite microstructure.

The theoretical thermal conductivity was estimated using the Hasselman-Johnson equation, slightly modified to account for the change in the TC of Al due to Boron (B) diffusion. The powders were sieved to 50 µm to remove agglomerations and then mixed at selected proportions by an acoustic mixer (LabRAM II, Resodyn) for 2 min at 80 g. The powder mixture was placed in a steel mold.

Experimental

Materials and methods

Gas

Composite materials were fabricated in solid state sintering by hot-pressing for 30 min at 620 °C (below the melting point of Al (660 °C)), using induction heating and under a uniaxial compressive stress of 60 MPa.

The chamber was put in a primary vacuum (~0.1-1 Pa) to prevent oxidation. The volume fraction of B4C was controlled between 2 and 12 vol.% by steps of 2 vol.%. Temperature was monitored by a K-type thermocouple located 2 mm from the sample in the steel mold (Fig. 2-a).

Composite materials were fabricated in cylinder form (Ø 10×5 mm 3 ) for thermal conductivity measurements and CTE investigations and in ingots of size 100×60×4 mm 3 for mechanical properties. Tensile test specimens were machined by a high-pressure water jet, allowing clean and precise cuts while minimizing the thermal stresses induced by the machining step, in a geometry according to ISO 527-2 (5A) standard (Fig. 2-b). 

Characterization

Microstructural 

Cp(T) = VAl × CpAl(T) + VB4C × CpB4C(T) ( 2 
)
where Vi is the weight fraction of the powder i and Cp i (T) is the heat capacity at temperature T of powder i.

The theoretical density of the composites was calculated using the mixture rule. The experimental density of the Al/B4C composites was estimated using the Archimedes principle, which only considers composites with closed porosity.

Hardness values are averages of 10 measurements determined by indenting a pyramidal diamond piece with force of 5 kgf (49 N) during 15 s, on polished surface (WILSON Hardness, Vickers 452 SVD). The dimension (D) of the imprint on the surface allow to determine the hardness of the composite material, using the following formula:

𝐻𝑉 0,1891 ² (3) 
where HV is the hardness Vickers, F the force applied and D, the average dimensions of diagonals of imprint.

Mechanical tensile tests were performed according to the ISO 6892-1 / SPE-20-028210-000-1.0 standard on the specimens at room temperature. Yield tensile strength (σy) and ultimate tensile strength (UTS) were determined by stress-strain curves. Each physical measurement of the Al/B4C composites is an average of 3 samples that were prepared by mechanical polishing with waterproof abrasive silicon carbide papers (#500, #800, #1200).

Results and discussion

Microstructure

Fig. 3 shows the microstructure of Al/B4C composites analyzed by SEM with different B4C contents. The grey phase represents the Al matrix, and the black phase represents the B4C particles. On the micrographs, the quantity of B4C may seem higher due to the important difference in hardness between Al and B4C leading to a low surface roughness during polishing resulting from a decohesion of the Al matrix between the B4C particles. Bimodal population of B4C reinforcements are observable in the microstructure. The dispersion of the B4C reinforcement in the matrix is good, and the porosity is not observable at this scale of analysis. 

Thermal properties

Pure Al and pure B4C were fabricated by powder metallurgy and characterized to determine its reference thermal properties. Al materials were prepared by hot-pressing under the same conditions as the composite material. B4C materials were fabricated by spark plasma sintering [START_REF] Hayun | Microstructural characterization of spark plasma sintered boron carbide ceramics[END_REF][START_REF] Georges | Approche du frittage SPS de céramiques fines de carbure de bore: rôle des poudres initiales and de la mise en forme[END_REF] at 2000 °C with a heating rate 100 °C/min for 10 min. A pressure of 100 MPa was initially applied and maintained until the end of the temperature stage. Both materials have a relative density greater than 99 %. The physical properties are given in Table III.

The TC of the sintered Al powder was lower than the high purity Al reported in the literature (239 W/m.K at room temperature). This is mainly attributed to the amorphous Al2O3 and other impurities present on the surface of the Al powders. Fig. 6 shows the thermal diffusivity (TD) of Al/B4C composites at 30 °C, 150 °C and 300 °C for a B4C volume fraction ranging between 0 and 12. Whatever the measured temperature, the TD of the Al/B4C composite material decreases when the B4C volume fraction increases. Also, for a given B4C volume fraction, the TD of the composite material decreases when the measured temperature increases. This phenomenon is associated with equation ( 1), which relates the TD to the thermal capacity of the material. Indeed, the TD is the ratio between the heat conducted and the heat stored per unit volume. When the material is brought to a higher temperature, its heat capacity increases (value indicated table III). The decrease of TD with the measured temperature, with a given B4C volume fraction, is almost identical for each B4C content. However, the TC of the composite materials is similar for the three temperatures due to the fact that Al has a slightly higher temperature conductivity, up to 300 °C [START_REF] Vargel | Propriétés générales de l'aluminium and de ses alliages[END_REF] (Table III), and the TC of B4C decreases, as shown in Table III. Fig. 7 shows the evolution of TC measured at 30 °C. The decrease of TC is due to the lower TC of B4C with respect to Al. The decrease is rapid with a loss of 20% of TC when 12% B4C is added in the Al matrix.

The TC of composite materials can be estimated from theoretical models that are established under different conditions and take into account several variables [START_REF] Pietrak | A review of models for effective thermal conductivity of composite materials[END_REF], [START_REF] Progelhof | Methods for predicting the thermal conductivity of composite systems: A review[END_REF]. The theoretical TC of Al/B4C was estimated using equation ( 3), as suggested by Hasselman-Johnson [START_REF] Hasselman | Effective Thermal Conductivity of Composites with Interfacial Thermal Barrier Resistance[END_REF]. The model proposed by Hasselman and Johnson follows the general approach of Rayliegh and Maxwell, where the reinforcement is considered homogeneously diluted in the matrix. In this Hasselman-Johnson equation, the reinforcement is assumed to be spherical [START_REF] Pietrak | A review of models for effective thermal conductivity of composite materials[END_REF], [START_REF] Hasselman | Effective Thermal Conductivity of Composites with Interfacial Thermal Barrier Resistance[END_REF]. It takes into account the intrinsic TC of the reinforcement and the matrix, the volume fraction of the reinforcement, the size of the reinforcement, and the interface thermal resistance.

𝑘 (4) [START_REF] Hasselman | Effective Thermal Conductivity of Composites with Interfacial Thermal Barrier Resistance[END_REF] where k is the TC, V is the volume fraction, a is the radius of reinforcement particles, and hc is the interface thermal conductance.

This interface thermal barrier, also known the Kapitza resistance [START_REF] Battabyal | Heat transport across the metaldiamond interface[END_REF][START_REF] Majumdar | Role of electron-phonon coupling in thermal conductance of metalnonmetal interfaces[END_REF], models the quality of the heat flow transfer according to the chemical nature of the two phases involved. Some studies have shown the importance of this interface thermal resistance on the modelling of TC of MMCs [START_REF] Battabyal | Heat transport across the metaldiamond interface[END_REF][START_REF] Polat | Evaluation of thermal conductivity of GNPs-doped B4C/Al-Si composites in terms of interface interaction and electron mobility[END_REF]. Indeed, the thermal energy is conducted by different charge carriers such as electrons, ions, and holes for the electronic contribution and phonons for the contribution of the network. In the case of metals, electronic contribution is largely the majority, conversely, ceramics are essentially carried by the contribution of the network [START_REF] Issi | Mécanismes de conduction thermique dans les solides : des métaux aux isolants[END_REF].

The heat flow through the Al-B4C interface occurs by the electron-phonon interaction (e-p) within the matrix followed by the Al-phonon B4C coupling (p-p) [START_REF] Battabyal | Heat transport across the metaldiamond interface[END_REF][START_REF] Majumdar | Role of electron-phonon coupling in thermal conductance of metalnonmetal interfaces[END_REF]. The total interface thermal (Rtot) resistance can be defined by the sum of the internal thermal resistance of the coupling (Rep) and by the resistance of the phononphonon coupling (Rpp) [START_REF] Battabyal | Heat transport across the metaldiamond interface[END_REF][START_REF] Majumdar | Role of electron-phonon coupling in thermal conductance of metalnonmetal interfaces[END_REF]. Thermal resistance Rep was estimated to be 8.9×10 -10 K.m²/W for an Al/B4C

interface. The interface resistance Rpp is determined from the diffuse mismatch (DMM) model based on the density of the state of Debye phonons [START_REF] Majumdar | Role of electron-phonon coupling in thermal conductance of metalnonmetal interfaces[END_REF][START_REF] Bellis | Variations of Acoustic and Diffuse Mismatch Models in Predicting Thermal-Boundary Resistance[END_REF]. The DMM model assumes that the phonons are all elastically scattered, and their transmission probability is proportional to the density of the state on the other side of the interface. Rpp is determined by the following relation:

𝑅 (5) [35]
where C is the volumetric heat capacity and v is the Debye velocity. Index m and r correspond to matrix and reinforcement phase, respectively. From a microstructural point of view, we generally consider that an interface in direct contact between Al and B4C is more representative than the interface comprising crystals of Al2O3 and Al3BC. The Debye velocity (vd) in the material is determined from the longitudinal (vl) and transverse velocity (vt) of Al and B4C by the equation [START_REF] Kida | Thermal conductivity and interfacial conductance of AlN particle reinforced metal matrix composites[END_REF]:

𝑣 (6) [36]
The calculated Rpp value is 6.2×10 -10 K.m²/W. The total thermal resistance at the interface for an Al-B4C

interface from the DMM model is estimated (Rtot = 1.5×10 -9 K.m²/W). The interface thermal conductance hc representing the inverse of Rtot corresponds to 6.5×10 8 W/m².K. All parameters are listed in Table IV. The theoretical thermal conductivity calculated from the Hasselman-Johnson model, taking into account the interface thermal resistance estimated by the DMM model, is indicated by the black line (Fig. 7-a). In comparison, the displayed experimental values are lower than the theoretical ones. This behavior is associated with several phenomena. Firstly, the geometry of the reinforcement particles is considered as spherical, but the B4C particles are random polygons with larger contact areas than those estimated in this model. Secondly, the heat transfer across the Al/B4C interface is governed by the intrinsic properties of the Al/B4C interface, which are given by its thermal conductance in this model. The dotted black line represents the thermal conductivity with a thermal conductance of 1×10 5 W/m².K, which is the lowest thermal conductivity that can be consider for this system. According to Fig. 7-a, the model values are still much higher than the experimental thermal conductivity values, especially for B4C with a volume fraction higher than 8%. Thirdly, the microstructure of the composite material should also be considered. Indeed, when the B4C volume fraction increases, segregated B4C particles are observed at the Al/Al grain boundaries, which can act as a barrier to the heat transfer inside the composite material. However, this point cannot be considered in the Hasselman-Johnson model. Finally, the last hypothesis is the formation of Al-B solid solution will decrease the thermal conductivity of the aluminum matrix. Viala [START_REF] Viala | Chemical reactivity of aluminium with boron carbide[END_REF] showed that boron can diffuse into the aluminum crystal lattice, with a solubility limit close to 0.02% -0.045 at.% [START_REF] Vargel | Métallurgie de l'aluminium[END_REF], [START_REF] Duschanek | The Al-B (Aluminum-boron) System[END_REF]. The formation of these Al/B solid solutions should affect the Al matrix's thermal conductivity. The addition of elements in metals have shown adverse effects on the electrical and thermal conductivity properties [START_REF] Vargel | Métallurgie de l'aluminium[END_REF]. Therefore, it can be hypothesized that the thermal conductivity of the Al matrix is reduced by the formation of Al/B solid solution; the Al TC further decreases with the increase in B concentration inside the Al matrix (equivalent to the volume fraction of B4C) up to the limit of B solubility inside Al. 

Coefficient of thermal expansion (CTE) of Al/B 4 C composite materials

The dimensional deformation of a body is generated during a temperature change and its amplitude depends on the crystallographic nature and inter-atomic interactions of the body. In the case of a two-phase composite material, matrix and reinforcement, the stiffness of one phase can limit the expansion of the other phase [START_REF] Khare | Application of Eshelby's Tensor and Rotation Matrix for the Evaluation of Thermal Transport Properties of Composites[END_REF], [START_REF] Vaidya | Thermal expansion of metal-matrix composites[END_REF]. The amplitude of the deformation depends on the shear transfer, which takes place at the matrixreinforcement interface and demonstrates the importance of the nature of the cohesion between the two phases.

These deformations can degrade the material by thermal or thermomechanical stress over time. Consequently, the induced deformation of the composite material depends strongly on the elastic constants of the different phases involved. Some models estimate the CTE of two-phase composite materials according to different simple factors, such as volume fraction, different elastic constants of the different phases [START_REF] Hsieh | Thermal expansion behavior of a model ceramic-metal composite[END_REF]. Al, B4C, and Al/B4C composite materials have isotropic properties.

Fig. 8 shows the evolution of the CTE of Al/B4C composite materials with different B4C volume fractions.

For each point, the experimental values are an average of the CTE in a temperature range of 50 °C to 250 °C. To compare with the experimental CTE of the Al/B4C, theoretical CTE are calculated using following models for a composite material:

Rule of mixture (ROM): 𝛼 𝛼 𝑉 𝛼 𝑉 (7) [START_REF] Hsieh | Thermal expansion behavior of a model ceramic-metal composite[END_REF] Turner model: 𝛼 (8) [START_REF] Hsieh | Thermal expansion behavior of a model ceramic-metal composite[END_REF] Schapery model: 𝛼 𝛼 𝛼 𝛼 (9) [START_REF] Schapery | Thermal Expansion Coefficients of Composite Materials Based on Energy Principles[END_REF] where, α is the CTE, V is the volume fraction, K is the bulk modulus, and c, m, and r indexes represent composite, matrix, and reinforcement phases, respectively.

The rule of mixture is the simplest to estimate thermal expansion of two-phase materials. Equation ( 7) was applied to composite materials that had close elastic constants [START_REF] Khare | Application of Eshelby's Tensor and Rotation Matrix for the Evaluation of Thermal Transport Properties of Composites[END_REF][START_REF] Hsieh | Thermal expansion behavior of a model ceramic-metal composite[END_REF]. The upper bounds of different ROM models are also have been established in the literature. Turner's model is widely reported in the literature and used for MMCs. It is based on the fact that only uniform hydrostatic stresses exist in the phases. Hsieh et al [START_REF] Hsieh | Thermal expansion behavior of a model ceramic-metal composite[END_REF] showed that Turner's model represented the lower limit of predicted CTE values. Schapery [START_REF] Schapery | Thermal Expansion Coefficients of Composite Materials Based on Energy Principles[END_REF] employed potential energy principles of thermoelasticity theory to establish equation [START_REF] Sharma | Investigation on mechanical, tribological and microstructural properties of Al-Mg-Si-T6/SiC/muscovite-hybrid metal-matrix composites for high strength applications[END_REF]. A simple spherical shape is considered as homogeneously dispersed in the continuous phase. Through the Schapery model, the upper and lower bounds can be calculated using the upper and lower bounds of elastic modulus determined by Hashin and Shtrikman [START_REF] Zare | Development of Hashin-Shtrikman model to determine the roles and properties of interphases in clay/CaCO3/PP ternary nanocomposite[END_REF] and given in equation [START_REF] Ma | Particulate reinforced aluminum alloy matrix composites -a review on the effect of microconstituents[END_REF]. The Schapery upper bound represents the Kerner model [START_REF] Tayebi | Thermal expansion behavior of Al-B4C composites by powder metallurgy[END_REF].

𝐾 𝐾 (10) [START_REF] Tayebi | Thermal expansion behavior of Al-B4C composites by powder metallurgy[END_REF] where Gm is the shear modulus of the matrix. By changing m and r indices in the equation, one can calculate the upper band of the Schapery composite modulus. While it's difficult to experimentally obtain K and G, these values can be estimated using the following equations [START_REF] Zare | Development of Hashin-Shtrikman model to determine the roles and properties of interphases in clay/CaCO3/PP ternary nanocomposite[END_REF]:

𝐾 (11) [46]
𝐺 (12) [START_REF] Zare | Development of Hashin-Shtrikman model to determine the roles and properties of interphases in clay/CaCO3/PP ternary nanocomposite[END_REF] where ν is Poisson's ratio. The mechanical characteristics of Al and B4C are given in Table V. Fig. 8 shows that the average values of CTE ranged between 50 °C and 250 °C and slightly decrease when the volume fraction of B4C increases. The CTE remained, higher than 24×10 -6 K -1 up to 12 vol.% of B4C. This trend is in accordance with the fact that the intrinsic CTE of B4C (5,5×10 -6 K -1 ) is lower than Al (26,2×10 -6 K - 1 ), leading to a continuous decrease of the Al/B4C CTE with higher B4C content.

The calculated theoretical CTEs of the Al/B4C composites (αc) in each model are indicated by the black lines in Fig. 8. In contrast with the TC, the theoretical model tends to be higher than the experimental values especially when the B4C content increases. There is clearly a gap between the experimental values and the values calculated by the Turner model. The Schapery limits do not frame the experimental values of Al/B4C composites. Rajendra et al [START_REF] Vaidya | Thermal expansion of metal-matrix composites[END_REF] and Arpon et al [START_REF] Arpón | Thermal expansion behaviour of aluminium/SiC composites with bimodal particle distributions[END_REF] showed that the Schapery upper limit and the Turner model underestimate the CTE values of Al/B4C and Al/SiC composites. However, we can see that the law of mixtures provides a better model of the thermo-mechanical behavior of our Al/B4C composite materials. ROM is less often used because the nature of the cohesion between the matrix and reinforcement as well as stress transfer must be considered. Therefore, these phenomena require further investigation to understand the thermal expansion of our Al/B4C composite materials.

Differences in CTE result from residual thermal stress during the fabrication of metal matrix composites with ceramic reinforcements. The amount of residual stresses depends on the volume fraction of the reinforcement and the type, shape, and size of the reinforcement used. These stresses form dislocations especially in the metal matrix, which is the most elastic phase. As these stresses affect the thermal and mechanical properties, the stress relaxation step is, therefore, important to annihilate these internal stresses. Indeed Shou-Yi Chang et al [START_REF] Chang | Thermal expansion behavior of silver matrix composites[END_REF] observed that the CTE versus temperature curve evolved in three distinct parts in the case of ceramic reinforced composites. First, residual thermal stress restricted the thermal expansion of the composite; however, by increasing temperature, internal stress was almost eliminated and the CTEs of the composite reached higher values due to some matrix yielding and interfacial debonding. A. Fahmy [START_REF] Fahmy | Thermal-Expansion Behavior of Two-Phase Solids[END_REF] showed a similar behavior with discrepancies between theory and experiment linked to a lack of binding or coherency. When the composite was heated beyond the forming temperature, it expanded as though it were porous with essentially the same expansion coefficient as the matrix.

TEM analysis at the Al-B4C interfacial zones show the quasi absence of chemical reactions even when no pores were observed at the Al-B4C interfaces. Therefore, cohesion of Al-B4C can only be considered by the shrinkage phenomenon, induced during cooling, due to the CTE difference between Al and B4C. During the heating and cooling cycle, the materials showed no residual shrinkage, but this weak cohesion at the interface between Al and B4C would induce a weak transfer of thermo-mechanical properties.

Due to the low cohesion and stress transfer between M-R, the thermal expansion of Al/B4C composites mainly follows the contribution of Al by assimilating the B4C reinforcement particles as porosities. Increasing the volume fraction of B4C will lead to a continuous decrease in CTE. As a result, the experimental values of the CTE are higher than the models considering the elastic constants for the stress transfer at the M-R interface.

The ROM model, free of the interface, more precisely predicts the evolution of the CTE of these Al/B4C composites.

Mechanical properties

The enhancement of Al/B4C properties were verified by comparing the macro-hardness and tensile tests of the Al/B4C with the results from pure Al.

Fig. 9 presents the hardness over the volume content of B4C. By adding B4C reinforcement up to 12 vol.%, the hardness increased continuously. The hardness of a material represents its ease to deform under force. This deformation results from the mobility of dislocations, induced by the indentation, within its structure. For Al, the grain boundaries and the alumina layer represent breaks in the crystal lattice and slow down or block the mobility of dislocations. For the Al developed in this study, containing micrometer-sized Al grains, the hardness of the Al matrix was 24 HV. Increasing the B4C content up to 12 vol.% caused up to a 200% linear increase in hardness, reaching a value of 50 HV.

This hardness improvement can be attributed to different factors [START_REF] Chen | The design, microstructure and mechanical properties of B4C/6061Al neutron absorber composites fabricated by SPS[END_REF]. The most important ones are: i) the B4C reinforcement has a very high hardness, which creates a composite effect on the hardness of the composite; ii) a homogeneous distribution of the B4C reinforcement in the Al matrix; iii) a good adhesion between the reinforcement and the matrix allowing for load transfer; and iv) generation of dislocations in the vicinity of the B4C fillers in the deformed Al matrix. Concerning the linear evolution of hardness, this phenomenon has already been reported for Al/B4C [START_REF] Zhang | Microtopography and mechanical properties of vacuum hot pressing Al/B4C composites[END_REF] and Al6061/B4C [START_REF] Guo | Improving the mechanical properties of B4C/Al composites by solid-state interfacial reaction[END_REF] composites, only for B4C content lower than 15 vol.%. In this, range (0-15 vol.%), the addition of small B4C particles is sufficient to have a composite effect and increases the hardness but is not sufficient enough to generate a major change in the response behavior of the material. and the second phase corresponds to the plastic behavior. The transition from the elastic to the plastic domain can be defined by the 0.2 % elastic limit σy, also called the strain hardening threshold. The hardening behavior can be described by the Ramberg-Osgood law.

Regarding all of the stress-strain curves, the addition of the B4C reinforcement in volume has a direct impact on the overall mechanical behavior. First, the stiffness of the Al/B4C composites slightly increase with higher proportions of B4C in volume. This increase in stiffness is apparent in the elastic phase of the strain curves in Fig. 10, between 0% and 2.5% of strain. Secondly, the value of the elastic limit σy increased with the addition of B4C, changing from 58 ± 2 MPa to 78 ± 4 MPa and to 90 ± 1 MPa for pure Al, 6% of B4C, and 12% of B4C, respectively. This increase of the elastic limit corresponds to a gain of 55%. Thirdly, the addition of B4C significantly reduced the plastic domain, reducing the plastic deformation from 31% to 6% for pure Al and 12% of B4C, respectively. Moreover, during the hardening phase, pure Al and composites with lower proportions of B4C ruptured and the stress decreased over a small range of the deformation. Hardening and softening occurred, while only hardening was present for higher percentage of B4C. Fourthly, comparing the mechanical resistance and elongation at break, the addition of B4C slightly increased the former and strongly decreased the latter, passing from 130 MPa to 140 MPa (+ 8%) for the UTS and from 31% to 9% (-68%) for the elongation at break, for pure Al and 10 % of B4C, respectively.

These changes of the behavior are also noticed in the fractured samples: for pure Al and lower addition of B4C, the necking zone of the specimen appears while for highest proportions of B4C, this zone of stricture becomes less and less important. The fracture changes from ductile to brittle whit the addition of B4C. This brittleness of the material is due to the presence of B4C. These results respect the rule of mixture, increasing the mechanical properties with the increasing of the reinforcement percentage. Moreover, these results are subjected to the good cohesion between the B4C particles and the Al matrix.

Another important information is that UTS increases from 130 MPa for the raw Al to 150 MPa for the 8 vol.% of B4C. For higher content, UTS decreases reaching a value of 120 MPa, lower than the Al matrix. This phenomenon has already been reported by Chen and Zhang [START_REF] Chen | The design, microstructure and mechanical properties of B4C/6061Al neutron absorber composites fabricated by SPS[END_REF], [START_REF] Zhang | Microtopography and mechanical properties of vacuum hot pressing Al/B4C composites[END_REF] for higher volume content and could be attributed to stress concentration at the Al-particles interfaces. For high volume content, particles rigidify the matrix and the latter cannot be deformed as it can for lower content. The load is then directly transferred to the interface. If the latter is weak, it breaks and provoke fracture. As demonstrated previously, incorporation of B4C content in Al matrix improves mechanical performance. In our materials we also observed an increase, up to 8 vol.% B4C, of mechanical properties which a decrease of the elongation at rupture. The strain hardening threshold and the UTS strength increased up to 37% and 13%, respectively. A second behavior appeared for 10 vol.% and 12 vol.% where the material become more and more brittle, leading to very limited plastic phases with a continuous decrease in the elongation at break but under lower stresses, even lower than pure aluminum for 12% B4C. This behavior is related to the accumulation of B4C particles, whose cohesion between them is absent, propagating the cracks until an advanced rupture.

The quality of the interface shows its importance in the transfer of physical and mechanical properties of Al/B4C composites. The materials elaborated by powder metallurgy under the conditions of this study showed insufficient cohesion to promote significant improvements of the thermal-mechanical properties. Moreover, the incorporation of B4C reinforcements leads to an opposite evolution of the thermal and mechanical properties. 
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  -atomized 1080 Al spherical powder (ULTD0065, Hermillon powders, FRANCE, Fig.1-a) with an average diameter of 7 µm was used as the matrix powder. Polygonal B4C powder (Hot-pressed Grade, Panadyne, USA, Fig.1-b) with a bimodal population (30 vol.% of an average of 500 nm and 70 vol.% of an average of 5 µm) was used as the reinforcement.
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 1 Figure 1. SEM micrographs of starting materials; (a) Al powder, (b) B4C powder.

Figure 2 .

 2 Figure 2. (a) Schematic hot-pressing method by induction heating and uniaxial compressive stress of solidstate sintered Al/B4C composites, (b) Two geometry of samples have been fabricated: cylindrical form for thermal characterization and ingot were machined by a high-pressure water jet for tensile test specimens.

Figure 3 .

 3 Figure 3. SEM Micrographs of Al/B4C composites in backscattering electrons for (a) 4 vol.% B4C and (b) 10

Figure 4 .

 4 Figure 4. TEM micrographs of Al/B4C composite material; (a) typical imaging of Al/B4C composite slide (b) HAADF imaging and B, C, O, and Al EDX maps at Al-B4C interface (c) HAADF imaging and B, C, O and Al EDX maps at Al-Al grain boundaries.
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 5 EDX map) white circles). This precipitate is surely related to the Al-O particles also present at the same location. According to the literature, Al3BC intermetallic can be expected[START_REF] Zhang | Effect of titanium on microstructure and fluidity of Al-B4C composites[END_REF][START_REF] Guo | Improving the mechanical properties of B4C/Al composites by solid-state interfacial reaction[END_REF][START_REF] Zhou | Distribution of the microalloying element Cu in B4C-reinforced 6061Al composites[END_REF].
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 5 Figure 5. (a) Bright field micrograph of the interface between Al grains, and (b) HAADF micrograph of Al/B4C interfacial zone and B, C, and O EDX maps.
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 6 Figure 6. TD of Al/B4C composites at different temperatures with different B4C contents.
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 77 Figure 7. TC of Al/B4C composites at 30 °C with different B4C contents. Experimental points fitted with (a) the Hasselman-Johnson model and (b) the modified Hasselman-Johnson model.
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 8 Figure 8. CTE of Al/B4C composites between 50 °C and 250 °C with different B4C contents.

Figure 9 .

 9 Figure 9. Macro-hardness of Al/B4C composites with different B4C contents.

Fig. 10

 10 Fig.10displays the tensile true stress/true strain curves of Al/B4C composites with varying B4C contents. All tested composite materials show behavior which can be divided in two phases: a linear phase followed by a non-linear one. The transition between the two phases is continuous, without loss of stress and with the increase of strain. It can be called a transition phase with continuous tangent modulus. These curves indicate an elastic-plastic behavior with strain hardening. The first linear phase corresponds to the elastic behavior,

Figure 10 .

 10 Figure 10. Tensile true stress true strain curves of Al/B4C composite with different B4C content

  TEM analysis at the Al-B4C interfacial zones show the quasi absence of 1) chemical reactions and 2) pores at the Al-B4C interfaces. Therefore, Al-B4C interfacial adhesion can only be induced by shrinkage phenomenon (difference of CTE between Al and B4C), induced during cooling. This weak interfacial cohesion between Al and B4C leads to weak transfer of thermo-mechanical properties and CTE values mower than theoretical one calculated by theoretical models.
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 1 Figure 1. SEM micrographs of starting materials: (a) Al powder, (b) B4C powder.
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 2 Figure 2. (a) Schematic of the hot-pressing method by induction heating and uniaxial compressive stress of solid-state sintered Al/B4C composites. (b) Two geometries of samples have been fabricated: cylindrical form for thermal characterization and ingot were machining by high pressure water jet for tensile test specimens.
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 3 Figure 3. SEM Micrographs of Al/B4C composite in backscattering electrons for (a) 4 vol.% B4C and (b) 10 vol.% B4C.
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 4 Figure 4. TEM micrographs of Al/B4C composite material.
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 5 Figure 5. (a) Bright field micrograph of the interface between Al grains, and (b) HAADF micrograph of interfacial zone between Al and B4C.
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 6 Figure 6. TD of Al/B4C composites at different temperatures with different B4C contents.
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 7 Figure 7. TC of Al/B4C composites at 30 °C with different B4C content. Experimental points fitted with (a) the Hasselman-Johnson model and (b) the modified Hasselman-Johnson model.

Figure 8 .

 8 Figure 8. CTE of Al/B4C composites between 50 °C and 250 °C with different B4C contents.
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 9 Figure 9. Macro-hardness of Al/B4C composites with different B4C contents.
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 10 Figure 10. Tensile true stress true strain curves of Al/B4C composite with different B4C contents.

  

Table I :

 I Mechanical characteristics of ceramic reinforcement

	Vickers Hardness	Young's modulus	Ultimate Tensile Strength	Elongation
	(GPa)	E (MPa)	UTS (MPa)	A (%)
	B4C			

Table II :

 II Material chemistry of Al and B4C powders

	Material	Al	O	Fe	Si		
	Al powder	Balance	0.3	0.1	0.1		
		B4C	B2O3	Free B	Free C	Al	Fe
	B4C powder	Balance	0.22	0.24	1.27	0.05	0.20 max

Table III :

 III Physical properties determined for pure Al and pure B4C

	Materials	α (10 -6 K -1 ) T = 50 -250 °C	T = 30 °C	k (W/m.K) T = 150°C	T = 300 °C	T = 30 °C	Cp (J/g.K) T = 150°C T = 300 °C
	Al	26,2	226	229	228	0,904	0,966	1,030
	B4C	5,5	32	28	24	0,973	1,373	1,682
	3.2.							

1 Thermal conductivity of Al/B 4 C composite materials

  

Table IV :

 IV Physical parameters from literature for pure Al and pure B4C

	Materials	ρ (kg/m 3 )	vl (m/s)	vt (m/s)	vd (m/s)	C (J/m 3 .K) at 30°C
	Al	2710	6142 [36]	3100 [36]	3570	2.45×10 6
	B4C	2510	13951 [41]	8630 [41]	9685	2.44×10 6

Table V :

 V Mechanical properties determined for pure Al and B4C references

	Materials	E (GPa)	K (GPa)	G (GPa)	ν
	Al	69	67	26	0,33
	B4C	445	239	187	0,19

Table VI :

 VI Mechanical characteristics of Al/B4C composite materialsFully dense Al/B4C composites were fabricated by solid state powder metallurgy, via hot-pressing, with B4C volume fraction up to 12%. Fabrication process and conditions lead to an absence of 1) chemical reaction at the Al-B4C interfacial zone and 2) the nucleation and growth of the AlB2 phases inside the Al matrix. However, TEM analysis shows the presence of large Al2O3 precipitate which have to be linked with the presence of thin Al2O3 layer on the surface of the Al powders. The presence of these Al2O3 precipitate at the Al-Al grain boundaries and at the Al-B4C interface is not yet understand. TC of Al/B4C composite materials is directly linked with the volume fraction of the B4C particles. Indeed, TC significantly decrease as the B4C content increase, with a loss of 20% at 12 vol.% B4C. This decrease is correlated with the low TC of the B4C particles. However, it has to be mentioned that, in the range of the B4C content, TC of the Al/B4C composite materials is higher than 170 W/m.K and remain stable whatever the temperature of measurement (30 °C 150 °C and 300 °C).Hasselman-Johnson model was applied in order to calculate theoretical TC values of our Al/B4C composite materials. For B4C volume fraction higher than 4% theoretical TC values are higher than measured TC whatever the interfacial thermal resistance value used in this model. Therefore, interfacial thermal resistance cannot be used as adapt parameters to fit theoretical and experimental values. We propose that the diffusion of B inside the Al matrix, during the elaboration process, lead to formation of Al-B solid solution which obviously have TC lower than pure Al. If we assume that the diffusion of B is linked with the volume fraction of B4C we can module the TC of Al-B matrix and fit experimental and theoretical TCs.

	Al/6%B4C	78 ± 4	146 ± 5	16 ± 2	7 ± 1
	Al/8%B4C	80 ± 2	150 ± 10	10 ± 4	4 ± 1
	Al/10%B4C	85 ± 4	140 ± 5	9 ± 4	2 ± 0,5
	Al/12%B4C	90 ± 1	120 ± 5	6 ± 1	0,7 ± 0,2
	4. Conclusion				
		σy (MPa)	UTS (MPa)	A (%)	Z (%)
	Al	58 ± 2	130 ± 2	31 ± 2	22 ± 4
	Al/2%B4C	65 ± 4	139 ± 2	26 ± 3	16 ± 4
	Al/4%B4C	75 ± 3	141 ± 6	19 ± 2	12 ± 1
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