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In the frame of thermal management applications, copper metal matrix reinforced by carbon fibers (CF) are undoubtedly one of the most promising composites for heat sinks. In this work, two types of composite materials were produced: Cu(Cu-Ti)x/CF composites fabricated with a mixture of Cu and Cu-Ti powders by a solid-liquid co-existent phase process and Cu/CF composites fabricated without the Cu-Ti powder. The mechanical properties and postdeformation microstructures of both composite materials have been investigated. Compression tests were performed at room temperature under constant strain-rate deformation condition. Elastic properties were examined using a dynamic resonant method over the temperature range 20°C -250 °C. The results show that the addition of Ti and the resulting formation of the TiC interphase at the Cu-CF interfaces are able to create strong interfacial bonding evidenced by a deformation without pull-out. When the volume fraction of CFs reaches 40%, crack percolation occurs in the Cu(CuTi)/CF composite leading to the sample ruin in case of strong interfaces. In the case of Cu/CF, fiber pull-out allows for deformation.

Introduction

High-power electronic devices, such as supercomputers, generate considerable amount of heat.

If the heat is not dissipated away from the internal circuitry of the devices, the circuits would be overheated, leading to a significantly reduced lifetime. Thermal management materials, featured by tailored thermal properties, are used to dissipate heat away from the device circuitry to minimize device degradation during service cycles.

Heat sinks are a component or assembly in electronic packaging systems wherein the heat produced in electronic chips (usually made of silicon (Si) or silicon carbide (SiC)) is dissipated externally to fluids or air both in the normal and tangential directions [START_REF] Mathias | Architectural optimization for microelectronic packaging[END_REF], [START_REF] Luedtke | Thermal Management Materials for High-Performance Applications[END_REF][START_REF] Zweben | Advances in composite materials for thermal management in electronic packaging[END_REF][START_REF] Geffroy | Structural and Thermal Properties of Hot Pressed Cu/C Matrix Composites Materials Used for the Thermal Management of High Power Electronic Devices[END_REF]. To avoid thermally induced stresses in the chips, the coefficient of thermal expansion (CTE) of the heat sinks should closely match that of the chips while they should have a thermal conductivity (TC) as high as possible for effective heat dissipation.

In general, metal matrix composites (MMCs) show several improvements in comparison with the currently used materials in electronic packaging, including: i) lower and tailorable CTEs (the higher the volume fraction of reinforcement is used, the lower the CTE would be); ii) high heat dissipation capability; iii) light-weight, suitable for space applications; and iv) high stiffness at elevated temperatures (for dimensional stabilities).

Cu-based materials are the most promising ones among MMCs [START_REF] Zweben | Advances in composite materials for thermal management in electronic packaging[END_REF][START_REF] Schubert | Interfacial characterization of Cu/diamond composites prepared by powder metallurgy for heat sink applications[END_REF][START_REF] Weber | On the influence of active element content on the thermal conductivity and thermal expansion of Cu-X (X=Cr, B) diamond composites[END_REF][START_REF] Chu | Thermal conductivity of SPS consolidated Cu/diamond composites with Cr-coated diamond particles[END_REF]. Most composites based on this matrix are reinforced by ceramics (particles, short fibers, and long fibers) in order to reduce their extremely high CTEs (e.g., Cu: 16.8×10 -6 /K) in an effort to match with those of the semiconductors (e.g., Si: 4×10 -6 /K) or other ceramic substrates (e.g., Al2O3: 8×10 -6 /K).

Since carbon fibers (CFs) have high thermal conductivity (100 to 1000 W/m.K) along the axial direction, MMCs reinforced with CFs show excellent thermal conductivity along the fiber axial directions.

For a thermally conductive assembly, the interfaces should allow proper heat transfer between the two materials and efficient transfer of thermomechanical load during thermal cycling. In nonreactive systems such as Cu-C, the absence of chemical bonding compromises the thermal and mechanical transfers [START_REF] Silvain | The role of controlled interfaces in the thermal management of copper-carbon composites[END_REF]. Several approaches have proposed to solve the lack of wettability (chemical recation) in Cu-C system. First, carbide-forming elements (Ti, Cr, W) [START_REF] Li | Microstructure and thermal conductivity of Cu/diamond composites with Ti-coated diamond particles produced by gas pressure infiltration[END_REF][START_REF] Kang | Preparation of copperdiamond composites with chromium carbide coatings on diamond particles for heat sink applications[END_REF][START_REF] Che | Spark plasma sintering of titanium-coated diamond and copper-titanium powder to enhance thermal conductivity of diamond/copper composites[END_REF][START_REF] Abyzov | High thermal conductivity composite of diamond particles with tungsten coating in a copper matrix for heat sink application[END_REF] or directly carbide (TiC, BC) [START_REF] Zhang | Improvement in Mechanical and Thermal Properties of Graphite Flake/Cu Composites by Introducing TiC Coating on Graphite Flake Surface[END_REF][START_REF] Bai | Thermal conductivity and mechanical properties of flake graphite/copper composite with a boron carbide-boron nano-layer on graphite surface[END_REF] are used as surface coating for the reinforcements prior to sintering. A second approach consist in addition of the metal alloying elements in the metallic powders, the layer nucleating during the sintering process [START_REF] Schubert | Interfacial characterization of Cu/diamond composites prepared by powder metallurgy for heat sink applications[END_REF][START_REF] Sinha | Influence of interfacial carbide layer characteristics on thermal properties of copper-diamond composites[END_REF][START_REF] Chung | Effect of Titanium Addition on the Thermal Properties of Diamond/Cu-Ti Composites Fabricated by Pressureless Liquid-Phase Sintering Technique[END_REF][START_REF] Che | The influence of minor titanium addition on thermal properties of diamond/copper composites via in situ reactive sintering[END_REF][START_REF] Veillère | Relationship between interphase chemistry and mechanical properties at the scale of micron in Cu-Cr/CF composite[END_REF]. An alternative consist in using graphene as effective interlayer between carbon reinforcement and Cu matrix [START_REF] Cao | Graphene interlayer for enhanced interface thermal conductance in metal matrix composites: An approach beyond surface metallization and matrix alloying[END_REF][START_REF] Cao | Wide and fine alignment control and interface modification for high-performance thermally conductive graphite/copper composite[END_REF]. If the thermal and thermomechanical properties of MMC composite materials have been widely investigated, the mechanical properties and their correlation with the chemistry of the interfacial zones are less studied. The authors generally report improvement of the composites strength and hardness that however depend on the alloying element [START_REF] Bai | Thermal conductivity and mechanical properties of flake graphite/copper composite with a boron carbide-boron nano-layer on graphite surface[END_REF][START_REF] Wan | Effects of fiber volume fraction, hot pressing parameters and alloying elements on tensile strength of carbon fiber reinforced copper matrix composite prepared by continuous three-step electrodeposition[END_REF][START_REF] Ureña | Characterization of interfacial mechanical properties in carbon fiber/aluminium matrix composites by the nanoindentation technique[END_REF][START_REF] Tang | Interface characteristics and mechanical properties of short carbon fibers/Al composites with different coatings[END_REF][START_REF] Jun | Tensile and Friction Properties of Tin Bronze Matrix Composites Reinforced by Carbon Fibers[END_REF][START_REF] Wang | Improvement of interfacial interaction and mechanical properties in copper matrix composites reinforced with copper coated carbon nanotubes[END_REF]. Few is reported on ductility and plastic behavior.

In solid-liquid co-existent phase process, well known in Al-based composites [START_REF] Schubert | Interfacial characterization of Cu/diamond composites prepared by powder metallurgy for heat sink applications[END_REF][START_REF] Beffort | Interface formation in infiltrated Al(Si)/diamond composites[END_REF], the presence of a liquid phase has been shown to enhance the reactivity between the carbideforming elements and the carbon reinforcement as well as the density of the materials. In the case of Cu-based composites, it is shown that the addition of such carbide interface enhances the thermal properties of the Cu/CF and Cu/diamond composite materials [START_REF] Azina | Effect of titanium and zirconium carbide interphases on the thermal conductivity and interfacial heat transfers in copper/diamond composite materials[END_REF][START_REF] Azina | Solidliquid co-existent phase process: Towards fully dense and thermally efficient Cu/C composite materials[END_REF].

Therefore, In this work, the mechanical properties and post-deformation microstructures of the Cu/CF and Cu(CuTi)/CF composite materials have been investigated; the Cu(CuTi)/CF composites being obtain using the solid-liquid co-existent phase process. Compression tests have been performed at room temperature with a constant strain rate. Elastic properties have been studied by means of dynamic resonant method (DRM) at room temperature and at temperatures up to 250 °C. Mechanical properties of the fabricated composite materials have been correlated with the chemistry of the interfacial zones.

Experimental

Synthesis and microstructural characterization of composite materials

Composite materials studied in the work have been fabricated using conventional powder metallurgy process. Pure Cu powders and a mixture of Cu and Cu-Ti powders have been used as matrix whereas CFs have been used as the reinforcement. Cu powders have dendritic shape (ECKA ® Granules Germany GmbH) with a mass median particle size a d50 value close to 35 m, and Cu-Ti alloyed powders have spherical shape with a d50 value close to 16.7 m. The Cu-Ti alloy was produced by atomization with a composition of 27 at.% of Ti (NANOVAL GmbH & Co. KG). CFs (K223HM, CTN DIALEAD™/BOBBINS, Sumitomo Corporation Europe Limited) have an average length of 250 μm and an average diameter of 10 m (aspect ratio = 25). Cu powders (+ Cu-Ti powders) and CFs are cautiously introduced together inside a Siemens 3D mixing device and mixed at 20 RPM for 90 min.

Two sets of composite materials were sintered: 1) Cu/CF composites fabricated without Cu-Ti powders and 2) Cu(Cu-Ti)x/CF composites fabricated with a mixture of Cu and Cu-Ti powders.

The sintering of the composite materials was carried out using a Thermolab ® press. The powders were cold pressed in a carbon mold of 20 mm in diameter and then pressed/heated using an induction system. Powders for both sets were hot pressed at 950 °C under 40 MPa for 30 min. A reference Cu sample without reinforcement has been produced at 600 °C. A thermocouple inserted into the graphite mold close to the powder mixture was used to control the temperature. Primary vacuum (10 -2 mbar range) was used to prevent oxidation during both heating and cooling steps of the composite materials. Composite materials with 10 and 40 vol.% of CFs were densified. The amount of liquid Cu-Ti phase was set to 4 vol.%. The three composite materials were designed by the following notation: Cu60/CF40, Cu86(Cu-Ti)4/CF10, and Cu56(Cu-Ti)4/CF40.

The microstructures of the Cu/CF composites were characterized using scanning electron microscopy ((SEM, VEGA II SBH, TESCAN ® and field emission gun SEM (FESEM, Jeol ® 7001FTTLS) before and after the deformation. Transmission electron microscopy (TEM) was performed on JEOL 2100 microscope operating at 200 kV.

Mechanical characterization

For all mechanical characterizations, the samples were cut with a loading axis perpendicular to the compaction direction of the sintering process, so that no preloading was applied along the compression axis before mechanical testing.

Elasticity

The Young's modulus E was determined using the resonant frequency technique in bending mode on the beam samples [START_REF] Mazot | Mesure des constantes d'élasticité et du frottement intérieur des solides par méthode de résonance entre 20 et 1200°C[END_REF]. It allows the experiments performed at 2 K/min under secondary vacuum (10 -6 mbar) from -150 up to 1100 °C without any harmful contact. Steel wires located at the vibration nodes were used to maintain the samples horizontally. An electrostatic device (capacitance created between the sample and a unique electrode) insures excitation and detection.

Compression tests

The samples were extracted from the as-fabricated small cylinders using a resinoid cut-off wheel type C PRESI ® specially well adapted for soft materials such as Cu. Sample surfaces were then mechanically polished using abrasive SiC grinding papers sheets of successive finer grades up to 3 μm followed by a final polishing with silica suspension for removing eventual hardening damages that may arise during the cutting stage. Special care was given in the final polishing to obtain the best possible parallelism of the sample heads. The final polishing also allows microstructure analysis by SEM after the deformation. The final sample sizes were 3 mm x 3 mm in the cross-section with a 7 mm gauge length. At least two samples were deformed for each composite material.

The compression tests were performed at room temperature (RT) on an Instron ® 1114 type testing machine using an inverted compression device described elsewhere [START_REF] Bonneville | Deformation Regimes in the Intermetallic Alloy, Ni3Al[END_REF]. In this configuration, the decrease in sample lengths was obtained from the differential signal of two displacement transducers, each of them being equipped with a ceramic rod allowing displacement measurement close to the sample heads. All deformation tests were carried out at a constant crosshead displacement of 50 m/min, which corresponds to a nominal strain rate of around 1.2×10 -4 s -1 .

Results and discussions

Anisotropic distribution of CFs after hot densification

Figure 1 shows typical microstructures of Cu(CuTi)x/CF composite material where CFs are randomly distributed in the plane perpendicular to the compaction axis of the sintering process (Fig. 1a). Figure 1b reports chemical cartographies obtained on a surface parallel to the compaction direction. As expected, the interfacial zone between Cu matrix and CF is Ti rich.

High resolution TEM micrograph (Figure 1c -left) shows typical nanocrystalline structure of the interphase. The electron diffraction pattern (Figure 1c -right) shows rings of discrete spots characteristic of the nanocrystalline structure and the rings diameter correspond to the TiC structure. These observation are similar to the ones of Azina et al. [START_REF] Azina | Solidliquid co-existent phase process: Towards fully dense and thermally efficient Cu/C composite materials[END_REF] The higher magnification SEM micrograph shows a typical CF-Cu interfacial zone (insert in Fig. 1a). As expected, during the densification process, Ti atoms diffuse and react with the CFs to form continuous TiC coating around each CF. Thickness of the TiC interface can be monitored with the amount of Cu-Ti powders which are added to the Cu+CF mixture before the hot densification process [START_REF] Azina | Solidliquid co-existent phase process: Towards fully dense and thermally efficient Cu/C composite materials[END_REF]. 

INSERT FIGURE 1 HERE

Elasticity measurements

Young modulus at RT

Young modulus evolution with temperature

The Young modulus of Cu56(CuTi)4/CF40 (Fig. 2) was measured during the heating from RT to 250 °C (green points). The sample was then annealed for 15 h at 250 °C and the Young modulus was measured during the cooling process from 250 °C to RT (black points). We observed a slight decrease in the Young modulus with the increase in the annealing temperature.

Comparison between the Young modulus values before and after annealing shows no significant difference.

Similar experiments were performed on Cu60/CF40 samples: red points during heating and blue points during cooling in Fig. 2. In this case, we found a decrease in the Young modulus at RT of about 5 GPa after the heat treatment: 104 to 99 GPa. In this figure, the proof stresses 0.2% defined at 0.2% plastic strain are directly shown in Fig. 3 at the crossing of the stress strain curves and the dotted line parallel to the stress axis (the values are reported in Table 2). It is clearly seen, by comparing the results for the Cu86(CuTi)4/CF10 and Cu56(CuTi)4/CF40 composites, that the increase in the CF content induces a decrease in the 0.2% values. Also, for a similar CF content (40 vol.%), the composite material without TiC interphase presents a lower 0.2% than the one with TiC interfaces. The Cu86(CuTi)4/CF10 and Cu60/CF40 stress-strain curves have a similar shape, and both present a large ductility domain.

INSERT FIGURE 2 HERE

Note that for both composites the tests have been interrupted at = 8% without any breaking of the sample. On the contrary, Cu56(CuTi)4/CF40 exhibits very limited ductility (nearly 1.5%).

The ductile composites show a slight difference in their flow stress. Both composites behave quite similarly at the onset of the plastic deformation, but a higher flow stress is achieved for the Cu86(CuTi)4/CF10 composite which has the lowest CF content. 

INSERT TABLE 2 HERE

Characterization of the composite microstructures after the compression tests

The microstructures of the Cu56(CuTi)4/CF40 and Cu60/CF40 composites, after the compression tests, have been analysed by SEM. As shown in Fig. 4a, the Cu56(CuTi)4/CF40 sample presents a heterogeneous deformation characterized by a barrel-shape at one head only. A large crack propagating along a direction at about 35° of the compression axis crosses the surface of this part. The crack propagates in the sample following a path along the Cu-CF interfaces through interface delamination. In rare cases, the crack propagates through the interface into the CF (see insert in Fig. 4b). As observed, when delamination takes place, TiC interphase adheres to the Cu matrix rather than to the CFs. In Fig. 4c, obtained in an area from the large crack, radial crack initiations are observed at the Cu-CF interface. The deformed Cu60/CF40 composite presents a quite homogeneous deformation as shown in Fig. 5a; no macroscopic crack propagates through the surface of the sample. In Fig. 5b obtained at a higher magnification, some cracks are visible but they do not propagate over long distances across the sample. Actually, the main observation is linked with the presence of pull-out CFs on the surface of the sample after the compression test (cf. Fig. 5c). As observed in Fig. 5c, no radial crack initiates at the matrix-CF interface.

INSERT FIGURE 4 HERE

INSERT FIGURE 5 HERE

Figure 5: SEM micrographs of the Cu60/CF40 composite materials after the compression test

Discussion

Elasticity

To understand the effect of CF addition on the Young's modulus value of the composite, we analyzed the complex elasticity of the Cu/CF composite that consists of a planar and homogeneous distribution of highly anisotropic CFs in a polycrystalline Cu matrix. The first step was to describe the elasticity of the CFs. From the CFs elastic data (E, G and ) provided by the supplier, the CF Sij compliances have been calculated. E, G, , and calculated Sij are listed in Table 3. We can note that the modulus ratio between the longitudinal and transverse directions is about 80, confirming the high elastic anisotropy of the CFs. It is worth noting that ratio of 30-40 can be found in literature for long CFs but it may increase for shorter CFs, as calculated in this work. Sij compliances allow to calculate the Young modulus E at any fiber angle with the loading direction. To take into account the random in-plane distribution of CFs (Fig. 1), we may consider a 2D statistical distribution of CF orientations. Different methods can be used to estimate the average Young modulus. As the anisotropy is very high, it is justified to use a self-consistent approach applied to transverse anisotropic elasticity [START_REF] Berryman | Bounds and self-consistent estimates for elastic constants of random polycrystals with hexagonal, trigonal, and tetragonal symmetries[END_REF]. With this approach, we obtained an average value of 57 GPa. This value is close to the modulus of the transverse direction due to the high anisotropy of the CF properties. The last step is to calculate the Young modulus of the two-phase composite using the Cu Young modulus and the average CF one calculated. As the modulus of the two components is in the same order of magnitude, the upper and lower limits of the composite elastic coefficients can be calculated using the Voigt (equal strain) and Reuss (equal stress) models. Table 4 lists the experimental values and the calculated ones (the scatter for Voigt and Reuss models is strictly the same as for experimental data). We can note that the experimental values are slightly higher than the limits calculated that is certainly due to the uncertainty on CF data and their complex distribution. It means that the average Young modulus of the CFs calculated is underestimated.

INSERT TABLE 3 HERE EL (GPa) ET (GPa) GL (GPa)L GT (GPa

For instance, a simulation using an average modulus of 80-90 GPa yields Voigt and Reuss limits that include the experimental values. Our approach reproduces the overall trends observed on the different composites, in particular, the composite modulus is lower than that of the Cu matrix. The main result is the different behaviors of the two composites with temperature: the composite with TiC interphase does not show significant Young modulus change while a significant decrease was observed for the Cu/CF composite materials without TiC interphase.

INSERT TABLE 4 HERE CF vol.% E (GPa) -Voigt E (GPa) -Reuss E (GPa

The stability, during the heat treatment, of the Young modulus of Cu56(CuTi)4/CF40 composite suggests that the composite microstructures do not change during the experiment. On the contrary, the decrease observed for Cu60/CF40 suggests microstructural changes of the composite. The main difference between both composites is the interface nature, with or without TiC interphase. Microstructural evolution in Cu60/CF40, during elasticity measurement under heat treatment, can be attributed to the Cu-CF interface debonding. After the compression tests, SEM analyses have also shown that the interfaces behave differently under stress with delamination at the Cu-C interfaces in Cu60/CF40 (Fig. 6c). During Young modulus measurement, when the specimen was heated, the difference between the CTE of C and Cu created this damage similar to what would occur during thermal fatigue. The presence of these discontinuities lowers the rigidity of the composite as commonly recognized and already studied with our experimental technique using electrolytic micro-cracked Cr [START_REF] Berryman | Bounds and self-consistent estimates for elastic constants of random polycrystals with hexagonal, trigonal, and tetragonal symmetries[END_REF][START_REF] Gadaud | Application of the dynamical flexural resonance technique to industrial materials characterization[END_REF].

A 2D mechanical calculation allows estimation of the interface transverse thermal stress during the heating from RT to 250 °C:

σ F = -αΔTE M E CF (1-𝑓) (1-ν F )((1-f)E M +fE CF ) (5) 
σ M = αΔTE M E CF 𝑓 (1-ν M )((1-f)E M +fE CF ) (6) 
where α is the CTE of Cu (we have neglected the fiber CTE which is much lower than that of Cu), ΔT is the temperature gap, f is the CF volume fraction, EM and ECF are respectively the matrix modulus and the transverse CF modulus respectively, νM and νCF are the respective Poisson's ratios.

Numerically we obtained σF = -54MPa and σM = +40 MPa. The transverse interface decohesive stress is about 94 MPa that is in the same order of the yield stress σ0.2% (99 MPa) observed.

Therefore, this approach is consistent with a local interface delamination. Actually Wan et al.

showed clearly such debonded interfaces in C/Cu the composites fabricated by hot pressing [START_REF] Wan | Effects of fiber volume fraction, hot pressing parameters and alloying elements on tensile strength of carbon fiber reinforced copper matrix composite prepared by continuous three-step electrodeposition[END_REF].

Compression tests

Considering the 0.2% of the different composite materials, our results show that increasing the amount of CFs decreases the strengthening. 0.2% which is the maximum for 10 vol.% of CFs (125 MPa for Cu86(CuTi)4/CF10) and then decreases to 114 MPa for 40 vol.% of CFs with TiC interphase(Cu56(CuTi)4/CF40) and to 99 MPa without TiC interphase (Cu60/CF40). Actually, the calculation, based on the 2D statistical distribution of CF orientations, leads to an estimation of an average CF Young modulus between 50 and 90 GPa -see above -that is inferior to that of the Cu (124 GPa). In this case ,CFs do not act as direct "reinforcing" elements of the Cu matrix and addition of CFs in the Cu matrix leads to a decrease in 0.2%. From a simple rule of mixture calculation, the decrease of 0.2% is close to 10 MPa when volume fraction increases from 10 vol.% to 40 vol.% of CFs that is in accordance with the experimental decrease from 125 MPa for Cu86(CuTi)4/CF10 to 114 MPa for Cu56(CuTi)4/CF40. Considering these two composites, microstructure and morphology of the interface are identical and therefore should not contribute to the observed 0.2% difference.

With the same volume fraction of CFs, Cu56(CuTi)4/CF40 presents a higher 0.2% than Cu60/CF40. This difference must be correlated with the different Cu-CF interfaces analysed in both composites; carbide interphase being present in Cu56(CuTi)4/CF40 composite. Interfacial reaction can play an important role on strengthening properties: chemical reaction ensure intimate interfacial contact and hence raise the bond strength. It may improve load transfer (direct strengthening) and/or change the strain state and then influence the indirect strengthening. In our case, CFs do not participate to direct strengthning. Therefore, improving load transfer has to be ruled out in the explanation of difference between 0.2% of Cu56(CuTi)4/CF40 and Cu60/CF40. This difference may be attributed to enhanced indirect strengthening in the case of strong interface. On the other hand, SEM analyses show that these interfaces (with or without carbide interphase) behave differently under stress: interface decohesion takes place, after compresion tests, for the Cu60/CF40 composite. Then, at least in the case of Cu60/CF40, 0.2% may be controlled by decohesion at the interfaces. This result is consistent with the results by Wan et al., attributed the decreased strength in the C/Cu composite to the interfacial debonding [START_REF] Wan | Effects of fiber volume fraction, hot pressing parameters and alloying elements on tensile strength of carbon fiber reinforced copper matrix composite prepared by continuous three-step electrodeposition[END_REF].

A reference Cu sample was deformed under the same conditions as the Cu/CF composite materials and 0.2%-Cu were measured. The 0.2%-Cu value measured, 70 MPa, is smaller than the composite value measured for any CF volume fraction. Therefore, despite the addition of CFs with lower average Young modulus, the composites present higher 0.2% than the Cu matrix. This strengthening of the composites observed can be correlated to the indirect strengthening due to the microstructural evolution of the Cu matrix.

The stress-strain curves of the composites exhibit very different shapes than the unreinforced Cu matrix. It is recognized that deformation Cu at room temperature is characterized by a large strengthening characteristic of work-hardening by dislocation forests [START_REF] Basinski | Plastic deformation and work hardening[END_REF]. The composite curves only show either a small strengthening or even a softening in the case of 40 vol.% of CFs without the TiC interphase. These curves indicate that forest hardening is not the only involved mechanisms of hardening. Indeed, SEM analysis shows crack initiation at Cu-CF interfaces, suggesting that microstructural damages, crack initiation, and cavitation at interfaces result from elastic stress relaxations in the composites. Such elastic stress relaxation by microstructural damages was also observed during strain-controlled thermal cycling like in Albased matrix reinforced by Al2O3 fibers [START_REF] Kwei | Thermal-mechanical fatigue behaviour of alumina fibre/aluminium-lithium composite[END_REF]. Compression tests also provide evidence of the lack of ductility of Cu56(CuTi)4/CF40 compared to Cu60/CF40. A strong interfacial bond will allow an incoming crack to go through the interface [START_REF] Chawla | Metal Matrix Composites[END_REF]. SEM analysis (Fig. 4) shows that in the case of Cu56(CuTi)4/CF40 cracks propagate across the whole sample, leading to its ruin. This propagation is possible when the volume fraction of the reinforcement is sufficiently large to reach percolation of cracks initated at the interfaces. Cu86(CuTi)4/CF10 composites reach around 8% of ductility due to the fact that cracks do not percolate. In the case of Cu60/CF40, weak interfaces lead to fibers debonding followed by crack deflection and finally by fiber pull-out. This phenomena leads to enhanced fracture toughness. In our case, the sample reach 8% strain without catastrophic failure (see figure 5a). 

Conclusion

Data availability

The raw/processed data required to reproduce these findings cannot be shared at this time due to the General Information Security Policy (PGSI) of our institution (CNRS).
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 1 Figure 1: Typical Cu/CF(TiC) composite materials microstructure. a-Observation plane parallel (left) and perpendicular (right) to the compaction direction. b-Chemical cartographies obtained by EDS. Titanium carbide interphase is observed. c-TEM analysis of Cu-Cu interphase and corresponding electron diffraction pattern.
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 2333 Figure 2: Changes in the Young's modulus during heat treatments: Cu56(CuTi)4/CF40 and Cu60/CF40 were heated from RT to 250°C, annealed for 15h and then cooled from 250 °C to RT

Figure 4 :

 4 Figure 4: SEM micrographs of the Cu56(CuTi)4/CF40 composite materials after the compression test.

Table 4 :

 4 Comparison between the calculated and experimental values of the Young modulus of Cu/CF composite materials

  Mechanical properties and post-deformation microstructures of the Cu/CF and Cu(CuTi)/CF composite materials have been investigated. The results show that:  The addition of Ti and the resulting formation of the TiC interphase at the Cu-CF interfaces are able to create strong interfacial bonding evidenced by a deformation without pull-out.  Microstructural damages relax elastic stresses: crack initiation at interfaces and propagation in the case of Cu(CuTi)/CF or pull out in the case of Cu/CF.  When the volume fraction of CFs reaches 40%, crack percolation occurs in the Cu(CuTi)/CF composite leading to the sample ruin in case of strong interfaces. In the case of Cu/CF, fiber pull-out allows for deformation.

  

  

Table 1

 1 lists the density and Young's modulus of Cu86(CuTi)4/CF10, Cu56(CuTi)4/CF40 and Cu60/CF40 measured at RT. We first see that the modulus value have small fluctuation, consistent with a homogeneous distribution of CFs in all the sintered volume. A second point is that comparison between Cu56(CuTi)4/CF40 and Cu60/CF40 shows that the addition of Ti does not change the modulus value. Actually, a few amount of TiC is present in the composite (2-4%) and our results show that interfaces do not affect the Young modulus values. The Young's modulus value of composites with 10 vol.% of CFs (124 GPa) is larger than those with 40 vol.% of CFs (108 GPa). Then the addition of CFs reduces the composite modulus.

		INSERT TABLE 1 HERE	
		Density	E (GPa)
	Cu86 (CuTi)4/CF10	8.13 ± 0.01	124 ± 2
	Cu56(CuTi)4/CF40	5.80 ± 0.01	107 ± 3
	Cu60/CF40	5.9 ± 0.1	108 ± 4

Table 1 :

 1 Young

's modulus values and fluctuation for three different composites determined at RT by the dynamic resonant method

Table 2 :

 2 The

	Composite compositions	0.2% values (MPa)
	Cu86 (CuTi)4/CF10	125 ± 2
	Cu56(CuTi)4/CF40	114 ± 7
	Cu60/CF40	99 ±2
	0.2% values for Cu60/CF40, Cu86(CuTi)4/CF10, and Cu56(CuTi)4/CF40.

Table 3 :

 3 Second line: CF elastic data provided by fiber suppliers (L corresponds to the longitudinal direction and T to the transverse one). Fourth line (in grey): Sij are the compliances calculated from the elastic data of E, G and  provided by the supplier.

	)	νL	νT