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Introduction

Heat sink materials are currently under intensive investigation as they could allow increased power densities in microelectronic components as well as promote the miniaturization of devices. Materials with high thermal conductivities (TC) and low coefficients of thermal expansion (CTE) are required for these applications. Currently, copper (Cu) or aluminum (Al) heat sinks are being used. However, the large CTE mismatch between the heat sink materials and the ceramic and silicon parts of the components causes thermomechanical stresses at the interfaces and results in component failure after a certain number of thermal cycles.

To overcome this challenge, we conducted research to replace the Cu and Al heat sinks with metal matrix composites (MMCs), more particularly, Cu matrix composites reinforced with carbon (C) [START_REF] Zweben | Advances in high-performance thermal management materials -A review[END_REF]. By combining the high TCs of both entities and their drastically different CTEs, one can expect to obtain thermally conductive materials with adaptive properties.

The proper transfer of properties in MMC composites is often compromised by the absence of an effective interface, especially in nonreactive systems such as Cu-C. However, for a thermally conductive assembly, the interface should allow proper heat transfer between the two materials and efficient transfer of thermomechanical load during thermal cycling. That is only possible when there is a chemical bonding between the two materials [START_REF] Silvain | The role of controlled interfaces in the thermal management of copper-carbon composites[END_REF].

Several studies have focused on the insertion of carbide-forming elements to induce a chemical interaction between the matrix and the reinforcements. The carbide-forming elements are used either as a coating for the reinforcements [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 copper-diamond 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] or as alloying elements of the matrix powders [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]. Q. Kang et al. investigated tungsten carbide (WC) coatings on diamond particles to improve the interfacial bonding between Cu and diamond [START_REF] Kang | Microstructure and thermal properties of copper-diamond composites with tungsten carbide coating on diamond particles[END_REF]. The presence of the coating increased both the relative density of the composites and the TC. J. Li et al. chose to use a zirconium (Zr)-alloyed Cu matrix [START_REF] Li | High thermal conductivity through interfacial layer optimization in diamond particles dispersed Zr-alloyed Cu matrix composites[END_REF]. The TCs obtained vary with the thickness of the zirconium carbide (ZrC) interphase. Although homogeneous carbide interphases are easily obtained by coating the reinforcements prior to sintering, the alloying of the matrix is not always as successful, resulting in inhomogeneous interphases or the creation of solid solutions and intermetallics in the matrix which affect the thermal properties of the final MMC materials [START_REF] Veillère | Relationship between interphase chemistry and mechanical properties at the scale of micron in Cu-Cr/CF composite[END_REF].

Our investigation focused on the synthesis of composite materials with carbide interphases by alloying of the matrix. The process used is well known in Al-based composites [START_REF] Beffort | Interface formation in infiltrated Al(Si)/diamond composites[END_REF] and is called the solid-liquid co-existent phase process. To our knowledge, however, the process has never been used for Cu-based MMCs. The presence of the liquid phase has been shown to enhance the reactivity between the carbide-forming elements and the carbon reinforcement as well as the density of the materials. In the case of Al-based composites, the liquid phase enhances the reactivity of Al with the reinforcement. In the case of Cu-based composites, we expect the liquid phase to enhance the reactivity of the additive with the C reinforcements.

Experimental

Thermodynamic assessments of the Cu-Ti-C system

Prior to experimental investigation, preliminary thermodynamic analyses of the equilibrium in the Cu-Ti-C system were performed with Thermo-Calc software [START_REF] Andersson | Thermo-Calc & DICTRA, computational tools for materials science[END_REF]. The thermodynamic equilibria calculated from this software were based on the CALculation of PHAse Diagrams (CALPHAD) methodology [START_REF] Saunders | Calculation of Phase Diagrams (CALPHAD): A Comprehensive Guide[END_REF][START_REF] Hans Lukas | Computational Thermodynamics The Calphad Method[END_REF]. The relevant thermodynamic descriptions of the Cu-Ti and Ti-C systems reported by J. Wang et al. and L.F.S. Dumitrescu et al., respectively, were used for the equilibrium calculations of the Cu-Ti-C system [START_REF] Wang | Experimental investigation and thermodynamic assessment of the Cu-Sn-Ti ternary system[END_REF][START_REF] Dumitrescu | Reassessment of the solubility of TiC and TiN in Fe[END_REF][START_REF] Dumitrescu | A reassessment of Ti-C-N based on a critical review of available assessments of Ti-N and Ti-C[END_REF].

2.2.Composite materials

Materials in this work are composed of a Cu-based matrix and carbon fiber (CF) reinforcements. The Cu-based matrix is composed of a mixture of dendritic Cu powder (ECKA ® Granules Germany GmbH), d50 close to 35 m, and Cu-Ti alloyed powder, d50 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). Differential thermal analysis of the alloy powder has shown that the melting temperature of the Cu-Ti powder is 888.5 ºC. Titanium was selected as the alloying element based on the favorable Gibbs free energy for the formation of titanium carbide (TiC). Carbon fibers (K223HM, CTN DIALEAD™/BOBBINS, Sumitomo Corporation Europe Limited) have an average length of 250 μm and an average diameter of 10 m. Powders were mixed in a Siemens 3D mixing device for 90 min at 20 RPM.

Two sets of composite materials were sintered: Set A, Cu/CF composites fabricated without Cu-Ti powders, and Set B, Cu(Cu-Ti)x/CF composites fabricated with Cu-Ti powders. The sintering of the composites was carried out using a Termolab press. The powders were cold pressed in a carbon mold of 20 mm in diameter heated by an induction system. Powders for Sets A and B were hot pressed at 650 and 950 °C, respectively, under 40 MPa for 30 min.

After some tests of sintering Cu/CF composite materials at 950 °C and comparison with those sintered at 650 °C, no significant difference in thermal conductivity or density was observed.

Therefore, the remaining Cu/CF composites were sintered at 650 °C to allow faster cooling.

The temperature was controlled using a thermocouple inserted into the graphite mold close to the powder mixture. The chamber was evacuated (10 -2 mbar range) to prevent oxidation during both heating and cooling. Composites with 10 to 60 vol% of CFs were densified. The amount of liquid Cu-Ti phase in Set B varied from 2 to 10 vol%. The pellets were then machined to obtain pellets with a diameter of 6 mm and thicknesses varying from 3 to 6 mm. 

Density calculations

The theoretical density of the composites was calculated using the rule of mixture given below:

𝜌 𝐶 = 𝜌 𝑚 • 𝑉 𝑚 + 𝜌 𝐶𝑢-𝑇𝑖 • 𝑉 𝐶𝑢-𝑇𝑖 + 𝜌 𝑟 • 𝑉 𝑟 , (1) 
where ρm, ρCu-Ti, ρr, and Vm, VCu-Ti, Vr are the densities and the volume fractions of the matrix, Cu-Ti alloy and reinforcement, respectively. Experimental measurements were carried out using the Archimedes' method.

Microstructural, structural, and chemical characterization

The microstructure of the Cu/CF composites was characterized using scanning electron microscopy (SEM, VEGA II SBH, TESCAN). The samples were coated with resin and then polished (TegraPol 21, Struers) using silicon carbide (SiC) sandpapers and diamond pastes prior to SEM analyses. Chemical analyses were carried out using energy dispersive X-ray spectroscopy (EDS, Apollo X, EDAX Inc.). The 10% enriched-CF samples were also investigated using transmission electron microscopy (TEM) with particular attention paid to the interphase between the CF and the Cu matrix. Electron diffraction patterns and TEM-EDX analyses were performed on a JEOL 2100 LaB6, 200 kV, on TEM lamellae prepared by ion milling and polishing. Transmission electron microscopy foils were thinned by mechanical polishing down to 30 µm using the Tripod technique and subsequently glued on molybdenum grids. They were further thinned with a precision ion polishing system (PIPS) from Gatan, Inc. In addition, a detailed chemical analysis based on electron energy loss spectroscopy (EELS) [START_REF] Kihn | EELS studies of Ti-bearing materials and ab initio calculations[END_REF] was also performed using a JEOL 2200FS microscope (200 kV, energy resolution of 0.9 eV) equipped with an omega filter on cross-section samples prepared using a field-emission gun scanning electron microscope (SEM-FEG) equipped with a focused ion beam (FEI Helios NanoLab ™ G3CX Dualbeam ™ ). Being a powerful tool for light element analysis, EELS is very complementary to EDX in terms of chemical analysis. In particular, the atomic concentration ratio [Ti/C] in the interphase was determined from the recorded spectra according to the following relation:

[𝑇𝑖 𝐶 ⁄ ] = 𝐼 𝑇𝑖 (∆).𝜎 𝐶 (𝛽,∆) 𝐼 𝐶 (∆).𝜎 𝑇𝑖 (𝛽,∆) (2) 
where 𝐼 𝑖 (∆) is the integrated area over the energy range Δ under the edge of element "I," and σi(β,Δ) is the corresponding atomic cross-section calculated for an acceptance angle β. In the present study, Hartree-Slater cross-sections were used; and an energy range of 35 eV with a 20 eV offset from the edge onset, was considered (these parameters were optimized on reference TiC samples). In addition, the fine structures observed at the different core level edges (i.e., the C K, Ti L2,3, and Cu L2,3 edges) provided information on chemical bonding, valency, or local order around the excited atom [19]. X-ray diffraction patterns were collected on a PANalytical X'pert PRO MPD diffractometer. The patterns were analyzed using EVA software (Bruker) and structural refinements were done using the FullProf software package [START_REF] Rodríguez-Carvajal | FullProf: A Program for Rietveld Refinement and Pattern Matching Analysis[END_REF].

Thermal characterization

The thermal conductivities of the composites were evaluated using the following equation:

𝐾 = 𝛼 • 𝜌 𝐶 • 𝐶 𝑝 , ( 3 
)
where K is the thermal conductivity of the composite, α is the thermal diffusivity, ρC and Cp are the density and the specific heat capacity of the composite, respectively. The thermal diffusivity was measured at 70 °C using a laser flash apparatus (Netzsch LFA 457 MicroFlash ® ). The specific heat capacity was calculated using the following equation:

𝐶 𝑝 = 𝑤 𝐶𝑢 𝐶 𝑝 𝐶𝑢 + 𝑤 𝑇𝑖𝐶 𝐶 𝑝 𝑇𝑖𝐶 + 𝑤 𝐶 𝐶 𝑝 𝐶 , (4) 
where 𝐶 𝑝 , 𝐶 𝑝 𝐶𝑢 , 𝐶 𝑝 𝑇𝑖𝐶 , 𝐶 𝑝 𝐶 and wCu, wTiC, and wC are the specific heat capacities and weight fractions of the composite, Cu, TiC, and C, respectively. To simplify the calculations, the weight fraction of TiC was considered to be equal to the weight fraction of Ti, which was inserted in the composite mixture, as we assume that all Ti reacted to form TiC.

Results and discussion

Thermodynamic calculations

Prior to the calculations regarding the reaction between Ti and C, defining a Cu-Ti alloy which melts at a temperature lower than the Cu melting temperature (1083°C) was a preliminary step. The Cu-rich side of the Cu-Ti calculated diagram is shown in Figure 1(a).

At a temperature of 950 °C, which was used in the experimental procedure, it was found that a liquid phase was obtained for a Ti mole fraction comprised of between 0.15 and 0.40. 

Solid-liquid co-existent phase process

Contrary to regular powder metallurgy processes, the solid-liquid co-existent phase process allows both solid and liquid phases to coexist. For the composite materials fabricated in this work, the liquid phase consisted of the Cu-Ti alloyed powders while the solid phase consisted of Cu dendritic powders and CF reinforcements. For this purpose, the Cu-Ti alloy needed to have a melting point lower than that of pure Cu. Therefore, the composition of the Cu-Ti alloyed powders was fixed to the composition of the eutectic transformation which occurred at 884 °C for a Cu composition of 73.5 at%. The sintering temperature was set to 950 °C, lower than the melting point of Cu (1083°C). One interesting point of this process is that the liquid can flow around the grains and infiltrate the pores created by the intertwining of CFs (a downside of regular net-shaped processes with high reinforcement content). Furthermore, the diffusion and reactivity of the carbide forming species was enhanced, which allowed the carbide to be formed at lower temperatures and shorter time periods.

A schematic of the solid-liquid co-existent phase process is shown in Figure 4. 

Effect of the liquid phase on residual porosity

The theoretical and experimental relative densities of composites containing 10 to 60 vol% of CFs from Sets A and B are listed in Table 2. As expected, the relative density decreased with an increase in the CF content, due to the increase in porosity caused by the intertwining of CFs. The relative density was higher for Set B composites as the Cu-Ti additive was present during sintering. We, therefore, confirmed that the liquid phase was formed during the sintering and existed sufficiently long to infiltrate the pores created. We have reached porosity levels as low as 4.3% for composites containing 60 vol% of CFs. Note: Set A-no liquid phase; Set B-Cu-Ti liquid phases of 2 to 8 vol%. An energy dispersive X-ray spectroscopy (EDS) line scan across a coated CF, shown in Figure 6, shows that the interfacial zone between the Cu matrix and the CF is rich in Ti. In addition, little or no Ti signal was observed in the matrix region which suggests that most of the Ti diffused to the CFs. To confirm this hypothesis, high resolution X-ray diffraction (XRD) data were collected for a 2 theta range between 30 and 65° on a bulk Cu/TiCx/CF20 composite. Le Bail type structural refinement was carried out to determine the lattice parameters of the Cu matrix. The XRD pattern is shown in Figure 7. The theoretical [START_REF] Swanson | Standard X-ray diffraction powder patterns[END_REF] and measured Cu lattice parameters (Bragg R-factor of 2.22) are listed in Table 3. There was no significant difference between the theoretical and the experimental lattice parameters which, therefore, confirms the absence of a solid solution of Ti in Cu for this composite. (red line), and CuO (green line), which were taken from [START_REF] Arnaud | Propriétés du cuivre et de ses alliages[END_REF]. For the sake of clarity, the reference spectra were vertically shifted, and the energy of the Cu edge onset was adjusted to that of the reference spectra.

In-situ interphase creation

Effect of the interphase on thermal conductivity

Theoretical thermal conductivity values of Cu/CF composite materials were calculated using the Fricke model [START_REF] Hamilton | Thermal Conductivity of Heterogeneous Two-Component Systems[END_REF], given below:

𝐾 𝐶 = 𝐾 𝑚 [ 𝐾 𝑟 +(𝑛-1)𝐾 𝑚 -(𝑛-1)𝑉 𝑟 (𝐾 𝑚 -𝐾 𝑟 ) 𝐾 𝑟 +(𝑛-1)𝐾 𝑚 +𝑉 𝑟 (𝐾 𝑚 -𝐾 𝑟 ) ], (4) 
where Kc, Km, and Kr are thermal conductivities of composite, matrix, and reinforcement respectively; Vr is the volume fraction of reinforcement; and n is the shape factor of the reinforcement. The shape factor was taken as 25 since it corresponded to the aspect ratio (250/10). The TCs of the Cu matrix and the CF reinforcement were set to be 385 and 277.5 W/K.m, respectively. Due to the random distribution of the CFs in the plane of measurement (perpendicular to the pressure direction), the conductivity value of the CFs was taken to be the average of the conductivity along (550 W/K.m) and perpendicular to the CF axis (5 W/K.m).

The thermal conductivities obtained using the Fricke model, for the composites of Sets A and B (with 4 vol% of Cu-Ti), are shown in Figure 10. As expected, the thermal conductivity decreased as the CF content increased since the CF conductivity was lower than that of the Cu matrix. The first observation is the drastic decrease in TC for 10 vol% CF when 4 vol% Cu-Ti was present in the material. The poor TC can be explained by the fact that the carbon within the composite was not sufficient to attract Ti towards it. Therefore, Ti has a tendency to remain in the Cu matrix as a solid solution. This tendency was verified by structural refinement of a high quality XRD pattern of the Cu/TiCx/CF10 composite. Only Cu peaks were observed, and the calculated lattice parameter was equal to 3.62427(5) (Bragg R-factor of 0.184). We concluded that the expansion of the lattice was caused by the presence of Ti in a solid solution and explained the poor TC observed for 10 vol% of CF. It is known that the transport properties (thermal and electrical conductivities) of Cu-Ti solid solutions are lower than those of pure Cu. For example, for a solid solution of Ti in Cu that reaches 0.04 wt%, the electrical conductivity is much lower than that of pure Cu [START_REF] Arnaud | Propriétés du cuivre et de ses alliages[END_REF]. For CF content that exceeded 20 vol%, the TCs of Set B composites containing 4 vol% of Cu-Ti were higher than those of Set A. However, the values obtained for both sets were always lower than the TC values calculated with Fricke's model. 

Conclusions

Cu/TiCx/CF composites were synthesized using the solid-liquid co-existent phase process which involves the presence of a small fraction of liquid phase during the sintering process.

We observed the in situ creation of homogeneous TiC interphases while the Cu matrix was purified during the process. The thicknesses of the interfacial zones increased with the amount

  Moreover, the eutectic composition was equal to 0.265 mole fraction of Ti. Consequently, the selected composition for the Cu-Ti alloy was rounded up to 0.27 mole fraction of Ti. The calculation of the isothermal section of the Cu-Ti-C diagram at 950 °C, shown in Figure1(b),indicates that a reaction occurred between the liquid alloy and C to form titanium carbide (TiCx) with x = 0.97 for an excess of C. As the final volume percentage of TiC0.97 was expected to be, at most, equal to 4% in the final composite and about 40% in CF, five compositions were identified. The expected volume percentage of TiC0.97 was then comprised of between 0.8 and 4.0% in the composite. The corresponding compositions were indicated in the isothermal section by hourglass marks corresponding to the reaction between the liquid alloy and carbon and to the final composite (Figure1 (c)). The mole and volume fractions of pure Cu (FCC_A1), TiC0.97, and CF within the final composite are given in Figure2(a) and (b), respectively. At 25 °C, as shown in Figure 3 (a) and (b), the calculations indicated that the phases were pure Cu (FCC_A1), TiC0.99, and CF. The mole and volume fractions were then practically similar at this temperature. These equilibrium calculations confirmed the occurrence of a reaction at the interfaces between the CFs and Ti-containing alloy to form TiCx. The as-formed composite was mainly composed of pure Cu, CFs, and a low quantity of TiCx phase, representing less than 4 vol%. The only variation identified by a temperature change was an increase in the C content within TiCx when the temperature decreased.

Figure 1 :Figure 2 :

 12 Figure 1: Cu-Ti-C system: (a) Cu-rich side of the Cu-Ti phase diagram , (b) isothermal section at 950 °C, and (c) isothermal section at 25 °C [16-18].

Figure 3 :

 3 Figure 3: Equilibrium composition calculations of the five samples at 25 °C: (a) mole and (b) volume fractions of the phases.

Figure 4 :

 4 Figure 4: Schematic of the solid-liquid co-existent phase process. The initial powder mixture (Cu + Cu-Ti + CF) is sintered under 40 MPa at 950 °C. During the sintering plateau of 30 min, the Cu-Ti liquid phase is generated. At the end of the sintering program, the CFs are coated with a TiC interphase and are oriented in the plane perpendicular to the pressure axis.

Figure 5

 5 Figure 5 shows the SEM micrographs of the Cu/CF composites from Set B. The chemical contrast offered by the back-scattered electron mode of the SEM allows the interfacial zone

Figure 5 :

 5 Figure 5: SEM micrographs in back-scattered electron mode of Cu/TiCx/CF composites sintered with (a) 4, (b) 8 , and (c) 10 vol% of Cu-Ti alloyed powders.

Figure 6 :

 6 Figure 6: EDS line scan obtained through the cross-section of a CF coated with a Ti-based interphase inside the Cu matrix.

Figure 7 :

 7 Figure 7: High quality XRD pattern obtained from a Cu/TiCx/CF20 composite pellet, in a 2 theta range from 30 to 65°.

Figure 8 (

 8 Figure 8(a) is a representative TEM image of a Cu/TiCx/CF10 composite which shows the CF, the interfacial zone, and the Cu matrix. The interfacial zone is around 200 nm thick and is made up of facet-shaped nanograins (Figure 8(b)) of about 50 nm in size. No decohesion occurred at either interface (CF/interfacial zone or interfacial zone/Cu).

Figure 8 :

 8 Figure 8: TEM images of Cu/TiCx/CF10 composite material. (a) Overall view of a CF, the interfacial zone, and the Cu matrix, (b) enlarged interfacial zone of micrograph (a), where a polycrystalline structure is observed. (c) Electron diffraction patterns of interfacial zone and (d) an area where both the interfacial zone and the Cu matrix are present.

Figure 8 (

 8 Figure 8(c) shows the electron diffraction pattern obtained in the interfacial zone. We observed rings made up of discrete spots which are characteristic of nanocrystalline structures. The ring diameters corresponded to the TiC structure, while extra spots came from the Cu matrix. The diffraction pattern shown in Figure 8(d) was obtained from a selected area containing both the interfacial zone and a Cu grain oriented along the [011] direction: TiC nanocrystalline spots are superimposed with the spots corresponding to the well-oriented microscopic Cu grains.

Figure 9

 9 Figure9shows the EELS and EDX spectra collected on the interphase in the Cu(CuTi)4/CF10 sample. For the EELS data, two different areas (~0.2-0.5 µm in diameter) of the interphase were investigated; and they presented very similar spectral features. As evidenced in Figure9(a), the interphase contained both Ti and C: the quantification of the [Ti/C] atomic ratio deduced from the spectra (see Eq. 2) gives a composition between TiC0.95 and stoechiometric TiC. The fact that the measured TiC composition was almost stoechiometric is very consistent with the electron energy loss near edge structures (ELNES) at the C-K edge given in Figure9(b). These fine structures were very similar to those reported by Calmels et al.[START_REF] Calmels | Evidence of alloying effects in TiCx N1-x compounds from calculated and experimental electron energy loss spectra[END_REF] and, given the sensitivity of the C-K edge ELNES to alloying effects or vacancies[START_REF] Calmels | Evidence of alloying effects in TiCx N1-x compounds from calculated and experimental electron energy loss spectra[END_REF][START_REF] Kihn | EELS studies of Ti-bearing materials and ab initio calculations[END_REF][START_REF] Scott | Theoretical investigation of the ELNES of transition metal carbides for the extraction of structural and bonding information[END_REF], they confirmed that the local order around the C atoms is very close to that of pure TiC. Given that Cu was evidenced in the interphase region from EDX maps (Figure9(c)), the energy range corresponding to the Cu L2, 3 edge was also investigated by EELS. As shown in Figure9(d), Cu (black line) was indeed present but in a very small concentration, which explains the poor signal-to-noise ratio. Given that the transition metal (TM) L2, 3 edge reflects the TM d-band filling, it is very sensitive to the valence of the considered element. The Cu edge recorded in the interphase region was compared to reference spectra recorded in Cu, Cu2O, and CuO samples[START_REF] Ngantcha | Correlation between microstructure and mechanical spectroscopy of a Cu-Cu2 O alloy between 290 K and 873 K[END_REF]. In addition to confirming the presence of Cu, the comparisons provided in Figure9(d)indicate that the Cu in the interphase region was in a rather metallic state. Figure9(c) also shows the presence of C and Ti in the interphase zone. We noticed that no Ti was detected in the Cu matrix in the vicinity of the CF.

Figure 9 :

 9 Figure 9: (a) EELS spectrum collected between 240 and 515 eV in the interphase area of the Cu(CuTi)4/CF10 sample. (b) ELNES at the C K-edge. (c) TEM bright field micrograph (left) and corresponding EDX map at the C-K edge (red), Cu-K edge (yellow), and Ti-K edge (green). The dashed lines indicate the boundary of the interfacial zone. (d) ELNES at the Cu L2,3 edge: the Cu edge recorded in the sample (black line) is compared to reference spectra obtained on Cu (blue line), Cu2O

Figure 10 :

 10 Figure 10: Thermal conductivity values obtained for composites without (Set A) and with (Set B) 4 vol% of Cu-Ti, as well as theoretical values obtained with the Fricke model.

Table 1 :

 1 Atomic fractions and ratios of Cu, Cu-Ti, and C in the composite materials for each volume fraction of Cu-Ti.

Vol% of Cu-Ti Cu Cu-Ti CF Ratios Cu : Cu-Ti : C At%

  

	2	0.518	0.016	0.466	32 : 1 : 29
	4	0.502	0.031	0.467	16 : 1 : 15
	6	0.485	0.047	0.468	10 : 1 : 10
	8	0.469	0.063	0.468	7 : 1 : 7
	10	0.452	0.078	0.470	6 : 1 : 6

Table 2 :

 2 Influence of the liquid phase on the Cu/CF relative density.

	CF content (vol %)		10	20	30	40	50	60
	Relative density (%)	Set A	98.6	98.9	96.3	95.8	95.4	94.1
		Set B	99.6	100	99.0	99.4	97.6	95.7
	Liquid phase content (vol%)	2	4	4	4	8	8

Table 3 :

 3 Theoretical and calculated Cu lattice parameters.
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of liquid used. Copper/carbon fiber composite materials fabricated with the liquid phase showed higher relative densities than those fabricated without the liquid phase. Finally, the interfacial bonding enabled by the TiC interphase increased the thermal conductivities when compared to composites with mechanical bonding only.
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