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Fibre or wire reinforced copper or copper alloys (Cu-MMCs) have been developed as a high temperature heat sink material in the scheme of the integrated European project "Extremat". The Cu-MMC of interest for application e.g. in fusion reactors should be able to operate at 550°C and posses a thermal conductivity of at least 200W/m/K.

Properties of the developed Cu-MMCs with the SCS-6 SiC-fibres and W-wires in a matrix of pure Cu or CuCrZr are discussed. W-wire reinforced CuCrZr is selected as a candidate material for application in the fusion reactor with the highest thermal loadings, i.e. in the divertor. A divertor mockup is produced which will be tested under a high heat flux of up to 20MW/m 2 .

Introduction

Different types of MMCs with mainly aluminium or copper as a matrix material have been developed and investigated in the past 40-50 years. Tungsten wire reinforced copper e.g. has been investigated as a model MMC as early as in the sixties of the last century. Mainly work on fracture and toughness of axially reinforced copper has been performed [START_REF] Cooper | Tensile properties of fibre-reinforced metals: fracture mechanics[END_REF][START_REF] Cooper | The work-to-fracture of brittle-fibre ductile-matrix composites[END_REF]. More recently other Cu-MMCs making use of ceramic fibres as e.g. the CVD (chemical vapour deposition) SiC-fibres are investigated in relation with 2 possible applications in heat sinks. In contrast to the tungsten wires, the SiC-fibre (surrounded by the carbon protection layer) is not wetted by copper, so that special efforts are necessary to produce an adequate fibre/matrix interface. An interfacial layer of Ti with a thickness of 100-200 nm [START_REF] Brendel | Titanium as coupling agent in SiC fibre reinforced copper matrix composites[END_REF] or 1.5µm [START_REF] Luo | The fabrication and property of SiC fiber reinforced copper matrix composites[END_REF] proved to improve the bond strength (from 4MPa to 54MPa determined with the aid of push-out tests [START_REF] Brendel | Titanium as coupling agent in SiC fibre reinforced copper matrix composites[END_REF] ) and the tensile strength of the composite [START_REF] Luo | The fabrication and property of SiC fiber reinforced copper matrix composites[END_REF] considerably. In the latter case use was made of a CVD SiC-fibre with a carbon coating of only ~0.2µm thickness from a Chinese producer.

Cu-MMCs are of interest due to the need for monolitic or composite materials, which are able to conduct high heat loads and capable to operate at high temperatures. Such materials are e.g. required to take up the heat in electronic devices, for propulsion (e.g. in cryogenic rockets) and in fusion reactors. Recently in the European integrated project Extremat several members deployed activities to develop heat sink materials for applications in these fields. At e.g. DLR, Institute of Materials Research SiC-fibre reinforced CuCrZr and W-wire reinforced Cu and CuCrZr have been produced and investigated to determine the mechanical and physical properties. The development of high temperature heat sink materials aims at a service temperature of 550°C and a thermal conductivity of >200W/m/K. In terms of the thermal conductivity W-wire reinforced Cu and CuCrZr are attractive composite materials because of the high thermal conductivity of CuCrZr and Cu (330 W/m/K and 400W/m/K, respectively) and the reinforcing wires with a thermal conductivity of 164W/m/K. In the industrial phase of the project special attention was spent on the possible use of W-wire reinforced CuCrZr in the divertor of the experimental fusion reactors. The divertor is the most heavily thermally loaded component in the fusion reactor. In ITER (International Thermonuclear Experimental Reactor) under construction in Caderache, France from 2008 until 2018 in the divertor these thermal loads are expected to reach values up to 20MW/m 2 . The most likely solution of the divertor design capable to sustain this heat load is given in Fig. 1 [5,[START_REF] Tivey | ITER R&D: Vacuum Vessel and In-Vessel Components: Divertor Cassette[END_REF].

Fig. 1a shows a segment of the water cooled divertor in tungsten monoblock design foreseen for ITER. Carbon fibre reinforced carbon (CFC) and tungsten are considered to be the most appropriate plasma facing materials to be used in the divertor for ITER. The heat load at the plasma side has to be transferred to the cooling system consisting of CuCrZr-tubes in which pressurized water is circulating. The heat flux of 20MW/m 2 leads to a maximum temperature of 1310°C in the tungsten at the plasma side, according to a steady state analysis of the temperature distribution [START_REF] Peters | Faser-und drahtverstärkte Kupferlegierungen als Wärmesenke für Fusionsreaktoren[END_REF]. The large difference in coefficient of thermal expansion of tungsten (4.4*10 -6 m/m/K) and the CuCrZr-tube (17.6*10 -6 m/m/K) represents a problem for the integrity of the divertor component. Cooling down from the production temperature and cycling from the maximum heat load to ambient temperatures introduce considerable thermal stresses in the different materials. These stresses are reduced by a) the application of castellations (a segmentation of the tungsten monoblock) and b) the application of a compliant pure copper layer of 2mm thickness between the tungsten monoblock and the copper alloy tube.

The use of a Cu-MMC, a fibre or wire reinforced copper alloy or pure copper, enables a different solution. This composite material has in terms of thermal expansion intermediate properties in comparison with the extreme values of tungsten and copper.

Further if the Cu-MMC has a service temperature of 550°C it is attractive to replace in the design of Fig. 1a the pure Cu interlayer and that part of the tungsten monoblock in which the temperature at the different loading conditions keeps below 550°C by the Cu-MMC (Fig. 1b). At DLR a divertor mockup in monoblock design consisting of the tungsten monoblock, Cu-MMC and the CuCrZr-tube has been produced with the aim of high heat flux testing up to 20MW/m 2 . High heat flux testing has been recently performed at the research centre Jülich and the results will be published shortly. This test is important to evaluate the capabilities of the developed Cu-MMC under realistic testing conditions. The design of the component is based on material properties determined in the course of the material development, which are partly presented here.

Presented in this work are the investigations on SiC-fibre reinforced CuCrZr, although the major part deals with W-wire reinforced CuCrZr (or oxygen free Cu: OF-Cu) which was finally selected as the most appropriate material for a high temperature heat sink.

Materials and experiments

Production of Cu-MMCs

The production technique of the Cu-MMC at DLR makes use of SiC-fibres (SCS-6 fibres, diameter 140µm) or W-wires (diameter 150µm) which in a first process step are coated with Cu or CuCrZr by magnetron sputtering. Depending on the required volume fraction of e.g. the W reinforcement a coating thickness of 31-50µm is applied, which leads to a nominal fibre volume fraction of 50%-30%, respectively. Cu-MMC specimens or components are basically produced by filling an adequate preform (out of the same material as the fibre coating) with the coated reinforcements. Subsequently the preform is sealed by vacuum welding and finally the MMC is consolidated by Hot-Isostatic-Pressing (HIPing) at high temperature and pressure. Production of Cu-MMC with pure Cu requires temperatures of 600-700°C and pressures of 100-120MPa, whereas the use of the alloy CuCrZr requires higher temperatures of 750-850°C and pressures of 100-170MPa, depending on the complexity of the component.

The SCS-6 fibre (produced by Specialty Materials, USA) has a protection layer of 3µm thickness consisting of carbon with embedded SiC-particles, which presents a good solution to couple the fibre to a titanium alloy without too extensive interfacial reaction. In this Ti-MMC usually a reaction layer of 0.5µm is formed during consolidation for 1h at 930°C. Wetting of the carbon surface of the fibre by pure copper is poor, so that with pure copper only a poor fibre/matrix bonding can be realized.

Wetting can be improved if a small amount of other alloying elements is added. This is the reason that the alloy CuCrZr couples to the SCS-6 fibre, although the properties of the fibre/matrix interface still appeared to be unsatisfactory. For that reason attempts have been made to improve the fibre/matrix interface (or interphase) by magnetron sputtering an interlayer of titanium or chromium on the reinforcement before the copper (alloy) matrix is applied. There is no need to improve the bonding between the W-wire and copper or the copper alloy (as will be shown later), so that apart from cleaning of the wire (etching) in the magnetron device no additional actions were undertaken to improve the bond.

The CuCrZr alloy contains 0.65-0.8% wt Cr and 0.07-0.15% wt Zr [START_REF] Tavassoli | Materials design data for fusion reactors[END_REF] and it reaches its optimum properties after dispersion hardening. The dispersion hardening procedure consists of a solution treatment at 950°C for 10 min followed by water quenching and an age hardening treatment at 470°C for 60 min. It is clear that after HIPing the composite containing the alloy CuCrZr this alloy is in annealed condition, so that an additional dispersion hardening procedure is necessary. In the following sections materials undergone this treatment are designated with the addition HT (heat treated).

Experiments

Push-out experiments have been performed to determine the mechanical properties of the fibre (wire)/matrix interface for the different Cu-MMCs. With the aid of a Rockwell diamond indentor, cone shaped with a diameter of 0.2mm, a single fibre or wire is pushed out of a slice of the Cu-MMC of 0.8 to 1.0mm hight. Averaging the maximum load and the minimum load after debonding by the interfacial area delivers an "apparent" bond strength and averaged frictional sliding stresses, respectively. Further, tensile tests are performed on the unreinforced alloy and the SCS-6 SiCfibre reinforced CuCrZr and W-wire reinforced CuCrZr and OF-Cu. For these experiments tensile specimens of the dimensions given in Fig. 2a are produced out of the alloy and the Cu-MMCs with axially oriented reinforcements. The graph in Fig. 2a shows a tensile specimen out of Cu-MMC with a diameter of 3.5mm, the central 3.1mm of which is reinforced. In the reinforced centre of the specimens the fibre volume fraction is the nominal fibre volume fraction determined with the aid of the thickness of the coating. Apart from specifically indicated nominal fibre volume fractions fibre volume fractions quoted in the following sections present the overall fibre volume fraction related to the complete cross section of the specimen.

In a later phase of the project it was decided to investigate the transverse strength, but only on W-wire reinforced OF-Cu and CuCrZr, as this property required the production of elaborate specimens as indicated in Fig. 2b. Tube specimens with an outer diameter of 12mm and a wall thickness of 1mm were produced. The gauge section of the specimen was 10mm long, whereas at the ends the tube specimens had a transition to the larger diameter gripping range with M16*1mm thread. The specimens were produced by winding four layers of the coated wire on a bar under an angle of practically 90° to the axial direction. In order to reach a most uniform arrangement of the wound coated wires the winding direction was chosen to be always the same. In this case there is no crossing of wires which takes place by forwards and backwards winding. By wire winding the wire arrangement was effectively very homogeneous, better than in case of manually filling the preform. Tube specimens out of W-wire/OF-Cu and W-wire/CuCrZr (HIPed, without HT) were produced. These specimens were tested at room temperature and 550°C.

The thermal conductivity has been measured on the unreinforced alloy CuCrZr (ar) and on several specimens out of SiC-fibre and W-wire reinforced CuCrZr. This has been done with a laser flash device (LFA 427, Netzsch, Selb). This device is equipped with a neodym doped gallium-gadolinium-granat laser, a nitrogen cooled infrared detector and a furnace which operates at temperatures up to 1450°C. The specimen with a thickness of 3-5mm (depending on the thermal conductivity of the material) and a diameter of 12.7mm is heated on one side by a laser pulse. The time dependent temperature change is measured with the aid of the IR detector on the back side of the specimen and evaluated with the aid of the Netzsch software. The so called half rise time t 0.5 is determined, which represents the time necessary to reach 50% of the maximum temperature increase. With this time t 0.5 the diffusivity D th is calculated with the aid of D th =0.1388.d 2 / t 0.5 , in which d represents the thickness of the specimen.

Finally the thermal conductivity K(T) results from:
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in which D th (T) represents the diffusivity in cm 2 /s, C p (T) the specific heat capacity in J/g/K and ρ(T) the density in g/cm 3 . The specific heat capacity is measured with the aid of a calorimeter.

Interfaces in Cu-MMC 3.1 The interface in SCS-6 fibre reinforced CuCrZr

Beside the fibres and matrix also the fibre/matrix interface strongly influences the physical and mechanical properties of a composite material. Generally fibre/matrix bonding or a strong interaction is required to ensure an appropriate transfer of stresses and satisfactorily physical properties. In the initial phase of the development of Cu-MMC work concentrated on the use of the 140µm thick SCS-6 fibres from Specialty Materials, USA. These SiC-fibre have generally been used in the past two decades to reinforce titanium alloys. Especially the SCS-6 SiC-fibre with a 3µm thick carbon coating proved to produce an optimum bond strength in SiC-fibre reinforced titanium alloy. In the system SiC/titanium alloy this bond is not required to be a strong bond, as interfacial stress transfer can still be realized after debonding has taken place. This is the case as a result of the difference in coefficient of thermal expansion of the SiC-fibre (4*10 -6 m/m/K) and the titanium alloy (1*10 -5 m/m/K), which after elaboration causes the titanium alloy to shrink on to the fibre. Strong interfacial radial stresses therefore exist at room temperature, so that interfacial stress transfer can be realized to some extent by interfacial friction. The coefficient of thermal expansion of the copper alloy with 1.7*10 -5 m/m/K is higher than those of titanium alloy, so that in the SiC/CuCrZr system interfacial stress transfer through friction could be even more important.

During consolidation interfacial reaction between SCS-6-fibre and CuCrZr takes place, as can be seen from Fig. 3a. In contradiction to the reaction zone of e.g. the SCS-6-fibre in Timetal 834, which is dense and measures after consolidation at 930°C for 1h a thickness of 0.5µm the reaction zone in SiC/CuCrZr is 0.6-0.7µm thick and porous. It is known, that copper does not wet a carbon surface, so that bonding of the SCS-6 fibre in pure copper cannot be realized. The presence of a small amount of other elements [START_REF] Mortimer | The wetting of carbon and carbides by copper alloys[END_REF] (e.g. Cr in the present case) can improve wetting, although the formed reaction zone proved to lead to unsatisfactory bond strengths (see next section). Another possibility to realize an adequate bond strength in SCS-6 SiC-fibre reinforced pure copper is to apply a coating on the fibre, e.g. a Ti coating with a thickness of 100-200nm as suggested in [START_REF] Brendel | Titanium as coupling agent in SiC fibre reinforced copper matrix composites[END_REF]. After consolidation at 650°C the coating appeared to be transformed in a TiC reaction layer. In this way the apparent bond strength of the SiC/Cu system could be increased from 6MPa to 70MPa (as measured by push-out tests) by the application of a Ti-interlayer [START_REF] Brendel | Titanium as coupling agent in SiC fibre reinforced copper matrix composites[END_REF].

The application of different interlayers in the system SCS-6/CuCrZr has also been investigated in the present work. Application of Ti and Cr interlayers with thicknesses between 0.2 and 2µm however did not improve the interphase substantially. Fig. 3b shows the reaction zone in the SCS-6/CuCrZr system consolidated with the aid of matrix coated fibres produced with a 0.2µm thick Ti interlayer. The reaction zone with a thickness of ~0.7µm shows a complicated morphology with at least a double reaction layer separated by a porous zone. The problem probably arises from the chromium (although present in a low quantity) which diffuses into the Ti-interlayer and reacts with the carbon protection layer. These results make clear, that the carbon layer is not appropriate for the realization of bonding between the SiC-fibre and a CuCrZr matrix.

A systematic and comprehensive research is therefore necessary to find the optimum protection layer in the system SiC/CuCrZr. The most successful approach to develop an adequate fibre protection layer is to involve a fibre producer familiar with the CVD technology. CVD is the technology, which is used to produce the SCS-6 fibre with the carbon layer. The complexity of the influence of a protection layer is clear from the fact that the SiC-fibre without the carbon layer (designated SCS-0) has only half the strength of the SCS-6 fibre. The extensive work to find an optimum protection layer of the SiC-fibre is beyond the scope of the work in the project, so that no further attempts are undertaken to improve fibre/matrix coupling.

The interface in W-wire reinforced CuCrZr and OF-Cu

In contradiction to the SCS-6 fibres tungsten wires are wetted very well by pure copper. The binary phase diagram indicates that W and Cu are mutually insoluble in the solid state and that no intermediate phases are formed. For that reason it is not unexpected to find in micrographs of cross sections of W-wire/Cu composites a distinct interface, i.e. a reaction zone is not present (Fig. 4a). Clearly the surface of a W-wire is much rougher than those of the SiC-fibre, which is caused by the drawing process to produce the wires and the additional etching process performed by the producer. From the micrograph of W-wire reinforced CuCrZr (Fig. 4b) it is clearly visible that reaction products at disperse positions along the interface are formed. This is caused by the migration of chromium into the interface. In the following section the interfacial properties for the different Cu-MMCs are characterized in terms of strength. After some additional displacement the diamond indentor touches the surrounding matrix material which gives rise to the second load increase. Load-displacement curves are not always usable. If e.g. the slice is too thick and, or the bond strength too high the initial load increase continuously merges into the second load increase (i.e. the indentor touches the matrix before the fibre debonds sufficiently). Load-displacement curves as in Fig. 5 are used to derive an "apparent" shear strength, which measures the maximum load divided by the interfacial area of the pushed out fibre. The same procedure is followed to determine the frictional shear stresses making use of the minimum load after debonding. A real material property can be deduced if the non-homogeneous (shear) stress distribution along the fibre is considered either with the aid of analytical or finite element analyses [START_REF] Chandra | Analysis of interfacial behaviour in MMCs and IMCs by the use of thin slice push-out tests[END_REF][START_REF] Mukherjee | Evaluation of fracture toughness of MMC interfaces using thin slice push-out tests[END_REF][START_REF] Zeng | Interfacial bond strength and fracture energy at room temperature and elevated temperature in titanium matrix composites (SCS-6/Timetal834)[END_REF].

Characterization of the interface by push-out experiments

Push

For the evaluation of the interface properties of the developed Cu-MMCs in a qualitative sense use was made of the described simple method of "apparent" shear strength determination. The determined "apparent" shear strengths and frictional shear strength are given in the column diagram of Fig. 6. On the left hand side the "apparent" shear strengths for different Cu-MMCs containing W-wires are given. The lowest bond strength (an average of five tests) was measured on a material, which was produced by hot pressing a few W-wires between foils of pure Cu. The higher bond shear strength was measured on Cu-MMC produced with the aid of pure copper and copper alloy coated wires. These higher bond strengths can be attributed to the exceptional conditions for realizing an optimal interface in the magnetron sputter equipment through etching the wire before subsequently coating it in an inert nitrogen environment. On pushing out wires of the W/OF-Cu material only for a single test out of ten a maximum load could be determined indicative for complete debonding. Therefore the indicated value for the bond strength in Fig. 6 presents a lower value. In the system W/CuCrZr it was not at all possible to push-out a W-wire, so that it can only be concluded that the "apparent" bond shear strength is larger than the shear strength of the copper alloy (>0.5*UTS>240 MPa, according to the Tresca criterion). In not a single case of the Cu-MMCs with W-wires a minimum in the load-displacement curve was reached, so that frictional shear stresses could not be determined. The major reason that a complete debonding in the materials with W-wires could not be reached is the afore mentioned roughness of the wire. This roughness enables a high "apparent" bond shear strength and frictional sliding stresses through mechanical interlocking. The shear strength of the OF-Cu matrix presents a boundary value for the "apparent" interfacial shear strength of W-wires in OF-Cu. Indicative for this is the massive plastic shear band formation around a W-wire which could not be pushed-out from the W/OF-Cu material (Fig. 7).

For the material systems containing the SCS-6 SiC-fibres the "apparent" bond strength as well as the frictional interfacial shear stresses (average values based on 20 experiments) could be determined. In Fig. 7 comparison of the different Cu-MMCs with a Ti-MMC taken from [START_REF] Peters | Stress transfer in the fibre/matrix interface of titanium matrix composites due to thermal mismatch and reaction layer development[END_REF] is made. The application of different interfacial layers improved the bond as well as the frictional shear stresses, although the values determined for a typical Ti-MMC are not reached. In comparing the determined apparent bond shear strength of Cu-and Ti-MMC one should be aware that the Ti-MMC potentially can reach a higher bond strength. This is the result of the higher shear strength of the titanium alloy in comparison with the copper alloy. The shear strength of the alloy represents an upper limit of the interfacial shear strength in case of a perfect fibre/matrix bond.

The tensile strength of Cu-MMCs

The axial tensile strength

For the Cu-MMCs produced with SiC-fibres or W-wires the axial tensile strength has been determined for various volume fractions of the reinforcement. Tensile stress-strain curves registered during some of the experiments performed on SiC-fibre reinforced CuCrZr are presented in Fig. 8. SiC/CuCrZr specimens with a lower fibre volume fraction of ~10% have a tensile strength of roughly 500MPa (material HIPed only) or ~600MPa (HIPed and HT) at room temperature. For both experiments at the maximum stress all fibres are broken and after a load drop of similar size the load is completely carried by the copper alloy. The higher stress level after passing through the maximum of the heat treated material reflects the higher strength of the optimised copper alloy.

Specimens with a higher fibre volume fraction (e.g for a fibre volume fraction of 30%)

are not capable to carry any load after the fibres fail. The axial stress (σ) strain (ε) behaviour of the specimens can be described according to the relation:
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in which E represents the modulus and V the volume fraction of fibre and matrix indicated by the index f and m, respectively. Cooling down from the production temperature causes the formation of considerable residual stresses caused by the strong difference in coefficient of thermal expansion of fibre and matrix (see table 1). As already discussed before, the matrix shrinks radially onto the fibre, whereas axially the fibres hinder a free contraction of the matrix. This leads to high axial tensile stresses in the matrix and high axial compressive stresses in the fibre. Actually the thermal axial stress in the copper alloy exceeds the yield stress, which is the reason that at room temperature there is hardly any contribution of the matrix to the modulus. Therefore the stress-strain relation at room temperature can be described the best by:
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The stress-strain behaviour of the W-wire reinforced copper alloy clearly reflects the fact that the matrix as well as the W-wire behave elastic-plastically. Fig. 9 shows a stress-strain curve for W-wire reinforced CuCrZr with a wire volume fraction of ~18%.

The heat treated material shows as expected the higher tensile strength of ~800MPa, but a lower strain to failure of ~22%. The high strain to failure of the copper alloy in the annealed condition (HIPed only, resulting in a fracture strain of ~75%) leads to a strain to failure of the wire-reinforced alloy of ~37%. The coefficient of thermal expansion of W-wires is not much different from SiC-fibres, so that the residual stresses in wire and matrix are similar to those in SiC-fibre reinforced CuCrZr. Therefore the initial part of the stress-strain curve is again more closely approached by equation [START_REF] Brendel | Titanium as coupling agent in SiC fibre reinforced copper matrix composites[END_REF].

Micrographs of the fracture surfaces of SCS-6/CuCrZr-HT and W/CuCrZr-HT are presented in Fig. 10. The fracture surface of a SCS-6/CuCrZr-HT specimen shows some amount of fracture surface roughness and fibre pull out, as can be expected from the relatively low fibre/matrix bond strength. Clearly, the pull out effect is not so extreme as found on fracture surfaces of specimens out of the system SCS-6/Cu, in which the fibre/matrix bond strength is a factor of 3 lower.

A comparison of the diameter of the specimens at the fracture site in Fig. 10 shows that necking as a result of plastic deformation is largest for the W/CuCrZr-HT specimen.

The original 3.5mm diameter is reduced to 2.13mm, which is ~60% of the original dimension (reduction in area 0.37). In the plastic range of the stress-strain curve this necking takes place continuously over the total gauge length. Necking of the wires as well as of the matrix takes place. The fracture surface of Fig. 10b interestingly shows a single wire with its original diameter somewhat above the centre of the fracture surface. This is caused by early failure due to a larger defect in this wire, which takes place in the elastic stress range of the wire. Close to the fracture site the wire is un-or lowly stressed, so that although the neighbourhood strongly necks this does not take place in the broken wire near its fracture site.

Beside in the stress-strain behaviour the two material systems also differ in the dependency on the volume fraction of the reinforcement. SiC-fibre reinforced CuCrZr is a typical brittle fibre/ductile matrix system which shows the usual dependency of tensile strength as a function of the fibre volume fraction as indicated in Fig. 11 for room temperature and 550°C tensile tests. For an overview of the basic mechanical behaviour of brittle fibre/ductile matrix and ductile fibre/ductile matrix composites see the available text books on this subject, like e.g. that by Taya and Arsenault [START_REF] Taya | Metal Matrix Composites, Thermomechanical Behaviour[END_REF].

Composites with brittle fibres and a ductile matrix principally require a minimum fibre volume fraction before a composite strength is reached, which is larger than the strength of the matrix alone: i.e. for V f > V min σ L >UTS m . From Fig. 11 it is visible that at room temperature the minimum fibre volume fraction measures about 5%, whereas at 550°C it measures about 9%. It is clear that in the range from zero to the minimum fibre volume fraction there is a change in fracture mode from matrix dominated (with a fracture strain of ~75% for the HIPed and HT CuCrZr alloy, see Table 2) to fibre dominated with a fracture strain of roughly 1%.

In case that the fibres as well as the matrix are ductile a minimum value for the volume fraction of the fibres cannot be found as long as the degree of ductility of the two components is not too different. Further there is a requirement for the quality of the interface, which should be able to balance out the difference in transverse contraction.

The tensile strength of W-wire reinforced OF-Cu and CuCrZr (HIPed) and CuCrZr (HIPed, HT) at room temperature as a function of the wire volume fraction is indicated in Fig. 12. The data show that for the same wire volume fraction the material with the strongest matrix has the highest composite strength. Linear regression curves fitting the different data confirm the lack of a minimum volume fraction of the reinforcement, although this statement would be more trustworthy if specimens also with a very small wire volume fraction had been tested. The absence of a minimum wire volume fraction makes it possible to describe the tensile strength as a function of the wire volume fraction by:
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in which UTS m is the strength of the matrix and UTS f is the strength of the fibres (wires). The slope of the regression curves presents the efficiency of the wire reinforcement. If this slope is small the efficiency of the reinforcement is small and vice versa. According to relation ( 4) the slope of the regression curve measures theoretically:

UTS f -UTS m . These theoretical values for the three composite materials W/CuCrZr (HIPed, HT), W/CuCrZr (HIPed), and W/OF-Cu measure according to and 2403MPa respectively. The ratio of measured to theoretical efficiency values for the above order of sequence is 0.75, 0.8 and 0.86, respectively and is thus the lowest for W/CuCrZr (HIPed, HT) and the highest for W/OF-Cu. This is in agreement with the expectation that this is caused by the degree of wire/matrix interaction, which is for the three material systems decreasing in the given order of sequence.

The transverse tensile strength

For the use of Cu-MMC in a divertor in combination with the W-monoblock the transverse tensile strength of Cu-MMC is a critical property. Cooling down from the production temperature the tungsten monoblock part prevents the Cu-MMC from an unhindered shrinkage tranverse to the reinforcements so that considerable tensile residual stresses in this direction are formed. The transverse strength thus could present a severe limitation for the use of Cu-MMC. Further it is of special interest how the differences found in the ("apparent") bond strength influence the transverse behaviour.

In Fig. 13a and 14a the results of two experiments at room temperature are indicated for the two types of Cu-MMC. Fig. 13a presents the results of reinforced CuCrZr specimen with a nominal wire volume fraction of 47%, whereas the nominal wire volume fraction of the reinforced Cu specimens measure V f =50% and 35%. The average transverse strength of the W-wire/CuCrZr (HIPed, without HT) measured 257MPa (100% of the strength of the unreinforced alloy), whereas W-wire/OF-Cu had a strength of 175MPa (81% of the strength of the unreinforced OF-Cu). Promising is that both Cu-MMCs show a ductile transverse behaviour, although one of the specimens of both composites showed at a strain of 0.5-1% discontinuities or a continuous stress reduction in the stress-strain curves. This is probably the result of stable crack formation and growth.

Investigation of an axial cross section (transverse to the fibres) of a broken specimen did not show transverse damage (no multiple transverse cracking or wire splitting was found). This supports the conclusion that damage is a local phenomenon.

Investigation of the fracture surface of the tube specimens tested at room temperature clearly revealed that the wire/matrix bond strength is higher in the CuCrZr. This is visible from Fig. 13b, which shows that the bond strength is so high that two of the four wires in the cross section fail due to splitting, whereas fracture near the other two wires clearly take place in the matrix. The fracture surface of the transverse specimen with the OF-Cu matrix shows that all the wires are covered by pure copper, showing that the wire/matrix bond strength is not the limiting material property for the transverse strength

The thermal conductivity of Cu-MMC

The application of CuCrZr in existing and future fusion reactors is attractive due its high thermal conductivity combined with a temperature capability of 450°C, high strength and toughness. Its thermal conductivity measures in dispersion hardened condition at room temperature 310-330W/m/K (to compare with 400W/m/K for pure copper). Reinforcing the alloy (or pure copper) with SiC-fibres or W-wires is a possibility to increase the temperature capability of the alloy (or the pure copper)

without reducing the thermal conductivity too strongly. In the initial phase of the program with the activities concentrating on reinforcing the alloy with SiC-fibres the thermal conductivity has been measured for different fibre volume fractions. The thermal conductivity of SCS-6 SiC-fibre reinforced CuCrZr with a fibre volume fraction of V f =0.38 drops below 200W/m/K in the complete temperature range of 20°C to 500°C. The thermal conductivity in fibre direction and transverse to the fibre direction can be determined with the aid of the thermal conductivity of its components making use of the law of mixtures [START_REF] Taya | Metal Matrix Composites, Thermomechanical Behaviour[END_REF]:

m m fL f L K V K V K + = (5) 
to determine the longitudinal conductivity on the basis of the (longitudinal) thermal conductivity of fibre and matrix K fL and K m , whereas the transverse conductivity is determined with the aid of [START_REF] Taya | Metal Matrix Composites, Thermomechanical Behaviour[END_REF]:

) 1 ( ) 1 ( A V K V A V K V K f m m m fT f T - + + = ( 6 
)
where A is given by:

) ( fT m f fT m fT m K K V K K K K A + + + - = (7) 
making use of the transverse thermal conductivity of the fibre K fT and the thermal conductivity of the matrix. Substitution of the experimental results of the composite material and the CuCrZr-alloys in equation ( 5) allows to determine the longitudinal thermal conductivity of the SiC-fibre. From this operation its conductivity at room temperature is with ~10W/m/K rather small. This is in agreement with the work of Clyne and Withers [START_REF] Clyne | An introduction to metal matrix composites[END_REF] in which a thermal conductivity of 16W/m/K is quoted. This disappointing value for the thermal conductivity is a major reason for selecting the Wwire as a better alternative to reinforce the CuCrZr alloy. Another major reason for doing this (as already mentioned before) is the insufficient coupling of the SCS-6 SiCfibre to the copper alloy. Thermal conductivity measurements on W-wire reinforced CuCrZr show that with the W-wire reinforcement far more attractive values are realized as shown in Fig. 15. According to relation (5) the thermal conductivity of the W-wire appears to be K=150W/m/K, which is close to the value of K=164W/m/K indicated in Table 1.

Certainly the quality of the interface has an influence on the thermal conductivity of the composite material, especially on the transverse conductivity. In the present work no attempt was undertaken to find e.g. an influence of the different applied interlayers (e.g. Ti and Cr) on the thermal conductivity.

Conclusions

Cu-MMCs with SCS-6 SiC-fibres and W-wires as the reinforcements embedded in CuCrZr have been developped as high temperature heat sink materials. Fibre/matrix bonding in the system SCS-6/CuCrZr proved to be insufficient, which is caused by the incompatibility of the carbon protection layer with the copper alloy. Another disadvantage of the SCS-6 fibre is its low thermal conductivity. With regard to fibre/matrix bonding and thermal conductivity the W-wire is a better reinforcement. For that reason W-wire/CuCrZr was selected as the most appropriate high temperature heat sink material, in spite of its axial strength being lower than those of SCS-6/CuCrZr. The 

  -out experiments represent a technique which enables to determine the fibre/matrix bond strength in MMCs containing relatively thick fibres e.g. the 140µm thick SiC-fibres or the 150µm thick W-wires used in the present work. Usually single fibres are pushed out of a slice of MMC (unidirectionally reinforced) with a height of 0.25 mm up to 1mm. A load-displacement curve of such a test is presented in Fig. 5. In the graph the load exerted by a diamond indentor is presented as a function of the cross head displacement. The load increases up to a maximum at which the fibre fully debonds leading to a load drop up to a minimum value. This minimum value represents the load necessary to displace the debonded fibre against frictional sliding stresses.

  higher W-wire/matrix bond strength in W/Cu and W/CuCrZr result in a relatively high transverse strength of the composite material. The transversely oriented wires suppress the ductility of the matrix considerably, although a plastic fracture strain of 1-2.5% still exists. A certain plastic strain transverse to the wires is necessary to allow a design of a divertor component consisting of the tungsten monoblock and Cu-MMC.AcknowledgementThis work has been performed under the framework of the European IntegratedProject "Extremat" (Contract NMP-CT-2004-500253) with financial support by the European Community. It only reflects the view of the authors and the European community is not liable for any use of the information contained therein.
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 2345678 Fig. 1: a) Design of tungsten monoblock divertor component around 15mm outer diameter cooling pipe for the International Thermonuclear Experimental Reactor (ITER) and b) alternative design making use of Cu-MMC in the intermediate range between tungsten monoblock and CuCrZr cooling pipe
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 910111215 Fig.9: Stress-strain behaviour of W-wire reinforced CuCrZr (wire volume fraction 18%) as HIPed and after an additional heat treatment
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 9101112 Fig. 9: Stress-strain behaviour of W-wire reinforced CuCrZr (wire volume fraction 18%) as HIPed and after an additional heat treatment
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 13 Fig. 13: a) The transverse tensile stress-strain behaviour measured on tube specimens out of W-wire reinforced CuCrZr (not heat treated, nominal wire volume fraction 46%) and b) an SEM-picture of a tube fracture surface
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 1415 Fig.14:a) The transverse tensile stress-strain behaviour measured on tube specimens out of W-wire reinforced OF-Cu with the indicated nominal wire volume fractions and b) an SEM-picture of a tube fracture surface

  

  

  

Table 1

 1 

(for OF-Cu) and Table 2 (for CuCrZr) 2520MPa, 2743MPa and 2785MPa and have to be placed in relation with the effective values of the slopes measuring 1900MPa, 2203MPa
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 captions1 The basic mechanical and physical properties of the different components of the Cu-MMCs investigated
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 2 Mechanical properties of the CuCrZr alloy in as received condition and after the different heat treatments
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 1 Basic room temperature mechanical and physical properties of the components of the produced Cu-MMCs (OF-Cu and CuCrZr data from ANSYS-ITER material data base)
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 2 Properties of the CuCrZr alloy as received and after additional heat treatments