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INTRODUCTION ON COLD WELDING

On spacecrafts, a variety of engineering mechanisms exhibit ball-to-flat surface contacts which are periodically closed for several (thousands of) times. Vibrations occurring during launch or during movement of e.g. antennas in space, can lead to small oscillating movements in the contact, which is referred to as "fretting". This "Fretting" movement can eventually degrade the mechanism surface layers whether they are natural oxides, chemical conversion films or even metallic coatings. This can dramatically increase the tendency of these contacting surfaces to "cold-weld". This lateral motion causes severe destruction and adhesion forces.

In order to gain experience in this effect, a special device -called "fretting facility" -has been developed at the Austrian Research Centre Seibersdorf (ARCS) and was used to investigate several combinations of bulk materials for their tendency towards cold-welding. The test philosophy is based on repeated closing and opening of a pin-to-disc contact. In general, a pin is brought into contact with a disc for several thousand times. For fretting tests, only one static load (ranging from 20% to 60% of the elastic limit of the weakest material) is applied for 5000 cycles. During a fretting test, the contact is closed softly (without impact), and while being closed during 10 seconds, fretting is applied to the contact. During the fretting test, a base pressure of 5.10 -7 mbar is sufficient. The adhesion force, i.e. the force required to re-open the contact, is measured at each opening. The uncertainty of measurement was done by statistical analysis of experimentally derived data based on GUM type A: the uncertainty is +/-20% (single sigma). This kind of adhesion is not visible in air, because in air only fretting corrosion is visible: the oxide layer is always present at the top of the material and protects it against cold-welding. All these fretting tests are done in vacuum, because on one hand no adhesion is detected for a fretting test in air (whatever the substrate), and on the other hand, these quasicrystals aimed to be used later on in space (coating made of quasicrystals were elaborated afterwards for space applications). "No adhesion" means noise. The indication of low and high adhesion is related to comparison of adhesion force values themselves (data from general materials [START_REF] Merstallinger | influence of coatings and alloying on cold welding due to impact and fretting[END_REF]). A fretting is "successful", if there's no adhesion during 5000 cycles at least.

To check if an adhesion value is true or just noise, "buffer files" are exploited: a buffer file represents the end of each cycle, when the pin is separating from the disc. It's the force during the unloading in function of the time. In this case of true adhesion, a negative force between the pin and the disc is seen, which refers to tension between pin and disc. The breaking force is referred to as "adhesion force" (It is the jump of the force). If the jump is high, the adhesion is high. If the jump is not very high, the adhesion is low. And if there's no jump of the force, there's no adhesion, only noise.

During the fretting test, there's a micro-plastic deformation. After each cycle the shape of the contact area is different, because of this micro-plastic deformation. We have a wear of the materials (wear of disc and/or of pin). There's a time-dependant changes of adhesion forces. For each cycle we have one value of the adhesion force. From all these "adhesion force" values only the maximum is taken (for bulk materials, no coatings). This approach reflects engineering objectives, i.e. to provide values for design of mechanisms [START_REF] Merstallinger | influence of coatings and alloying on cold welding due to impact and fretting[END_REF]. Details can be found in reference [START_REF] Merstallinger | Test Method to Evaluate Cold Welding under Static and Impact Loading[END_REF].

RESULTS ON FRETTING

Different three bulk icosahedral phases and five approximants presented in figure 1-a were analysed versus different counterparts.

Single crystals (an icosahedral phase and its approximant) were tested under fretting tests on vacuum. The figure 1-b shows that the adhesion force of quasicrystals versus metallic alloys (even for the approximant) is lower than alloys versus themselves. The icosahedral phase i-Al 70 Pd 22.1 Mn 7.9 shows no adhesion versus the bearing steel AISI 52100 and the stainless steel SS 316L.

Two icosahedral phases and four approximants were analysed.

For approximants, the figure 2-a For these three icoshaedral phases, the figure 2-b shows that no adhesion versus steels AISI 52100, A286 and SS 316L was detected (except for i-Al 59.5 Cu 25. [START_REF] Merstallinger | Test Method to Evaluate Cold Welding under Static and Impact Loading[END_REF] Fe 12.2 B 3 versus SS316L, a very low adhesion is noticed). But with Ti6Al4V and Al7075 counterparts, high adhesion was found.

It is remarkable that the adhesion between stainless steels and icosahedral crystals is much lower than for stainless steels in contact to themselves. Similar conclusion is valid for the aluminium alloy (Al7075 versus itself: 7330 mN). Therefore, the adhesion forces between quasicrystals and steels or titanium (even Al7075) were found to be negligible in comparison to typical metals for space applications.

RESULTS ON WEAR VOLUMES

To complete fretting test knowledge, wear volumes of both pin and disc are measured with an optical profiler with a 3D topography. This system enables to calculate volumes, i.e. a volume below or above the "zero plane". After a fretting test, the wear mark is often a hole (sometimes a hole with a deposition of pin material too, see figure 3-a). Then the worn volume refers to a hole or a hole with a deposition. Nevertheless, the volume is easily calculated by the system (see figure 3-b). Afterwards, wear data is related to adhesion. The wear volume (material volume which is lost or added) from or onto the contact area was also calculated.

The general tendency of the figure 3-b is that the absence of adhesion is related to a low wear volume. Conversely, high adhesion reveals high wear volume (with debris too). As a result, all approximant systems are much more brittle than icosahedral quasicrystals. Moreover, especially for samples with high adhesion, a big amount of loose debris was formed, which would be detrimental for space applications. Under non-gravity, these debris particles would fly around and would contaminate the whole spacecraft.

In fretting tests, icosahedral phases show no adhesion versus bearing steel AISI52100 (Fe, Cr) and even not for stainless steel A286 (Fe, Cr, Ti, Ni). The latter is of austenitic phase and therefore prone to strong adhesion, if it would be in contact to itself. However, low adhesion is noticed versus stainless steel SS316, and high adhesion is found versus aluminium Al7075 and titanium alloy (Ti6Al4V). Thus, for i-Al 62.5 Cu 25 Fe 12.5 and i-Al 59,5 Cu 25,3 Fe 12,2 B 3 , no adhesion versus steels AISI52100 and A286 is noticed, combined with a low wear volume. For the approximant Al 50 Cu 40 Fe 10 , there is no adhesion versus steel AISI52100 and low adhesion versus space steel A286, with low wear volumes too.

SEM PICTURES AND EDX ANALYSIS

To complete our fretting test knowledge, pin and discs were analysed with a SEM (Scanning Electron Microscope). In conjunction with SEM pictures, an Energy Dispersive X-ray Analysis (EDX) was used to determine the elemental composition of the surfaces (holes, deposits or original surfaces without wear). From SEM and EDX analysis, either metallurgical processes (during annealing) or wear mechanisms during the fretting test are deduced.

After this fretting test, there is a hole on the disc and a deposition of material on the pin, made of Al, Cu and Fe (see figure 4): the worn and lost disc material is sticking on the pin. Surface is strongly changed due to fretting. For comparison, a fretting test of a A286 steel disc versus itself shows strong surface destruction due to adhesive wear (the contact area of the disc after the fretting test is a hole with a depth of -55 µm and a diameter of 0.675 mm), combined with high adhesion force (maximum of adhesion 16 718 mN). Material is worn out of the surface and pressed back or adheres to the contact partner.

The duration of all these fretting tests is similar (∼ 5000 cycles). Not only there is no adhesion between quasicrystals and steels AISI52100 and A286, but also the wear of a quasicrystal disc versus steel is much lower than steel versus itself (see table 6 for wear volumes). 

CONCLUSION

Several single crystals and bulk sintered quasicrystals and approximants were tested against fretting. Quasicrystalline compounds, especially the icosahedral Al-Cu-Fe-(B) system have the best performance in terms of fretting tests.

The two bulk sintered icosahedral phases i-Al 62.5 Cu 25 Fe 12.5 and i-Al 59,5 Cu 25,3 Fe 12,2 B 3 present a potential for antifretting applications in vacuum against a steel counterpart, because they avoid adhesion versus steels AISI52100 and A286, combined with a low wear volume (thus no emission of debris). Furthermore, low adhesion is detected versus the stainless steel SS316L, combined with a low wear volume too (again with no debris). But both icosahedral phases cannot prevent cold-welding against titanium Ti6Al4V and aluminium Al7075 alloys, because high adhesion is noticed, (combined with a high wear volume for Ti6Al4V and formation of debris). Comparison of adhesion force under fretting for single crystals. Adhesion between metals under fretting is higher than for quasicrystals. No adhesion between i-Al 70 Pd 22.1 Mn 7.9 and steels AISI 52100 and A286. For other tests, low or high adhesion is detected. 
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 1 FIGURE CAPTIONS
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 2 Fig 2: (a) Comparison of adhesion force under fretting for approximants. Adhesion between metals under fretting is higher than for approximants. No adhesion between Al 50 Cu 40 Fe 10 and steel AISI52100 and Al 41.8 Cu 57.2 B 1 and WC. For other tests, low or high adhesion is detected. (b) Comparison of adhesion force under fretting for icosahedral phases.

Fig 3 :

 3 Fig 3: (a) Contact area of the disc after the fretting test i-Al 62.5 Cu 25.3 Fe 12.2 versus A286: there is a hole with a depth of -8.3 µm and a diameter of 0.304 mm. (b) Wear Volumes (10 -5 mm 3 ) of discs. Legend: adhesion, low adhesion, no adhesion (noise). Grey graduation colours refer to the graphs (figures 1(b), 2(a) and 2(b)) indicating the level of adhesion, to see the relation between the wear volume (volume of disc which is lost), and results of fretting test.

Fig 4 :

 4 Fig 4: SEM picture (back-scattered electron imaging) and EDX analysis of the contact area of the disc after the fretting test i-Al 62.5 Cu 25.3 Fe 12.2 versus A286 (No adhesion): only Al, Cu and Fe from the quasicrystal is present (no pin material).

  

  shows that adhesion is detected for all these tests, except for Al 50 Cu 40 Fe 10 versus steel AISI52100 and Al 41.8 Cu 57.2 B 1 versus WC. As reference and for comparison, very high adhesion for steel A286 versus itself was found because of the high Ni content. Three different icosahedral phases were also analysed: two sintered quasicrystals i-Al 62.5 Cu 25.3 Fe 12.2 and i-Al 59.5 Cu 25.3 Fe 12.2 B 3 and one single crystal i-Al 70 Pd 22.1 Mn 7.9.
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