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Introduction

Quasicrystals are aperiodic alloys possessing long range order and non crystallographic rotational symmetries like five-fold or ten-fold axis. They define a new class of materials with attractive properties, such as low friction coefficient, low adhesion and high wear resistance [1,[START_REF] Dubois | Proceedings of the Sixth International Conference on Quasicrystals, ICQ6[END_REF]. However, these properties could only be used for technological applications in the form of coatings [START_REF] Dubois | [END_REF] or reinforcement particles in metal matrix composites (MMC) [4] in order to circumvent their intrinsic brittleness. Al-based composites reinforced by Al-Cu-Fe quasicrystalline particles (Al/(AlCuFe)p) were first studied by Tsai et al. [4]. They found that the hardness of the composite is increased by adding i-AlCuFe particles but noticed the appearance of the I-Al 7 Cu 2 Fe tetragonal phase during the formation process by sintering at 873 K. More recently, Tang et al. reported the formation of (Al/(AlCuFeB)p) composites by either vacuum hot pressing or quasi-isostatic forging [5][6][7][8]. The quasicrystalline phase in the particles was found to transform into the I phase during processing, producing compressive residual stresses in the Al matrix associated with an unusual strengthening. In order to preserve the i phase, Fleury et al. [9] made similar MMC by using Ni-coated Al-Cu-Fe particles resulting in composites with a higher amount of i phase. Recently [10], we reported that oxidation pre-treatments of the quasicrystalline particles also prevent the formation of the I-Al 7 Cu 2 Fe tetragonal phase during sintering, enabling the formation of composites containing no I phase.

In this paper, we analyze the effect of temperature on the kinetics of the (i L I) phase transformation in (Al/(AlCuFeB)p) composites for different oxidation pre-treatments of Al-Cu-Fe-B particles. Icosahedral particles with nominal composition Al 59 Cu 25.5 Fe 12.5 B 3 was preferred to the canonical Al 62 Cu 25.5 Fe 12.5 composition due to its higher yield stress and its lower friction coefficient [11][12][13]. The friction behaviour and the mechanical properties of sintered composites will also be discussed, with an emphasis on the influence of the oxidation pre-treatment on their properties.

Experimental Procedure

The AlCuFeB particles were produced by gas atomization. X-ray diffraction pattern of the powders can be indexed as a quasicrystalline phase containing a small amount of S-phase (cubic, CsCl type, a T 2.9 Å). This extra phase usually coexists with the quasicrystalline phase in gas atomized powders because it participates to the peritectic reaction by which the icosahedral phase is formed. The particles were then annealed at 873 K for 60 minutes, either in an evacuated tube (10 -5 mbar) or in air. These pre-treatments result in almost pure icosahedral phase particles covered by either a thin (a few nm) or a thick (a few tens of nm) oxide layer [14,15]. Both AlCuFeB and commercial Al (99.98 %) powders were then sieved with a mesh size of 25 µm and blended in a planetary ball mill under an argon atmosphere at 200 tr.min -1 for 1 min. These powders were used to prepare two sets of three samples by cold isostatic pressing (1.6 GPa, 300 K). Each set contain the same volume fraction of i-AlCuFeB particles (15 vol. %), which were either pre-treated in vacuum or in air. In situ measurements by X-ray diffraction were performed on the ID15B beamline at the ESRF (European Synchrotron Radiation Facility, France) in order to quantify the kinetics of the phase transformation (i L I) during different thermal cycles. In the case of oxidized i-particles, the three composites were heated up to 748, 773 and 823 K respectively at 3 K.s -1 and maintained at this temperature until the phase transformation was completed. In the case of non-oxidized particles, the temperatures were 723, 773 and 823 K. The radiation used was a high energy monochromatic X-ray beam of 89.25 ± 0.02 keV. The experimental setup consisted of a furnace equipped with two halogen lamps (1000 W each) located in front of each other and surrounding the sample. The temperature was measured at different points, either with thermocouples welded directly on the sample or at fixed positions in the furnace. An image intensifier and a FReLoN CCD camera allowed to record one image every 5 seconds. The x-ray wavelength was determined by using aluminium powder as a reference material and was 0.013892 nm. Finally, the range of 2 angles investigated was 1.00 -8.00°.

A third set of composites was prepared by sintering. Samples prepared by this way contained different volume fractions of AlCuFeB particles (0, 15, 30, and 60 vol. %), either submitted or not to oxidation pre-treatments. Before sintering, the powders were placed in a carbon matrix and the chamber was evacuated at 10 -3 mbar. The composites were sintered under low uniaxial pressure (32MPa) and in helium atmosphere (750 mbar) for 3.5 h. After sintering, the surface of the samples was mechanically polished with SiC paper in water lubricant, from 500 grit down to 4000 grit. Samples were characterized after sintering by X-ray diffraction (XRD) using a SIEMENS D500 diffractometer (wavelength, X CoKY1 =0.1788965 nm) and Scanning Electron Microscopy (SEM). Friction properties were investigated with a pin on disk tribometer. Friction tests were carried out at room temperature in ambient atmosphere with a relative humidity of 50 % and under non-lubricated conditions. The indenters used were 6 mm balls of either 100Cr6 hard steel, Al 2 O 3 or Si 3 N 4 . The sliding velocity was 0.5 cm.s -1 and the normal load was 2N. The radius of the trace was 5 mm. Hardness was measured by Brinell indentation with a 2.5 mm ball and a load of 62.5 daN applied for 5 s. Mechanical i-phase (18/29) and -phase (214) peaks respectively, K j (j = 1,…,6) are constants calculated using known initial volume fractions for Al/(i-AlCuFe) composites or by using theoretical intensities calculated from structural data for the Al/(I-AlCuFe) composite (Table 1).

Figure 2 shows that the formation of the -phase is much faster for composites containing non-oxidized AlCuFeB particles (series 1) rather than pre-oxidized particles (series 2). In the former case, the iLI transformation is almost completed after 0.3 hour at 823 K and after 2 hours at 773 K (a temperature of 723 K was not sufficient to induce the transformation). For pre-oxidized particles, the kinetics of the phase transformation is slower, even at high temperature, and the time to complete the transformation is approximately 3, 5 and 7 hours at 823, 773 and 748 K, respectively. This means that Al diffusion is reduced by the oxide barrier, opening a window to form (Al/(AlCuFeB)p) composites containing only Al and the icosahedral phase by sintering up to 823 K. Figure 2 also shows that the incubation time of the transformation, determined by the appearance of the first diffraction peak of the I phase, increases when the temperature decreases and when the AlCuFeB particles are oxidized .

Formation of the $-Al 7 Cu 2 Fe phase

The isothermal mechanism of the phase transformation can be analyzed on the basis of the Johnson-Mehl-Avrami (JMA) law [START_REF] Christian | The theory of transformations in metals and alloys[END_REF]:
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where fv(t) is the transformed volume fraction of the I phase, t is the real time of the transformation, which is determined as the total time minus the incubation time, k is the crystallization rate constant, and n is the Avrami exponent reflecting the nature and geometry of the mechanisms of nucleation and growth during phase transformation. The value of n can be determined using the following equation:
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and plotting ln{-ln(1-fv(t))} versus ln(t) for different temperatures allows to derive the exponent n. The growth rate of the volume fraction of the I phase can be determined by differentiation of the JMA equation:
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The growth rates for each series are listed in Table 2. As expected, the rates increase for nonoxidized i particles. For comparison, growth rates of the 2 nd series are 2 times larger than for the first series at 773 K and 8 times larger at 823 K. These results support further the fact that the oxide barrier is effective to prevent formation of the I phase.

Friction, hardness and compressive behaviours of bulk composites

Al/(AlCuFeB)p composites were prepared by sintering, containing different particle volume fractions and using different pre-oxidized treatments of the AlCuFeB particles, either to prevent or to promote the formation of the I-phase. The fraction of the I-phase after sintering decreases with increasing oxidation time and almost vanishes for 100 hours of oxidation pre-treatment in air.

Friction and hardness behaviours

Using this set of composites, the influence of the i-phase on friction and hardness was tested. Table 3 summarizes the main characteristics of the different samples. 

Compressive behaviour

Compressive tests have been performed on the different samples listed in Table 4. Stressstrain curves obtained from room temperature compression tests are presented in Fig. 6. Data in Fig. 6a In the case of pre-oxidized AlCuFeB particles, the mechanical resistance and ductility are poorer although the i phase is preserved (Fig. 6b and Table 5). This is counterintuitive, since the mechanical properties of the i phase are better than those of the I phase and therefore improved properties of the composite should result as reported by Fleury et al. [9] and Tsai et al. [4]. The lower mechanical properties observed in our case can only be attributed to the embrittlement of the Al/particles interface due to the oxide layer. These results are consistent with several recent studies by Tang et al. [6][7][8] demonstrating the importance of the oxide layer thickness on the mechanical properties of similar composite materials. The embrittlement of the Al/particles interface is highlighted by observing the fracture surfaces of composite samples, either reinforced by i-AlCuFe particles or by I-AlCuFe particles. Figure 7 shows that fracture occurs at the Al/particles interface when particles have been oxidized. When non-oxidized particles are used, the fracture surface propagates through the reinforcement particles (Fig. 7(a)). Consequently, the formation of the I phase enhances the bonding strength between the matrix and the particles due to interparticle diffusion during the solid state sintering process [5][6][7][8][9]18].

Conclusions

Oxidation pre-treatment of the icosahedral quasicrystalline particles allowed us to reduce significantly the kinetics of Al diffusion from the matrix to the quasicrystalline 
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 3313111 Figure 1 gives a three dimensional representation of the set of diffraction patterns acquired during the isothermal stage for a composite containing 15 vol. % of non-oxidized i-AlCuFeB particles prepared by cold isostatic pressing. At first, the sample only contains fcc aluminium and the i-AlCuFeB phase. The diffraction patterns obtained from composites containing pre-oxidized powders are similar, with no additional diffraction peaks, suggesting that the oxide layer is either amorphous or poorly crystallized and very thin. The phase transformation i-AlCuFeB L I-Al 7 Cu 2 Fe is clearly observed in Figure 1, with the progressive disappearance of the (18/29) and (20/32) peaks of the i-phase and the simultaneous appearance of peaks corresponding to the I-phase. In all cases, the phase transformation starts during the isothermal stages allowing to observe the influence of the temperature on the kinetics of the I-phase formation.

Figure 2 5 where

 25 Figure2shows the evolution of the volume fractions of the I-phase during the transformation (i L I) for the two sets of composites prepared by cold isostatic pressing. The phase fractions are determined using the integrated intensities of the main diffraction peaks for each phase. Absolute values are estimated thanks to calibration using the known initial volume fractions for the Al/(i-AlCuFe) composites or by using theoretical intensities calculated from structural data for the Al/(I-AlCuFe) composites resulting from the thermal treatment. The volume fraction fv for each phase can be estimated using the following formulas:

Figure 3

 3 shows the JMA plots for the two series of composites over the range of transformed volume fraction between 10 and 90 vol. %. The Avrami exponent takes a value of about 2.25 ± 0.25 (Table2) for both series, independently of the temperature and of the pre-treatment. Based on the work of Christian[START_REF] Christian | The theory of transformations in metals and alloys[END_REF], the n exponent of the i L I transformation is consistent with a three-dimensional (3D) diffusion-controlled growth with decreasing nucleation rate. The growth of the first I nuclei formed is faster than nucleation subsequent I nuclei. The initial stage of the transformation could be controlled by a grain edge nucleation of the I phase. In this case, nucleation could occur at the interface of two i crystallites and the amorphous oxide layer.

  Figure 4 shows the variation of the work of the friction force, calculated by integrating each friction curve over the first five meters of sliding. The work of the friction force decreases with increasing volume fraction of AlCuFeB particles, confirming our previous observation[10]. The Brinell hardness also increases with increasing volume fraction of AlCuFeB particles. The presence of the i-phase in Al/(AlCuFeB)p composites improves the friction and hardness properties less significantly than when the -phase is present. This result may be explained by the embrittlement of the interface between the aluminium matrix and the icosahedral particles due to presence of the oxide layer. SEM investigations of the worn surface of the composites and indenters show that the AlCuFeB particles and counterpart balls are covered by a transferred layer which is made up primarily of aluminium and oxygen (not shown here). For composites containing 60 vol. % of AlCuFeB particles, the work of the friction force is divided by three and the hardness increased by a factor of 6 compared to the properties of the aluminium matrix.

  indenters (100Cr6 hard steel, Al 2 O 3 and Si 3 N 4 ) have been used with the hope to avoid aluminium transfer during sliding. Alumina is an inert oxide and thus could limit material transfer. Silicon nitride is likely to react with aluminium and could modify the nature of the pin/composite interface by forming compounds of AlN or AlSi type. However, all the tests carried out presented a similar behaviour to those obtained with the 100Cr6 indenters within experimental accuracy, as shown in Figure5. This can be explained by the high contact pressures in our experimental conditions (500 MPa), producing severe plastic deformation and coating of the indenter by Al transferred from the matrix. Therefore, the actual sliding body is no more hard steel or ceramic but essentially Al. Only at the beginning of the friction experiment does the nature of the sliding bodies have an influence on friction, before material transfer occurs. We observe that the friction coefficient ranges from 0.1 to 0.3 at the beginning of the sliding, depending on the composites, and then reaches a common value of about 0.6 after 5 m of sliding, independently of the sample as a result of material transfer.

  are for composites containing only the I-phase at different volume fractions whereas data in Fig. 6b are for composites containing 15 vol. % of pre-oxidized AlCuFeB particles. Measurements of yield strength b yield of the different samples are shown in Table5.The yield point b yield was defined as the stress at 0.2% of plastic deformation. Although differences are observed in compression strain and strength, all composites have a similar compressive behaviour. After exceeding the yield stress, the stress increases with increasing deformation up to the ultimate compressive strength. A significant increase of the yield stress b yield and the hardness was achieved by incorporating AlCuFeB particles into the pure aluminium matrix. High yield strength of 405 MPa was obtained for the composite containing a volume fraction of particles of 45 %. Relative to the properties of the matrix, it corresponds to an increase of the yield stress ( b 0.2 ) by 300 MPa (290 %) and of the hardness by 143 HB (350 %), respectively, as shown in Table5. However, in the same time, the ductility of the composite is reduced. For comparison, Al composites reinforced with 40 vol. % of SiC particles (10-21µm) have a b 0.2 of about 150 MPa[START_REF] Mcdanels | [END_REF]. As already mentioned by several studies[5][6][7][8][9]18], the I phase can be used as an effective reinforcement compared to commercial Al composites. Contrary to Al/(SiC)p composites the formation of the I phase induces compressive residual stresses in the Al matrix associated with an unusual strengthening, as reported by Tang et al.[15,[START_REF] Mcdanels | [END_REF].

  particles for temperatures up to 823 K. Consequently, composites made of i-Al 59 Cu 25.5 Fe 12.5 B 3 particles dispersed in a pure aluminium matrix with different volume fractions could be prepared by solid state sintering with low uniaxial pressure. This positive result is however weakened because the oxide layer causes embrittlement of the Al/i-AlCuFeB interfaces.Friction and mechanical properties of the composites have been measured for different compositions. A significant decrease of the work of the friction force and an increase of the mechanical properties is observed with increasing volume fraction of AlCuFeB particles, up to 60 vol. %. The best mechanical properties are obtained when the reinforcement particles are totally transformed into tetragonal I-phase due to enhanced inter-particle bonding.

Figure 1 . 1 Figure 2 .

 112 Figure 1. 3D representation of diffraction patterns obtained during an isothermal stage at 773 K.

Figure 3 .Figure 6 .Figure 7 .

 367 Figure 3. JMA plots for the two series of Al/(AlCuFeB)p composites. The slope of each line takes value of about 2.25 ± 0.25.

Table 1

 1 K j values for volume fraction calculations.

	K 1	K 2 *	K 3 *	K 4	K 5 *	K 6 *
	K j					
	0.975	1.199	1.025	1.229	0.814	0.834
	*Constants calculated using theoretical intensities calculated from structural data for the Al 50 vol. % + 50
		vol. % composite.			

Table 2

 2 Comparison of the main characteristic data of the phase formation.

		T isothermal (K)	n	k (sec -1 )	d(fv )/d(t) max (min -1 )
	Series 1	773 823	2 2.5	4.8392.10 -4 5.6201.10 -4	0.029753 0.28423
	Series 2	773 823	2.3 2.2	2.6803.10 -4 6.3634.10 -4	0.015361 0.035102

Table 3

 3 Summary of the XRD analyses of samples. Brinell hardness and work of the friction force of the various samples listed in Table3. Lines are only given to guide the eye.

	ol. % AlCuFeB Composite N°V	Oxidation Pre-Treatment	XRD before sintering	XRD after sintering
	1	0	-	Al	Al
	2	15	in vacuum	Al + i	Al +
	3	15	in air for 100h	Al + i	Al + i
	4	30	in vacuum	Al + i	Al +
	5	30	in air for 75h	Al + i	Al + i +
	6	60	in vacuum	Al + i	Al +
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