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Introduction

Kurtuldu et al. [START_REF] Kurtuldu | [END_REF]2] have presented recently a new mechanism of nucleation in fcc alloys based on icosahedral quasicrystals (iQC) or clusters formation in the liquid phase and acting as pre-nuclei for the fcc phase. This so-called "iQC-mediated nucleation" mechanism was evidenced first in Al-20wt%Zn:Cr [2], and then in Au-12.5wt%Ag-12.5wt%Cu:Ir [START_REF] Kurtuldu | [END_REF]. It is still a conjecture but based on several strong experimental facts, mainly based on EBSD observations: (i) The addition of minute amounts of Cr in aluminum alloys or Ir in gold alloys drastically reduces the grain size with an abnormal fraction of twinned grain boundaries; (ii) Several assembly of nearest-neighbor (nn) grains exhibit multiple-twins (MT) relationship, with a common 110 direction; (iii) Up to 5 nn fcc grains have MT relationship compatible with the symmetry of a decahedron and up to 9 nn grains exhibit a MT symmetry compatible with an icosahedron, (iv) Some nn grains exhibit a MT relationship compatible with the facets of a 2 Materials and methods rapid solidification experiment has been described and characterized previously [16]. In this case, 4g of each alloy were melted by induction up to 1030 • C (100 • C superheat). After the temperature was stabilized, the liquid droplet was allowed to fall on a copper substrate cooled by water (about 5 cm free fall). This experiment allows to reach substantial nucleation undercooling with typical values ranging from 15 to 25 K [17]. The associated cooling rate Ṫ is in the range -10 4 K/s at the substrate/melt interface to -10 2 K/s at the top of the solidified droplet.

After standard metallographic preparation, the samples were electrolytically polished with a LectroPol-5 apparatus from Struers and prepared by ion polishing with a Gatan PECS II apparatus (4kV for 12h). Samples were examined by SEM and OM for imaging, Energy Dispersive Spectroscopy (EDS) for chemical analysis. Electron BackScatter Diffraction (EBSD) for phase identification and orientation was performed on a FEI Quanta 600 F FEG-SEM equipped with a Brucker Si-drift Quantax EDS detector and a Nordlys high-speed EBSD camera for low resolution maps and on a Zeiss Auriga 40 FEG-SEM equipped with an Oxford Instrument Symmetry camera for high resolution maps. The accuracy to identify twin grain boundaries in EBSD reconstructed microstructures was set to 5 deg. as in [START_REF] Kurtuldu | [END_REF]2]. For the samples melted and solidified in the DSC calorimeter, the whole surface of the samples was analyzed by EBSD. For the samples processed with FFD, this analysis was performed over a surface 4 times larger than that shown in the Results section (≈ 16 mm 2 ).

As will be shown in the next section, Cu-rich particles observed in the alloy with Ir have a characteristic size that is substantially lower than the size of Au-rich grains analyzed by EBSD. In order to have statistically significant microstructural information, an area of 4 mm 2 was characterized using the methodology of Jeanmaire et al. [18]. Using a 2000 magnification required to detect the smaller Cu-rich particles, the analyzed surface corresponds to about 2000 BSE-SEM images. With a software specifically developed for particle analysis, the sample stage can be driven and the sample completely analyzed automatically. For each detected Cu-rich particle, the spatial coordinates, mean equivalent diameter and surface fraction are determined by image analysis.

Thermodynamic calculations were performed with the ThermoCalc software [19]. The thermodynamic parameters for the Au-Cu, Ag-Au, Ag-Cu and Ag-Au-Cu systems were taken from Sundmann et al., Hassam et al. and Kusoffsky,respectively [20,21,22], and from Dinsdale for pure elements [23].

Results

3.1 iQC-mediated nucleation in Au-20.5Cu-4.5Ag at low Ṫ Figure 2 shows the microstructure of Au-20.5Cu-4.5Ag with and without Ir additions solidified at high cooling rate using the FFD experiment and observed using BSE-SEM. In all the figures related to FFD results, the thermal gradient goes from left to right, i.e., the FFD specimen. To detect more nn grains with such MT relationships, the tolerance has to be increased in order to account for subgrain misorientations induced by the 7.35 deg. aperture default angle associated with the decahedral configuration of 5 fcc tetrahedra.

Setting the tolerance to 7.5 deg., Figure 4(a) shows a set of 9 nn grains which re-produce the symmetry of an icosahedron when fcc tetrahedra are set on its triangular facets with the heteroepitaxy relationship found in [2], i.e., 111 fcc // 3-fold symmetry axis ico and 110 fcc ⊥ 2-fold symmetry axis ico . The grains identified by EBSD are displayed with false colors which are then used in the four 110 pole figures of Fig. 4(c)-(f). In (c), the grains 1, 2, 3, 4 and 5 have MT relationships outlined by the five {111} common planes (arcs of circle) with 110 common directions (surrounded by small circles or ellipses for near-twins). The five {111} twin planes have a common 110 direction which we label 110 c . The same occurs for grains 2, 3, 7, 8 and 9 in Fig. 4(d) with a common 110 d direction, for grains 5, 6, 7, 8 and 10 in Fig. 4(e) with a common 110 e direction, and finally for grains 1, 5, 7 and 9 (only 4 grains) in Fig. 4(f) with a common 110 f direction. This clearly shows that each of the four sets of 5 (or 4) nn grains whose pole figures are shown in (c)-(f) are in MT relationship with a common 110 direction correspond-ing to the 5-fold symmetry axis of a decahedron (assembly of 5 tetrahedra with 10 triangular facets). Moreover, these four sets of grains correspond to a single icosahedron template. If such is the case, the angles between the common 110 c-f directions should correspond to those between the 5-fold symmetry axes of the icosahedron. In an icosahedron, these angles are either 63.43 deg. (first vertex neighbors) or 116.57 deg. (second vertex neighbors). The mutual angles found between the four common 110 c-f directions of Fig. 4, as identified by the crossing of the {111} planes, are: 60.3, 66.2, 72.9, 78.2, 79.2 and 125.7 deg.. The comparison between the common 110 c-f directions of the sets of fcc grains and the 5-fold directions of the assumed icosahedron template is shown in Fig. 4(b). Considering the cumulated aperture default angle of fcc grains around a common 5-fold symmetry axis of an icosahedron (7.35 deg.), subgrain misorientations induced during growth and measurement uncertainty, this comparison is a fairly strong evidence that ISRO is again responsible of the high twinning frequency of grain boundaries in this specimen.

Nucleation, grain distribution and stability of fcc-Cu particles

Figure 5 shows a BSE-SEM image corresponding to Figure 3(b), i.e., Au-20.5Cu-4.5Ag with Ir solidified rapidly, and the corresponding density of Cu-rich particles (or dendrites when they are bigger) as a function of the distance from the copper substrate. The density of particles was measured over the surface using 0.2 mm steps. Again the vertical red dotted line corresponds to the position of the CET of the fcc-Au grain structure. The evolution of the number of Cu-rich particles decreases with increasing distance from the substrate, and thus decreasing cooling rate. At the top of the sample where the cooling rate is "only" about -100 K/s, 740 particles/mm 2 were observed.

In order to check the Cu-rich phase stability, different heat treatment were performed between 700 and 900 • C with 50 • C steps for 1h with a dynamic argon atmosphere and furnace cooled. At 700 and 750 • C, the microstructure does not evolve significantly and only a smoothing of the dendrites envelope was observed. Between 800 and 850 • C, the fraction of Cu particles start to decrease. It appears that they have partially melted with an increasing fraction of liquid, as could be seen from the pores formed near these remelted particles. Although the temperature is much lower than the melting point of pure copper, diffusion lengths on the order of 1 µm were measured. Therefore, local diffusion tends to equilibrate the compositions and thermodynamic calculations indicate that partial melting should occur in this alloy. At 850 • C, about 50% of the particles have disappeared by this local diffusion-remelting process. At 900 • C, part of the sample has melted and there is no Cu-rich-phase remaining after cooling.

Discussion

iQC-mediated nucleation of the Au-phase

It is recalled that the iQC-mediated nucleation mechanism of fcc metals proposed by Kurtuldu et al. [2] considers that 20 new fcc grains can form on the facets of an icosa-fortunately not mentioned in [START_REF] Kurtuldu | [END_REF], but is probably close to that of the FFD specimen since Au-12.5Cu-12.5Ag was cast in a copper mold. A stronger indication to validate the conjecture of iQC-mediated nucleation is that many nearest-neighbor grains are in a configuration of multiple twinning compatible with the icosahedral symmetry, as shown for example in Fig. 4.

In the columnar zone, there are very few twins, regardless whether Ir is added or not. It does not mean that the iQC-mediated mechanism did not operate at the onset of columnar growth near the copper chill in the specimen with Ir. But as growth proceeds, grain competition selects those having a hk crystallographic direction most closely aligned with the thermal gradient, kh being normally 100 for cubic metals. Because of the angles between the 3-fold facets of an icosahedron, only one of the potentially 20 fcc grains forming on an iQC can have such an orientation. Therefore, it can be assumed reasonably that columnar grains selected after some growth distance originate from separate iQC's and should not exhibit any twin, except those than can be detected within the preset accuracy among randomly oriented grains. (As a matter of fact, a perfect 100 texture cannot exhibit any twin due to the cubic symmetry).

Several questions nevertheless remain. Why does the fraction of twinned grain boundaries vary as a function of the distance from the copper chill (or cooling rate) in the FFD experiment (between 2 and 6% in Fig. 3(c)), while the average fraction measured over a larger surface is close to that of the DSC specimen (see Table 1)? And why this fraction of twins varies non-monotonously while the size of equiaxed grains remain fairly constant, with a slow gradual decrease from about 50 µm to about 35 µm? Kurtuldu et al. [START_REF] Kurtuldu | [END_REF] have shown that the grain size correlates better with the fraction of twinned grain boundaries than with the amount of Ir added to the melt. Such seems not to be the case here. Finally, why is the columnar zone more extended and the corresponding grain size larger when Ir is added to the melt, while the equiaxed zone is drastically grain refined? It is well-known in Al alloys that the addition of TiB 2 inoculant particles refines the grain size and at the same time reduces, or even eliminates the columnar zone, a mechanism very well explained by simple criteria such as derived by Hunt [25].

The answers are not simple since the final grain structure in solidification is a convolution between nucleation and growth kinetics acting concomitantly in a non-steady thermal field. Without Ir, these mechanisms are well understood because both the columnar and equiaxed grains clearly exhibit a dendritic structure (see Fig. 2(top)), for which the growth kinetics is fairly well known and about the same for both morphologies. Knowing the growth kinetics, so-called micro-macroscopic approaches allow to interpret the results and give access to the nucleation distribution [START_REF] Dantzig | Solidification[END_REF]. With Ir (Fig. 2(bottom)), not only the grain size in the equiaxed zone is drastically reduced, but the microstructure of both columnar and equiaxed grains is clearly no longer dendritic. It is in fact much coarser as compared with the dendrite arm spacing of the Ir-free specimen. In the equiaxed zone, the grains are globular-dendritic and this could be due to the small grain size. (It is to be noted that there is no growth kinetic model for such morphology besides the phase field method). For columnar grains, the microstructure is astonishing: it looks like small cells growing more or less in the direction of the thermal gradient.

It could be thought that the formation of Cu particles, which occurs first, is respon- sible for this change of morphology of the Au-rich columnar grains when Ir is added. Although these particles represent about 4% in volume, this does not influence much the composition of the liquid, and thus microsegregation when the Au-rich phase forms (i.e., about 2 wt% less Cu in the liquid). On the other hand, their density being fairly high (Fig. 5), they could possibly influence (or "drive") the growth direction of the Au-rich phase, as it has been shown for example in [START_REF] Gránásy | [END_REF]. However, Figure 6 clearly rules out this mechanism and shows that this change of morphology, and thus of growth kinetics, of columnar grains is directly induced by Ir addition.

Figure 6 shows the corresponding textures of the columnar zone of the FFD Au-20.5Cu-4.5Ag specimens, without (a) and with Ir (b). In these Inverse Pole Figure (IPF) texture representation, the thermal gradient direction, i.e., normal to the copper chill substrate, is represented with respect to the orientation of the grains composing the columnar zone. Considering the fcc symmetry, IPF are represented in a stereographic projection limited to the unit triangle 001 -101 -111 . The dendritic morphology of the Ir-free specimen has a very strong 100 texture, i.e., the columnar grains have one of their 100 directions aligned with the thermal gradient direction, as revealed by the high intensity (black) near 001 in Fig. 6(a). This is expected from the grain competition occurring within the columnar zone of "normal" fcc alloys, where 001 dendrites well aligned with the thermal gradient have the lowest velocity, and thus the smallest undercooling. With Ir (Fig. 2), the peculiar microstructure of the columnar grains exhibits a 111 texture (Fig. 6(b)). This was totally unexpected and clearly confirms that ISRO in the liquid not only contributes to nucleation via the iQC-mediated mechanism, but also modifies the growth morphology and texture via an attachment kinetics contribution. If one considers that icosahedral clusters in the liquid have to orient themselves in order to attach 3-fold symmetry facets, i.e., 3 atoms, to the growing fcc solid, this would explain why this favors the growth of (111) planes parallel to the isotherms.

This "ISRO-influence" on the growth kinetics and morphology of the fcc phase is most probably responsible of peculiar morphologies in Al-alloys previously reported.

For example, Henry et al [28] have observed the formation of "curly" 112 dendrites or the formation of fractal-type secondary arms in commercial Al-Cu-Mg alloys. Kurtuldu [29] has seen that the growth directions of trunks and arms in Al-Zn:Cr change with the solidification speed. Bedel et al [30] have observed the formation of 111 dendrites in small Al-Cu droplets rapidly solidified. At the light of our present results, all these observations start to make sense if one considers the attachment kinetics of icosahedral clusters, rather than individual atoms, at the interface of the fcc phase with the liquid.

A similar ISRO-influence on growth could also explain the peculiar arrangement of some of the MT equiaxed grains observed in Fig. 4(a). Some of them appear at several locations with an alternated sequence, e.g., grains 3 and 4 appear in a sequence 4-3-4'-3'-4"-3" around grain 2, or grains 5 and 6 in the sequence 6-5-6'-5'-6" around grains 7 and 8. This was not the case in Figure 6 of [START_REF] Kurtuldu | [END_REF]. We could first think that the complex 3D internal microstructure of the grains is such that grains appear as several patches in metallographic cross sections, as can be the case for well-developed fully dendritic specimens. But this looks quite improbable, especially with the fairly compact globular-cellular morphology observed in Fig. 2. A more plausible explanation could be again the influence of ISRO on growth, and not (or not only) on nucleation, as suggested by preliminary atomistic calculations [START_REF] Ding | Frontiers in solidification[END_REF]. If an iQC template can indeed lead to the formation of 20 MT grains, as suggested by Kurtuldu et al. [START_REF] Kurtuldu | [END_REF]2], the reverse heteroepitaxial relationship could also act during growth.

Considering that ISRO "motives" or "bricks" in the liquid phase can attach to a single growing fcc grain with the same heteroepitaxy relationship, this situation becomes similar to a local stacking fault during growth: the next (111) layer forming on the stacking fault transforms this defect into a twin. In the case of an ISRO motive attaching to the fcc grain, another (111) layer can form on another facet of the icosahedron motive leading to the formation of a twin but with a misorientation of 1.5 degree. In the present observations, this process can explain the alternance of twinned grains observed in the EBSD pictures. As far as the texture and morphology of columnar grains are concerned, it is assumed that the 111 texture and very peculiar morphology observed at high solidification rate with Ir addition is also due to this attachment of ISRO motives for two reasons: (i) the presence of ISRO decreases the mobility of atoms in the liquid phase, as measured by Kurtuldu et al. for Al-Zn:Cr [14], thus introducing an attachment kinetics contribution revealed at much lower solidification speed than for "ISRO-free" metals where this would occur at several meters per second; (ii) at the solidification speed of the droplet experiment, the attachment kinetics anisotropy already dominates the interfacial energy anisotropy, thus making the 111 direction the "easy" growth directions instead of the 110 and totally changing the overall dendritic morphology into some kind of cells.

Formation of Cu-rich particles

It has to be emphasized that the Cu-rich particles form from the liquid phase during the solidification of the droplet and not via a solid state transformation. Several arguments support this statement.

• First, the particles have a very dendritic morphology as can be seen in Figure 2 or in the detailed EBSD reconstructed map obtained after Ar-ions polishing shown in Fig. 7(a). Again, the twinned grain boundaries between the coarse Au-rich grains are white in this figure and the Cu-rich particles or dendrites are more visible in the zoom of the large brown Au grain shown in (b). The dendritic morphology of the Cu-rich phase is even more apparent in (d) and (e) where two of them have been enlarged. While dendrites can be observed during solid state transformation [START_REF] Lima | [END_REF], their formation during cooling of the solid and their large dendrite arm spacing are incompatible with the large cooling rate associated with the FFD experiment.

• Cu-rich dendrites sometimes go across a whole Au-rich grain and clearly appear as patches with the same color/orientation, e.g., in the light brown grain located at the bottom left of the figure. They sometimes even go across Au grain boundaries while keeping the same morphology and orientation, as shown for example in the neighbor pink Au grain. Finally, as revealed by the 110 pole figure of Fig. 7(c), there is no evident crystallographic orientation relationship between the Cu particles/dendrites and the surrounding Au grain. In this figure, the 110 crystallographic directions of the brown Au grain shown in (b) are identified with small black-brown circles. There are at least 8 or 9 Cu particles/dendrites in this single Au grain, with no clear orientation relationship. Therefore, this Au grain is definitely not the parent phase for the formation of these Cu particles/dendrites via a solid state transformation.

Interestingly, many of the Cu-rich dendrites exhibit a near-twin or twin relationship, as shown in Fig. 7(d) and (e), respectively. Kurtuldu et al [2] have defined a near-twin relationship as a twin, i.e., rotation of 60 deg. around a common 111 direction, followed by a rotation of about 7.5 deg. around a common 110 direction. This last rotation is associated with the default aperture angle of 7.5 deg, when setting 5 fcc tetrahedra in a decahedral symmetry around a common 110 direction. Although the level of iridium is too low to be detected by EDS, we suspect these atoms to be also responsible of this twinning mechanism via ISRO in the liquid. In Fig. 7(d), twinning seems to start from near the nucleation center of this twinned Cu-rich dendrite, while in (e) the purple and light brown dendrites look like individual entities who have "collided" during growth, an indication that twinning has occurred during growth.

The formation of copper particles is not only related to the presence of iridium in the alloy, but also on the solidification conditions associated with the FFD experiment, i.e. high undercooling and high thermal gradient. No particles were found in the DSC samples nor in alloys processed with FFD without iridium. These Cu-rich particles were also found to be metastable, since the Cu-rich phase can be eliminated by heat treatment.

While there are no known binary, ternary or quaternary phases and metastable phases in the Au-Cu-Ag-Ir system and sub-systems [START_REF] Igor L Shabalin | Ultra-High Temperature Materials I[END_REF], the three binary Au-Ir, Ag-Ir and Cu-Ir systems show a metastable miscibility gap. At high nucleation undercooling, and due to the small solubility of Ir in Au-based alloy (literature values for Ag, Au and Cu are reported in Table 2 at the invariant reaction temperature), the liquid phase can be brought to the miscibility gap region in FFD experiments. Without accurate thermodynamic description of the quaternary system, this issue can not be addressed quantitatively. It can nevertheless be stated that the liquid phase entering the miscibility gap region will undergo a spinodal decomposition process. Using an analogy to Guinier-Preston zones during precipitation, for example in Al-Cu alloys, Rappaz and Kurtuldu have also assumed a spinodal decomposition in the Al-Zn-Cr system to explain the formation of Cr-centered icosahedra in the liquid in a thermodynamic approach of nucleation [3]. In the present case, the formation of ISRO around iridium atoms would slow down diffusion, as shown by Kurtuldu et al in Al-Zn:Cr [14], allowing at high cooling rate the formation of Cu-rich and Au-rich liquid regions, both containing some amount of iridium. Unfortunately, the phase diagram of Au-Ir is totally uncertain (peritectic or eutectic according to [START_REF]Au-Ir binary phase diagram[END_REF] or [START_REF] Nielsen | [END_REF], respectively, with very different maximum solubilities), while that for Ag-Ir is eutectic-type and that for Cu-Ir is peritectic-type with the largest solubility (see Table 2). From the invariant temperature of the binary X-Ir phase diagrams, it seems natural that iQC-mediated nucleation would occur first in Cu-rich and then in Au-rich liquid regions. Cu-dendrites would then be stopped during their growth by the solidification of the Au-rich regions.

Conclusions

Processing Au-20.5wt%Cu-4.5wt%Ag alloy with 0.01 Ir addition under rapid solidification conditions has given new insight regarding ISRO and i-QC mediated nucleation. It has been shown that the mechanism previously described by Kurtuldu et al. [START_REF] Kurtuldu | [END_REF] still applies regardless of the copper and silver composition of the gold alloy. While the number of twins does not evolve significantly with increasing cooling rates, the microstructure is however strongly affected by Ir-induced ISRO of the liquid phase. At high solidification rate, additions of 100 ppm of Ir change the growth morphology from dendrite-to cellular-type as well as the preferred growth direction from standard 100 dendrites to a 111 texture during columnar growth. This correlates the orientation relationship of 111 fcc // i-3 axis observed for nucleation, indicating that ISRO also modifies the attachment kinetics.

The most surprising result presented in this paper is the nucleation of primary equiaxed copper particles/dendrites, which are even twinned, when Ir is added to the melt under high cooling rate. It appears that Ir-induced ISRO, by slowing down diffusion, favors a spinodal decomposition of the liquid, with formation of Cu-rich and Aurich liquid regions containing some iridium. Nucleation and growth in both regions is then influenced as well by ISRO since twinning of Cu-dendrites and multiple-twinning of Au-rich grains are observed. 
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 6 Figure 6: Inverse texture pole figures of the columnar zone of the FFD specimens without (a) and with 100 ppm Ir (b), shown in the unit triangle 001 -101 -111 of the fcc structure. In these stereographic projections, the grey level indicates the probability of having the thermal gradient direction aligned along a certain crystallographic direction of the Au-rich fcc grains. The texture density is scaled between 0 and 10 for both specimens.
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 7 Figure 7: (a) EBSD false color map of the Au-rich grain structure and Cu-rich particles/dendrites obtained on a section of the FFD specimen with Ir after Ar-polishing. The twin grain boundaries between Au-rich grains are shown in white. A zoom of the large brown grain is shown in (b) with its internal Cu-rich particles/dendrites, while the corresponding 110 pole figure is shown in (c) with the same color code. The 110 directions of the Au-rich grain are outlined with small circles. Figures (d) and (e) show two Cu-rich dendrites at other locations of this section with their corresponding 110 pole figure showing that they are near-twinned and twinned, respectively.
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Table 1 :

 1 . . . . . 13 7 (a) EBSD false color map of the Au-rich grain structure and Cu-rich particles/dendrites obtained on a section of the FFD specimen with Ir after Ar-polishing. The twin grain boundaries between Au-rich grains are shown in white. A zoom of the large brown grain is shown in (b) with its internal Cu-rich particles/dendrites, while the corresponding 110 pole figure is shown in (c) with the same color code. The 110 directions of the Au-rich grain are outlined with small circles. Figures (d) and (e) show two Cu-rich dendrites at other locations of this section with their corresponding 110 pole figure showing that they are neartwinned and twinned, respectively. . . . . . . . . . . . . . . . . . . . 15 Average twin boundary fraction and grain size in the equiaxed zone of the samples with/without Ir, solidified at low/high cooling rate.( only two grains were found in this sample). The error associated with the twin frequency is calculated with a 99% confidence interval, the error associated with the grain size corresponds to the standard deviation given by the EBSD measurements.
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Table 2 :

 2 Solubility values of Ir (at.%) in liquid and fcc solutions for the binary systems of interest at the invariant reaction temperature (eut.: eutectic, per.: peritectic). For comparison, the liquidus of Au-20.5Cu-4.5Ag is 900 • C.
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