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evidence of disruption of Si-rich microstructure in engineering-lightweight Al-12.2at.%Si alloy melt above liquidus temperature

The exploration of microstructures in high temperature alloy melts is important for manufacturing of metallic components but extremely challenging. Here, we report experimental evidence of the disruption of Si-rich microstructure in engineering-lightweight Al-12.2at.%Si alloy melt at 1100 °C, via melt-spinning (MS) of Al 1-x Si x (x = 0.03,0.07,0.122,0.2) alloy melts from different initial melt temperatures, 800 °C and 1100 °C, under the super-high cooling rate of ~ 10 6 °C/s, in cooperation with the small angle neutron scattering (SANS) measurement. Si particles in 1100 °C MS alloys are abnormally smaller and increased in number at Al-12.2at.%Si, compared with 800 °C MS alloys, which demonstrates the disruption of Si-rich microstructure in Al-12.2at.%Si alloy melt at 1100 °C. SANS experiment verifies that large quantities of small (0-10 nm) Si-rich microstructures and small quantities of large (10-240 nm) Si-rich microstructures exist in Al-12.2at.%Si alloy melt, and the large Si-rich microstructures disrupt into small Si-rich microstructures with increasing of melt temperature from 800 to 1100 °C. Microstructure analysis of the MS alloys indicates that the large Si-rich microstructures in Al-12.2at.%Si alloy melt are probably aggregates comprising multiple small Si-rich microstructures. This work also provides a pathway for the exploration of microstructures in other high temperature alloy melts.

 . However, the exploration of microstructure in alloy melts is always extraordinary challenging, due to the high temperature of alloy melts that usually ranges from several hundreds to ~ 3500 °C.

The Al-Si based alloys are important lightweight engineering alloys in automotive, aerospace and other industries, which constitute ~ 90 % of all aluminium shape castings 8-14 . As a special system, Al-Si alloy comprises two elements with a large melting point discrepancy at 754 °C (Al: 660 °C, Si: 1414 °C), which provides theoretical possibility for the existence of Si-rich microstructure in the molten state 15 . In addition, the measurement of irreversible changes in physical properties such as density during heating and cooling cycles supported the microstructure evolution in Al-Si alloy melts with changing of melt temperature 16 , however, we can hardly get information of the detail microstructure evolution in the Al-Si alloy melts from the measurement of physical properties.

open

X-ray diffraction (XRD) was applied to study the microstructure in Al-Si alloy melts [START_REF] Bian | Liquid structure of Al-12.5% Si alloy modified by antimony[END_REF][START_REF] Srirangam | Effect of strontium on liquid structure of Al-Si hypoeutectic alloys using high-energy X-ray diffraction[END_REF][START_REF] Dahlborg | Structure of molten Al and eutectic Al-Si alloy studied by neutron diffraction[END_REF] , and diffraction can reflect the atomic scale local short-range order structure information in Al-Si alloy melts such as the statistical mean first or second nearest neighbor atomic distance, as the measured intensity of diffraction is proportional to the scattering length of individual atomic nuclei. Unfortunately, it is hard to reveal the microstructure that is larger than the atomic scale in Al-Si alloy melts under diffraction. Molecular dynamics (MD) simulations were also performed to study the microstructure in Al-Si alloy melts [START_REF] Ji | Ab initio molecular dynamics simulation on temperature-dependent properties of Al-Si liquid alloy[END_REF][START_REF] Wang | Structure and dynamics of liquid Al 1-x Si x alloys by ab initio molecular dynamics simulations[END_REF][START_REF] Khoo | Ab initio molecular dynamics simulations of molten Al 1-x Si x alloys[END_REF] , and scarce information on the nanoscale microstructure was obtained by MD simulations, due to the limited number of atoms available to be calculated. In recent years, the technical advances in X-ray synchrotron radiation and imaging [START_REF] Cai | 4D synchrotron X-ray tomographic quantification of the transition from cellular to dendrite growth during directional solidification[END_REF][START_REF] Guo | Dendritic evolution during coarsening of Mg-Zn alloys via 4D synchrotron tomography[END_REF][START_REF] Xu | Heterogeneous nucleation and grain growth of inoculated aluminium alloys: an integrated study by in-situ X-radiography and numerical modelling[END_REF][START_REF] Aucott | Revealing internal flow behaviour in arc welding and additive manufacturing of metals[END_REF] have made the direct imaging of micron-scale structure such as the growing dendrite in alloy melts available during the solidification process, but the direct imaging of nanoscale microstructure in alloy melts is still fiction technically. However, this does not mean that no way for the unveiling of the mystery of the detail microstructure evolution in Al-Si alloy melts that has been long-standing blind spot of science.

In the present work, we report experimental evidence of the disruption of Si-rich microstructure in the Al-12.2at.%Si alloy melt above liquidus temperature, via the melt-spinning of a serials of Al 1-x Si x (x = 0.03,0.07,0.122,0.2) alloy melts from two different initial melt temperatures, 800 °C and 1100 °C, under the super-high cooling rate of ~ 10 6 °C/s, in cooperation with the small angle neutron scattering measurement of the Al-12.2at.%Si alloy melt.

Results

Abnormal decrease of Si particle size in 1100 °C MS Al-12.2at.%Si alloy. XRD analysis of MS

Al-Si alloys. Figure 1a-d show the XRD patterns of the 800 °C and 1100 °C MS Al-3at.%Si, Al-7at.%Si, Al-12.2at.%Si and Al-20at.%Si alloys, respectively. The XRD patterns of all the investigated MS Al-Si alloys are present in the peaks of Al phase and Si phase, indicating that the microstructure of the MS Al-Si alloys is composed of the Al matrix phase and Si phase. The XRD intensity of the Al(111) main peak of both 800 °C and 1100 °C MS Al-3at.%Si, Al-7at.%Si, Al-12.2at.%Si and Al-20at.%Si alloys decreases monotonically with the increase of Si content, except the 1100 °C MS Al-12.2at.%Si alloy whose Al(111) peak intensity shows an abnormal back- ing increase, when compared with the Al(111) peak intensity of the 1100 °C MS Al-7at.%Si alloy. The volume fraction of Al matrix phase that takes the majority in the investigated MS Al-Si alloys decreases with increasing Si content, and there is a big decrease in the volume fraction of the Al matrix phase from 12.2at.%Si to 20at.%Si, which might lead to the general decrease of the XRD intensity of Al with increasing Si content and the small XRD intensity of Al at the MS Al-20at.%Si alloys. 2a-d present the medium magnification (×15 k) SEM micrographs taken from the center of the cross-section of the 800 °C MS Al-3at.%Si, Al-7at.%Si, Al-12.2at.%Si and Al-20at.%Si alloy ribbons, sequentially, and Fig. 2e-h show the corresponding statistical size distribution of Si particles in Fig. 2a-d. Si particles in the 800 °C MS Al-Si alloys show a near lognormal size distribution, with particle size ranges of (0, 220 nm), (0, 260 nm), (0, 320 nm) and (0, 440 nm) for the Al-3at.%Si, Al-7at.%Si, Al-12.2at.%Si and Al-20at.%Si MS alloys, respectively. Figure 2i-l present the medium magnification (×15 k) SEM micrographs taken from the center of the cross-section of the 1100 °C MS Al-3at.%Si, Al-7at.%Si, Al-12.2at.%Si and Al-20at.%Si alloy ribbons, sequentially, and Fig. 2m-p show the corresponding statistical size distribution of Si particles in Fig. 2i-l. Si particles in 1100 °C MS Al-Si alloys also show a near lognormal size distribution, with particle size ranges of (0, 340 nm), (0, 400 nm), (0, 200 nm) and (0, 440 nm) for the Al-3at.%Si, Al-7at.%Si, Al-12.2at.%Si and Al-20at.%Si MS alloys, separately. The size of Si particles in the 800 °C MS Al-Si alloys increases monotonically with the increase of Si content. Different from the 800 °C MS condition, with increasing Si content, the size of Si particles in the 1100 °C MS Al-Si alloys increases in a non-monotonic way with an abnormal decrease occurs at Al-12.2at.%Si. Simultaneously, the abnormal increase of the number of Si particles was observed at Al-12.2at.%Si for the 1100 °C MS Al-Si alloys.

SEM analysis of MS Al-Si alloys. Figure

Confirmation of abnormal decrease of Si particle size. During the MS process, the cooling rate decreases gradually from the wheel side to the free surface of the MS alloy ribbons, which results in the gradual increase of the size of phases across the cross-section of the MS alloy ribbons from the while side to the free surface [START_REF] Dong | Gradient microstructure and multiple mechanical properties of AlSi9Cu alloy ribbon produced by melt spinning[END_REF][START_REF] Dong | Two directional microstructure and effects of nanoscale dispersed Si particles on microhardness and tensile properties of AlSi7Mg melt-spun alloy[END_REF] . Therefore, the size of Si particles across the whole cross-section (near the wheel side, in the center and near the free surface) of the 1100 °C MS Al-3at.%Si, Al-7at.%Si, Al-12.2at.%Si and Al-20at.%Si alloy ribbons was studied, to confirm the abnormal decrease of Si particle size in the 1100 °C MS Al-12.2at.%Si alloy. Figure 3a-d,e-h,i-l,mp show the detail cross-section SEM morphology of the 1100 °C MS Al-3at.%Si, Al-7at.%Si, Al-12.2at.%Si and Al-20at.%Si alloy ribbons, respectively. From the low magnification (×1 k) cross-section morphology shown in Fig. 3a,e,i,m, the thickness of the 1100 °C MS Al-3at.%Si, Al-7at.%Si, Al-12.2at.%Si and Al-20at.%Si alloy ribbons is ~ 55 μm. Figure 3b,f,j,n, Fig. 3c,g,k,o and Fig. 3d,h,l,p show the high magnification (×30 k) morphology of Si particles near the wheel side, in the center and near the free surface of the MS alloy ribbons, respectively. The size of Si particles in the 1100 °C MS Al-Si alloys increases gradually across the cross-section from the wheel side to the free surface due to the decreasing cooling rate. With the increase of Si content, the size of Si particles across the whole cross-section of the 1100 °C MS Al-3at.%Si, Al-7at.%Si, Al-12.2at.%Si and Al-20at.%Si alloy ribbons first increases, then decreases abnormally at Al-12.2at.%Si, after increases again. Thus the abnormal decrease of Si particle size at the 1100 °C MS Al-12.2at.%Si alloy is the fact across the whole cross-section of the 1100 °C MS Al-12.2at.%Si alloy, and it is not a fluke by loosely taking the size of finer Si particles near the wheel side of the 1100 °C MS Al-12.2at.%Si alloy while taking the size of larger Si particles far from the wheel side of the other 1100 °C MS alloys.

For consistency, the medium magnification (×15 k) SEM micrographs taken from the center of the crosssection were used for the statistics of the size of Si particles in the investigated MS Al-Si alloy ribbons. Figure 4a presents the evolution of the statistical mean size of Si particles in the 800 °C and 1100 °C MS Al-Si alloys versus Si content. All of the investigated MS Al-Si alloys show the increase in Si particle size with the increase of both Si content and initial MS melt temperature, except for the 1100 °C MS Al-12.2at.%Si alloy that shows an abnormal and(d, h, l, p) near the free surface of the melt-spinning alloy ribbons. decrease in Si particle size. Figure 4b shows the XRD intensity of the Al(111) main peak of all the investigated MS Al-Si alloys, basing on the XRD patterns shown in Fig. 1. For 800 °C MS Al-Si alloys, with increasing Si content, the Al(111) XRD intensity decreases monotonically, which is consistent with the monotonic increase of Si phase in the alloys observing by SEM. For 1100 °C MS Al-Si alloys, with increasing Si content, the Al(111) XRD intensity decreases in a non-monotonic way, and the abnormal increase of the Al(111) XRD intensity at Al-12.2at.%Si is self-consistent with the abnormal decrease of Si particle size under this condition observing by SEM. The self-consistent SEM and XRD analysis of the 800 °C and 1100 °C MS Al-3at.%Si, Al-7at.%Si, Al-12.2at.%Si and Al-20at.%Si alloys confirms the abnormal decrease of Si particle size and the abnormal increase of Si particle number in the 1100 °C MS Al-12.2at.%Si alloy, which demonstrates the disruption of Si-rich microstructure in the Al-12.2at.%Si alloy melt with the increase of melt temperature from 800 to 1100 °C.

Small angle neutron scattering of Al-12.2at.%Si alloy melt. Small angle X-ray scattering (SAXS) [START_REF] Feld | Nanocomposites of highly monodisperse encapsulated superparamagnetic iron oxide nanocrystals homogeneously dispersed in a poly(ethylene oxide) melt[END_REF][START_REF] Rieker | Particle size distribution inferred from small-angle X-ray scattering and transmission electron microscopy[END_REF] and small angle neutron scattering (SANS) [START_REF] Popel | Metastable microheterogeneity of melts in eutectic and monotectic systems and its influence on the properties of the solidified alloy[END_REF][START_REF] Potton | A new method for the determination of particle-size distributions from small-angle neutron-scattering measurements[END_REF][START_REF] Borodin | Liquid structure with nano-heterogeneity promotes cationic transport in concentrated electrolytes[END_REF] have been applied to study the micro-heterogeneous structure in solid materials and solutions especially the colloidal suspension system, as the measured intensity of small angle scattering (SAS) is proportional to the contrast that is given by the difference in the scattering length density between the micro-heterogeneous structure and the matrix, and there is SAS signal for the microheterogeneous system, while there is no SAS signal for the homogeneous system without micro-heterogeneous structure embedded in the matrix [START_REF] Paradies | Particle size distribution and determination of characteristic properties of colloidal bismuth-silica compounds by small-angle X-ray scattering and inelastic light scattering[END_REF][START_REF] Shim | Tailored colloidal stability and rheological properties of graphene oxide liquid crystals with polymer-induced depletion attractions[END_REF] . Considering the abnormal decrease of Si particle size in the 1100 °C MS Al-12.2at.%Si alloy, SANS was applied to further explore the microstructure evolution in the Al-12.2at.%Si alloy melt.

Figure 5 shows the size distribution of the micro-heterogeneous structure in the Al-12.2at.%Si alloy melt at 800 °C and 1100 °C measuring by SANS, and the nanoscale micro-heterogeneous structure in the Al-12.2at.%Si alloy melt comes from the aggregation of Si atoms, as it has the contrast difference with the Al-rich melt matrix under SANS. The Si-rich micro-heterogeneous structure in the Al-12.2at.%Si alloy melt exists in two size families, i.e., large quantities of small Si-rich micro-heterogeneous structure ranging between 0 and 10 nm and small quantities of large Si-rich micro-heterogeneous structure ranging between 10 and 240 nm. Large quantities of small (0-6 nm) micro-heterogeneous structure was measured in the Sn-26.1at.%Pb alloy melt by SANS [START_REF] Popel | Metastable microheterogeneity of melts in eutectic and monotectic systems and its influence on the properties of the solidified alloy[END_REF] , therefore the size of the micro-heterogeneous structure in alloy melts depends on the alloy system. With the increase of the Al-12.2at.%Si melt temperature from 800 to 1100 °C, the proportion of the small (0-10 nm) Si-rich microheterogeneous structure in the alloy melt increases, while the proportion of the large (10-240 nm) Si-rich microheterogeneous structure in the alloy melt decreases significantly, which further confirms the disruption of large Si-rich micro-heterogeneous structure in the Al-12.2at.%Si alloy melt into small Si-rich micro-heterogeneous structure under the high temperature of 1100 °C.

TEM analysis of MS Al-Si alloys.

The above mentioned MS and SANS study demonstrates the Si-rich micro-heterogeneous structure in Al-12.2at.%Si alloy melt at 800 °C, so the 800 °C MS Al-12.2at.%Si alloy was further studied by TEM. Among the eight MS conditions, Si particles in the 800 °C MS Al-3at.%Si alloy are the smallest and closest to the Si-rich micro-heterogeneous structure in the molten state, therefore the 800 °C MS Al-3at.%Si alloy was also analyzed by TEM. Si-rich particle aggregates were observed in the Al grains of the 800 °C MS Al-3at.%Si and Al-12.2at.%Si alloy under TEM, as shown in Fig. 6. Figure 6a presents the scanning TEM (STEM) image of a particle aggregate (160 nm) in the Al grain of the 800 °C MS Al-3at.%Si alloy, and the magnification (Fig. 6b) shows that the particle aggregate in Fig. 6a comprises multiple small particles with the sizes smaller than 30 nm. Figure 6c presents the STEM composition mapping of the particle aggregate shown in Fig. 6a,b and the Al matrix surrounding the particle aggregate, the enrichment of Si and the infertility of Al can be found in the area of the particle aggregate when compared to the surrounding Al matrix, while the concentration of oxygen (O) in the particle aggregate is uniformly the same as that in the surrounding Al matrix, and the concentration of O is much lower than that of Al and Si, which demonstrates that the particle aggregate is not the Al-based or Si-based oxide and the particle aggregate is rich in Si. The uniform appearance of trace O in the STEM mapping was due to the inevitable oxidation of the surface of the TEM sample. Figure 6d shows the bright-field TEM image of a Si-rich particle aggregate in the Al grain of the 800 °C MS Al-12.2at.%Si alloy, and the particle aggregate also comprises multiple small nanoscale Si-rich particles below 50 nm, while the size of small Si-rich particles in the particle aggregate of the 800 °C MS Al-12.2at.%Si alloy is slightly larger than that of the 800 °C MS Al-3at.%Si alloy.

Discussion

It is understandable that the size of Si particles in the 800 °C and 1100 °C MS Al-3at.%Si, Al-7at.%Si, Al-12.2at.%Si and Al-20at.%Si alloys increases with the increase of both Si content and initial MS melt temperature, due to the increasing growth tendency of Si phase under higher Si content and the decreasing cooling rate under higher initial MS melt temperature. However, Si particles in the 1100 °C MS Al-12.2at.%Si alloy show an abnormal decrease in Si particle size together with an abnormal increase of Si particle number, and this clearly demonstrates the disruption of Si-rich microstructure in the Al-12.2at.%Si alloy melt under the high temperature of 1100 °C. The decrease of the ratio of large Si-rich micro-heterogeneous structure and the increase of the ratio of small Si-rich micro-heterogeneous structure under SANS measurement further confirm that the large (10-240 nm) Si-rich micro-heterogeneous structures in the Al-12.2at.%Si alloy melt disrupt into the small (0-10 nm) Si-rich micro-heterogeneous structures with the increase of melt temperature from 800 to 1100 °C. The microstructure evolution with temperature was sporadically evidenced in other systems such as the In-Sn80 and the La 50 Al 35 Ni 15 alloy melts [START_REF] Zu | Observation of an anomalous discontinuous liquid-structure change with temperature[END_REF][START_REF] Xu | Evidence of liquid-liquid transition in glass-forming La 50 Al 35 Ni 15 melt above liquidus temperature[END_REF] .

The TEM analysis in Fig. 6 shows the entrapment of Si-rich particle aggregates in the Al grains of the 800 °C MS Al-12.2at.%Si alloy. According to the thermal conduction model [START_REF] Xu | Cooling rate and microstructure of rapidly solidified Al-20 wt.% Si alloy[END_REF] of the MS process, the mean cooling rate of the 800 °C MS here was calculated as ~ 2.79 × 10 6 °C/s, and the Si particle aggregates entrapped in the Al grains had limited time to grow during MS. In addition, the size of the Si-rich particle aggregates entrapped in the Al grains of the 800 °C MS Al-12.2at.%Si alloy agrees with the large (10-240 nm) Si-rich micro-heterogeneous structure in the Al-12.2at.%Si alloy melt measured by SANS. From Fig. 6, the size of small Si-rich particles in the particle aggregate of the 800 °C MS Al-12.2at.%Si alloy is slightly larger than that of the 800 °C MS Al-3at.%Si alloy, which indicates the inevitable growth of the small Si-rich particles in the particle aggregate under the super high cooling rate of the MS process, and the size of the small Si-rich particles in the particle aggregate of the MS alloy fits with the small (0-10 nm) Si-rich micro-heterogeneous structure in the Al-12.2at.%Si alloy melt measured by SANS, when considering the growth effect during MS. Furthermore, the Si-rich particle aggregate can be determined not precipitating out during the MS process, as the precipitation phase is normally precipitated out in the form of single particle rather than aggregate, and the Si-rich particle aggregate entrapped in the Al grain of the 800 °C MS Al-12.2at.%Si alloy is close to its original state in the alloy melt. Moreover, hardly were Si-rich particle aggregates observed in the Al grains of the 1100 °C MS Al-12.2at.%Si alloy, which supports the disruption of large Si-rich aggregates in the Al-12.2at.%Si alloy melt at 1100 °C. Therefore, the large (10-240 nm) Si-rich micro-heterogeneous structures in the Al-12.2at.%Si alloy melt are probably Si-rich aggregates comprising multiple small (0-10 nm) Si-rich micro-heterogeneous structures, due to the agglomeration effects [START_REF] Mackay | General strategies for nanoparticle dispersion[END_REF] of nanostructures, and the large Si-rich aggregates in the Al-12.2at.%Si alloy melt might be significantly disrupted into multiple small Si-rich microstructures at 1100 °C. The degrees of superheat of the Al-3at.%Si, Al-7at.%Si, Al-12.2at.%Si and Al-20at.%Si alloys are 459 °C, 485 °C, 523 °C and 406 °C, respectively, at 1100 °C. The superheat of the eutectic Al-12.2at.%Si alloy is the largest among the four investigated Al-Si alloys at the same MS temperature of 1100 °C, and the superheat of 523 °C is sufficient for the significant disruption of Sirich microstructure in the Al-12.2at.%Si alloy melt, which results in the abnormal decrease of Si particle size in the 1100 °C MS Al-12.2at.%Si alloy. It can be estimated that the Si-rich microstructure in the other three Al-Si alloys can also be significantly disrupted if the superheat is sufficient, and the sufficient superheat for the significant disruption of Si-rich microstructure in the other three Al-Si alloys might be 523 °C or even higher, due to the higher liquidus temperatures and atomic binding in the other three Al-Si alloys than that of the eutectic Al-12.2at.%Si alloy. Nanoscale Si particles were observed absorbing on the surface of the AlB 2 nucleation particles for the grain refinement of Al-Si alloys [START_REF] Chen | Grain refinement of hypoeutectic Al-Si alloys with B[END_REF] , and these nanoscale Si particles might be originated from the small (0-10 nm) Si-rich micro-heterogeneous structures in the Al-Si alloy melts.

Considering that the melting points of nanoparticles have size effects [START_REF] Couchman | Thermodynamic theory of size dependence of melting temperature in metals[END_REF][START_REF] Pan | Melting the ice: on the relation between melting temperature and size for nanoscale ice crystals[END_REF] , the melting points of spherical pure Si nanocrystals in the atmosphere of Al-12.2at.%Si alloy melt were determined, to reveal the existing state of the Si-rich micro-heterogeneous structures in the Al-12.2at.%Si alloy melt. Wautelet 40, Nanda et al. [START_REF] Nanda | Liquid-drop model for the size-dependent melting of low-dimensional systems[END_REF] and Lu et al. [START_REF] Lu | Size-, shape-, and dimensionality-dependent melting temperatures of nanocrystals[END_REF] proposed different theoretical models estimating the melting point dependence of spherical nanocrystals versus size. For spherical pure Si nanocrystals, the theoretical melting points given by Wautelet's model were relatively close to experimental values given by Goldstein [START_REF] Goldstein | The melting of silicon nanocrystals: submicron thin-film structures derived from nanocrystal precursors[END_REF] (Fig. 7a). However, a correction factor k (0.785) needs to be added into Wautelet's theoretical model, to fit the experimental melting points of pure Si nanocrystals in the atmosphere of vacuum: where T 0 (1687 K) is the melting point of bulk Si, β (1.88 nm) is a constant, d is the diameter of the Si nanocrystal, and d 0 (0.235 nm) is the interatomic distance in crystalline Si.

According to the Clapeyron equation, melting point changes with pressure. Based on Eq. ( 1), the real melting point of spherical pure Si nanocrystals in the atmosphere of air is: where P 0 is the standard atmospheric pressure (1.01325 × 10 5 Pa), β α H m (50.21 kJ•mol -1 ) is the molar melting heat of Si, and β α V m (-1.131 cm 3 mol -1 ) is the change of molar volume before and after the melting of Si. In Al-12.2at.%Si alloy melt, the spherical pure Si nanocrystals will suffer from an extra surface tension. Based on the Clapeyron equation and Eq. ( 2), the real melting points of spherical pure Si nanocrystals in the atmosphere of Al-12.2at.%Si alloy melt are then:

where σ (0.35241 J m -2 ) [START_REF] Gunduz | The measurement of solid-liquid surface energies in the Al-Cu, Al-Si and Pb-Sn Systems[END_REF] is the surface tension.

According to Eq. ( 3), the melting points of spherical pure Si nanocrystalline particles in the atmosphere of Al-12.2at.%Si alloy melt were calculated, as shown by the red curve in Fig. 7a, which are ~ 4-6 °C lower than that in the atmosphere of air. The melting points of the pure Si nanocrystalline particles with diameters of 3, 4, 5, 6, 7, 8, 9 and 10 nm were derived as 216, 423, 548, 631, 691, 736, 771 and 799 °C, respectively, in the atmosphere of Al-12.2at.%Si alloy melt. The melting point of Si-rich micro-heterogeneous structure is lower than that of the pure Si nanocrystalline particle with the same size, in the atmosphere of Al-12.2at.%Si alloy melt. Therefore, the small (0-10 nm) Si-rich micro-heterogeneous structures in the 800 °C Al-12.2at.%Si alloy melt exist in the state of droplet with non-crystalline structure (Fig. 7c), rather than the state of solid crystals with crystalline structure (Fig. 7b), as their melting points are lower than the melt temperature. Correspondingly, the large (10-240 nm) Sirich aggregates comprising multiple small (0-10 nm) Si-rich micro-heterogeneous structures in the Al-12.2at.%Si alloy melt exist in the state of droplet aggregates. The state of droplet in turn supports the spherical shape of the Si-rich micro-heterogeneous structures in Al-12.2at.%Si alloy melt, due to the surface tension.

Earlier a thermodynamic metastable colloidal model [START_REF] Popel | Metastable colloidal states of liquid metallic solutions[END_REF] of liquid metallic solutions was proposed to explain the coexistence of micro-heterogeneous droplets in alloy melts, and the nanoscale micro-heterogeneous droplets in Sn-Pb alloy melt 5 could be thermodynamically metastable by a thin transition layer with a thickness of ~ 0.3 nm [START_REF] Popel | Metastable colloidal states of liquid metallic solutions[END_REF] , to reach the local minimum of the free energy of the system. Here the droplet state Si-rich micro-heterogeneous (1) structure is possibly metastable in the Al-12.2at.%Si alloy melt via a thin transition layer, which provides the thermodynamic base for the disruption of the Si-rich micro-heterogeneous structure in the Al-12.2at.%Si alloy melt with the increase of melt temperature from 800 to 1100 °C.

T mv = kT 0 1 - β d (d > 10d 0 ) (2) 
T ma = kT 0 1 - β d 1 + P 0 � β α V m � β α H m (d > 10d 0 ) (3) T mm = kT 0 1 - β d 1 + P 0 � β α V m � β α H m 1 + 4σ � β α V m d� β α H m (d > 10d 0 )

conclusion

In summary, we provide experimental evidence for the disruption of Si-rich micro-heterogeneous structure in the engineering-lightweight Al-12.2at.%Si alloy melt above liquidus temperature. The size of Si particles in 800 °C and 1100 °C MS Al 1-x Si x (x = 0.03, 0.07, 0.122, 0.2) alloys increases with the increase of both Si content and initial MS melt temperature, except for the 1100 °C MS Al-12.2at.%Si alloy that shows an abnormal decrease in Si particle size together with an abnormal increase in Si particle number, which demonstrates the disruption of Si-rich microstructure in Al-12.2at.%Si alloy melt at 1100 °C. Small angle neutron scattering experiment further verifies that large quantities of small (0-10 nm) Si-rich micro-heterogeneous structures and small quantities of large (10-240 nm) Si-rich micro-heterogeneous structures exist in Al-12.2at.%Si alloy melt, and the large Si-rich micro-heterogeneous structures in the Al-12.2at.%Si alloy melt into small Si-rich micro-heterogeneous structures with increasing of melt temperature from 800 °C to 1100 °C. Si-rich particle aggregates comprise multiple small Si-rich particles were observed entrapping in the Al grains of the 800 °C MS Al-12.2at.%Si alloy, which agree in size with the large Si-rich micro-heterogeneous structures in the Al-12.2at.%Si alloy melt, and this indicates that the large (10-240 nm) Si-rich micro-heterogeneous structures in the Al-12.2at.%Si alloy melt are probably Si-rich aggregates comprising multiple small (0-10 nm) Si-rich micro-heterogeneous structures. The method of MS from different initial temperatures and compositions in cooperation with the small angle neutron scattering measurement presented in this work also provides a pathway for the exploration of microstructures in other high temperature alloy melts.

Materials and methods

A series of high purity hypoeutectic Al-3at.%Si and Al-7at.%Si, eutectic Al-12.2at.%Si and hypereutectic Al-20at.%Si binary Al-Si alloys were prepared by the arc-melting of the high purity Al (5N) and Si (5N). The alloys were remelted three times under the inert Ar atmosphere, to ensure the composition homogenization of the prepared high purity Al-Si alloys. The prepared high-purity Al-3at.%Si, Al-7at.%Si, Al-12.2at.%Si and Al-20at.%Si alloy melts were rapidly solidified with super-high cooling rate (~ 10 6 °C/s) into thin ribbons by the MS [START_REF] Dong | Gradient microstructure and multiple mechanical properties of AlSi9Cu alloy ribbon produced by melt spinning[END_REF][START_REF] Salehi | Structure and properties of nanostructured aluminum A413.1 produced by melt spinning compared with ingot microstructure[END_REF][START_REF] Li | Giant magnetocaloric effect in melt-spun Ni-Mn-Ga ribbons with magneto-multistructural transformation[END_REF] method under high-vacuum (3.3E-5 Pa) condition. In the melt-spinner, alloy charges of ~ 3 g were melted in a Ø 12 mm crucible with 5 mm × 0.5 mm orifice and ejected by argon onto a rotating copper wheel with the linear velocity of 32.8 m•s -1 . All alloy melts were MS from two different initial melt temperatures, 800 °C and 1100 °C. The melt temperatures during MS were measured and controlled with an accuracy of ±6 °C. The resultant MS Al-Si alloy ribbons were ~ 5 mm wide and ~ 55 μm thick.

The prepared high purity Al-12.2at.%Si alloy melt was measured by SANS at 800 °C and 1100 °C. The sample for SANS was contained in a single crystalline sapphire container with a diameter of 10 mm and a wall thickness of 50 μm. The incident neutron wavelength was chosen as 8 Å, to avoid the multiple scattering in the container walls. After rising to the melt temperatures of 800 °C and 1100 °C, the alloy melt was held for 1 h before SANS measurement, and the SANS measurement time was 1 h afterwards.

SEM, XRD and TEM were used to characterize the microstructure of the prepared MS Al-Si alloy ribbons. The MS alloy ribbons for SEM investigation were polished and etched by 0.5 vol.% HF. SEM observation was performed on JSM-7001F. The XRD measurements were carried out in a Rigaku H2500 diffractometer using Cu Ka1 radiation at 40 kV and 20 mA in the 2θ range from 25° to 85°. The MS alloy ribbons for TEM investigation were ion-beam milled under a constant preparation temperature of ~ -10 °C. The Tecnai G 2 F20 and JEOL-2100 TEM were used at 200 kV for bright-field imaging, scanning TEM imaging and composition mapping.

For consistency and accuracy, the medium magnification (×15k) SEM micrographs taken from the center of the cross-section of the MS Al-Si alloy ribbons were used for the statistics of the size and distribution of Si particles in each of the MS alloys. The statistics was conducted in the software Nano Measurer 1.2.5 by measuring all the sizes of Si particles in the micrographs. The particle size distribution under SANS measurement was determined using the Generalized Indirect Fourier Transformation method as developed in the GIFT computer code [START_REF] Brunner-Popela | Small-angle scattering of interacting particles I Basic principles of a global evaluation technique[END_REF] .

Figure 1 .

 1 Figure 1. X-ray diffraction patterns of the Al-Si melt-spinning alloys rapid solidified from melts at 800 °C and 1100 °C. (a) Al-3at.%Si melt-spinning alloy; (b) Al-7at.%Si melt-spinning alloy; (c) Al-12.2at.%Si meltspinning alloy; (d) Al-20at.%Si melt-spinning alloy.

Figure 2 .

 2 Figure 2. Medium magnification (×15 k) SEM micrographs taken from the cross-section center of the Al-Si melt-spinning alloy ribbons and corresponding statistical size distribution of Si particles in the Al-Si meltspinning alloy ribbons rapid solidified from melts at (a-h) 800 °C and (i-p) 1100 °C: (a, e, i, m) Al-3at.%Si; (b, f, j, n) Al-7at.%Si; (c, g, k, o) Al-12.2at.%Si; (d, h, l, p) Al-20at.%Si.

Figure 3 .

 3 Figure 3. Cross-section SEM morphology of (a-d) Al-3at.%Si, (e-h) Al-7at.%Si, (i-l) Al-12.2at.%Si and (mp) Al-20at.%Si melt-spinning alloy ribbons rapid solidified from melts at 1100 °C: (a, e, i, m) low magnification (×1 k) cross-section morphology, and high magnification (×30 k) morphology of Si particles (b, f, j, n) near the wheel side, (c, g, k, o) in the center, and (d, h, l, p) near the free surface of the melt-spinning alloy ribbons.

Figure 4 .

 4 Figure 4. Abnormal decrease of Si particle size in 1100 °C melt-spinning Al-12.2at.%Si alloy. (a) Evolution of statistical mean size of Si particles in the investigated 800 °C and 1100 °C melt-spinning Al-Si alloys versus Si content; (b) Evolution of the XRD intensity of the Al(111) main peak of the investigated 800 °C and 1100 °C melt-spinning Al-Si alloys versus Si content.

Figure 5 .

 5 Figure 5. Small angle neutron scattering results showing the distribution of the Si-rich microstructure in the Al-12.2at.%Si alloy melt at 800 °C (blue curve) and 1100 °C (red curve). (a) Distribution of small Si-rich microstructure bellow 10 nm, (b) Distribution of large Si-rich microstructure above 10 nm.

Figure 6 .

 6 Figure 6. TEM images showing the Si-rich particle aggregates in the Al grains of the melt-spinning Al-Si alloys. (a) Scanning TEM image of the Si-rich particle aggregate and (b) its magnification in the 800 °C meltspinning Al-3at.%Si alloy; (c) Scanning TEM composition mapping of the Si-rich particle aggregate in (a) and (b); (d) Bright-field TEM image of the Si-rich particle aggregate and (e) its magnification in the 800 °C meltspinning Al-12.2at.%Si alloy.

Figure 7 .

 7 Figure 7. Existing state of the Si-rich microstructure in the Al-12.2at.%Si alloy melt. (a) Melting points of solid state spherical Si nanocrystalline particle versus size under various atmospheres; (b) Schematic diagram showing the solid state spherical Si nanocrystalline particle with crystalline structure; (c) Schematic diagram showing the droplet state Si-rich microstructure in Al-12.2at.%Si alloy melt with non-crystalline structure.
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