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Effect of Sn addition on the electromagnetic separation of primary Si from Al-30Si alloy during solidification
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In the present study, the effect of Sn addition on separation of the primary Si from Al-30 at.% Si melt under rotating magnetic field (RMF) was investigated. The results clearly show that the application of RMF during solidification of alloy can separate the primary Si from the Al-Si-Sn melt and accumulate on the periphery of the ingots to form a Si-rich layer. Meanwhile, the content of primary Si in Si-rich layer increases with the increasing of Sn content. The separation mechanism is ascribed to a complex coupling process of the cooling condition, the flow field and the crystal growth. In addition, the Sn addition tends to enlarge the crystallization temperature range and enhance the separation efficiency.

Introduction

The massive and low-cost solar grade silicon (SOG-Si) feedstock is essential for the widespread use of solar cells. Normally, the photovoltaic (PV) industry is dependent on the high-cost semiconductor-grade silicon (SEG-Si) that is produced by the Siemens technology. To reduce the cost of raw materials, some low-cost technologies for SOG-Si production should be proposed. Metallurgical technologies [1], [2], and [3] are considered as a candidate to produce low-cost SOG-Si by removing the impurities from the metallurgical grade silicon (MG-Si). However, those methods still require long solidification processing time and high temperature. Recently, a novel metallurgical process, namely, the alloy solidification refining at low temperature has been proposed in Japan [4]. During alloy solidification process, the primary Si initially precipitates from supersaturated melt with decreasing temperature, during which more impurities, especially B and P, are enriched in the melt because of the strong segregation behavior [5] and [6], thereby gaining high-purity primary Si. Al [4][5][6], Cu [7], Fe [8], Sn [9,10], Na [11], etc. alloyed with silicon, can be used as solvent metals. Among, the hypereutectic Al-Si alloy has the advantages of low liquidus temperature, high solubility of Si in Al, and single eutectics without complex compound. Morita et al. measured the segregation coefficients of impurity elements decrease with the dropping temperature, especially segregation coefficient of B between primary Si and Al-Si melt is determined to be 0.49 (1473 K), 0.32 (1373 K), and 0.22 (1273 K) [12]. This result indicates that the Al-Si alloy is more useful for B removal at low temperature. Similarly, the Sn-Si alloy also has a simple binary eutectic phase diagram with limited solubility of tin in silicon, and contains no intermetallic compound. Besides, the moderate Sn-Si liquidus slope can produce a large amount of silicon precipitate with decreasing temperature, and the growth rate of silicon from Si-Sn alloy melt increased compared with it from Al-Si alloy melt [9,10]. Therefore, Sn based alloy is beneficial for silicon growth, and Al based alloy favors the removal of B. Preliminary studies in our group have found that application of rotating magnetic field (RMF) during solidification of Al-30Si alloy can separate the primary Si phase to the inner wall of crucible with 65~69 wt.% Si content, which supplies a solution to the collect problem of high-purity primary Si from Al-Si alloy [13]. However, the effect of Sn addition on the electromagnetic separation of primary Si from Al-Si melt has not been reported, which is useful to the future possible industrial application of this method. Hence, in the present work, the Al-Si alloys with different Sn contents solidified under RMF were studied to investigate the effect of Sn content on the separation effect. The crystallization behaviors and microstructure of the Al-Sn-Si alloys were investigated.

Experimental

For this experiment, the materials underwent induction heating in argon atmosphere to obtain the Al-30 at.% Si-x at.% Sn alloy, where x = 0, 2.5, 5, 7.5, 10, 15 (all in at.% unless otherwise stated). The alloys were melted in high purity clean graphite crucible. Afterward, the obtained alloy was maintained at 1373 K for 20 min in a SiC electric furnace, and then poured into a preheated cylindrical graphite crucible with an inner diameter of 60 mm at the temperature 50 K higher than liquidus temperature. The crucible was placed in an RMF with a frequency of 50 Hz and magnetic flux density of 25 mT which was induced by a three-phase-three-pole magnetic generator. The schematic diagram of the separation apparatus can be seen in our previous work [13]. The magnetic field was switched on when melt was cooled to 1103 K. TR-V1000 temperature measurement system was embedded in the centre of the mould to record temperature-time data related to solidification features. It is worth stressing that the thermal analysis only measure the cooling curves of alloy solidified without RMF because the induced strong flow by RMF can shock the thermocouple and cause errors. Before and after use, the K-type thermocouples were calibrated using high-purity aluminium, and the errors in the relative temperature measurements were estimated to be less than 0.3 K. Samples for metallography were taken at the tip of the thermocouple and prepared according to standard grinding and polishing procedures. After polishing, the specimens were etched with 2% HF acid. Microstructures were analysed using an optical microscope. The Si content of Si-rich layer was measured by X-ray fluorescence spectrometry (XRFS).

Results and discussion

In order to reveal the influence of Sn content on the separated effect of primary Si phase, the samples were sectioned 20 mm from the bottom surface along their cross-section planes (the height of sample is 75 mm). A quarter of the cross section of samples with different Sn contents is shown in Fig. 1. For the Al-Si-Sn alloy solidified without RMF, similar to the previous work [5], the primary Si phase tends to uniformly distribute in the alloy on the macroscopic view, as shown in Fig. 2a, c, e, andg. However, when solidified under RMF, a large amount of the primary Si phase is separated from the Al-30Si-Sn alloy and distributes in the periphery of the sample, as shown in Fig. 2b, d, f, andh. In addition, the thicknesses and distribution of Si-rich layer remain the same with increasing Sn content. In order to further exhibit the influence of Sn addition on the segregation of primary Si phase, the Si content of Si-rich layer was measured by XRFS. The Si contents in Si-rich layer of sample with different Sn contents solidified under RMF, as shown in Fig. 3. It can be seen that the Si contents in Si-rich layer increases with increasing Sn content. The Si content of Si-rich layer of Al-30% Si-10% Sn alloy is extended to be about 80 at.%, while it is only 63 at.% for the Al-30Si alloy.

Based on the review of past research [13], the formation of a Si-rich layer in Al-30Si alloy solidified under RMF is a complex coupling process of cooling conditions, flow field and crystal growth. The primary Si phase is first nucleated on the crucible wall or formed close to the wall where the temperature is lower during the solidification process. When an alternating magnetic field is imposed from outside of graphite mold, the primary flow induced by Lorentz force generates shearing force in melt, which is a rotation of the fluid around the cylinder axis. In the steady state, a secondary recirculating flow in the radial-meridional plane, which consists of a double-vortex structure, cause a strong outward flow from the axis of the ingot towards the solidification front where symmetrical segregation channels emerge [14]. Such the periodical flow structure played a substantial role for the separation of the primary Si, because it carried the bulk liquid metal with higher Si content which continuously flow towards the solidification front to promote the growth of the primary Si, resulting in the formation of the Si-rich layer with 63 at.% Si content on the periphery of the ingot, as shown Fig. 2b. To further prove the potency of the Sn added to the Al-30% Si, thermal analysis was carried out during solidification of the Al-30%Si-Sn alloy with different Sn contents. Fig. 4 shows that addition of 10 at.% Sn to Al-30 at.% Si caused a increase in nucleation temperature of primary Si from 1049 K to 1133 K and a drop in growth temperature of primary Si from 850 K to 834 K, resulting in a significant increase in the crystallization temperature range of the primary Si. Specifically, an extended crystallization temperature range will provide a longer separation time, which facilitates the growth and enhances the separation efficiency, as in shown Fig. 3. 

Conclusions

In the present study, the effect of Sn addition on separation of the primary Si from Al-30 at.% Si melt under RMF was investigated. The results clearly show that the application of RMF during solidification of alloy can separate the primary Si from the Al-Si-Sn melt and accumulate on the periphery of the ingots to form a Si-rich layer. Meanwhile, the mass fraction of primary Si in Si-rich layer increases with the increasing of Sn content. The separation mechanism is ascribed to a complex coupling process of the cooling condition, the flow field and the crystal growth. In addition, the Sn addition tends to enlarge the crystallization temperature range and enhance the separation efficiency.
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 12 Fig. 1: A quarter of the cross section of Al-30at%Si alloys with different Sn contents: without RMF (a) 0 Sn, (c) 2.5% Sn, (e) 5% Sn, (g) 10% Sn; with RMF (b) 0 Sn, (d) 2.5 Sn, (f) 5 Sn, (h) 10 Sn.The microstructures at different positions in Fig.1were observed, and the corresponding results are shown in Fig.2. In the case of sample without imposition of RMF, it can be seen from Fig.2a(position 1) that the coarse plate-like primary Si phase distributes in the Al-Si alloy and is surrounded by the Al-Si eutectic structure. Fig.2b(position 2) shows the microstructure of Al-30%Si-10%Sn alloy, and no intermediate compound was found. During the solidification process of this ternary alloy, the primary Si first separated from the melt, and then binary eutectic αAl + Si formed, followed by the solidification of the ternary eutectic αAl +βSn + Si. In the case of sample solidified under RMF, the formed Si-rich layer on the periphery of the Al-30%Si alloy contains the large coarse primary Si plate and a small amount of needlelike eutectic structure, as shown in Fig.2c(position 3). Fig.2d(position 4) shows several small Si particles may combine together to form much larger particles in Al-30% Si alloy with 10% Sn addition. It is clear from the microstructures observed that addition of Sn can promote the precipitation of primary Si.
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 3 Fig. 3: The Si content in Si-rich layer of Al-30Si-Sn alloy with different Sn contents.
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 4 Fig. 4: The solidification curve of the Al-30Si-Sn alloy with different Sn contents.

Acknowledgment

The authors wish to express their appreciation to the support of the National Natural Science Foundation of China (No. 51471042).