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Abstract
The automotive industry is willing of employing a greater amount of light metals like aluminium, magnesium and titanium, in order to reduce the total weight of the cars and, consequently, fuel consumption. Even though some casting aluminium alloys are commonly employed for automotive structural applications, their mechanical performances can be improved by means of appropriate grain refining by heterogeneous nucleation. This practise is well established for wrought aluminium alloys by using Al-Ti-B master alloys but they are not effective in casting alloys due to the much higher silicon percentage (poisoning). A novel chemical composition which, actually, refines appropriately Al-Si alloys was developed at Brunel University. In this study the combined effect of casting temperature and addition of this novel grain refiner (NGR) on the microstructure of binary Al-Si alloys was considered. The addition of this NGR leads to the formation of finer primary α-Al grains, finer eutectic Al-Si intermetallics and less and smaller primary Si particles.

1. Introduction
The need to reduce cars weight and, in turns, to diminish the environmental pollution and the emission rate of exhaust gases from petrol and diesel engines is a must to fulfil the European directive about car emission. Therefore, the automotive industry is focusing a lot of attention into the employment of a greater amount of light metals (i.e. titanium, aluminium and magnesium). Nowadays, aluminium and its alloys are already used in the automotive industry to produce critical components with intricate geometry such as engine blocks, pistons and wheels. Aluminium and its alloys are the material of choice when the reduction of weight has to be combined with other specific properties such as good corrosion resistance and appropriate mechanical properties at relatively low performing temperatures. For the fabrication of near-shape products with complex geometry for the automotive industry, casting processes such as sand casting and low/high pressure die casting are commonly used due to their flexibility. On the base of the production method, aluminium alloys based on the binary Al-Si phase diagram (i.e. where silicon is the mayor alloying element) are the ideal and versatile foundry materials because they are characterised by good fluidity which permits to fill the cavity of the moulds easily and satisfactorily. Moreover, the series of Al-Si alloys have relatively low melting point and guarantee appropriate surface finishing [1]. Although products made out of Al-Si casting alloys allow the lightweight of automotive components, their full potential is not yet achieved. 

This is due to the fact that their mechanical performances are somewhat limited by their coarse grain structure (especially in the case of sand casting products where the cooling rates are very low) which imposes to the engineers to oversize structural components considering high safety factors in order to fulfil the requirements for specific applications. It is well known that an improvement of the mechanical properties in metals can be obtained with finer microstructure as per the Hall-Petch relationship [2]. Fine microstructure can be obtained by using fast cooling rate but this is not always possible and easy to apply at industrial level. Another way to refine the microstructure is to add appropriate particles which act as heterogeneous nucleation sizes. In the case of the aluminium industry, the practise of refining the grain size (i.e. primary α-aluminium) is well established at industrial level for pure aluminium and for wrought alloys [3]. This is generally carried out by master alloys developed on the base of the ternary Al-Ti-B phase diagram [4, 5]  (such as the Al-5Ti-1B) because titanium has a great growth restriction factor and it is characterised by a peritectic reaction with pure aluminium to form titanium aluminides (i.e. liquid Al + Al3Ti → solid solution) [6]. Furthermore, the presence of titanium diborides (TiB2), which forms thanks to the addition of boron to the master alloy, and of Al3Ti present in the Al-Ti-B master alloys are the base for the heterogeneous nucleation of primary α-aluminium grains (even though a common and worldwide recognised theory on the mechanism governing the refining has not been proposed yet [3, 7-9]) which, thus, leads to the refining of the microstructure. In the case of the Al-Si alloys, where silicon content is generally higher than 4 wt.%, the potency and efficiency of the Al-Ti-B master alloys is inhibited by the formation of intermetallic phases such as TiSi and Ti5Si3 between titanium and silicon. This phenomenon is called poisoning and it has been largely studied by the scientific community [10-12]. Due to the lack of suitable alternatives, nowadays the refining of cast Al-Si components is not done or it is performed with Al-Ti-B master alloys despite of the well-known drawback and poor efficiency. New refiners can be developed by considering chemical elements that have similar behaviour to titanium (peritectic reaction [13]) when placed in contact with molten aluminium like tantalum, molybdenum, niobium or tungsten. A novel grain refiner (NGR) that can actually refine the microstructure of Al-Si alloys was developed by the authors [14, 15]. The aim of this work is to study the influence of the casting temperature on the final grain size of binary Al-xSi alloys (where x = 4-10 wt.%) without and with the addition of the NGR.
2. Experimental Procedure
The starting materials employed for the work presented in this paper are: commercially pure aluminium supplied by Norton Aluminium (Al > 99.5 wt.%) and an Al-50Si master alloy. Binary Al-xSi alloys with a silicon content variable between 4 wt.% and 10 wt.% were considered in the study. For that, the correct amount of commercially pure aluminium and Al-50Si master alloys were weight, placed inside a clay-bonded graphite crucible and melted at 800ºC during 2 hours in a electrical resistance furnace. After this homogenization time, the binary Al-xSi alloys were cast and their composition checked by means of a FOUNDRY-MASTER Pro (Oxford Instruments) in order to guarantee the repeatability of the study. It was confirmed that the silicon content has a reliability of ± 0.2 wt.%. Being a pure element, aluminium is characterised by a fixed melting temperature and, therefore, the increment of the pouring temperature leads automatically to a precise and constant superheating. Conversely, in the case of hypoeutectic Al-Si alloys (i.e. silicon content lower than 12.6 wt.%), it can be seen from the binary Al-Si phase diagram (see Figure 1) [16] that the higher the silicon content of the alloy the lower the liquidus temperature. That means that if the pouring temperature is kept constant for different binary Al-xSi alloys, they will have different superheating. 
Two sets of experiments, one from constant pouring temperature and the other maintaining constant the superheat (ΔTs) supplied to the alloy as expressed by Equation 1 were performed:
[image: image1.emf]a) b)


ΔTs = Tp - Tl  
            (Eq. 1)
where Tp is the pouring temperature and Tl is the liquidus temperature.
For this set of experiments, the binary Al-xSi alloys were melted at 800ºC and then left to cool to the respective value to have a superheat of 40ºC ± 3ºC before pouring. In order to fix the cooling rate and to study the efficiency of the NGR, TP-1 tests as specified by The Aluminium Association [17] were performed. Specifically, the cooling rate achieved is about 3.5ºC/s and the cross-section to be analysed for microstructural characterisation is cut at 38 mm from the bottom of the sample. Metallographic preparation of the samples was done by grinding with SiC papers and polishing with OPS solution. Once polished, the grain size of the cast specimens was revealed by anodising (10V/1A) using a tetrafluoroboric acid (HBF4) solution. Micrographs and grain size measurements were carried out at a Carl Zeiss Axioscope A1 microscope and dedicated software.
3. Results and Discussion
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Figure 2 shows the variation of the grain size (i.e. primary α-Al grains/dendrites) of binary Al-xSi without and with the addition of the NGR poured from a constant temperature (i.e. 700ºC) and poured with a constant superheat (i.e. ΔTs = 40ºC).
Analysing the data relative to the binary Al-xSi without addition of the NGR and poured from constant temperature of 700ºC (square dots), it is confirmed that the addition of silicon to aluminium leads to the refinement of the grain structure (i.e. binary Al-4Si ~ 580 µm).

Nonetheless, a further increment of the silicon content enhances grain coarsening reaching grain size comparable to that of unrefined pure aluminium (~ 2200 µm) for a silicon content of 10 wt.% (~ 2150 µm). This coarsening effect is directly related to the fact that, if the pouring temperature is kept constant, binary Al-xSi alloys with higher silicon content are, virtually, poured from a higher temperature (i.e. higher superheat). In particular, in the case of the binary Al-10Si alloy, its liquidus temperature is around 593ºC which means that the superheat is 107ºC and, therefore, 67ºC higher with respect to pure aluminium whose superheat is 40º (i.e. 700ºC-660ºC=40º). In the case of the binary Al-xSi alloys without the addition of the NGR poured from a constant superheat (round dots) and, accordingly, lowering the pouring temperature proportionally to the increment of the silicon content, after the drastic grain size reduction of the binary Al-4Si alloy, there is a slight grain coarsening with the increment of the silicon content reaching the coarsest grain size for the binary Al-10Si alloy (~ 650 µm). These experiments permit to confirm that the pouring temperature has a very important effect on the grain size of aluminium alloys. When considering the behaviour of the binary Al-xSi alloys with the addition of the NGR and poured from constant temperature (pointing-down triangles), the first think that can be highlighted it that the addition of the NGR can refine significantly pure aluminium because the grain size is reduced from around 2200 µm to ~ 500 µm. Moreover, it can be seen that the grain size fluctuates with the increment of the silicon content, Specifically, it decreases somewhat in the silicon range between 4 wt.% and 7 wt.% and then slightly increases for higher silicon contents to around 600 µm. Consequently, it can be noticed that the addition of the NGR leads to the refinement of binary Al-xSi alloys independently of the silicon content. The refinement is much more pronounced for a constant pouring temperature, specifically for high silicon hypoeutectic alloys. Finally, in the case of the binary Al-xSi alloys with the addition of the NGR poured from a constant superheat (pointing-up triangles), the variation of the grain size with the amount of silicon present in the alloy is similar to that of the alloys poured from constant temperature although the final grain size of the alloys is somewhat finer (~ 400 µm). Concluding, it can be stated that the NGR can be effectively refined the size of the primary α-Al dendrites of Al-Si alloy and its performance is kept throughout the whole spectrum of hypoeutectic alloys where the difference with the unrefined alloy becomes bigger with the increment of the silicon content.
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Figure 3 shows representative example of anodised microstructure and, in particular, for the binary Al-10Si alloy without and with the addition of the NGR and poured under the different conditions described for Figure 2.
The micrographs of the anodised samples made out of the binary Al-10Si alloys shown in Figure 3 just reflect the results of the grain size measurements described in Figure 2 where the addition of the NGR leads to the refinement of the primary α-Al dendrites and the effect of having a variable pouring temperature or constant superheat can be clearly be seen. Even if form the micrographs of Figurer 3 the samples cast at constant superheat show finer grain size, it is worth mentioning that the lowering of the pouring temperature is not very practical at industrial level because this will decrease significantly the fluidity of the alloy preventing the filling of mould cavities [18].
Figure 4 shows the micrographs of the binary Al-10Si alloy without and with the addition of the NGR poured from the temperature of 740ºC, a typical industrial processing temperature used to cast components made out of hypoeutectic Al-Si alloy.
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Figure 4. Micrographs of the binary Al-10Si alloy poured from the temperature of 740ºC: a) without the addition of the NGR and b) with the addition of the NGR.
The microstructural features of the binary Al-10Si alloy without the addition of the NGR (Figure 4 a) is composed of coarse primary α-Al dendrites (in agreement with the results previously shown), relatively long needles of eutectic phase (Al-Si intermetallics) and primary silicon particles. After the addition of the NGR (Figure 4 b), not only the size of the primary α-Al dendrites is significantly reduced but the mean length of the eutectic phase and the size and number of primary silicon particles present in the microstructure is reduced as well. The reduction of the length of the eutectic needles and of the primary silicon particles is thought to be due the more homogeneous distribution of silicon atoms in the solidification front and in the molten metal pools which remain in between the arms of the dendrite growing during the solidification process. Moreover, the presence of a much bigger number of dendrites growing is favouring the nucleation of the eutectic phase due to the fact that the lattice mismatch between them is rather small.
4. Conclusions

From this study about the influence of the casting temperature on the grain size of binary Al-Si alloys it can be concluded that the addition of the novel grain refiner (NGR) can efficiently and effectively reduce the final grain size where the effect of the NGR becomes more pronounced with the increment of the silicon content. Moreover, it is confirmed that the pouring temperature has significant effect on the grain size and it is a useful way to reduce the grain size but it is not, probable, viable at industrial level due to the lost of fluidity of the alloy. Finally, the addition of the NGR leads also to the refinement of the other microstructural features such as the length of the Al-Si eutectic phase.
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Figure 1. Sketch of the binary Al-Si phase diagram.








Figure 2. Variation of the grain size for binary Al-xSi alloys with and without the addition of the NGR cast from constant temperature (i.e. 700ºC) or constant superheat (i.e. ΔTs = 40ºC).








Figure 3. Colour etched microstructure of the binary Al-10Si alloy: a) without NGR poured at 700ºC, b) without NGR poured with superheat of 40ºC, c) with NGR poured at 700ºC and d) with NGR poured with superheat of 40ºC.











