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Abstract  

The effect of ultrasonication on the solidification microstructure of recycled Al-alloys is 

investigated using custom Al-2Si-2Mg-1.2Fe-xMn alloys (x = 0.5 and 1%, in wt.%) through 

cooling curve measurement, optical and electron microscopy, X-ray diffraction, differential 

scanning calorimetry and computational thermodynamic calculations. Applying 

ultrasonication throughout the primary-Al nucleation stage resulted in refined non-dendritic 

grain structure. Cooling curves indicate a noticeable reduction in primary-Al nucleation 

undercooling and reduction of the recalescence peak under ultrasonication. However, 

terminating ultrasonication prior to the nucleation of primary-Al led to dendritic grains with 

marginal refinement. Without ultrasonication, coarse Chinese-script α−Al15(Fe,Mn)3Si2 

intermetallics developed from initially polygonal particles due to interface growth instability 

under thermo-solutal undercooling. In contrast, ultrasonication produced refined and polygonal 

α−Al15(Fe,Mn)3Si2 particles by promoting nucleation and growth stabilisation under strong 

fluid flow. The enhanced nucleation from ultrasonication is presumably due to the pressure-

induced shift of freezing point along with improved wetting of insoluble inclusions under 

cavitation. The present results show that ultrasonication can effectively modify the Fe-

intermetallics and refine the grain structure in recycled Al-alloys. 
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1. Introduction 

Tailoring solidification microstructure is an important means to control the mechanical 

properties or downstream processability of Al-alloys. Solidification microstructure in Al-alloys 

can involve a complex combination of intermetallic phases with the primary-Al grains and 

eutectic phases. Grain refinement [1-2] and eutectic modification [3-4] through chemical 

means are widely practiced to improve the solidification microstructure, mechanical property 

and processability of Al-alloys. Secondary processing (recycling), though desirable (see 

below), further complicates the microstructure evolution due to the formation of Fe-containing 

intermetallic phases that are often detrimental to the performance of the alloys. 

Recycling of aluminium has significant environmental and economic benefits over 

primary production, stemming largely from a substantial (~ 95%) reduction in the energy 

requirement [5-7]. However, the accumulation of impurities and tramp elements is difficult to 

avoid. Their removal from the Al-melt is energy intensive and severely limited for 

thermodynamic reasons [5, 8-9]. The most detrimental and pervasive impurity is Fe that is 

picked up from the ores, master alloys and recycled scrap as well as through contamination 

from ferrous tools during manufacturing [10-11]. Most commercial aluminium alloys have iron 

impurity around 0.2 wt.%, which increases further to a level of 0.3–0.8 wt.% or even higher 

during recycling [10]. The presence of some Fe is beneficial for processing, such as reducing 

die soldering in high-pressure die-casting (HPDC) [12]. However, Fe is generally considered 

to deteriorate mechanical performance, especially the ductility of Si-containing Al-alloys [13-

16]. The maximum solubility of Fe in pure solid Al is only 0.04 wt.% [17]. Accordingly, the 

dissolved Fe almost completely precipitates out in the form of various Fe-containing 

intermetallic compounds (IMCs) during solidification. For example, more than 17 types of Al-

Fe and Al-Fe-Si based IMCs have been reported in Al-alloys [18-19], notable ones being Al3Fe, 

α−Al8Fe2Si (or Al15(Fe,Mn)3Si2), β−Al5FeSi, π−Al8Mg3FeSi6, δ−Al4FeSi2 and −Al3FeSi [10, 

17, 20]. The most commonly observed Fe-IMCs in hypo-eutectic Al-Si alloys are − and 

−IMCs that can acquire different crystal structures, morphologies and compositions, 

depending on solidification conditions and the alloy composition. 

It is generally accepted that needle-like or plate-shaped brittle −IMCs allow easy crack 

nucleation and propagation leading to severe loss of ductility in Fe-containing Al-Si alloys [16, 

21-22]. However, it has also been suggested that −AlFeSi forms on folded oxide-bifilms 

entrapped in the melt, with the unbonded oxide surface at the centre of the −IMCs being 



3 

incorrectly considered as cracks [23]. Significant research has been conducted in preventing 

the formation of −IMCs during solidification. In particular, the preferential formation of 

−IMCs over −IMCs, which could be achieved by altering solidification conditions or 

alloying additions, is believed to be less detrimental to the mechanical performance of castings. 

Research has shown that melt superheating and the use of an increased cooling rate can promote 

−IMC formation or refinement of -platelets [24-26]. However, most investigated IMC 

conversion from  to   involves chemical modification through the addition of transition 

elements such as Co, Cr, Mn, Mo, Ni, Cu, V, Mo and W [27-29] or Sr [19, 30-31].  

 Among these alloying additions, Mn is the most frequently utilised element to counter 

the Fe impurity by promoting the formation of −IMCs. Unlike plate-shaped Fe-IMCs such as 

 or predominantly , −Cs may not drastically deteriorate ductility. The addition of Mn, 

however, has been linked with (i) increased sludge (more IMCs) and porosity formation, and 

(ii) reduced machinability of components [16, 23, 32-33]. Various morphologies of −IMCs 

have been observed such as the Chinese-script, blocky, compact, star-like, flower-like, coarse-

dendritic or even elongated rods due to the combined complex influences of the cooling rate 

and Mn content [34]. The addition level of Mn to counter Fe has not been clearly established 

though a minimum Mn/Fe ratio of 0.5 is often suggested. However, excessive addition of Mn 

can risk reversing its positive effect on the mechanical properties leading to severe loss in 

strength and ductility [30].  

 An alternative to chemical approach is to apply physical fields during solidification to 

manipulate the evolving microstructure. Direct application of high-intensity ultrasound has 

shown primary grain refinement [35-38], eutectic modification [39-41], and alteration of the 

morphology and type of Fe-IMCs in high-Si containing Al-alloys [40-47]. Most of these studies 

involved hyper-eutectic Al-Si alloys where ultrasonication affected the morphology and 

transformation kinetics between plate-like −IMCs and −IMCs. A recent investigation of Al-

17Si-2Fe alloy (in wt.% henceforth) established that increasing Mn content alone without 

ultrasonication led to severe macro-segregation and formation of coarse IMCs, while not all 

−IMCs and −IMCs transformed into desirable −IMCs [48]. However, the combination of 

ultrasonication with Mn-addition was able to avoid all the issues and resulted in the formation 

of fine polyhedral −IMCs [48]. The possibility to simultaneously refine the primary grain 

structure and modify the nature and morphologies of IMCs under ultrasonication is highly 

attractive and difficult to achieve by the chemical approaches explored so far.  
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 The objective of this study is to investigate the effect of ultrasonication on the nature 

and morphology of Fe-IMCs in recycled-Al alloys where alloying elements are leaner than in 

traditional Al-Si casting alloys. Recycled Al-alloy compositions may vary significantly 

depending on the scrap used. Wrought Al-alloys account for two thirds of all Al-alloys in use 

[49]. 6000 series being one of the most widely used is expected to be the major scrap used for 

recycling. Yet only 20% of the scrap is recycled into wrought products due to the high impurity 

sensitivity of the ductile Al-Mg-Si alloys [49]. In 6000 series alloys, the Mg and Si content 

varies between 0.6-1.4wt.%. However, addition of cast Al-Si-Mg alloy (300 series) scrap can 

significantly increase the Si and Mg content in the recycled alloy. Accordingly, an experimental 

alloy with 2wt.% of Mg and Si (above the limit used in commercial 6000 series) is used to 

represent the recycled-Al alloy, while the Fe content is kept moderately high to investigate the 

effect on Fe-IMCs. Inspired by the combined benefits of ultrasonication and Mn-addition [48], 

two Mn-addition levels were used. The nature of the Fe-containing IMCs formed and the 

effectiveness of ultrasonication in modifying them are investigated and the origin of 

microstructural modification is explored. 

 

2. Materials and methods 

Alloys of nominal composition Al-2Si-2Mg-1.2Fe-xMn (x =0.5 and 1%) were prepared in a 

clay-graphite crucible in an electric resistance furnace. Measured amounts of master alloys 

were melted at 760 ± 3°C, thoroughly mixed, and homogenised for 2 h with intermittent 

stirring. In this article, Al-2Si-2Mg-1.2Fe-0.5Mn and Al-2Si-2Mg-1.2Fe-1Mn are termed as 

0.5Mn and 1.0Mn alloys, respectively. Compositions of the prepared alloys were verified by 

optical emission spectroscopy.  

In each experiment, 450 ± 15 g of the alloy melt was taken out in a clay-graphite 

crucible preheated to 740 ± 3°C, placed on a refractory slab and ultrasonicated while cooling 

naturally in air. Ultrasonication (at 20 kHz frequency and 25 μm amplitude) was performed 

using a Nb radiator (horn) immersed to 1-2 cm below the melt surface. Figs. 1(a-c) 

schematically illustrates the three different ultrasound application regimes, while Fig. 1(d) 

shows the corresponding ultrasonication range on a cooling curve. A thermocouple, connected 

to a multichannel data logger, was placed below the submerged radiator to record the cooling 

process. The radiator was preheated to 450 °C before immersion into the melt to avoid solid 

built up on its surface. Experiments were repeated to ensure reproducibility and samples were 

solidified under identical conditions, but without ultrasonication, for comparison.  
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Fig. 1 Schematic representation of ultrasonication: (a) ultrasonication continued into the 

semi-solid region (scheme ‘a’), (b) ultrasonication continued till maximum nucleation 

undercooling for primary-Al (scheme ‘b’), (c) ultrasonication terminated prior to 

primary-Al nucleation (scheme ‘c’), and (d) ultrasonication regimes highlighted on the 

cooling curve. 

 

The nucleation undercooling has been shown to differ with and without ultrasonication 

[38, 40]. Therefore, it is difficult to predetermine the withdrawal of the ultrasound horn prior 

to or just after primary-Al nucleation. Experiments involving ultrasonication from the molten 

to the mushy state (scheme ‘a’ in Fig. 1) were conducted first and the nucleation undercooling 

was recorded from the cooling curves. On this basis, for anticipated ultrasound withdrawal just 

after primary-Al nucleation, the horn was withdrawn on reaching the maximum undercooling 

(scheme ‘b’ in Fig. 1). For experiments involving ultrasonication in the fully liquid state, the 

horn was withdrawn well before reaching the maximum undercooling (scheme ‘c’ in Fig. 1). 

A characteristic noise is observed in the cooling curves recorded under ultrasonication 

compared with a smooth curve recorded without ultrasonication. This allowed verification of 

the point of ultrasonication withdrawal from the cooling curves measured during the 

experiments.  

 The solidified ingots (∅ 70 mm, height 75–80 mm) were sectioned longitudinally in the 

middle; then ground and polished through standard metallographic techniques using SiC 

abrasive papers and 0.25 μm colloidal silica suspension. Un-etched samples were examined 

using a ZEISS Axioscop2 MAT optical microscope equipped with an AxioVision image 

capture and analysis module. To enhance the grain structure, samples were also anodised in 

Barker’s reagent (7 ml 48% HBF4, 93 ml H2O) at 20 V for 70 s using a stainless-steel cathode. 

Selected samples were deep-etched using 37% HCl for 90 s to investigate the morphology of 
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the IMCs. Phase identification was carried out using a FEI Quanta Field Emission Gun (FEG) 

scanning electron microscope (SEM) equipped with energy dispersive spectroscopy (EDS) and 

a PANalytical X-ray diffractometer (XRD) using Cu target. Phase transformations within the 

solidification range of the alloys were investigated using a NETZSCH STA449 F3 differential 

scanning calorimeter (DSC). In each DSC experiment, approximately 20 mg sample was 

heated and cooled between 350 °C to 750 °C at 5 oCmin-1.  

 

3. Results  

3.1 Solidification microstructure  

Figures 2(a, b) present the XRD patterns obtained from the conventional and ultrasonicated 

samples for the 0.5Mn and 1.0Mn alloys. No difference was detected with and without 

ultrasonication. Primary-Al constitutes the major phase with small amounts of α–

Al15(Fe,Mn)3Si2 IMC and other IMCs, Mg2Si and π–Al8(Fe,Mg)3Si6.  

 

 

Fig. 2 XRD patterns from samples solidified conventionally and under ultrasonication (UT) 

in, (a) 0.5 wt.% Mn alloy and (b)1 wt.% Mn alloy.  

 

 The as-cast microstructures without ultrasonication consist of primary-Al dendrites 

(marked ‘A’ in Fig. 3) interspersed with α–Al15(Fe,Mn)3Si2 (light-grey phase marked ‘B’) and 

small amounts of Mg2Si (black phase marked ‘C’) and π–Al8(Fe,Mg)3Si6 (marked ‘D’). There 

is no perceptible difference in microstructure between the Mn addition levels. No plate-shaped 

–Al5(Fe,Mn)Si IMCs were observed. Previous research has indicated that a minimum Mn/Fe 

ratio of 0.5 is required to fully convert −IMCs into –IMCs [25]. The present results agree 

well for the high-Mn alloy with Mn/Fe ratio above 0.8. A recent investigation in Al-8Si-
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0.35Mg alloys with varying Fe and Mn content has indicated that formation of −IMCs and 

–IMCs are co-dependent on both the Mn/Fe ratio and the cooling rate [50]. For the cooling 

rates experienced in the present investigation (0.3oC/s), a minimum Mn/Fe ratio of 1.0 is 

suggested to suppress −IMC formation [50]. However, −IMC appears to be suppressed even 

in the low Mn alloy with a Mn/Fe ratio of ~ 0.4. It appears that intermetallic formation may 

also depend on the Si level (present alloys are leaner in Si compared to previous work) and the 

presence of other alloying elements, especially Mg, that forms intermetallic compounds with 

Si. Both Mn and Mg has been shown to suppress the formation temperature of −IMC [50]. 

Prior nucleation of −IMC and Mg2Si may have prevented −IMC formation in the present 

low-Si high-Mg alloys. In contrast, prior research on −IMC and –IMC formation 

predominantly features Si-rich Al-Si-Fe alloys. More research on the effect of different 

alloying elements on the nature of Fe-IMC is necessary to form a clear understanding of their 

formation. Nevertheless, the large complex dendrites of –IMCs are always undesired due to 

their linkage to porosity, sludge formation and reduced machinability. 
 

 

Fig. 3 SEM images from (a) 0.5 wt.% Mn alloy and (b) 1 wt.% Mn alloy cooled naturally from 

740 °C. The matrix phase is primary-Al grains (marked A). Different intermetallic 

phases observed are, Chinese-script type α−Al15(Fe,Mn)3Si2 (light grey phase marked 

B), Mg2Si (black phase marked C) and π–Al8(Fe,Mg)3Si6  (marked D).  

 

3.2 Effect of ultrasonication on the primary-Al grain structure 

Figures 4 and 5 present polarised light micrographs from the 0.5Mn and 1.0Mn alloys, 

respectively, with and without ultrasonication. Figs. 4a and 5a show fully-grown dendritic 

primary-Al grains up to several millimetres in size in the conventionally solidified ingots. 

Ultrasonication resulted in noticeable refinement of the primary-Al grain structure. However, 

both the extent of refinement and the morphology were found to depend on the application 

http://www.sciencedirect.com/science/article/pii/S0925838814022269#f0005
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regime of ultrasound. When the ultrasound was applied in the superheated liquid but withdrawn 

prior to primary-Al nucleation (scheme ‘c’ in Fig.1), the resulting grain structure was refined 

only marginally. Moreover, the primary-Al grains remained dendritic in nature. This can be 

observed by comparing Fig. 5c (ultrasonicated) with Fig. 5a (conventional).  

 

 

Fig. 4 Polarised light micrographs from the 0.5 wt.% Mn alloy ingots:(a-b) solidified without 

ultrasonication, (c-d) under ultrasonication well into the semisolid state (scheme ‘a’ in 

Fig. 1d) and (e-f) ultrasonicated till maximum undercooling (scheme ‘b’ in Fig. 1d). 

Images on the left are from the centre of the ingot, while those on the right are from the 

edge of the ingot. 
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Fig. 5 Polarised light micrographs from the centre of 1.0 wt.% Mn alloy ingots: (a) solidified 

without ultrasonication, (b) under ultrasonication well into the semisolid state (scheme 

‘a’ in Fig. 1d) and (c) ultrasonicated in the liquid state prior to primary-Al nucleation 

(scheme ‘c’ in Fig. 1d). 

 

 In contrast, continued ultrasonication into the semisolid stage (scheme ‘a’ in Fig. 1) 

promoted a significantly refined non-dendritic primary-Al grain structure. This is illustrated in 

Figs. 4c and 5b from the centre of the ingot, right below the ultrasound horn. The entire ingot 

exhibited a refined equiaxed grain structure. Fig. 4d shows similar morphology and grain size 

near the crucible wall as in the area near the horn (Fig. 4c). Withdrawing ultrasound just after 

reaching the maximum undercooling (scheme ‘b’ in Fig. 1) did not promote dendritic growth. 

Figs. 4e and 4f show refined non-dendritic grains near the horn and the crucible wall, 

respectively. These observations suggest that the refined equiaxed grains are a result of 

primary-Al nucleation under ultrasonication. In contrast, grain refinement is marginal with 

dendritic solidification when the ultrasound is withdrawn prior to primary-Al nucleation. Also, 

further ultrasonication after the primary-Al grain nucleation is unnecessary to retain the refined 

non-dendritic grain structure. 

 

3.3 Effect of ultrasonication on the morphology of intermetallic phases 

Figures 6 and 7 present solidification morphologies of the IMCs in the 0.5Mn and 1.0Mn 

alloys, respectively. Figs. 6a and 7a illustrate the overall distribution while Figs. 6b and 7b 

show the morphologies of the IMCs in the base ingots without ultrasonication. The Chinese-

script α–Al15(Fe,Mn)3Si2 with sizes ranging between 300 and 600 m is the predominant IMC 

phase dispersed within the Al matrix. Blocky α–Al15(Fe,Mn)3Si2 IMCs have been reported 

previously in Al-Si alloys with high Mn contents [25, 48]. However, no blocky –IMC 

formation was observed from the increased Mn-content in the present lean alloy. 
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Fig. 6 Optical micrographs from the 0.5 wt.% Mn alloy samples: (a-b) solidified without 

ultrasonication, (c-d) ultrasonicated well into the semisolid state (scheme ‘a’ in Fig. 

1d) and (e-f) ultrasonicated till maximum undercooling (scheme ‘b’ in Fig. 1d). Nature 

of the intermetallic phases marked in the micrographs is explained in Fig. 3. 

 

 

Fig. 7 Optical micrographs from the 1.0 wt.% Mn alloy samples: (a-b) solidified without 

ultrasonication, (c-d) ultrasonicated well into the semisolid state (scheme ‘a’ in Fig. 

1d) and (e-f) ultrasonicated in the liquid state (scheme ‘c’ in Fig. 1d). Nature of the 

intermetallic phases marked in the micrographs is explained in Fig. 3. 

 

 Ultrasonication produced substantial morphological transformation and refinement of 

the –IMCs in both alloys. EDS analysis of seven random –IMCs (Table 1) indicates that 

they are chemically identical irrespective of ultrasonication. Ultrasonication till semisolid state 
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(scheme ‘a’ in Fig. 1d) produced well-dispersed refined polygonal α–IMCs of 20-70 µm in 

particle size (Figs. 6c and 6d). Withdrawing ultrasound following primary-Al nucleation 

(scheme ‘b’ in Fig. 1d) still produced refined polygonal α–IMCs of 10-25 µm in size as shown 

in Figs. 6e and 6f. While their morphology remains compact polygonal, prolonged 

ultrasonication appears to have slightly coarsened the particles (compare Fig. 6d to 6f). Similar 

modification of α–Al15(Fe,Mn)3Si2 under ultrasonication was observed in the higher Mn alloy 

as shown in Figs. 7c and 7d. Refined polygonal –IMCs solidified even when the 

ultrasonication was terminated before primary-Al nucleation (scheme ‘c’ in Fig. 1d) as shown 

in Figs. 7e and 7f. This suggests that –IMCs nucleated prior to primary-Al before the horn 

was withdrawn. Similar to the case of the lower Mn alloy, prolonged ultrasonication led to 

slight coarsening of the particles as evident by comparing Figs. 7d and 7f. 

 Figures 6 and 7 also indicate minor quantities of Mg2Si and π–Al8(Fe,Mg)3Si6 

solidifying in the eutectic areas between primary-Al grains. No major morphological changes 

were observed for these IMCs. Both of these phases solidified outside the influence of 

ultrasonication, presumably after the horn was withdrawn. Large scattered eutectic pockets in 

the conventionally solidified specimen allowed the Mg2Si phase to grow and develop (Figs. 6b 

and 7b). Under ultrasonication, finer well-distributed eutectic pockets resulted from primary-

Al refinement. This has somewhat restricted the growth of Mg2Si into thin particles between 

the primary-Al grains. 

 

Table 1. Composition of the Fe-intermetallic phases in conventionally solidified (reference) 

and ultrasonicated (UT) melts. 

Condition Chemical composition (at. %) Fe/Si ratio 

Al Fe Si Mn 

0.5 wt.% Mn Reference 75.4 13.5 7.1 4.1 1.9 

0.5 wt.% Mn UT 75.1 13.5 7.6 3.8 1.8 

1 wt.% Mn Reference 73.0 12.4 6.5 8.1 1.9 

1 wt.% Mn UT 73.7 12.3 6.9 7.1 1.8 

 

3.4 Solidification sequence of phases 

To help understand microstructure evolution under ultrasonication, the solidification sequence 

of the alloys was investigated using computational thermodynamics. Figs. 8a and 8b present 
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the phase fractions evolved under non-equilibrium solidification for the 0.5 and 1.0Mn alloys, 

respectively, calculated using a CALPHAD software tool.  

 

 

Fig. 8 Evolution of phase fractions as a function of temperature, as calculated through 

CALPHAD software, in (a) the 0.5 wt.% Mn and (b) the 1.0 wt.% Mn alloy. 

 

 In the 0.5Mn alloy (Fig. 8a), α–Al15(Fe,Mn)3Si2 starts solidifying at 648 °C and steadily 

increases till about 623 oC. Primary-Al forms at 634 oC and constitutes the major solidifying 

phase. The start of Mg2Si solidification coincides with a sudden increase in the Al fraction at 

577 oC, indicating a eutectic reaction involving these phases. π–Al8(Fe,Mg)3Si6 is the last phase 

to solidify starting at 564 oC. The calculated phase fractions qualitatively agree with the phases 

and their content in the microstructure (Figs. 2 and 3). A similar solidification sequence is 

predicted for the 1.0Mn alloy (Fig. 8b). α–Al15(Fe,Mn)3Si2 solidifies first, albeit at a higher 

temperature of 672 oC. Primary-Al starts solidifying at 636 oC, followed by a eutectic 

solidification involving Mg2Si and Al at 578 oC. π–Al8(Fe,Mg)3Si6 is the last phase to solidify 

starting at 561 oC. As with the 0.5Mn alloy, the calculated phase fractions qualitatively agree 

with the observed microstructure in the 1.0Mn alloy (Figs. 2 and 3). 

DSC scans were then compared with the CALPHAD predictions for a more accurate 

description of the solidification events in both alloys. Figs. 9a and 9b present the DSC traces 

recorded during heating and cooling of the 0.5 and 1.0% Mn alloys, respectively. Fig. 9a shows 

three major phase transformations during cooling of the 0.5% Mn alloy from the fully liquid 

state. Identical transformations are detected during heating, albeit at slightly different 

temperatures, from the solid to the liquid state. Primary-Al solidification produces the major 

peak at about 641 oC, followed by two small peaks corresponding to eutectic solidification of 
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Mg2Si at 578 oC and π–Al8(Fe,Mg)3Si6 at 554 oC. The DSC results are in good agreement with 

the computational thermodynamics predictions of the solidification path. Similar agreement 

was observed for the 1% Mn alloy where the DSC traces (Fig. 9b) indicate primary-Al 

nucleation at 640 oC, followed by eutectic solidification of Mg2Si and π–Al8(Fe,Mg)3Si6 at 580 

oC and 554 oC, respectively. However, no peaks corresponding to α–Al15(Fe,Mn)3Si2 

nucleation were detected from the DSC traces. This suggests that nucleation of –IMCs is not 

prolific, and the IMCs evolved slowly over a temperature range.  

 

 

Fig. 9 DSC heat flow curves obtained during heating and cooling of (a) 0.5 wt.% Mn and (b) 

1.0 wt.% Mn alloys.  

 

4. Discussion 

4.1 Effect of ultrasonication on the solidifying melt  

The effect of ultrasonication on metallic melts has been explained based on cavitation and 

acoustic streaming [35, 51]. The former involves nucleation, growth and collapse of gas 

bubbles in the melt (above a cavitation threshold) leading to local shockwave pulses of 1000 

atm and microjets of 100 ms-1 [52]. Our estimate suggests an ultrasound energy density of 1500 

Wcm-2 in the present set-up, well above the reported cavitation threshold of 100 Wcm-2 in Al 

melt [38]. Acoustic streaming, from the attenuation of ultrasound in the melt, promotes large-

scale steady fluid flow dissipating heat and solute and dispersing nuclei in the melt. Although 

cavitation is considered responsible for microstructural refinement, the exact mechanism(s) is 

still debated. Dendrite fragmentation under cavitation and dispersion of fragments through 

acoustic streaming are thought to contribute to grain refinement [35, 51]. Alternative theories 
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suggest that heterogeneous nucleation is enhanced from pressure induced shift in freezing point 

or adiabatic melt cooling at the surface of cavitation bubbles [53-54]. 

 

 

Fig. 10 Cooling curves measured during the solidification of 0.5 wt.% Mn alloy. (a) shows the 

cooling curves obtained under different solidification conditions. The time derivative of 

the cooling curve is superimposed indicating the phase transformations under (b) 

conventional solidification and (c) ultrasonication (UT). 

 

 Solidification of the 0.5%Mn alloy is examined with the help of cooling curves (Fig. 

10a) measured with and without ultrasonication (schemes ‘a’ and ‘c’). The time derivatives of 

the cooling curves are superimposed on Figs. 10b and 10c for conventional solidification and 

ultrasonication (scheme ‘a’), respectively. The major nucleation events can be identified from 

the peaks observed in the time derivative of the cooling curve. Under conventional 

solidification, primary-Al nucleates at 636 oC, eutectic Mg2Si at 585 oC and π–Al8(Fe,Mg)3Si6 

at 550 oC. These values agree well with the computational thermodynamics calculation (Fig. 

8) and DSC measurements (Fig. 9a). As with the DSC traces, no α–Al15(Fe,Mn)3Si2 peak could 

be identified in the cooling curve, indicating insignificant nucleation. The presence of large 

Chinese-script α–IMCs in the microstructure (Fig. 8) suggests that their morphological 

evolution occurs predominantly through growth over a temperature range with nucleation 

playing a trivial role. In contrast, Fig. 10 clearly shows that ultrasonication promoted –IMC 
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nucleation with a distinct peak appearing at ~647 oC in the cooling curves. However, growth 

still plays a major role in its morphological evolution as discussed below. 

 

4.2 Modification of –Al15(Fe, Mn)3Si2 morphology under ultrasonication  

Previous work has shown that –IMCs form through peritectic reaction or, for Si >5wt.%, 

directly solidifies from the liquid [55]. However, Fig. 10 indicates direct –IMC solidification 

under ultrasonication at a lower Si content in the present alloys. It has been reported that –

IMCs nucleate on oxides [34]. Forced wetting of inclusions has been proposed under cavitation 

[52] and demonstrated in oxide containing metal matrix composite [56]. Therefore, cavitation 

assisted wetting of oxide films is expected to increase heterogeneous nucleation sites 

explaining the –IMC nucleation peak observed under ultrasonication (Fig. 10).  

 Despite the enhanced nucleation from ultrasonication, the –IMC fraction is low in the 

microstructure. This excludes hard (physical contact between particles) or soft impingement 

(overlapping of solute diffusion fields) during growth. The morphological evolution of a freely 

growing solid is dictated by the stability of its interface. For diffusion-controlled growth in a 

supersaturated matrix, the Mullins-Sekerka instability commences at a critical radius 

𝑟𝑐 =
14Γ𝐷

(𝐶∞ − 𝐶0)/𝐶0
  

where D is a capillary constant, and C0 and C∞ are the equilibrium concentrations at the 

interface and original concentration of the matrix, respectively [57]. The critical radius sharply 

decreases with increasing solute supersaturation (C∞ ‒ C0) ahead of the interface. For thermal 

growth in a supercooled melt, the critical radius for instability is given by [57] 

𝑟𝑐 =
2Γ𝑇(7 + 4𝑘𝑆/𝑘𝐿)

(𝑇𝑀 − 𝑇∞)/𝑇𝑀
 

where T is another capillary constant, kS and kL are thermal conductivities in the solid and the 

liquid, respectively, and TM and T∞ represent the respective melting point (interface 

temperature) and initial temperature of the melt [57]. The critical radius sharply decreases with 

increasing thermal undercooling (TM ‒ T∞) at the interface. Both thermal (from poor nucleation) 

and constitutional (from rejected solute at the interface) undercooling are relevant to –IMC 

solidification, in isolation or in conjunction, leading to early growth instability.  
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 While the Mullins-Sekerka analysis ignores anisotropic interface energy, –IMC 

evolution may involve a significant role of surface energy anisotropy. Phase-field simulation 

in anisotropic Al-Si system has shown a change in Si growth morphology from faceted to 

dendritic at large undercooling [58]. Similarly, faceted Sb-doped Ge was shown to develop 

instability from high interface solute supersaturation [59]. It appears that thermal and solutal 

driven growth instability is applicable to faceted crystals, although a higher undercooling 

and/or solute supersaturation is needed for such instability compared to non-faceted particles. 

Accordingly, freely growing –IMC particles (and fragments generated under cavitation) are 

expected to develop dendritically in the melt. 

 

 

Fig. 11 Deep-etched microstructure illustrating the morphology of the -Al(Fe,Mn)Si 

intermetallics formed (a) without and (b) with ultrasonication. Corresponding high 

magnification micrographs are presented in (c) for conventional solidification and (d) 

under ultrasonication. 

 

 The morphology of the –IMCs is shown in Fig. 11. All –IMCs in the ultrasonicated 

sample (Fig. 11b) are polygonal but are the Chinese-script type in the conventionally solidified 

sample (Fig. 11a). Fig. 11c reveals radial branching of a central polygonal particle leading to a 
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Chinese-script particle, suggesting early growth instability under conventional solidification. 

In contrast, the –IMCs formed under ultrasonication are compact polyhedral bound by facets 

and devoid of growth instability (Fig. 11d). Note that Fig. 11d is presented at higher 

magnification than Fig. 11c to highlight the 3D morphologies of the polygonal IMCs. They are 

significantly finer than the Chinese-script IMCs but much larger than the polyhedral crystals 

at the centre of Chinese-script IMCs. This signifies that the –IMCs have grown further 

without encountering interface instability under ultrasonication. The reasons can be attributed 

to low interface undercooling from enhanced nucleation and low solute supersaturation from 

fluid flow during free growth of the −IMCs under ultrasonication according to the stability 

theory discussed earlier.  

 

4.3 Refinement of primary-Al grain structure under ultrasonication  

Ultrasound induced grain refinement has been extensively investigated for both Al and Mg 

alloys and explained based on dendrite fragmentation or enhanced nucleation [35-38, 52]. 

Figures 4 and 5 highlight prolific grain refinement when primary-Al nucleate under 

ultrasonication (schemes ‘a’ and ‘b’). Fig. 10a shows lower nucleation undercooling for 

primary-Al under ultrasonication (compared to conventional solidification), suggesting 

enhanced heterogeneous nucleation. This is consistent with our previous observations in 

various Al-alloys [38, 40-41]. In contrast, ultrasound withdrawal prior to primary-Al nucleation 

(scheme ‘c’) produced dendritic growth with minor grain refinement (compare Fig. 5c against 

5a), similar to earlier observation in Al-Cu [60, 61]. This suggests that forced wetting of 

substrates alone is insufficient to account for the enhanced primary-Al nucleation (Fig. 10) 

under ultrasonication.  

 There is no perceptible difference in the refinement levels between schemes ‘a’ (Figs. 

4c,d) and ‘b’ (Figs. 4e,f) suggesting fragmentation of primary-Al in the semisolid state is 

negligible. Enhanced nucleation has also been explained from the pressure-induced increase in 

the freezing point under cavitation [53-54]. The increase in freezing point can activate the less 

potent substrates wetted under cavitation, such as the oxides, through increased thermal 

undercooling [38, 40]. This explains why primary-Al refinement is significant under 

ultrasonication but marginal when ultrasonication is terminated prior to Al-solidification in the 

present study. Fig. 10a also shows recalescence is minimal when ultrasonication continued 

through nucleation but prominent when withdrawn prior to primary-Al nucleation. It can be 
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explained from effective dissipation of latent heat under intense convection and may further 

increase refinement by prolonging nucleation.  

 

5. Conclusions 

The solidification microstructure formed in custom Al-2Si-2Mg-1.2Fe-xMn (x =0.5 and 1 

wt.%) alloys, representative of recycled-Al, is examined and compared in the presence and 

absence of ultrasonication under identical natural air-cooling conditions. 

 The microstructure consists of primary-Al grains with intergranular α–Al15(Fe,Mn)3Si2 

and minor amounts of Mg2Si and π–Al8(Fe,Mg)3Si6 intermetallics in agreement with 

computational thermodynamics predictions. Ultrasonication produced no noticeable change in 

each constituent phase fraction. 

 Coarse dendritic primary-Al grains in the base ingots were drastically refined to 

compact grains when the melt was ultrasonicated until or beyond the primary-Al nucleation 

stage during cooling. However, terminating ultrasonication prior to primary-Al nucleation 

reverted to dendritic grain formation with marginal refinement.  

 Cooling curves from the Al-2Si-2Mg-1.2Fe-0.5Mn alloy indicate a noticeable 

reduction in the primary-Al nucleation undercooling under ultrasonication. In addition, the 

prominent recalescence peak observed following primary-Al nucleation in the absence of 

ultrasonication was effectively eliminated when solidified under ultrasonication. 

 Coarse Chinese-script α–Al15(Fe,Mn)3Si2 formed in the absence of ultrasonication, but 

was converted to refined polygonal particles bound by flat surfaces under ultrasonication. 

Distinct α–Al15(Fe,Mn)3Si2 nucleation peak was observed only under ultrasonication in the Al-

2Si-2Mg-1.2Fe-0.5Mn alloy cooling curve, suggesting that ultrasonication promoted 

nucleation of the intermetallic. 

 Chinese-script α–Al15(Fe,Mn)3Si2 IMCs develop from initially polygonal particles due 

to growth instability from undercooling and solute supersaturation. Their modification to much 

refined polygonal particles by ultrasonication results from the enhanced nucleation along with 

growth stabilisation due to solute homogenisation at the solid-liquid interface.  
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