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Abstract - This paper describes the effect of electromagnetic stirring current (11-15A) on the microstructure of Al-7%Si-
0.5%Mg and Al-17%Si-0.5%Mg alloys. Electromagnetic stirring (EMS) of semi-solid aluminium alloys was carried out 
under continuous cooling conditions. To investigate the effectiveness of the EMS systems, castings processed by EMS using 
different current values and mechanical stirring were prepared using graphite mould (to ensure slow cooling rate). It was 
found that EMS can be effectively used with hypoeutectic and hypoeutectic Al-Si alloys to get modified eutectic even 
without any modifier. EMS was found to be more effective than mechanical stirring in controlling the microstructure of as 
cast samples. The optimum current for EMS to achieve the better control over the structure varies with silicon content in the 
alloy. Optimum current was found to increase with increase in Si content in aluminium alloy. At very low currents the 
Electromagnetic stirring gave better results as compared to that at high current and mechanical stirring. Results were 
substantiated by scanning electron microscopy. 
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I. INTRODUCTION  
 
Application of aluminium in automotive and 
aerospace is increasing continuously due to some 
very attractive characteristics like high strength to 
weight ratio, good wear and corrosion resistance and 
easy to process. These factors in turn help in 
producing the light weight and energy efficient 
vehicle with less emission gases (CO2 and NO2). 
Conventional liquid metal casting processes face 
many potential problems such as gas entrapment, hot 
tearing, and shrinkage porosity formation. Hot tearing 
occurs due to low ductility and poor strength of 
dendritic network in the semi-solid state during the 
solidification, while formation of shrinkage porosity 
is attributed to poor feeding of liquid metal through 
the dendritic network. Therefore, most of the research 
worldwide has been concentrated on the refinement 
and development of non-dendritic morphologies in 
hypoeutectic and hypereutectic Al-Si alloys to 
overcome these problems of conventional liquid 
casting processes. It has been suggested that problems 
can be greatly reduced by having spheroidal primary 
phase morphologies [1]. Controlling the rheology of 
the semi- solid metal (SSM) slurries is one of ways to 
achieve spheroidal solid morphology. Rheocasting 
began at MIT in 1971 to produce non-dendritic 
microstructures by continuous stirring of solidifying 
metal through the solidification temperature range 
[2]. There are basically two approaches to obtain the 
desired microstructure for a semi-solid slurry using 
different techniques: 1) partial solidification of melt 
under forced convection induced by electro-magnetic 
or mechanical stirring or partial solidification under 
the effect of external field such as pulse current or 
ultrasonic vibrations; and 2) partial melting of solid 
feed stock solidified under controlled conditions. 

Though the research on stir-casting picked up in late 
eighties but  literature review reveals that only few 
references [3-9] are available on improving the 
structure and mechanical properties of hypoeutectic 
and hypereutectic Al-Si alloys. Micro-constituents of 
Al-Si alloy namely primary and eutectic silicon 
crystals are known to influence to mechanical and 
tribological properties.  
Electromagnetic stirring (EMS) is a technology in 
which molten metal (in semi solid condition) is 
stirred with the help of electromagnetic forces. 
Molten metal is kept in a vessel (generally 
cylindrical), around the vessel coils are wrapped. 
Flow of A.C current through the coils generates 
varying magnetic field, which sets current in molten 
metal as per Lenz’s law of magnetic induction. AC 
current was controlled with a transformer which in 
turn controls the magnetic induction intensity of the 
rotary magnetic field, thus finally affects the 
rotational velocity of the semi-solid melt [9]. Forced 
convection of molten metal by Electromagnetic 
Stirring results in two effects 1) finer particles with a 
non-dendritic morphology and 2) accelerated crystal 
growth. 
Stirring of semi-solid alloy system breaks the 
dendrites arms which are formed during normal 
course of solidification and broken parts of dendritic 
arms act as nucleant thus grain refinement of alpha 
aluminium is achieved. With increasing shear rate 
and intensity of turbulence the particle morphology 
changes from dendritic to spherical via rosette [7-9]. 
Electromagnetic stirring have been reported to affect 
the primary silicon particles (PSPs) morphology in 
two ways 1) the congregating effect and 2) the 
refining effect. When the stirring current is high, the 
congregating effect predominates over refinement 
effect and therefore PSPs move inwards and 
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congregate to form large blocks owing the occurrence 
of the centrifugal force field. Relatively weak 
electromagnetic stirring offers more refining effect on 
the primary Si particles than the strong 
electromagnetic stirring. The severe EMS causes 
more turbulence in the semi-solid metal, which in 
turn encourage fracture of dendritic arms. The 
turbulence drags the broken grains to the centre of the 
ingot where they grow in the form of rosettes or 
globules (morphology more energetically steady). A 
greater number of broken grains results in a final 
smaller average grain size. Literature indicates the 
best refinement and distribution of micro-constituents 
is obtained only at an optimum level of EMS current 
[4]. Dendrite fracture theory is widely accepted as 
primary mechanism for refinement of alpha 
aluminium in stir cast Al-Si alloys; however, the 
mechanism of primary and eutectic silicon refinement 
is not yet very clearly understood [2, 3]. Therefore, in 
present research attempts were made to investigate 
the effect EMS (using different current levels) and 
mechanical stirring on eutectic and primary silicon 
particles of a hypoeutectic and a hypereutectic Al-Si 
alloy. 
 
II. EXPERIMENTAL PROCEDURE  
 
2.1 Development of stir cast alloys  
Schematic diagram of EMS system along with main 
components is shown in Fig. 1. Ceramic wool and 
asbestos sheet were used for thermal insulation of 
coils as heat transfer might damage the coil windings. 
For measuring the temperature of molten metal, 
alumel-chromel thermo couple (K-type) with digital 
temperature indicator was used to ensure that stirring 
is done in the mushy zone. The current and voltage 
supplied to motor were regulated by a 3 phase Auto 
transformer for controlled supply of current and 
voltage according to the rating of the windings. For 
ensuring safety of windings, the temperature of the 
windings was also measured continuously during 
stirring. Suitable electro-magnetic filed was designed 
and generated for stirring of semi-solid Al-7%Si-
0.5%Mg and Al-17%Si-0.5%Mg alloy. Base alloys 
were first prepared by using Al-50%Si, Al-10%Mg 

and high purity aluminium with help of an induction 
furnace. Subsequently, one by one each alloy (1.5kg) 
was re-melted in the induction furnace for 
electromagnetic stirring treatment. The molten metal 
at 750°C was poured in the pre-heated (250º C) 
graphite crucible.  The crucible was then placed in 
electromagnetic filed. After placing the crucible 
suitably in electromagnetic field, the current was 
increased gradually until the rotation starts. The 
stirring was then continued at a particular value of 
current till the molten metal stays in mushy zone 
under continuous cooling conditions. After stirring, 
the melt slurry was allowed to cool in graphite 
crucible kept in still air. On complete solidification, 
the casting was taken out. EMS was carried out using 
different conditions as shown in Table I. Mechanical 
stirring was carried out 200rpm using a system 
schematically shown in Fig 2. Samples of alloy 
processed by EMS and mechanical stirring were 
prepared by machining and standard metallographic 
polishing procedure for microstructure and hardness 
study. Polished samples were etched with the Keller’s 
reagent (95% water, HF-1%, HNO3-2.5%, HCl-
1.5%). Microphotographs of the samples were taken 
at magnification of 500X using scanning electron 
microscope (Leo, UK) using and then finally image 
analysis of all microstructures was done using 
Materials Plus (Dewinter, India) Image analyzer 
software. 

SUPPORTING BASE

ABSBESTOS SHEET

GRAPHITE SHIELD

CRUCIBLE FOR HOLDING
MOLTEN ALLOY

SEMI-SOLID ALLOY

THERMO-COUPLE

COILS FOR ELECTROMAGNETIC FIELD
 

Fig. 1. Schematic diagram of electro magnetic stirring system 
showing various components 

S. No. Current (A) Voltage (V) Temperature Range (°C) Winding Temp. (°C) 

Alloy1 11 150 600-550 41.2 

 13 178 -do- 41.8 

 15 200 -do- 43.2 

Alloy3 11 150 680-600 43.6 

 13 178 -do- 44.2 

 15 200 -do- 45.4 

Table 1: Experimental Parameters for electromagnetic stirring 
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Fig. 2. Schematic diagram of set-up for mechanical stirring 
showing a) top view and b) front view: 1 hot plate, 2 stainless 

steel stirrer, 3 graphite crucible and 4 stirrer shaft 
 
III. RESULTS AND DISCUSSION 
 
Microstructures of hypoeutectic alloy processed by 
EMS and mechanical stirring are shown in Fig. 3 (a-
d). It can be observed that the microstructure of alloy 
in different conditions primarily reveal the spheroids, 
rosettes and eutectic mixture of Al-Si along the grain 
boundary. In general, increase in EMS current  
 
also increases the size of spheroids and coarsens the 
eutectic mixture especially needle shaped eutectic 
silicon crystals. Moreover, the EMS of alloy with 
11A current results in maximum modification of 
eutectic and refinement of alpha aluminium grain 
(Fig 3a). Increase in current from 11A to 15A 
reduced the degree of modification and grain 
refinement of the alloy (Fig.3 a-c). Mechanical 
stirring did not show any major eutectic modification 
as eutectic silicon remained of needle shape (Fig 3d). 
This may be due to uniform stirring effect under 
mechanical stirring conditions. 
Microscopy of hypereutectic alloy revealed that EMS 
at 11A current results is only slight modification of 
eutectic mixture as many needle shaped silicon 
particles were observed in matrix of the alloy (Fig 4 
a). Increase in current from 11 to 13 and 15A caused 
significant modification of eutectic and refinement of 
primary silicon particles in the alloy (Fig 4 a-c). Best 

modification i.e. refinement and spheroidization of 
eutectic silicon and refinement of primary silicon 
particles in hypereutectic alloys was observed for 
sample processed by EMS at 15A current. 
Mechanical stirring in case of hypereutectic alloy also 
did not show any significant eutectic modification as 
eutectic silicon crystals largely remain coarse and 
needle shaped (Fig 4 d). Few polyhedral shaped 
cuboid of primary silicon particles were also 
observed in alloy matrix.  
Morphology of various phases during solidification is 
governed by growth rate and actual temperature 
gradient near the solid-liquid metal interface [10-12]. 
Any kind disturbance in alloy system during 
solidification affects the stages of solidification i.e. 
nucleation and growth process. Stirring either using 
electromagnetic or mechanical (shear) forces leads to 
fracture of aluminium dendrite growing during the 
solidification; since the broken dendrites have same 
composition and crystal structure as that of 
aluminium, these are able to act as nucleant [10, 11]. 
Presence of large number of nucleants in semi-solid 
slurry produced by stirring in turn refines the alpha 
aluminium grains. Refinement of eutectic 
modification and primary silicon needs different 
perception of refinement process. Since aluminium is 
of higher density (2.84g/cm3) material than silicon 
(2.4 g/cm3) therefore during stirring under the effect 
of electromagnetic forces partially solidified 
aluminium dendrites/grains which are dominating 
(approx. 80%) in hypoeutectic alloy are churned 
rigorously which impact onto the eutectic silicon 
needle and cause their fracture. The extent of fracture 
of silicon needle during EMS in turn dictates the 
degree of refinement/modification of eutectic. Once 
stirring of hypoeutectic alloy is initiated it effectively 
refines the eutectic and alpha aluminium. In case of 
hypereutectic alloy, primary silicon particle are 
nucleated first subsequently eutectic solidifies. Since, 
silicon is light in weight and non metallic therefore it 
is does not form dendrite structure but appears as 
large polyhedral shaped primary silicon which are not 
broken easily. Stirring of low density coarse cuboid 
shape primary silicon particle might not be effective 
at low level of current for electromagnetic stirring 
which could result in breaking of the silicon needles. 
This justifies the need of high current for 
electromagnetic stirring of hypereutectic alloy to 
achieve the desired refinement/ modification of 
primary and eutectic silicon particles. Because 
current directly affects the intensity of magnetic field 
which in turn affect the electromagnetic forces 
responsible for stirring of slurry. The magnetic field 
produced by current carrying coils (solenoid.) is 
given by 
               B= μ X N X I 
Where μ is the magnetic permeability of the material 
to be stirred, N is number of turns per unit length of
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Fig. 3. Effect of stirring on microstructure of hypoeutectic alloy processed by EMS at a) 11A, b) 13A and c) 15A during EMS and d) 
mechanical stirring 

 

Fig. 4. Effect of stirring on microstructure of hypereutectic alloy at a) 11A, b) 13A and c) 15A during EMS and d) mechanical 
stirring
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the solenoid and I is the current flowing through the 
coil. Lorentz force on moving charge in a magnetic 
field is expressed by 
              →       →      → 
               F =e ( v   *  B  ) 
Where, e is the charge of electron , v is the velocity of 
electron, B is magnetic field. The electrons moving in 
the current loops (eddy current) experience these 
forces which are held responsible for stirring.  The 
Lorentz force (F) in the metal by an alternating 
magnetic field, B which induces current density (J), 
in the metal, and is localized within a certain skin 
depth. 
 Force F is given by 
             →   →     →             
             F = J  *  B 
Force is normal to the surface of the alloy in the plane 
of the coil, but decreases with the depth. 
Occurrence of an optimum level of current for EMS 
for better control of the microstructure has also been 
reported earlier however, it was not related to 
composition or silicon content in the alloy [4].  
 
CONCLUSIONS  
 
1. The electromagnetic stirring (EMS) system was 

successfully designed and developed for 
controlling the morphology of alpha aluminium, 
eutectic and primary silicon particles without any 
alloying.  

2. Electromagnetic stirring of cast hypoeutectic and 
hypoeutectic Al-Si alloys using different level of 
currents showed that it can be effectively used to 
refine and modify the eutectic and primary 
silicon particles even without any 
modifier/refiner.  

3. Electromagnetic stirring is more effective than 
mechanical stirring for controlling the 
microstructure of as cast Al-Si alloys.  

4. Optimum current for EMS to achieve the better 
control over the structure varies with silicon 

content in the alloy. Optimum current increases 
with increase in Si percentage. 
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