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Abstract In this paper, the effects of rare earth addition and
electromagnetic stirring on the microstructure and the
mechanical properties of hypereutectic Al-Si alloys have been
reported. Hypereutectic Al-Si alloy was prepared using liquid
metallurgy route and modified with the addition of cerium
oxide. To control the structure, slurry of hypereutectic Al-Si
alloy was subjected to electromagnetic stirring before pouring
into the mould. It was observed that the addition of cerium
oxide (0.2 wt.%) refined the primary silicon particles
and modified the eutectic silicon particles. Further, the
electromagnetic stirring of the hypereutectic Al-Si alloy
reduced the average size of primary silicon particles,
from 15249 to 12046 wm, and the length of (3-intermetallic
compounds decreased from 314412 to 234+10 pum. Similarly,
the application of electromagnetic stirring on cerium oxide-
modified hypereutectic AI-Si alloy also reduced the average
size of primary silicon particles from 9845 to 76+4 yum and the
average length of -intermetallic compounds from 22547 to
203+5 pm. Mechanical properties namely tensile strength,
ductility and hardness of the alloys were improved with elec-
tromagnetic stirring and addition of cerium oxide appreciably.

Keywords Hypereutectic Al-Si alloy - Electromagnetic
stirring - Microstructure - Mechanical properties

1 Introduction

The hypereutectic Al-Si alloys are used for manufacturing a
variety of tribological and automotive components owing to
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good wear resistance and fair strength-to-weight ratio.
The mechanical and tribological performances of these
alloys are primarily governed by morphology of the
primary silicon particle and that of eutectic matrix.
Large cuboid-shaped primary silicon particles are known
to deteriorate mechanical and tribological properties of
hypereutectic Al-Si alloys besides lowering of the ma-
chinability; therefore, refinement of primary silicon par-
ticles becomes mandatory to produce acceptable castings
[1, 2]. Traditionally, phosphorous (P)-based compounds
have been used for refining the primary silicon particles;
however, this method suffers with high volatility of P. There-
fore, attempts are being made to explore new methods for
refining the primary silicon particle (PSP) of these alloys.
Semi-solid metal processing has been reported to spher-
oidize and refine the alpha aluminium grains but not
many studies have been reported on the application of
semi-solid processing of hypereutectic Al-Si alloys
using electromagnetic stirring approach [2, 3]. Recently,
many studies have been published on the influence of
rare earth (RE) elements such as lanthanum and cerium
on the structure and properties of hypereutectic Al-Si
alloys [4-9]. It has been reported that cerium (Ce) helps
to modify the morphology of primary and eutectic silicon
particles [10], and the eutectic silicon particles are refined to
a greater extent than the primary silicon particles
[11-13]. Literature survey did not reveal any systematic
study on the influence of semi-solid processing by elec-
tromagnetic stirring (EMS) coupled with cerium oxide
addition on the microstructure and mechanical properties
of hypereutectic Al-Si alloys [14—16]. Therefore, in this
investigation, attempts were made to study the effect of
cerium addition and electromagnetic stirring on the
microstructure and mechanical properties of hypereutectic
AL-Si alloys.
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2 Experimental procedure
2.1 Development of casting

The chemical composition of hypereutectic Al-Si alloy used
in present work is shown in Table 1. The hypereutectic Al-Si
alloy was produced by melting ingot of 99.9% pure Al with
Al-50%Si, Al-10%Mg, Al-50%Cu and Al-30%Ni master
alloys and Fe powder in an induction furnace (Table 1). The
chemical composition was measured by electron dispersive
spectroscopy by taking at least 10 points on each specimen.
This alloy was modified by adding CeO, (0.2 wt.%) in the
form of a powder in molten alloy. The molten alloy with CeO,
was heated at 850°C for 30 min to homogenise the
composition and was then treated with cover flux (SARU
COVER A-1F) and degasser (SARU DEGASSER D-108)
for removing impurities from the melt, before pouring into
the mould.

2.2 Electromagnetic stirring

The semi-solid processing of molten slurry was carried out
by using an electromagnetic stirring set-up with electric
field generation of 22.5 kW rating along with a suitable
ammeter and a voltmeter for the measurement of current
and voltage, respectively. Schematic diagram of the set-up is
shown in Fig. 1. Temperature of the molten metal during EMS
was measured with a K-type Alumel chromel thermocouple
and a digital temperature recorder.

The crucible with molten alloy was placed in the electro-
magnetic field. Stirring of the melt was carried out for 2 min
in the mushy zone under a temperature range from 625°C to
645°C in a graphite crucible which was preheated to 300°C.
For electromagnetic stirring, the current was increased
gradually from 0 to 30 A in order to increase the
strength of the electromagnetic field. After stirring, slurry was
poured into sand mould at 620°C+5°C. Similarly, hypereutec-
tic Al-Si alloy with cerium oxide modification (0.2 wt.%) was
also subjected to electromagnetic stirring.

2.3 Mechanical characterizations

Brinell hardness testing (BHN) of alloy in different conditions
was done by using 31.25 kg load and an indenter having
2.5 mm diameter. Three indents were taken to calculate the
final hardness value. Tensile testing was done using compu-
terised tensile testing machine (2.5 kN capacity) at I-mm/min

Table 1 Composition of hypereutectic Al-Si alloy

Composition Si Cu Mg Fe Ni Al

Hypereutectic Al-Si alloy 16% 5% 0.5% 0.5% 0.1% Balance
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strain rate. The gauge diameter of tensile specimen was 6 mm
and the gauge length was 30 mm according to the ASTM ES8
standard [17]. For all alloy compositions and conditions, each
test was repeated thrice and the average values were used for
study purpose on tensile testing machine [Tinius Olsen
(S-series) H-25K-S, UK]. Yield strength was found the
same as the ultimate tensile strength in case of hypereutectic
Al-Si alloys due to their brittle nature as reported in literature
[18].

2.4 Metallurgical characterization

The standard metallographic procedure was used for
preparing the samples for microscopy and the micro-
structures were taken with the help of an optical micro-
scope. Polished samples were etched with the Keller
reagent. Image analysing software namely Image J was
used for image analysis of micrographs of alloys under
different conditions.

The porosity (in percent) of alloys was measured at a
magnification of x50 by point counting method according to
ASTM standards [19]. In this method, a grid (having grid
points Ng) is used to find the fraction of specific micro-
constituent (porosity). The number of porous points that lie
on the grid point is taken as one (V;), whereas the porous
points lying on the grid boundary are taken as half (V,). The
ratio of the total number of porous points (Np=N;+ N,) and
the number of grid points (Ng) is the porosity percentage
(Np* 100/Ng). Eleven different areas of the each alloy were
used for average porosity and the same has been reported.

3 Results and discussion
3.1 Microstructure of alloy

The microstructures of hypereutectic Al-Si alloy in as cast,
EMS cast and that subjected to both CeO, modification and
EMS cast conditions are shown in Fig. 2a—d. The micro-
structure of hypereutectic AI-Si alloy in as cast condition
shows large-sized PSPs and long f(3-intermetallic Al-Fe—Si
particles in the matrix of eutectic mixture (Fig. 2a). Some
copper—nickel-rich intermetallics were also observed in the
matrix. Furthermore, the image analysis of the micrograph
exhibited the average size of PSP and (3-intermetallics as
152+9 and 314+8 pum, respectively. The average aspect
ratio of primary silicon particles was 2.11+0.14. The large
size of PSPs and (-intermetallics is expected to be harmful
for mechanical properties of an alloy such as strength and
ductility because coarse PSPs and longer (3-intermetallics
facilitate easy nucleation of cracks owing to high stress
concentration at the particle—matrix interface and provide
easy path for fracture.
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Fig. 1 Schematic diagram of
electromagnetic stirring set-up
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The microstructure of the alloy subjected to electromagnetic
stirring is shown in Fig. 2b. It can be observed that EMS has
reduced the size of PSPs and 3-phase particles. Image analysis
of the micrographs showed that average size of PSPs has
reduced from 152+9 to 120+6 um and the average length of
[3-intermetallics has reduced from 314+8 to 234+6 pum.
Further image analysis of micrographs also showed that
electromagnetic stirring has decreased the average aspect
ratio from 2.11+0.14 to 1.849+0.11. Moreover, electromag-
netic stirring has improved the distribution of PSPs, eutectic
silicon and intermetallic compounds of copper—nickel. These

Fig. 2 Optical micrographs of
hypereutectic Al-Si alloy

in a as cast, b EMS cast, ¢
CeO,-modified as cast and

d CeO,-modified and

EMS cast

25 I

structural modifications primarily occur due to the fragmen-
tation of primary silicon particles and (3-intermetallics owing
to turbulence created in the alloy slurry (mushy zone) sub-
jected to electromagnetic stirring during solidification. The
extent of fragmentation during EMS increases due to further
collision of fragmented particles during EMS process and are
beneficial for the refinement of structure [12].

The microstructure of CeO,-modified alloy in as cast
condition is shown in Fig. 2c. It can be observed that coarse
polyhedral shape primary silicon particles have been re-
duced significantly in CeO,-modified alloy without EMS.
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The image analysis of the micrograph revealed that CeO,
modification of alloy in as cast condition reduced: (a) the
average size of primary silicon particles from 152+9 to
98+5 pm, (b) the average aspect ratio of primary silicon
particles from 2.11+0.14 to 1.35+£0.08 and (c) the average
length of B-intermetallic particles from 314+8 to 221+4 um.
EMS processing of CeO,-modified alloy further reduced: (a)
the average size of primary silicon particles from 98+5
to 764 um, (b) the average aspect ratio of primary
silicon particles from 1.35+0.08 to 1.16+0.08 and (c)
the average length of (3-intermetallic particles from 22144 to
203+5 pum. X-ray diffraction (XRD) analysis revealed that
CeO, got partly absorbed and partly survived in the melt as
evident from the presence of CeO,- and Ce-based compounds
in the alloy (Fig. 3b).

It was found that porosity (in percent) for unmodified and
as cast hypereutectic Al-Si alloy was 5.87+0.23 and that of
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Fig. 3 X-ray diffraction pattern of alloy in a unmodified and b CeO,-
modified condition showing different phases present in the alloy
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EMS cast was 5.29+0.19. Similarly, the value of porosity
(in percent) for CeO,-modified alloy in as cast condition
was measured as 4.55+£0.16 and that of EMS cast was
3.88+0.14. EMS helped in reducing the porosity (in percent)
although marginally.

It has been reported that Ce addition refines and modifies
the microstructure of hypereutectic Al-Si alloys by
changing the morphology of eutectic silicon from
plate-like acicular structure to fibrous one [10, 11]. To
act as nucleation site for Si (like AIP), the RE com-
pound should solidify at temperature higher than Si
besides having crystal structure similar to that of Si.
However, Ce has been reported to form AlCe compound
having an orthorhombic crystal structure and a melting
point of 845°C. Although Ce compound solidifies at a
temperature higher than Si, but due to mismatching of
the crystal structure, CeO, may not act as nucleants for
the refinement for primary Si particles [16]. Thus, the
mechanism of the refinement of primary silicon as well
as eutectic silicon by RE cannot be attributed to the
heterogencous nucleation. The mechanism of refinement
of primary silicon particles in hypereutectic Al-Si alloy
treated with CeO, can be related to the reduction in
nucleation temperature of silicon and the modification
of both solid-liquid interfacial energy and the surface
energy of solid silicon [4]. Moreover, the improved
chemical composition in the molten alloy and fragmentation
of solidifying constituents due to electromagnetic stirring in
the presence of CeO, can be attributed to the refinement of
eutectic and primary silicon particles.

X-ray diffraction analysis of the unmodified hypereutectic
AL-Si alloy revealed the phases like Al, Si, Al,Siy, Al,Cu,
Fe,As, MgAlLSiO; and AlsFeSi, while the XRD study of
CeO,-modified alloy showed the presence of Al, Fe,Als,
CeO,, Al,Cu, CuAL,O4 and CeFes phases. The presence of
CeO, and CeFes indicated successful addition of CeO, in the
alloy (Fig. 3a, b).

3.2 Mechanical properties

The effect of electromagnetic stirring and CeO, addition on
hardness and tensile properties is shown in Table 2. It can be
observed that EMS of unmodified and CeO,-modified
hypereutectic Al-Si alloy increases the hardness from
99+1.8 to 118+1.0 BHN and 120+1.3 to 123+1.5 BHN,
respectively. An increase in the hardness of CeO,-modified
alloy after electromagnetic stirring can be attributed to the
improved distribution and refinement of primary silicon
particles. Increase in hardness of alloy subjected to
electromagnetic stirring is marginal.

The tensile properties of unmodified and CeO,-modified
hypereutectic Al-Si alloy in as cast and EMS cast condition
are shown in Table 2. Tensile strength of the hypereutectic
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Table 2 Effect of stirring current on tensile strength

S. no. Alloy condition Hardness (BHN) Ultimate tensile Tensile yield % Elongation
strength (MPa) strength (MPa)

1 Hypereutectic Al-Si alloy + no stirring 99+1.8 107+£3.3 107+3.3 2.2+0.03

2 Hypereutectic Al-Si alloy + EMS 118+1.0 119+4.2 119+4.2 2.4+0.06

3 Hypereutectic Al-Si alloy + CeO, + no stirring 120+1.3 128+4.4 128+4.4 3.4+0.08

4 Hypereutectic Al-Si alloy + CeO, + EMS 123£1.5 139+5.2 139+5.2 4.5+0.11

BHN Brinell hardness testing, EMS electromagnetic stirring

Al-Si alloy in the present study is lower [18], and this can
be attributed to slight difference in composition and porosity
which arise in the casting. As discussed in Section 2.3, that
ultimate tensile strength and yield strength for the present
alloy are the same as reported in literature for A390 (similar
to the present alloy except the inclusion of Zn, Mn and Ti).
The results of the tensile test conducted on alloys in
different conditions in the present study are given in
Table 2. Primary reasons for lower tensile properties
are: (1) difference in composition of the present alloy
with A390 and (2) shape and size of structural features
such as large average size of primary silicon particles
and longer length of P-intermetallics as they provide
easy path for nucleation and growth of cracks which
are detrimental for the tensile properties as in our case
(Figs. 2a and 3) porosity may also be another important
reason for lower tensile properties again due to avail-
ability of easy path of fracture as pores cannot resist
stress. It can be observed that in general, the electro-
magnetic stirring and CeO, modification improve the
tensile properties. This improvement in tensile properties
can be attributed to the refinement of primary silicon
particles and reduction in average size of PSPs and
beta-intermetallics. A reduction in size of the hard second
phase particles in comparatively soft matrix is known to
increase the stress required for nucleation and growth of

cracks needed for fracture. Furthermore, the presence of
coarse polyhedral-shaped primary silicon particles in as cast
condition of alloy causes brittle fracture and limited ductility
as evident from SEM fractograph of the alloy (Fig. 4a). The
flat and smooth fracture surfaces in fractograph represents the
fracture of primary silicon particles and bright cleavage facets
correspond to the fracture of eutectic region in alloy. Tensile
fracture surface of CeO,-modified alloy also exhibited similar
kind of features (Fig. 4b).

4 Conclusions

*+ The EMS processing of hypereutectic Al-Si alloy
under study refined the PSPs and [-intermetallics
and improved the mechanical properties.

* The modification of hypereutectic Al-Si alloys with
CeO, addition also refined the microstructure and
improved the mechanical properties significantly.

e The combined effect of EMS and CeO, addition
resulted in further refinement of primary silicon
particles and [3-intermetallics and improved the mechanical
properties.

» Porosity reduced the tensile strength of the alloys and
EMS helped in reducing the porosity although marginally
and improved the tensile strength.

Fig. 4 SEM micrographs of tensile fracture surfaces of alloy in a as cast and b CeO,-modified condition
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