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Abstract: The microstructural evolution and mechanical properties of Al-18Si—4Cu—0.5Mg alloy modified by the addition of La—Ce
rare earth elements through OM, SEM, EPMA and tensile tests were investigated. The results of OM and SEM analyses indicated
that primary Si particles were significantly refined from coarse block-like and irregular polygonal shapes into fine flaky shapes,
while eutectic Si particles were modified from coarse and needle-like into fine and rod- or coral-like shapes with increase of La—Ce
addition. The alloy exhibited the minimum primary Si particle size and the best mechanical properties with the addition of 0.3 wt.%
La—Ce. The average particle size decreased from 61 to 28 um, the ultimate tensile strength increased from 222 to 242 MPa and the
elongation increased from 3.2% to 6.3%. In addition, modification mechanisms and fracture modes were explored by the means of

SEM and EPMA.
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1 Introduction

Hypereutectic Al-Si alloys are important structural
materials that are widely used in engine pistons, cylinder
blocks, cylinder heads and motorcycle shock absorber
parts due to their low density, high specific strength, low
thermal expansivity, good thermal stability, high wear
resistance and other advantages [1—4]. However, primary
Si particles are irregular and may have plate-like and
polygonal shapes, while eutectic Si particles present as
needle-like in the microstructures of hypereutectic Al-Si
alloys. This can lead to stress concentrations at the tips
and corners of the Si phases that reduce the mechanical
and cutting properties of hypereutectic Al-Si
alloys [5—7]. These Si phases must be modified and
refined in order to improve the practical properties of
hypereutectic Al-Si alloys.

Numerous studies have been carried out on the
refinement of Si phases. At present, chemical

modifications using Na, Sr, P or rare earth elements have
been widely used to change the morphology of Si phases
as they are efficient and simple [8—11]. Many studies
have reported that Sr and Na can efficaciously modify
eutectic Al-Si alloys and change the morphology of
eutectic Si particles from needle-like to coral-like [12,13].
Phosphorus is one of the most widely used and efficient
modifiers used in conventional casting. Primary Si can
be refined by adding red phosphorus, phosphate salt,
Cu—P and AI-P master alloys into the alloy melt [14,15].
Recently, many studies have proven that rare earth
elements, like Nd, Y, Sc, Ce and Er, can modify primary
and eutectic Si. KILICASLAN et al [16] investigated the
effects of Sc addition on the microstructure and
mechanical properties of Al-20Si alloy. It was observed
that Sc modification can not only refine the size of
eutectic and primary Si but also improve the mechanical
properties of Al-20Si alloy. LI et al [17] reported that
with the addition of Er at a proportion of 0.5%, the
primary Si particles in Al1-20Si alloy were refined from
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coarse polygonal, platelet- and star-like shapes to fine
blocky shapes, while eutectic Si particles were modified
from coarse needle-like structures to fine coral-like
structures. SHI et al [18] studied the effects of Nd
addition on primary Si and the wear resistance of
hypereutectic A1-20Si alloy. With a 0.3% Nd addition,
the average size of the primary Si decreased from
80—120 to 20—50 pum. VIJAYAN and PRABHU [19]
reported that the addition of Ce to Al-14Si alloy can
simultaneously refine both primary Si and eutectic Si.

Despite some investigations on the refinement of Si
phases for Al-Si alloys using rare earth elements have
been carried out, there is still no unified theory to explain
the modification mechanisms of rare earth elements in
Al-Si alloys. In the present work, there are currently no
studies on the effects of La—Ce addition on the
microstructure and mechanical properties of Al—18Si—
4Cu—0.5Mg alloy. This study examines this relationship
and discusses the mechanism of Si phases modification
and the fracture modes.

2 Experimental

Hypereutectic Al-18Si—4Cu—0.5Mg alloy (wt.%)
was prepared from pure aluminium, pure magnesium,
Al-40Cu intermediate alloy and industrial-grade pure
silicon. The modification was added in the form of misch
metal (34% La, 65% Ce and 1% other rare earths). The
alloy was smelted in a clay crucible in an electric
resistance furnace at 820 °C. The alloy melt was
degassed by adding C,Cls. Subsequently, different
amounts of La—Ce misch metal (0, 0.15 wt.%, 0.3 wt.%,
0.45 wt.%) were added to the alloy melt at 820 °C, and
the melt was stirred and held for 15 min to ensure
uniform distribution. Then, the alloy melt was poured
into a grey pig iron mould at 750 °C.

Microstructures were characterized using optical
microscopy (OM), scanning electron microscopy (SEM)
and electron probe microanalysis (EPMA). Image
Pro-Plus software (IPP) was used to analyze the size
of primary Si particles. The size of primary Si
molecules was characterized by the diameter of an
equal-area circle. In addition, the samples were extracted
with 35% HCl and 30% H,0, to observe the 3D
morphology of primary Si and were deeply etched with a
mixed acid solution (15 mL HCI + 10 mL HF + 90 mL
H,0) to reveal the 3D morphology of eutectic Si.
Samples for tensile tests were cut with a gauge
length of 26 mm and a width of 3.4 mm. Tensile tests
were performed at room temperature by an
Instron3369 machine at a strain rate of 1x107° s™'. The
fracture surfaces of tensile samples were described by
SEM.

3 Results and discussion

3.1 Microstructure

The OM images of the hypereutectic Al-18Si—
4Cu—0.5Mg—x(La—Ce) (x=0, 0.15, 0.3, 0.45) alloys are
shown in Fig. 1. Figure 2 shows the size analysis of
primary Si measured by 100 grains in different fields. It
can be clearly observed in Figs. 1 and 2 that the
morphology of primary Si particles was modified and
their size was refined with the addition of La—Ce.
Figure 1(a) shows an optical micrograph of the
unmodified alloy. The primary Si is present in the form
of coarse block-like, needle-like and irregular polygonal
shapes. According to Fig. 2(a), the maximum size of
coarse primary Si was 117 um while the average size
was >60 pm. Figure 1(b) shows the microstructure of
hypereutectic Al-18Si—4Cu—0.5Mg alloy containing
0.15 wt.% La—Ce. It is obvious that the coarse block-like
primary Si particles were refined into fine flake-like
shapes, but some irregular polygonal particles were still
present. Figure 2(b) presents the size analysis of primary
Si with the addition of 0.15 wt.% La—Ce. The size of
primary Si particles was mainly distributed in 20—40 pm
range with an average size of about 32 pm; however, the
maximum size of the particles remained high at 58 pum.
Figure 1(c) displays an optical micrograph of
Al-18Si—4Cu—0.5Mg alloy with the addition of 0.3 wt.%
La—Ce to the alloy melt. Compared with Al-18Si—4Cu—
0.5Mg alloy containing 0.15 wt.% La—Ce, the primary Si
particles were further refined, with an average size of
about 28 pm. However, with a 0.45 wt.% addition of
La—Ce, the primary Si became a little coarser (as shown
in Fig. 1(d)) with an average size of 30 um. The results
demonstrate that La—Ce misch metal can not only
effectively change the morphology of primary Si
particles but also refine their size.

Figure 3 presents several typical 3D morphologies
of primary Si particles. As shown in Fig. 3(a), primary Si
without modification exhibited thick, irregular,
block-like particles with coarse surfaces. Figure 3(b)
shows two adjacent polyhedral primary Si particles,
which were combined in the process of growth. It can be
seen from Fig. 3(c) that an obvious twin groove appeared
at the growth front. According to the twin plane reentrant
edge (TPRE) mechanism [20,21], twin crystals at the
growth front of Si crystals will create a 141° groove and
a 219° peak, and the growth of Si atoms in the twin
groove easily meets the interfacial free energy of silicon
growth. Figure 3(d) presents a plate-like primary Si
particle with a high aspect ratio. In addition, a coarse
octahedron with a crack (Fig. 3(e)) transformed into an
almost perfect octahedron (Fig. 3(f)) with the addition of
0.3 wt.% La—Ce. It has been reported that octahedral
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Fig. 1 Optical micrographs of Al-18Si—4Cu—0.5Mg alloy: (a) Unmodified; (b) 0.15 wt.% La—Ce; (c) 0.3 wt.% La—Ce; (d) 0.45 wt.%
La—Ce
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Fig. 2 Dimensional analyses of primary Si particles: (a) Unmodified; (b) 0.15 wt.% La—Ce; (c) 0.3 wt.% La—Ce; (d) 0.45 wt.%
La—Ce
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Fig. 3 Several typical 3D morphologies of primary Si particles: (a) Coarse irregular block-like; (b) Adjacent polyhedron; (c) Refined

block-like with twin groove; (d) Plate-like with high aspect ratio; (e) Coarse octahedron; (f) Perfect octahedron

primary Si grows along the <100> crystal orientation in
the (111) plane through a layer-by-layer growth
mechanism [22].

In order to study the effects of La—Ce on eutectic Si,
the microstructure was investigated by SEM (Fig. 4).
Figure 4(a) shows the SEM image of hypereutectic
Al-18Si—4Cu—0.5Mg alloy without La—Ce. According
to EDS analysis, the bright bulky compound is mainly
composed of the Al,Cu phase and the grey, coarse,
needle-like compound is eutectic Si. Figures 4(b—d)
show SEM micrographs of hypereutectic Al-18Si—4Cu—
0.5Mg alloy containing La—Ce at levels of 0.15 wt.%,
0.3 wt% and 0.45 wt.%, respectively. It is clearly
observed from Fig. 4 that the length of eutectic Si
particles decreases significantly, while the morphology
changes from coarse needle-like to fine rod-like,
coral-like and dot-like structure, with the addition of
La—Ce. In addition, these bulky intensive Al,Cu phases
were refined and evenly distributed in the a(Al) matrix.
It is worth noting that the Al,Cu phase becomes coarser

and some eutectic Si particles transform into flake-like
particles when the amount of La—Ce added is 0.45 wt.%.
Figures 5(a) and (b) show the 3D morphologies of
eutectic Si particles without modification and with the
addition of 0.3 wt.% La—Ce, respectively. It is clear that
the morphology of eutectic Si transforms from thin,
needle-like and coarse lamellar structures to fine
coral-like and vermicular structures. The results indicate
that La—Ce misch metal can modify and refine eutectic
Si in Al-18Si—4Cu—0.5Mg alloy.

Many researchers have focused on the modification
mechanisms of rare earth elements in Al-Si alloys, but
there is still no unified theory to explain them. A number
of studies have reported that the atoms of the modifiers
are enriched at the twin plane reentrant edge during
solidification, which hinders the growth of Si phases
(TPRE) [23]. However, the most widely accepted theory
is the impurity-induced twinning (IIT) mechanism [12,24].
These studies suggest that there are many growth steps
at the liquid—solid interface of Si, which makes it easier
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Fig. 4 SEM images of hypereutectic Al-18Si—4Cu—0.5Mg alloy: (a) Unmodified; (b) 0.15 wt.% La—Ce; (c) 0.3 wt.% La—Ce;

(d) 0.45 wt.% La—Ce

Fig. 5 3D morphologies of eutectic Si: (a) Unmodified; (b) 0.3 wt.% La—Ce

to adsorb modifier atoms than Si atoms, resulting in the
refinement of Si phases. There are also other theories,
such as the heterogeneous nucleation theory and
composition undercooling mechanism [25].

Figure 6 shows the EPMA analysis of Al-18Si—
4Cu—0.5Mg—0.45La—Ce alloy. It can be clearly observed
from Fig. 6 that compounds containing La and Ce are
distributed at the edge of primary Si, and these white
massive compounds are rich in La and Ce elements.
According to the interface step mechanism, the rare
earths La and Ce, as active elements, can be absorbed
during the growth steps at the liquid—solid interface of
Si, resulting in stunted growth of primary Si particles.
Besides, these white compounds containing La and Ce
were formed when the melt temperature decreased to the
eutectic reaction temperature. According to the EPMA
analysis, these white compounds have a high level of Si
due to the absorption of Si atoms during their

formation, and they can prevent the growth of Si phases
around the white compounds. In addition, LU and
HELLAWELL [24] reported that if the ratio of the
atomic radius of the modifier to that of silicon is close to
1.65:1, the modifier can efficiently refine the primary Si.
The r1,/rs; was 1.59:1 and the rc/rs; as 1.56:1, which are
both close to 1.65:1. Therefore, primary Si can be refined
efficiently by the addition of La—Ce.

During the growth of eutectic phases, La and Ce are
squeezed into the growth interface by eutectic Si and
a(Al) phases, resulting in an enrichment at the front of
the growth interface, as shown in Fig. 7. This lowers the
melting point of the solid solution, resulting in the
necking and fusing of eutectic Si particles. On the other
hand, this enrichment can increase the composition
undercooling at the front of the growth interface, change
the growth mode of eutectic Si and promote the dendritic
growth of eutectic Si. Therefore, the enrichment can
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Fig. 6 EPMA analyses of Al—18Si—4Cu—0.5Mg—-0.45La—Ce alloy: X-ray images of Al (a), Ce (b), La (c), Si (d) and backscattered

electron image (e)

a(Al)

Fig. 7 Diagram of enrichment of La—Ce on eutectic Si

prevent the growth of eutectic Si particles. As a result,
eutectic Si particles are modified from coarse needle-like
structures to fine coral-like and vermicular structures by
the addition of La—Ce, as shown in Fig. 5.

3.2 Mechanical properties

Figure 8 presents the ultimate tensile strength (UTS)
and elongation (El) values with the addition of various
contents of La—Ce. The Al-18Si—4Cu—0.5Mg alloy
with the addition of 0.3 wt.% La—Ce exhibited the best
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Fig. 8 Mechanical properties of hypereutectic Al—-18Si—
4Cu—0.5Mg alloy with different contents of La—Ce

mechanical properties. The UTS increased by 9%, from
222 to 242 MPa, and the El was enhanced by 97%, from
3.2% to 6.3%. When the content of La—Ce was increased
to 0.45 wt.%, there was no obvious improvement in El
but a small decrease in UTS. This result agrees with the
effect of La—Ce on Si particle microstructures presented
in Figs. 1 and 4. The morphology and size of the Si
phases play key roles in the mechanical properties of
Al-18Si—4Cu—0.5Mg alloy. It has been reported that
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coarse primary Si and needle-like eutectic Si particles
can cause stress concentrations at the tips and corners of
Si phases [5]. It is easy to induce cracks in stiff and
brittle Si phases which propagate through the boundaries
with the a(Al) phase [17]. The refinement of primary Si
and eutectic Si can reduce stress concentrations and
hinder the growth of cracks in tension. On the other hand,
La and Ce can adsorb gases and remove impurities
during the melting process [26], which is beneficial to
the mechanical properties. Owing to the above factors,
strength and plasticity are significantly improved by
adding La and Ce into the alloy melt.

Figure 9 presents fractographs of hypereutectic
Al-18Si—4Cu—0.5Mg alloy with different contents of
added La—Ce. It is obvious that the unmodified alloy
fractures as a brittle failure, as shown in Fig. 9(a). The
fracture surface is mainly covered by the cleavage plane
and there are many cracks in the coarse primary Si. With
La—Ce addition of 0.15 wt.%, the fracture is still a brittle
failure but the cracking decreases, as shown in Fig. 9(b).
Furthermore, it is clearly observable from Figs. 9(c) and
(d) that with additions of 0.3 wt.% and 0.45 wt.% La—Ce,
respectively, there are some dimples on the fracture
surface but few cracks are found in the primary Si. The
fracture surface indicates that ductile failure occurs with
0.3 wt.% La—Ce and 0.45 wt.% La—Ce addition. It can
be observed from Fig. 9 that the intergranular failure is
mainly caused by coarse primary Si. This is because
coarse, irregular, primary Si and needle-like, eutectic Si
particles have sharp edges and ends, which can lead to
stress concentrations and crack initiation [27]. On the

other hand, coarse, irregular, primary Si has a higher
level of flow stress than the a(Al) matrix and can easily
fracture when the flow stress exceeds the fracture stress
of the primary Si during tensile testing [28]. In addition,
cracks propagate along the interface between primary Si
and the a(Al) matrix, and the connection of adjacent
cracks causes failure of the alloy [28]. When La and Ce
are added at high proportions into alloy melt, primary
and eutectic Si particles are refined and distributed
uniformly. Fine primary Si is under a lower level of
stress than coarse, irregular, primary Si which has sharp
edges and ends. Besides, cracks more easily avoid fine
primary Si particles during crack growth, which hinders
their spread. Therefore, the ultimate tensile strength and
elongation properties of Al-18Si—4Cu—0.5Mg alloy can
be improved by adding La—Ce misch metal into alloy
melt, which refines the primary Si and modifies the
eutectic Si particles.

4 Conclusions

(1) La and Ce can significantly refine primary Si
particles and modify eutectic Si ones. With 0.3 wt.%
addition of La—Ce, the average size of primary Si
particles decreases from 61 to 28 pm and the
morphology transfers from coarse, block-like and
irregular, polygonal shapes to fine flaky shapes, which
possess the best modification effect. The morphology of
eutectic Si particles is refined from coarse and

needle-like shape to fine, rod-, coral- and dot-like shape
with increase of La—Ce addition.

Fig. 9 Fractographs of tensile strength tests of hypereutectic Al-18Si—4Cu—0.5Mg alloy: (a) Unmodified; (b) 0.15 wt.% La—Ce;

() 0.3 wt.% La—Ce; (d) 0.45 wt.% La—Ce
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(2) La and Ce can improve the ultimate tensile

strength and elongation. The ultimate tensile strength
increased by 9% and the elongation by 97% with the
addition of 0.3 wt.% La—Ce, due to the refinement of
primary Si and modification of eutectic Si.

(3) The fracture mode transformed from brittle

failure to ductile failure with increase of La—Ce addition.
Alloy failures were mainly caused by coarse primary Si
particles.
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