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Abstract: The modification of A356 aluminum-—silicon alloy using yttrium oxide (Y,0;) was studied. Addition levels of up to
2.5 wt.% Y,0; were investigated. A premixed powder of Al-30wt.%Y,0; was added to the melt at about 750 °C using vortex
method. Samples were then poured in sand mold. The results showed that evident modification was obtained using the Y,05 addition.
The optimum level was 1.5 wt.%, and was corresponding to a eutectic temperature depression from 568 to 557 °C. The eutectic Si
particles were refined in length from 44.8 to 8.3 um, and modified in aspect ratio from 6.8 to 0.98. Higher additions of Y,0; caused
de-modification of the eutectic Si particles. The ductility of the modified specimens was enhanced by more than 20% compared to
the unmodified ones. This was associated with a gradual transfer from cleavage to a more ductile mode of fracture.
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1 Introduction

The series of aluminum cast alloys based on the
Al-Si system are the most frequently used Al-alloys
group due to their combination of properties such as
castability, specific strength and resistance to corrosive
attack. Hypoeutectic Al-Si alloys specifically consist of
a large volume fraction of eutectic silicon. The
morphology of eutectic Si
importance. This is due to its reported effects [1] on the
final mechanical properties of the alloy. In commercial
Al-Si alloys such as A356 or A360, the eutectic Si was
described as coarse needle-like phase [1,2]. These coarse
Si particles with their sharp ends promote stress
concentrations and hence, they are detrimental to the
mechanical properties as reported earlier [2,3]. In order
to overcome this problem, several methods were
proposed and applied to decreasing the size of these
coarse particles and to rounding their sharp ends.
Examples of these methods are: chemical modification
via adding certain elements, quench modification by
applying rapid cooling rate, processing in the semi-solid
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state, stirring using an electromagnetic field or ultrasonic
vibrations  [4-15]. Among the aforementioned
modification methods [16—24], addition of elements to
act as chemical modifiers is the most effective way to
modify the eutectic Si. In this method, the morphology of
Si phase is changed by minor addition of elements such
as Na, Sr and Sb or by adding rare earth elements to the
melt which effectively alter the sharp-ended Si phase to
fibrous morphology and accordingly enhance the
mechanical properties of the Al—Si alloys.

Different mechanisms were suggested to explain the
eutectic modification by chemical modifiers. The most
accepted mechanisms were those related to the twinning
of {111} [25,26]. According to the theoretical
calculations found in Refs. [25,26], the growth twin is
formed at the interface (eutectic Si/modifier) when the
ratio of atomic radius of the element relative to that of Si
(Pmodifier’?si) 15 about 1.646 [27]. Since the chemical
modifiers like Na, Sr, Sb, Ba, Ca, Y, Yb and misch
metals achieve this atomic radius ratio relative to Si, they
can work perfectly as chemical modifiers [25-27].
Concerning the rare earth elements, Eu and Yb have the
most optimum ratios of 1.70 and 1.66 respectively while
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other rare-earth elements (RE) have ratios in the range of
1.48 (Lu) to 1.61 (La) [28].

The rare-earth elements are usually used as
elemental modifiers for eutectic silicon in spite of the
possible problems due to oxidation at high temperature
during material processing. In order to avoid these
common problems, modification of eutectic Si using RE
compounds instead of RE elements was proposed in the
current study. As RE compound, Y,0; was incorporated
during the melting of A356 alloy and its influence as a
chemical modifier on eutectic Si was evaluated at
different addition levels. The effect of the modified
microstructures on the tensile properties of hypoeutectic
A356 alloy was also investigated.

2 Experimental

2.1 Materials and processing

In the current experiments, commercial Al
(99.98 wt.% purity), Si (99.9 wt% purity) and
commercial pure Mg (99.8 wt.% purity) were used as
starting charging materials. Melting process was carried
out in a 200 kW medium frequency induction furnace
with graphite crucible. Charges of about 20 kg of A356
alloy with the composition of Al-7Si—0.35Mg—0.25Cu
(in wt.%) were prepared as the base alloy for this
investigation. After complete melting, a sample was
taken from the melt and analyzed using an optical
emission spectrometer (FOUNDRY-MASTER Pro,
Germany). The chemical composition of the alloy is
given in Table 1. Afterwards, the slag was removed to
guarantee cleanliness of the produced casting. Then, a
mechanical stirrer made of stainless steel was
introduced into the molten alloy inside the crucible to
create a vortex. The rotation speed was adjusted to
600 1/min and the stirring continued for 5 min. The
immersion depth of the stirrer was maintained at 2/3 of
the melt bottom. The RE compound (Y,03) with the
size of about 20 pm was added in amounts of 0, 0.3, 0.6,
1.0, 1.5, 2.0 and 2.5 in wt.%. In order to ensure the
wettability with the molten alloy, the RE compound
was added in the form of premixed powder of Al-
30 wt.%Y,0;. At the end, the melt was poured at about
750 °C into a cylindrical sodium silicate—CO, sand
mold of 100 mm in outer diameter and 42 mm in inner
diameter and 250 mm in length. The reason for using a
cylindrical sodium silicate CO, sand mold is to reduce
the effect of cooling rate on the microstructures of the
prepared alloys.

Table 1 Chemical composition of prepared A356 alloy (wt.%)
Si Mg Cu Fe Al
7.36 0.23 0.103 0.107 Bal.

2.2 Materials characterization

The samples for metallography were cut at a
position of 20 mm from the bottom of the cast samples,
mechanically ground using SiC abrasive paper, and
polished via standard routines. These samples were
etched with a solution of 0.5 vol.% concentrated HF in
99.5 vol.% H,O to reveal their microstructure. The
microstructure and phase analysis were investigated by
optical microscopy (OM) (model ZEISS, Germany),
scanning electron microscope (SEM) (Model ISM—5410,
Japan) equipped with energy-dispersive spectrometer
(EDS) (model INCA PENTAFET X3, England). Three
parameters (average length, average area and aspect
ratio) of eutectic Si particles of investigated alloys were
quantified by the digital image analyzer system
(AxioVision SE64 Rel. 4.9). Thermal analysis using
differential scanning calorimetry (DSC) (STA 409 CD,
Germany) was carried out at a heating and cooling rate
of 10 °C/min to investigate the eutectic temperature
depression of the prepared A356 alloy due to the addition
of Y,0s.

Tensile tests were performed using computer
controlled and digital display electromechanical
universal testing machine (model LFM—L—20KN (bench
top), Switzerland) with a stretching rate of 0.1 mm/min.
All tensile specimens were cut from the cast cylindrical
bars at the same position and machined according to
ASTM ES8 standard. Moreover, the fracture surfaces were
observed by SEM in order to evaluate the fracture mode.

3 Results and discussion

Figure 1 shows the optical micrographs (OM) of the
as-cast A356 alloys without and with different amounts
of Y,0;. Furthermore, the effects of Y,0; additions on
the average length, average area and aspect ratio of
eutectic Si for the investigated A356 are shown in
Figs. 2—4, respectively. The common feature of all alloys
is the dendritic primary a(Al) phase, surrounded by
Al-Si eutectic structures [29] which varies with the Y,0;
content. It is evident that adding Y,O; to A356 alloy
modified the eutectic Si, but it had no noticeable effect
on the primary a(Al) phase. Without Y,0; addition, the
Si morphology is typically coarse and flaky (Fig. 1(a))
with average length of 44.8 um (Fig. 2), average area of
20.4 um’ (Fig. 3) and aspect ratio of 6.8 (Fig. 4), and is
usually observed in foundry alloys when no chemical
modifiers are added or the cooling rate is slow [30].

The 0.3 wt.% Y,0; addition does not modify the
morphology but causes a slight eutectic Si refinement
(Fig. 1(b)) with average length of 11 pum (Fig. 2),
average area of 20.1 um’ (Fig. 3) and aspect ratio of
4.8 (Fig. 4). The eutectic Si is further refined with
increasing Y,0; content (Figs. 1(c—e)). Moreover, with
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Fig. 1 Optical micrographs (OM) of as-cast A356 alloys without addition of Y,0; (a) and with Y,0; additions of 0.3 wt.% (b),
0.6 wt.% (c), 1 wt.% (d), 1.5 wt.% (e), 2 wt.% (f) and 2.5 wt.% (g)
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Fig. 2 Relationship between Y,0; content and average length Fig. 3 Relationship between Y,O; content and average area of
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1.5wt.% Y,0; many fine fibrous and spherical
morphologies of eutectic Si with average length of
8.3 um (Fig. 2), average area of 18.9 um” (Fig. 3) and
aspect ratio of 0.98 (Fig. 4) are formed. However, the
eutectic Si of needle and short rod abnormally appears
when the addition of Y,03 is increased to 2 wt.% and
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Fig. 4 Relationship between Y,0; content and aspect ratio of

eutectic Si

2.5wt.% (Figs. 1(f) and (g)) which means the
appearance of over-modification. Therefore, the optimal
modification effect is obtained when the Y,Oj;content in
the investigated A356 alloy is 1.5 wt.%.

The typical SEM micrographs of the investigated
A356 alloy without and with Y,0; additions are
illustrated in Fig. 5. It can be seen from Fig. 5(a) that
coarse structures of flake-like, and long needle-like stick
eutectic Si are formed. However, with 0.3 wt.%,
0.6 wt.% and 1 wt.% Y,0; additions to the investigated
A356 alloy, it is found that there are many short and
fibrous structures of eutectic phase as shown in
Figs. 5(b—d). With increasing Y,O; addition up to
1.5 wt.% (Fig. 5(e)), it is observed that there are many
fine spherical structures of eutectic phase. However, the
eutectic Si of needle and short rod abnormally
appears when the addition of Y,O; is increased to 2 wt.%
and 2.5 wt% (Figs. 5(f) and (g)) which means the
appearance of over-modification.

Fig. 5 SEM micrographs of investigated A356 alloy without Y,05 addition (a) and with Y,05 additions of 0.3 wt.% (b), 0.6 wt.% (c),

1 wt.% (d), 1.5 wt.% (e), 2 wt.% (f) and 2.5 wt.% (g)
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The SEM micrograph of the investigated alloy with
1.5 wt.% Y,05 addition is shown in Fig. 6(a) with EDS
point analysis presented in Fig. 6(b). The elemental
pattern shown in Fig. 6(b) demonstrates that the white
particles contain Al, Y and Si. This implies that the
intermetallic compound Al;Y precipitates from the melt
with the increasing of the addition amount of Y,O;
during the solidification. In AI-Y binary phase
diagram [31], there is a eutectic reaction expressed as

Eq. (1) [31] in the Al-rich corner of the diagram:
L—AI+ALY (1

The temperature of the eutectic reaction is 637 °C,
and the liquidus temperature of the A356 alloy is 615 °C;
therefore, the eutectic reaction starts before the
solidification of the liquid alloy. This eutectic reaction
induced by RE leads to formation of the intermetallic
compound Al3Y. This compound is then segregated at the
edge of eutectic Si and hence restricts the eutectic growth
leading to modified eutectic Si in the investigated A356
alloy.

The scanning electron micrographs and the
corresponding EDS elemental mapping of Al, Si, Y and
O of the investigated A356 alloy with 1.5 wt.% and

(b)
. Unnormalised Normalised ~Mole
Atomic g, % Error/
Element 0o Series c‘é;t.%/:'j c%r;{t-s/r‘:t/ fra(;zon/ W%
Al 13 K 43.12 57.60 59.96 24
Si 14 K 29.16 38.95 38.95 1.7
Y Y 9 L 2.58 345 109 05
o Total 74.87 100.00 100.00
Si
Al Y
2 4 6 8 10 12 14 16 18 20
E/keV

Fig. 7 SEM micrograph (a) and elemental mapping of Al (b), Si (c), O (d) and Y (e) of investigated A356 alloy with 1.5 wt.% Y,0;
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Fig. 8 SEM micrograph (a) and elemental mapping of Al (b), Si (c), Y (d) and O (e) of investigated A356 alloy with 2.5 wt.% Y,0;

2.5 wt.% Y,0; are shown in Figs. 7 and 8, respectively.
These EDS maps confirm the presence of a(Al) as a
phase matrix and the eutectic silicon formed at grain
boundaries. With 1.5wt% Y,0; addition, the
intermetallic compounds containing Y homogeneously
distribute at the eutectic Si/Al interface and the edge of
eutectic Si as shown in Fig. 7. On the other hand,
agglomerates of the intermetallic compounds containing
Y are frequently observed at the grain boundaries when
Y,0; addition increased to 2.5 wt.% as shown in Fig. 8.
Combining Figs. 6 and 7, it is worth noting that O is
rarely found associated with Y at the grain boundaries
with 1.5 wt.% Y,0; addition which is considered the
optimum modification level. On the contrary,
considerable amount of O is present at the grain
boundaries in Fig. 8 where 2.5 wt.% Y,0; was added and
over-modification occurred. Here, the role of Y itself as
RE modifier should be emphasized. Therefore, if Y is
reduced from Y,Os, it can play the role of an effective
modifier in the investigated A356 alloy. The possible
reaction between Al and Y,Oj is expressed as Eq. (2):

2A14Y,0;—AL0s+2Y ©)

According to the impurity induced twinning (IIT)
theory [27], rare earth Y possesses effective modification
ability for eutectic Si phase in the investigated A356
alloy because the atomic radius ratio of the modifying
element Y (0.18 nm) to that of Si (0.117 nm) is 1.538

which is close to the ratio for twin growth (1.646) as
reported earlier [32]. In fact, the eutectic Si phases
produce lattice distortion when Y atom embeds into the
lattice of Si due to the larger atomic volume of Y, which
enhances the potential energy of the systems. A large
number of twins are expected in the investigated A356
alloy which causes release of excess energy and hence
helps to modify the Si phases. Therefore, the regular and
fine fibrous eutectic Si can be obtained with the increase
of rare earth Y concentration. However, further increase
in the addition level of Y,0; causes non-homogeneously
distributed agglomerates at the grain boundaries thus
leads to the over-modification shown in Fig. 8.

To further investigate the reason of modification of
the eutectic Si crystals with Y,0; addition, the eutectic
temperature depression of each modified alloy was
measured. Eutectic temperature depression is a general
phenomenon associated with the modification of eutectic
Si crystals [33]. Figures 9 and 10 show the DSC traces
for A356 alloy without and with 1.5 wt.% and 2.5 wt.%
Y,0; additions during heating and solidification
processes, respectively.

From these figures, it can be seen that the DSC
curves of alloy with 1.5 wt.% and 2.5 wt.% Y,0; shift
left compared to that of Y,0s-free alloy, namely, the
eutectic temperature is decreased with Y,0; addition.
Furthermore, the eutectic temperature with 1.5 wt.%
Y,0; is lower than that with 2.5 wt.% Y,0; as indicated
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in Figs. 9 and 10. Table 2 shows the peak eutectic
temperature depression of each modified alloy during
heating and solidification processes. Based on Table 2,
Y,0; addition can lower the crystallization temperature
of the eutectic reaction, and the peak eutectic
temperature depression with 1.5 wt.% Y,0;3 is 4 °C
during heating process and 11 °C during solidification
process.

0.5
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= 05 4 ——~< —
E 1.0} \\ / \ ~=
2 sl \ | With 1.5 wt.% Y,0, *AD
z \ |
S \ |
f _20 i :: ,‘2‘ .
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Fig. 9 DSC traces during heating process for investigated A356
alloy without and with Y,05
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Fig. 10 DSC traces during solidification process for
investigated A356 alloy without and with Y,0;

Table 2 Peak eutectic temperature depression of A356 alloy
with Y203

. Eutectic peak
Eutectic peak

I tioated ) ture/°C temperature
emperature,
nveillga € i depression/°C
allo
Y Heating Solidification Heating Solidification
process  process process  process
A356 580 568 - -
A356—
576 557 4 11
1.5 wt.% Y203
A356—
577.8 561 2.2 7

2.5 wt.% Y203

In other words, the eutectic-phase crystallization
takes place under proper undercooling, and the increased
undercooling is considered to be the result of
modification. This is well consistent with the findings by
NOGITA and DAHLE [34] and DAHLE et al [35]. They
investigated the solidification mode of the eutectic phase
in cast Al-7Si alloys by electron back-scattering
diffraction and found that the eutectic nucleation mode is
strongly dependent on the additive elements. It is
suggested that the eutectic Si phases are modified as a
result of the activation of some other nucleation sites for
the eutectic cells under a certain undercooling. So, the
eutectic temperature depression for modified alloy is
approximately the same as the undercooling levels.

Figure 11 shows the results of ultimate tensile
strength (UTS) and elongation (El) of the samples with
different Y,0; contents. It is obviously observed that
UTS of the Y,0;-free alloy and Y,O;-containing alloys
(0.3 wt% and 1.5 wt%) is practically the same.
However, the alloys with (0.6 wt.%, 1 wt.%, 2 wt.% and
2.5 wt.%) Y,0; exhibited lower UTS when compared to
the Y,0s-free alloy. This reduction in strength may be
attributed to the increase of porosity level in the
composite in comparison with the matrix alloy. It was
reported that there are several sources of gases in the
casting process of the metal matrix composites [36,37].
The occurrence of porosity can be attributed to the
amount of hydrogen present in the melt. This hydrogen
can be drawn into the melt along with the surface oxide
layer during the stirring process, especially in the case of
vigorous stirring where the gas can be easily drawn and
entrapped into the melt. In regard to the effect of
modification on the ductility of A356 alloy, it is observed
that the elongation distinctly improves with the increase
of Y,0; content up to 1.5 wt.% by 22.2% from 4.5% to
5.5% as shown in Fig. 11. This enhancement of
elongation is due to the refinement and modification of

200 = Tensile strength 6
a Elongation
160 - 13
<
& - _ _
= 14
£ 1201 i =
5 \ M {3 &
i E=]
7] <
o 80F g
i 12 S
40 1
0 0

0 03 06 10 15 20 25
Y,0; content/wt.%

Fig. 11 Ultimate tensile strength and elongation of investigated
A356 alloy with different contents of Y,03
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eutectic Si. However, the elongation decreases to 3.5%
with increasing the addition of Y,O3 up to 2.5 wt.%. This
reduction in elongation is attributed to the over
modification which caused agglomeration of the
intermetallic compounds containing Y at the grain
boundaries as previously explained (Fig. 8).

Figure 12 presents the tensile fracture morphologies
of A356 alloy without Y,03 and with Y,0; additions of
1.5 wt.% and 2.5 wt.%. In the Y,Os-free condition, the
fracture surface is mainly covered by cleavage plane and
local radial river patterns, as shown in Fig. 12(a). This
indicates that the fracture mode is classical brittle
fracture owing to the coarse structures of flake-like, and
long needle-like eutectic Si distribution which have
sharp edges, act as stress risers, which leads to a lower
ductility [38]. On the other hand, Fig. 12(b) shows the
fracture image of the A356 alloy with the addition of
1.5 wt.% Y,0;. It can be observed that some dimples
form on the fracture surface, which demonstrates that the

Fig. 12 Tensile fracture morphologies of investigated A356
alloy without Y,0; (a) and with Y,0; additions of 1.5 wt.% (b)
and 2.5 wt.% (c)

fracture mode of A356 alloy gradually transforms into
ductile and brittle mixed fracture mode, which can be
owed to the refinement and modification of eutectic
Si [39]. However, the elongation reduces when the
content of Y,03 is 2.5 wt.% (Fig. 12(c)). This may be
because the stiff and brittle rare earth compounds weaken
the ability of plastic deformation of A356 alloy. The
results of tensile properties and fracture surface illustrate
that the unmodified A356 alloy belongs to the brittle
failure type and the modified A356 alloy with 1.5 wt.%
Y,0; presents the ductile-brittle fracture mode.
According to the explanation proposed here, it appears
that characteristics of the intergranular eutectic
modification among the large primary a(Al) grains
control the elongation behavior of the experimental alloy
rather than the primary a(Al) grains.

4 Conclusions

(1) The optimum addition level was found to be
1.5 wt.% Y,0;, where the eutectic temperature of A356
alloy was reduced from 568 to 557 °C. Further addition
up to 2.5 wt.% raised the eutectic temperature to 561 °C,
indicating the loss of modification.

(2) Using the optimum addition level, the average Si
particle length was decreased from 44.8 to 8.3 pum, the
average area from 204 down to 18.9 um®* and
accordingly the average aspect ratio was reduced from
6.8 t0 0.98.

(3) The ductility of A356 alloy significantly
increased by 22.2% from 4.5% to 5.5% at the optimum
addition amount (1.5 wt.%) without reduction of tensile
strength.

(4) With the refinement and modification of eutectic
Si structure, the fracture mode gradually transfers from
classic cleavage transgranular fracture to the ductile-
brittle fracture mode.
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Y,0; (LEKIEXT A356 &%
H BAEER M AN R R BERYR2
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O EEHINEIEL(Y,0:)R A356 SRS ST, HINE N 0~2.5% RESE0 . KA RIS TR
MAR(AI-30%Y,0:) N E] 750 °C JEE T, SRJEHFEMBIANDEL, 4R ER, BN Y0, MEHBREE, HEER
IEN 1.5%, B3k SR 568 °C NREF] 557 °Co kS EERURLR ) B R R 1K 44.8 um 40443 8.3 pm, KFELL
M 6.8 I/ 0.98. EiEE R Y 0, X3k BN G E T o RS ERFER L, SRR I R R s T
20%LA I oI5 W ZRARE N A HEE I S T A O ) S R M 1 D A A

KR WL AI-Si B4 ot AALEL(Y,05); SEREME; Wida=t
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