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Abstract To investigate the effect of yttrium (Y) on
microstructure refinement and mechanical properties of
aluminum alloy A356.2, the different trace contents of Y (0
wt%, 0.025 wt%, 0.050 wt%, 0.075 wt%, or 0.100 wt%)
were introduced into the liquid alloy. The alloys were
fabricated in a preheated permanent mold, and subse-
quently treated by a T6 heat treatment. The results of
tensile testing indicate that the yield strength (YS), the
ultimate tensile strength (UTS) and the elongation (El) of
the A356.2 alloy are improved by the Y additions. The YS
dependence on grain size for the test alloys follows the
Hall-Petch equation, which gives YS = —354.1 +
2875.2d~"/? with a correlation of R* = 0.83. As 0.050 wt%
Y is added, the optimum values of the YS, UTS and El are
achieved after T6 heat treatment. The secondary phases
were identified by X-ray diffraction (XRD) which mainly
consisted as Si, Mg,Si and Al;Y. The scanning electron
microscope (SEM) and energy-dispersive spectrometer
(EDS) analyses reveal the presence of the nano-sized Al;Y
particles on the surface of the Si phase. The A356.2 alloy
with the Y addition is strengthened by the dendritic
refinement, and the presence of the micron- and nano-sized
Al;Y precipitates.
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1 Introduction

A356 is a hypoeutectic Al-Si alloy which has been widely
employed to manufacture various parts used in the aero-
space and automotive industries. Due to the excellent
castability, the components are often made by permanent
mold casting process, of which the solidification rate is
relatively low. As-cast A356 alloy contains coarse eutectic
Si phases with flake and needle-like shapes which cause
stress concentration during mechanical loading and
downgrade the mechanical properties. To increase its
strengths, efforts of introducing foreign reinforcements in
the as-cast alloys are attempted [1-3]. The introduction of
foreign reinforcements increases both materials and man-
ufacturing costs. Modification of eutectic Si phases with
small amounts of alloying additives, precipitation harden-
ing by heat treatment, and refinement of primary o-Al
phase appear to be the cost-effective approaches for
improvement of mechanical properties of the hypoeutectic
alloys [4, 5]. It has been demonstrated that light rare earth
elements (RE) such as La [6, 7], Ce [8, 9], Pr, Sm [10], as
well as heavy rare earth element Gd [11] are capable of
modifying not only primary Si phases but also the shape of
eutectic Si. Among the La, Sm, Pr and Ce, Ce has the large
negative mixing enthalpies with Si, and shows the best
effect on the modification of eutectic Si phase [12]. With
minor addition of Mg around 0.3 wt%, precipitation
hardening takes place during heat treatment of hypoeu-
tectic Al-Si-Mg alloys, in which strengthening phase
Mg,Si forms. The previous studies [13—16] indicate that,
within the same group of Ce in the periodic table, elements
yttrium (Y) or scandium (Sc) can modify eutectic Si pha-
ses, refine primary o-Al phases and/or accelerate the pre-
cipitation kinetics. These effects co-occur when Y is added
to both the hypoeutectic Al-Si-Mg alloy [13, 16] and
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hypereutectic Al-20Si alloy [15]. Rao et al. [17] reported
the microstructural refinement of as-cast A356 alloy
obtained by melt inoculant with a master alloy of Sr
(modifier), Sb (modifier) and Al-Ti-C (grain refiner).
Zhang et al. [18] enhanced the strength and ductility of
A356 alloy by rapid solidification and thermo-mechanical
treatment. The study by Mahmoud et al. [19] indicated that
the addition of large amounts of rare earth elements Ce and
La (2 wt%) causes a marked increase in the freezing zone
coupled with a marked volume fraction of RE-based
intermetallics which reduce the alloy feedability and lead
to the formation of a significant percentage of shrinkage
porosity in the as-cast A356. The situation is more severe
in Sr-treated alloy A356.

Yttrium is demonstrated to be an excellent modifier and
refiner for the Al-Si alloys. Liu and Hu [13] examined the
refinement of primary o-Al phases in a semi-solid A356
alloy with the Y addition of 0.3-0.8 wt%. Dong et al. [16]
characterized the microstructure of the metallic mold-cast
and T6 heat-treated A356 alloy modified by Sr (0.04 wt%)
and Y (0.3 wt%). The Sr and Y additions promote the
formation of Al;Y phase and increase the nucleation rate of
primary o-Al phases. Moreover, the additions of Sr and Y
change the shape of eutectic Si phases to fine granules from
coarse needles and flakes. The amount of Y addition to
A356 alloy appears relatively high in the past studies.
Since yttrium is scarce and expensive, the minimization of
Y usage without sacrificing its beneficial effects on
microstructure is essential for the industry to adopt Y in
aluminum alloys. Till now, there are limited studies on Y
addition to A356 alloy, notably at a microalloying level of
up to 0.100 wt%. Therefore, the effect of Y microalloying
at a trace amount on microstructural refinement and phase
constituents in relation to mechanical properties needs to
be investigated.

2 Experimental

The commercial A356.2 alloy was selected as matrix and
its main chemical compositions used are 6.803 wt% Si,
0.230 wt% Mg, 0.147 wt% Ti, 0.069 wt% Fe and balance
Al. The Al-0.100 wt% Y master alloy wrapped in alu-
minum foil was added into the melt to prepare the alloys
with various contents of Y. Five groups of samples with
different contents of Y were designed, and the alloys with
different Y contents (0 wt%, 0.025 wt%, 0.050 wt%, 0.075
wt% and 0.100 wt%) are labeled as Y000, Y025, Y050,
Y075 and Y100, respectively. A 5-kW electrical resistance
furnace and a graphite crucible were chosen to prepare the
alloys. The prepared alloys were preheated at 300 °C for
2 h and then gradually heated up to 750 °C. The melts
were then deslagged and poured into the prepared
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permanent mold (270 °C) with the pouring temperature of
650 °C. To evaluate the tensile properties, the round tensile
specimens shown in Fig. 1 were manufactured. The detail
of equipment can be seen in Ref. [20].

The specimens to be investigated were divided into two
groups which are in as-cast and T6 heat-treated conditions.
Tensile test and microstructure analysis were then con-
ducted to the well-prepared samples. T6 heat treatment was
carried out in anti-oxidation atmosphere furnace (TCXQ-
1700). The T6 heat treatment started with solution treated
at 530 °C for 8 h, followed by quenching in water with
25 °C and then artificial aged at 150 °C for 3 h. All
specimens were tested on a 100-kN universal tensile testing
machine (CHT4605) at a load speed less than 1 mm-min~"
at room temperature to obtain ultimate tensile strength
(UTS), yield strength (YS) and elongation (El). In order to
avoid the effect of tensile tests on microstructures, the
samples for microstructure analysis were cut from where at
least 5 mm away from the fracture. Individual samples for
microstructure analysis were prepared by standard
mechanical polishing and then etched by Keller reagent
(95.0 ml H,O + 2.5 ml HNO;3; + 1.5 ml HCI + 1.0 ml
HF) for 30 s. A Leica DM2700M optical microscope (OM)
was used to observe the distribution and morphologies of
Si, Mg,Si, a-Al and Al3Y in A356 with different Y addi-
tions. The secondary dendrite arm spacing (SDAS) and the
grain size were measured and calculated with the help of
image processing software. The microstructure images
were captured by SUPRA™ 55 thermal field emission
scanning electron microscope (FESEM) equipped with an
energy-dispersive spectroscope (EDS) device. The Brinell
hardness is tested by an XHB-3000 hardness tester with a
5 mm diameter cemented carbide ball under a load of
1250 N for 30 s. Differential scanning calorimetry (DSC)
was carried out by using high temperature differential
scanning calorimeter (DSC 404 F3) with Ar as protective
gas. The phases were also determined by X-ray diffraction
(XRD, Rigaku RINT-2000).

3 Results and discussion

3.1 Microstructures of as-cast and T6 heat-treated
samples

Figure 2a, b depicts typical OM and SEM images of the as-
cast A356.2 alloy. Figure 2c, d represents typical OM and
SEM images of the T6 heat-treated A356.2 alloy. They
were selected from the images of microstructures of
A356.2 with different trace contents of yttrium (0 wt%,
0.025 wt%, 0.050 wt%, 0.075 wt%, or 0.100 wt%), and the
content of yttrium here is 0.075 wt%. There are two dif-
ferent phases in OM images, one is o-Al matrix and
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Fig. 2 a OM and b SEM images of as-cast A356.2 alloy; ¢ OM and d SEM images of T6 heat-treated A356.2 alloy

another is secondary phases (mainly eutectic Si). The
morphology of Si in as-cast alloy is typical flake and long
acicular shapes. After T6 heat treatment, the long acicular
Si can be rarely found, instead, the small bulk Si and little
Mg,Si particles appear in the boundary of a-Al grains. The
o-Al grain size and their secondary dendrite arm spacing
(A,) of all the microstructures of A356.2 with different Y
additions are concluded in Fig. 3.

It could be seen that Y plays a refining role on the
microstructures of o-Al grains. Y is active and could be
dissolved easily in liquid aluminum. At high temperatures,
it reduces the surface energy and surface tension of the
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interfaces between old and new phases, and then decreases
the nucleation power of the phase transformation. This
helps to prevent grain growth and generate large number of
heterogeneous nucleation substrate. As a result, the
microstructures of the o-Al and Si phases are all refined.
On the other hand, Y could interact with other elements
to strengthen A356.2 alloy with the formation of inter-
metallic compounds such as Al;Y. High melting point
ALY is hexagonal with Ni3Sn-type structure, which is
mainly precipitated at 639 °C by eutectic reaction
(Liquidg_S%Y — OlAL0.17%Y + O€A13Y). On the base of Al-Y
phase diagram, Al,Y is also precipitated at 645 °C by
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Fig. 3 Grain sizes and SDASs of A356.2 alloys: a as-cast and b T6 heat treated

eutectic reaction (Liquidg sy — a1 + Al Y) [13]. The
lattice constant of cubic a-Al is 4.049 x 107'° m, and one
lattice constant of ALY is 4.233 x 10710 m, so the lattice
constant mismatch (6 = (aa1 — @ay)/aaLy X 100%) is
only 4.35%. On the view of dimensions, the solid Al;Y
could be as crystal nucleation base of a-Al during solidi-
fication, and refine the o-Al grains.

3.2 Mechanical properties
3.2.1 Tensile test

Figure 4 shows the tensile stress—strain curves of the as-cast
and T6 heat-treated A356.2 with the additions of 0 wt%,
0.025 wt%, 0.050 wt%, 0.075 wt% and 0.100 wt% Y,
respectively. The UTS of as-cast A356.2 isimproved when Y
is added, and the best optimized UTS result is from A356.2
with 0.075 wt% Y (Y075), followed by the alloy with 0.050
wt% Y (Y050). After T6 heat treatment, the alloy with the
best optimized YS and UTS results is from Y050 (0.050 wt%
Y). The YS, UTS and El are concluded in Fig. 5.
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Among the five groups of experimental results, it is easy
to conclude that the Y050 achieved the optimum values of
the YS, UTS and El. Comparing with that of the as-cast
Y000, the YS, UTS and El values of as-cast YO75 are
increased to 174 MPa, 189 MPa and 7.5%, and improved
by 40.32%, 34.04% and 74.42%, respectively. It can be
seen from Fig. 5 that the YS and UTS after T6 heat
treatment increase significantly, and these five groups’
average values increase from 136 and 165.2 MPa to 247.8
and 299.2 MPa comparing with the T6-treated Y000. The
YS, UTS and El values of T6-treated Y050 compare to the
as-cast Y050 are improved from 95 MPa, 182 MPa, 4.4%
to 302 MPa, 322 MPa and 11.2%, and improved by 218%,
77% and 155%, respectively.

3.2.2 Brinell hardness (HB) test

The results of the Brinell hardness of as-cast and T6 heat-
treated A356.2 alloys are presented in Fig. 6. It can be seen
that the hardness increases after T6 heat treatment, which is
attributed to the addition of Y. The larger the amount of Y
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Fig. 4 Representative tensile stress—strain curves of A356.2 specimens: a as-cast and b T6 heat treated
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Fig. 6 Hardness test results of as-cast and T6 heat-treated A356.2
alloys

is added, the larger the value of hardness is (Y750 except).
The smallest value of hardness of Y750 might be caused by
the large grain size of a-Al. In addition, the hardness values
of each group keep stable that the fluctuation is less
than + 1.5, and the maximum is + 3.0.

The effects of Y on mechanical properties of as-cast
A356.2 alloy are mainly embodied two factors as below:
(1) promoting the o-Al dendrites to equiaxed crystal
transformation; (2) hindering the growth of a-Al grains and
the eutectic silicon [21, 22]. The atomic radius of Y is
1.74 x 107" m, of Al is 1.43 x 107" m, which indicate
that Y is slightly larger than Al. When Y is dissolved in Al,
lattice distortion of o-Al could be induced, and this causes
materials solution strengthening. But this takes little
strengthening effect, Y is hard to be dissolved in the o-Al
matrix [23, 24] due to its low solid solubility in aluminum
which is less than 0.03 at%.

The strength of as-cast A356.2 alloy is mainly domi-
nated by grain refinement. It is well known that Hall-Petch
equation written below [25] shows the relationship between
the yield strength and grain size:

Rare Met. (2021) 40(11):3279-3288

in Fig. 7. It shows a good linear fitting. As shown in the red
triangle points lying in right up corner of the figure, it
indicates that the YS is improved largely after T6 heat
treatment.

After T6 heat treatment, the strength is improved signif-
icantly, this could been seen from Figs. 4, 5, and their Brinell
hardnesses shown in Fig. 6 are also improved. This should be
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Fig. 7 Linear fit results of Hall-Petch equation between YS and
square root of grain diameter (d~"?) of primary o-Al grains.
Continuous line is fitting results of all ten points, and dot line is
fitting results of nine points except point (0.192, 95) which lies far
away from fitted line
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mainly due to the T6 effect. When heating and holding at
high temperatures, the long needle or flake-like eutectic Si
become shorter, even change into particles or tiny bits. The
eutectic Si will undergo three stages as: (1) edges rounding,
(2) bays occurring, (3) fragmentation and spheroidization.
These changes are in accordance with the principle of min-
imum free energy in thermodynamics and related to the
diffusion and dissolution of Si atoms. During quenching
process, the broken, fragmented, spheroidized microstruc-
ture is remained the same in low temperature atmosphere. In
artificial aging stage, its morphology is adjusted, and the
stress concentration is released effectively [26].

Mg,Si and Al3Y are supersaturated in solid solution, the
strengthening mechanism for A356.2 alloy lies in mainly
three aspect: (1) grain boundary strengthening, (2) hard
particles strengthening, (3) dislocation strengthening [18].
It is well known that Mg,Si plays an important role in
improving the strength of Al-Si alloy. The melting point of
pure Mg,Si is 1085 °C, and the eutectic reaction
Liquid, ; y4si — omg + Mg,Si occurs at 637.6 °C accord-
ing to the Mg-Si phase diagram. In the as-cast A356.2
alloy, undissolved solid Mg,Si appears in the boundary of
o-Al matrix in blocky morphology is shown in Fig. 2a.
Actually, it is difficult to distinguish the phase in such
secondary phase region in A356 industrial alloy. In the
stage of solutionizing in T6 heat treatment, this blocky
Mg,Si becomes smaller and can be partially dissolved. In
the stage of artificial aging, some small Mg,Si particles are
precipitated as the solubility decreased in o-Al and Si
phase. The undissolved blocky Mg,Si can be also observed
in the fracture surface in Refs. [2, 27].

For Mg,Si (B phase) in T6 heat-treated A356 alloy, the
precipitating sequence is as follows: supersaturated solid
solution (SSS) to needle-shaped B”, then to rod-shaped [/,
then to plate-shaped B. B” is Guinier-Preston (GP) zone

with cluster of (Mg + Si) spherical atoms before
A
a a Al
e Si
Y050 0 Mg,Si
O ALY

Intensity (a.u.)

o0
<&
E
L e
Len
Ly
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o
[ Ju]
[ ]
>
e
[ Jm]
by

20 30 40 50 60 70 80
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precipitation, ' is MgoSis and is in a semi-coherent rela-
tion to the o-Al matrix [28]. Their orientation relationships
are (001)g // (100)4.4; and [100]g // [011]4.; [29, 30]. In
the fracture of tensile test, some dislocation slip bands are
found under SEM. Those hinder the movement of the
dislocations, and the strength is improved accordingly [31].

3.3 Phase identification
3.3.1 XRD analysis

XRD analysis was carried out for A356.2 and Y modified
alloys to confirm the presence of Mg,Si and Al3Y inter-
metallic phase. Figure 8a shows XRD patterns of as-cast
Y000 and Y050 alloys, Fig. 8b is that of T6 heat-treated
Y000 and YOS50 alloys. It can be seen from Fig. 8 that
phases such as Al, Si, Mg,Si and Al;Y are present in
A356.2 alloy.

3.3.2 EDS analysis

Typical EDS mapping images of A356.2 alloy with 0.075
wt% Y addition (YO075) after T6 heat treatment are shown
in Fig. 9. It is obvious that there mainly exist Al and Si,
and a small amount of Mg, Y and Ti. Typical secondary
phases shown in zone Y are enlarged to do the elemental
mapping, and the results are shown in Fig. 10. Drawing a
broken line in the secondary phase across some convex
points shown in Fig. 10a, and line scanning is carried out
along the given line. The line is enlarged as shown in
Fig. 11a, and four convex points are labeled as 1, 2, 3 and 4
located on or near the line. The results of the Al, Si, Mg, Y
and Ti line scan are shown in Fig. 11b—f, respectively. It is
obvious that the strength of counts per second (CPS) is
stronger at the locations close to the convex points (Points

b A A Al
L S
Y050 o MeSi
O ALY
o A
o

Intensity (a.u.)

Y000

20 30 40 S50 60 70 80
20/ (°)

Fig. 8 XRD patterns of Y000 and Y050 A356.2 alloys: a as-cast and b T6 heat treated
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Fig. 9 EDS elemental mapping images of Y075 after T6 heat treatment: a scanning zone, b Al, ¢ Si, d Mg, e Y and f Ti

1-4 in Fig. 11e). This means that the convex points are
Y—rich regions, and they are Al;Y phases.

Two points were analyzed by EDS, as is shown in
Fig. 9a labeled as Points A and S. Their main compositions
are shown in Table 1. One point lies in a-Al matrix, and
another one lies in secondary phase. From Table 1, there is
no Y detected in o-Al matrix (Point A); and Si phases and
Al3Y phase are found as the content of Y reaches 0.940
wt%. Based on the EDS line scanning results shown in
Fig. 11, those convex points in Figs. 10a, 11a are Al3Y

i S
-~

nano-sized particles. The average diameter of those parti-
cles is (104.7 £ 28.9) nm, and the distribution of the grain
size is shown in Fig. 12.

3.3.3 DSC analysis

DSC curves of heat-treated A356.2 and 0.075 wt% Y
(YO75) optimized samples at the heating and cooling rate
of 10 °C-min~' are shown in Fig. 13. There are two
obvious exothermic peaks in Fig. 13a and four

Fig. 10 EDS elemental mapping images of Zone Y in Fig. 9a: a scanning zone, b Al, ¢ Si, d Mg, e Y and f Ti

Rare Met. (2021) 40(11):3279-3288
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Fig. 11 EDS results of line scanning curves of Y075 after T6 heated:
a enlarged zone with scanning line, b Al, ¢ Si, d Mg, e Y and f Ti

endothermic Peaks in Fig. 13b on each curve in the tem-
perature range from 520 to 680 °C, and these peaks indi-
cate specified phase transformations. In details, Peaks P1
and PIV  indicate the phase transformations
(Liquid < o1 + Bg;), Peaks P2 and PIII indicate the phase
transformations (Liquid <> a4;), PII indicates the phase
transformations (B,;,y — ®ar,y) and Mg-Si binary eutec-
tic reaction (Liquid, 74si — ome + Mg,Si), PI indicates
the peritectic transformation (Liquid + otaj, i — oa1). The
temperatures of peaks are concluded in Table 2.

From DSC curves shown in Fig. 13a, exothermic peaks
P1 and P2 on Y075 curve are 1.1 and 2.3 °C higher than
that on Y000 curve, and P1s indicate the eutectic reactions
(ota1 + Bs; — Liquid) [32]. Compared with the results by
Dong et al. [16], because the composition of Al alloy in our

Table 1 Compositions analysis of points labeled in Fig. 9a

work is 0.147 wt% Ti containing A356.2 alloy, which is
different from that in Ref. [16], the temperature of eutectic
transformation in our work is relatively higher. In addition,
the modifier is trace 0.075 wt% Y in this case, versus 0.040
wt% Sr + 0.300 wt% Y in Ref. [16]. According to the
DSC curves shown in Fig. 13b, the PIII on Y075 curve is
2.8 °C higher than that on Y000 curve. It could be con-
cluded that the undercooling of the studied A356.2 alloy is
increased by 2.8 °C when 0.075 wt% Y is added. The
solidification time is shorter with the increase of under-
cooling, and the SDAS (4,) becomes thinner and the
microstructure of as-cast A356.2 alloy is refined. This is
in good agreement with the results in Fig. 3a. The PIV
which indicates the eutectic reactions
(Liquid — oa1 + Bg;)) on Y075 curve is 2.3 °C higher
than that on Y0OO curve.

The secondary phases in A356.2 are various and dif-
ferent. In our experiments and discussions above, they are
Si, Mg,Si and Al;Ti. Because of the exist of impurity Fe,
some Fe rich phases such as AlsFeSi [2, 4, 5, 33] also exist.
When Y is added, Al;Y and ALY exist accordingly.
However, some secondary phases such as Al;Y,Si [16]
may also exist. Actually, they are difficult to be distin-
guished and determined except matrix o-Al and eutectic Si
phases. However, eutectic Si, o-Al, Mg,Si, AlzY are
determined according to the EDS and XRD results from
Refs. [2, 21, 22] and experiments in this work.

It is well known that Mg,Si plays an important role in
improving the strength of Al-Si alloy. The melting point of
pure Mg,Si is 1085 °C, and the eutectic reaction
Liquid, 7 445 — Mg + Mg,Si occurs at 637.6 °C accord-
ing the Mg-Si phase diagram. In the as-cast A356.2 alloy,
undissolved solid Mg,Si appears in the boundary of a-Al
matrix in blocky morphology [26]. In the stage of solu-
tionizing during T6 heat treatment, this blocky Mg,Si
becomes smaller, and some can be dissolved completely. In
the stage of artificial aging in T6 heat treatment, some
small Mg,Si particles are precipitated with the solubility
decrease in o-Al and Si phase.

ALY is a new phase due to Y addition. According to Al-
Y phase diagram and well-known level rule, the weight
ratio of (Al;Y)/(a-Al) in YO75 here is 0.0014. This value is
very small. Actually, Al;Y is always accompanied with
other secondary phases and it is identified in this work, as

Point Al Si Mg Y Ti Phases indicated
wiwt% x/at% wiwt% x/at% wiwt% x/at% wiwt% x/at% wiwt% x/at%

A 98.15 98.28 1.38 1.33 0.24 0.27 0 0 0.22 0.12 a-Al

S 7.73 8.07 91.19 91.50 0.08 0.09 0.94 0.30 0.06 0.04 Si + ALY
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Fig. 13 DSC curves of T6 heat-treated A356.2 Y000 and Y075 specimens: a heating at 10 °C-min~" and b cooling at 10 °C-min~"

Table 2 Temperature of peaks on DSC curves in Fig. 13 (°C)

Alloy P1 P2 PI PII PIII PIV
Y000 579.0 614.1 670.9 639.6 609.1 563.9
Y075 580.1 616.4 669.2 637.1 611.9 566.2

shown in Fig. 11a. XRD results shown in Fig. 8 and DSC
results shown in Fig. 13 help to support the identification
here. This is also consistent with research works from Refs.
[22, 26].

4 Conclusion

In this work, the effects of yttrium microalloying (up to
0.100 wt%) on microstructure refinement and mechanical
properties of A356.2 alloy were investigated. The
microstructure evolution and mechanical properties of
A356.2 aluminum alloy under as-cast and T6-treated con-
ditions were analyzed. It is found that the strength of as-
cast A356.2 alloy obeys the Hall-Petch equation, and the
fitting relationship between the yield strength and grain
size is YS = —354.1 + 28754 '/ with a correlation of
R? = 0.83. When 0.050 wt% of Y was added, it achieved
the optimum values of the YS, UTS and El after T6 treated.
The results show an increase of 218%, 77% and 155% in
YS, UTS and EI, respectively, in comparison to those of
the as-cast A356.2.

The temperature of eutectic reactions
(Liquid — oa1 + Bg;) is increased by 2.3 °C when 0.075
wt% Y is added compared with no Y added A356.2. When

Rare Met. (2021) 40(11):3279-3288
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Fig. 12 Histogram of diameter distribution of ALY particles in
Fig. 11a

yttrium is added, the undercooling is increased; the SDAS
(42) and the microstructure of as-cast A356.2 alloy are
refined. After T6 heat treatment, the strength of A356.2 is
improved significantly. Mg,Si precipitates are dispersed in
o-Al matrix, and nano-sized Al;Y particles with average
diameter of (104.7 £ 28.9) nm precipitate on the surface of
the Si phase.
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