Rare Metal Materials and Engineering
Volume 51, Issue 10, October 2022
Available online at www.rmme.ac.cn

(1111 .
9‘3 Science Press

Cite this article as: Zhang Yijie, Du Jinghong, Ji Quanxin, et al. Effect of Sr and Y Addition on Microstructure
and Mechanical Properties of A356 Aluminum Alloy and lts Mechanism[J]. Rare Metal Materials and
Engineering, 2022, 51(10): 3588-3595.

Effect of Sr and Y Addition on Microstructure and
Mechanical Properties of A356 Aluminum Alloy and Its

Mechanism
Zhang Yijie',
Li Yuzhang’,

Du Jinghong', Ji Quanxin’, Sun Yanhua’, Feng Weiguang?, Bao Chongjun?,

Yan Jikang®

" Faculty of Materials Science and Engineering, Kunming University of Science and Technology, Kunming 650093, China; ?Kunming
Metallurgical Research Institute Co., Ltd, Kunming 650031, China; °School of Engineering, Southwest Petroleum University, Nanchong
637001, China

Abstract: The effects of Sr and Y addition on the microstructure and mechanical properties of A356 aluminum alloy were studied by
metallographic microscope, scanning electron microscope, transmission electron microscope, energy dispersive spectra and
mechanical property tests. The results show that the combined addition of Sr and Y can obtain the best microstructure and mechanical
properties compared with the separate addition of Sr or Y. The eutectic Si changes completely from flake-like or acicular-like to
fibrous shape, the equivalent grain diameter of a-Al decreases from 42.49 um to 26.63 um, the secondary dendrite arms spacing
(SDAS) decreases from 22.38 um to 13.60 um, the tensile strength increases from 166.1 MPa to 185.3 MPa, the elongation increases
from 3.6% to 7.6%, and the fracture mode changes from brittle fracture to ductile-brittle fracture. The refinement mechanism and
modification mechanism of Sr and Y were discussed. It is concluded that the main reason for a-Al grain refinement is the rapid
heterogeneous nucleation of a-Al based on ALY, and the modification mechanism is impurity-induced twins which grow in the

mechanism of twin plane reentrant edge.

Key words: A356; grain refinement; the modification of eutectic Si; mismatch; twin

At present, A356 aluminum alloy is mainly used for
aluminum alloy wheels produced by casting process. With the
development of automobile industry, the machinability, safety
and durability of wheels are constantly improved, leading to
higher requirements for the performance of A356 aluminum
alloy. A356 alloy is a hypoeutectic cast aluminum alloy of Al-
Si-Mg system, which has the characteristics of good casting
fluidity, good air tightness, low shrinkage and low hot

L2 Due to the existence of coarse and

cracking tendency
irregularly shaped eutectic Si in unmodified A356, the
aluminum alloy matrix is seriously split and the continuity of
the aluminum matrix is destroyed, thus reducing the strength
and plasticity of the alloy™*. Therefore, the modification of

eutectic Si to improve the adverse effect of flake-like or
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acicular-like eutectic Si on the matrix is an important way to
improve the mechanical properties of A356 aluminum alloy.
The common modification of A356 alloy is to improve the
shape, size and distribution of silicon phase in the alloy by
adding some elements. The common modifiers are Na, Ca, Sr,
Ba, rare earth, etc, among which Sr has the best modification
effect and is a long-term modifier™”. Another important way
to improve the mechanical properties of A356 aluminum alloy
is to refine a-Al grains. The commonly used refiners are Al-Ti-
B, Al-Ti-C, Zr, RE, etc. Rare earths can not only refine grains
and modify eutectic Si in A356, but also refine, remove
impurities and improve iron-rich phase. In addition, the
modification of rare earth has relatively long-term effects and

remelting stability™”. So it is an excellent additive for cast
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aluminum alloy at present.

The composite addition of refiners and modifiers to Al-Si
alloys has been investigated for a long time. More and more
studies have shown that"*'? rare earths can play a good
synergistic effect when combined with other modifiers or
refiners. Liu™ et al found that the increase of composition
undercooling and the production of nano-precipitates inhibit
the growth of eutectic Si during solidification by studying the
effect of Gd and Zr on A356. Qiu"" et al found that the
composite addition of Sr and La can significantly refine the
grain and modify the eutectic Si. Dong"” et al have revealed
that the addition of Sr and Y can increase the nucleation
undercooling of a-Al, and then increase the nucleation rate of
o-Al, refining the grains and modifying the eutectic Si. In this
work, strontium (Sr) and yttrium (Y) were selected as additive
elements, since the atomic radius ratios of Sr to Si and Y to Si
are close to the optimum atomic radius ratio of 1.6475 of
impurity induced twins"%. The effect of Sr and Y addition on
the microstructure and properties of A356 and its mechanism
were studied by microscopic analysis and mechanical
properties test.

1 Experiment

The raw materials of the experiment were A356 aluminum
alloy, Al-10Sr master alloy and Al-10Y master alloy. The
composition of them is shown in Table 1. Four groups of
alloys with different components were prepared, as shown in
Table 2. Firstly, the addition amount of the material to be
melted was calculated, and the weighed A356 aluminum alloy
was put into a graphite crucible and heated to 750 °C in a
resistance furnace. After the alloy was completely melted, the
melt was degassed and the slag was removed with refining
agent, and then the prepared master alloys were pressed into
the bottom of the liquid aluminum with a bell cover. After the
master alloy was melted, a covering agent was sprinkled to
prevent the absorption of the molten aluminum during the heat
preservation process. After holding at 750 ° C for 20 min,
manually stir for 5 min to homogenize the alloy elements.
Finally, the temperature in the furnace was reduced to 720 °C,
the slag was removed, and the liquid metal was poured into

Table1 Chemical composition of A356, Al-10Sr and Al-10Y

master alloy (wt%)

Alloy Si Mg Sr Y  Impurity Al
A356 6.94 0.36 - -
Al-10Sr - - 9.46 - <1 Bal.
Al-10Y - - - 9.83

Table 2 Composition of each sample (Wt%)

Sample Composition
Al A356
A2 A356+0.04Sr
A3 A356+0.3Y
A4 A356+0.04Sr+0.15Y

the metal mold at the preheating temperature of 300 °C to
make a cylindrical aluminum ingot with @=15 mm and A=
200 mm.

Samples were taken in the middle of aluminum ingot by a
cutting machine. After rough grinding, fine grinding and
polishing, the surface of the samples was corroded with 0.5%
HF solution, and the samples were deeply corroded with 35%
HCI solution, and finally cleaned with alcohol and dried. The
microstructure and morphology were observed by TX-400V
optical microscope (OM), JSM-6490LV scanning electron
microscope (SEM) and JEM-2100 transmission electron
microscope (TEM). The tensile strength and elongation were
tested by WAW-300 universal tensile testing machine, and the
tensile rate was 3 mm/min. The DSC curves of each group of
samples were measured by Mettlerl600LF synchronous
thermal analyzer. The protective gas was Ar gas, and the
cooling rate was 5 °C/min.

2 Results and Discussion

2.1 Grain shape and size of a-Al

Fig. 1 shows the as-cast microstructures of A356 with
different components. It can be seen that the optical structures
of the four groups of A356 aluminum alloys added with
different elements are obviously different. There are coarse a-
Al dendrites in Al sample, as shown in Fig. la, eutectic Si
structures are stacked together and there is no obvious
boundary with a-Al. When Sr is added, the size of a-Al hardly
changes, and there are still obvious secondary dendrites, but
there is a clear boundary between a-Al matrix and eutectic Si
(Fig. 1b), which indicates that the effect of adding Sr alone
cannot refine a-Al matrix. The grain size, number and spacing
of secondary dendrites of a -Al are greatly reduced after
adding Y element, as shown in Fig. lc. After adding Sr and Y
together, there is almost no secondary dendrite, and it shows a
certain orientation of primary crystal. The shape and size of a-
Al become uniform and the grains are mainly fine and dense
equiaxed crystals, as shown in Fig.1d.

The equivalent grain diameter of a-Al was measured by the
image analysis software Image-ProPlus6.0, and the SDAS was
measured and calculated by the sectional line method and the

[17]

formula below' ", respectively.

1 <« [,

=53 [ ®
where d is the SDAS; [, is the total length of the line segment;
n, is the number of secondary dendrite arms crossed by the
line segment; m is the number of measured line segments, and
both ends of the line segments are located on the central axis
of the secondary dendrite arm. The results are shown in Fig.2
and Fig.3.

It can be seen that the equivalent grain diameter of sample
Al is about 42.49 um and the SDAS value is about 22.38 um.
After adding Sr element, the equivalent grain diameter of a-Al
changes little, which is about 43.29 pm, while SDAS
decreases slightly, which is 19.85 pum. The equivalent grain
diameter of a-Al is 28.97 pm and SDAS value is 14.59 um
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Fig.1 OM microstructures of Al (a), A2 (b), A3 (c), A4 (d) samples
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after adding Y element. When Sr coupled with Y was added,
the equivalent grain diameter and SDAS value of a-Al reach
the minimum, which are 26.63 and 13.60 um, respectively.
2.2 Morphology of eutectic Si

Fig. 4 is the image of eutectic Si under a high power
microscope. It can be seen that the eutectic Si distribution in
unmodified A356 alloy is non-directional and irregular,
mainly in irregular flake-like or acicular-like with sharp tips,

as shown in Fig.4a and 4e. In the sample A2 only added with
Sr, there is a clear boundary between a-Al matrix and eutectic
Si phase, and eutectic Si is mainly distributed at the grain
boundary of a -Al, as shown in Fig. 4b. Moreover, the
morphology of eutectic Si changes obviously, the flake-like or
acicular-like eutectic Si is interrupted to a great extent and
changes into fibrous or short rod-like, as shown in Fig. 4f.
Fig. 4c and 4g show that eutectic Si also has a good
modification effect after adding Y alone, and most of them are
fine fibers, but some of them are blocky. This shows that the
modification effect of Y is not as good as that of Sr. When
adding Sr coupled with Y into the A356 alloy, the shape and
size of a-Al become uniform and fine, the grain boundary of
a-Al becomes clearer, and eutectic silicon undergoes obvious
modification, as shown in Fig.4d. It can be seen from Fig.4h
that the eutectic silicon phase is almost completely
transformed into dispersed fine fibers, and the flaky eutectic
silicon almost completely disappears.

According to the analysis of above results, Sr has better
modification effect on eutectic Si than Y, but has no refine-
ment effect on a-Al grains. Y can not only refine a-Al grains,
but also modify eutectic Si, while its modification effect on
eutectic Si is not as good as Sr’s. When Sr and Y are added
together, they have a certain synergistic effect in refining a-Al
grains and modifying eutectic Si, which makes the morpho-
logy of a-Al grains and eutectic Si reach the best state.

2.3 Element composition and element distribution

Fig.5a and 5b are the SEM images of sample Al and A2,
respectively, from which we can see that the spots with
different contrast are diffusely distributed in the field of view.
The element types and contents of each point detected by EDS
are shown in Table 3. The results show that the phase with
high contrast in Fig.5a is iron-rich phase, most of which are
distributed at the a-Al grain boundary, and a few of them are
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Fig.5 SEM images of sample A1l (a) and A4 (b)

distributed in the « -Al matrix. Two kinds of precipitates
with different contrast can be seen in Fig. Sb. The EDS
results show that the compounds with the highest contrast
followed by
These iron-rich phases and Y-rich compounds are distri-
buted at the eutectic site of Al-Si, but almost absent in «-Al

matrix.

are Y-rich compounds, iron-rich phases.

Fig. 6 shows EDS element mapping of sample A4. It is
obvious that Si, Sr and Y elements are mainly distributed in
the grain boundaries of a-Al, while Mg element is dispersed
in the whole field of view.
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Table 3 EDS results of points marked in Fig.5 (wt%)

Point Al Si Mg Fe Sr Y
1 84.79 879 1.25 5.17 - -
2 71.53  17.05 8.38 3.04 - -
3 89.75  7.87 - 0.04 0.23 2.12
4 70.45  21.70 - 2.00 0.47 5.39
5 98.83  1.08 - 0.09 - -

2.4 Mechanical properties
24.1

For A356 aluminum alloy, the strength mainly depends on

Tensile strength and elongation

the grain size of a-Al, while the elongation mainly depends on
the morphology of eutectic Si''".

Fig.7 shows the test results of the mechanical properties of
each sample. The tensile strength and elongation of Al are
166.1 MPa and 3.6%, respectively. When Sr is added alone,
the elongation of sample A2 is 6.2%, higher than that of Al,
mainly because the eutectic Si is modified by Sr. And then, the
morphology changes from plate-like or acicular-like to fibrous
shape, which weakens or eliminates the splitting effect of
plate-like eutectic Si on the matrix and reduces the tendency
of stress concentration at eutectic Si. The elongation of A3 is
6.5% similar to that of A2, but the tensile strength is 184.6
MPa, higher than that of A2. A4 has the highest tensile
185.3 MPa and 7.6%,
respectively. The main reason is that on the one hand, the
addition of Y produces ALY and acts as the heterogeneous
nucleation core of «-Al, which increases the nucleation rate

strength and elongation, 1i. e.

and refines the grains of a-Al"", thus improving the strength;
according to the fine grain strengthening theory and Hall-
Petch relationship™”:

o,= o, + Kd"? 2)
it can be seen that the mechanical properties of the alloy
increase with the decrease of grain size d. On the other hand,
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Fig.6 Microstructure and EDS element mappings of sample A4

Fig.7 Tensile strength and elongation of sample A1~A4

Y can also modify the eutectic Si”", the morphology of
eutectic Si is improved and the elongation is increased. All of
this is consistent with the results of microscopic observation.
2.4.2  Fracture morphology

Fig. 8 shows the tensile fracture morphologies of sample
Al1~A4, from which we can see that the section of Al has a
large number of dissociation surfaces, which illustrates that
the mode of fracture is brittle fracture. With the single
addition of Sr or Y or composite addition of Sr and Y, a large

number of dimple structures appear on the fracture surface as
shown in Fig.8b~8d. It can be concluded that compared with
the remelted A356, the addition of Sr and Y elements modifies
eutectic silicon, refines the a-Al grain, increases its elonga-
tion, and changes its fracture mode from brittle fracture to
ductile-brittle fracture.

3 Grain Refinement Mechanism and Eutectic Si
Modification Mechanism

3.1 Refinement mechanism

From the previous analysis, we know that the addition of Y
can significantly refine the grain size of a-Al. According to
Ref. [9, 22], when Y is added to aluminum alloy, a large
number of ALY second phase particles form, which play a role
of heterogeneous nucleation in the solidification process of
liquid aluminum, so as to improve the nucleation rate and
refine the grains. In addition, the radius of Y atom is quite
different from that of Al. Y does not exist in the matrix in the
form of solid solution, but is enriched at the front of the solid-
liquid interface during solidification, resulting in the
supercooling of local components in the alloy liquid and the

Fig.8 Fracture morphologies of different samples: (a) A1, (b) A2, (c) A3, and (d) A4
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refinement of a-Al dendrites.
3.1.1 Mismatch analysis

In the process of heterogeneous nucleation, the smaller the
interfacial tension between nucleated solid and substrate, the
better the mutual wetting, which is more favorable for
nucleation. According to the reason of the interface energy, the
more similar the crystal plane structure and the closer the
lattice structure, the smaller the interface energy between
them. When the crystal plane structure is similar, the
mismatch degree of ¢ is used to represent the coherence
between the nucleated solid and the substrate. The two-
position mismatch theory and calculation formula are put
forward by Bramfitt™:

'(d[wwli cos 0) - d[uvw]; ‘

d o
o =3 I ©

where (hkl), is a low-index plane of the substrate; [uvw], is a
low-index direction in (hkl),; (hkl), is a low-index plane in the
nucleated solid; [uvw], is a low-index direction in (hkl);
d,,, is the interatomic spacing along [uvw]; d,,,,. is the
interatomic spacing along [uvw]; 0 is the angle between the

uvwls

[uvw], and [uvw],.

The smaller the mismatch degree of o, the better the
coherent condition, and the smaller the interfacial tension
between the nucleated solid and the substrate, the easier it is
for heterogeneous nucleation. It is generally believed that™”
when mismatch 6 <6%, it is completely coherent and
nucleation is the most effective. When 6%< 0 <15%, it is
partially coherent, and nucleation is moderately effective.
When 6 >15%, it is incoherent and the substrate has no
heterogeneous nucleation ability.

The lattice types and lattice constants of ALY and a-Al are
shown in Table 4, and the calculation results of two-
dimensional mismatch are shown in Table 5. ALY is the
substrate, and its low index plane is (0001) which is the dense
plane. a-Al is the nucleated solid, and its low index plane is
(0001) which is also the dense plane, and the atomic distance
between the two crystal planes is the closest.

The calculated results show 0=8.19%, which indicates that

Table 4 Lattice types and lattice constants of ALY and a-Al

Eutectic reaction Crystal lattice

Crystal lattice type
product i P constant/nm
a-Al fee a=0.4049
ALY Hexagonal a=0.6195, c=2.1129

Table 5 Calculation of two-dimensional mismatch at the
interface of ALY/a-Al

d[ uvw ], / d[ uvw ] / 5/%
[uww],  [uvw], ’ ' 0/(°) /%
nm nm (average)
[2110] [101] 0.6195 0.5726 0 8.19
[1010] [111] 1.073 0.9918 0 8.19 8.19
[1210] [110] 0.6195 0.5726 0 8.19

ALY can be used as a heterogeneous nucleation particle for
primary a-Al, and a better heterogeneous nucleation effect can
be achieved. Combined with the EDS results (Table 3) and the
distribution of Y in the alloy in Fig.6, it is shown that a-Al is
based on the ALY formed by the proeutectic reaction for rapid
heterogeneous nucleation, which increases the nucleation rate
and refines the grains.

3.1.2 Thermal analysis

Fig.9 is the thermal analysis diagram of sample A1~A4. It
shows that there are two obvious exothermic peaks during the
solidification of A356. Combined with the elements and
phases in the alloy, it can be obtained that exothermic peak A
and exothermic peak B correspond to two reaction processes
of L—a-Al and L—a-Al+Si, respectively. After adding Sr and
Y, the initial solidification temperature of «-Al moves to the
right compared with that without addition, so that a-Al begins
to solidify under a lower undercooling. The single addition of
Sr or Y has no effect on the initial temperature of eutectic
reaction, but after the composite addition of Sr and Y, the
initial temperature of eutectic reaction is about 3.31 °C, lower
than that of other three groups of samples, thus increasing the
undercooling of eutectic reaction. It can be explained that in
the process of eutectic reaction, Sr and Y elements are
enriched in front of the solid-liquid boundary, resulting in
composition undercooling and promoting the eutectic
reaction™",

3.2 Modification mechanism of eutectic Si

The theories of “impurity-induced twins” (IIT)* and “twin
plane reentrant edge” (TPRE)"**" are generally accepted. In
the study of Xu"™, it is considered that the modification
mechanism of Sc on eutectic Si is IIT, and that of Sr on
eutectic Si is TPRE. Lu™ proposed in 1985 that TPRE is the
main growth mechanism in Na modified Al-Si alloy. Nafisi®”
proposed that after the eutectic Al nucleates on the primary a-
Al dendrites, the Si in the residual solution is enriched to form
fine silicon particles at the front of solidification, and flake
and fibrous eutectic silicon can form on the particles.

In Al-Si eutectic system, Si phase is solidified by faceted
manner. The morphology of unmodified eutectic silicon is
plate-like or acicular-like, overlapping each other, and is
randomly distributed in the aluminum matrix, as shown in
Fig. 4a. The growth characteristics of unmodified eutectic
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Fig.9 DSC curves of sample A1~A4
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Fig.10 TEM images of different samples: (a) A1, (b) A2, (c) A3, and (d) A4

silicon are faceted silicon flakes as shown in Fig. 10a. These
faceted steps on unmodified eutectic silicon are inherent, not
accidental or caused by other reasons™. The existence of
steps contributes to the growth of unmodified eutectic silicon.
Therefore, the growth mode of unmodified eutectic silicon
belongs to the typical facet step growth.

According to Fig. 10b~10d, high-density twins appear in
most eutectic silicon, which provides strong evidence for the
mechanism of IIT. The area shown in Fig.10b~10d is parallel
twins with a certain angle, which is due to the large-angle
branching caused by the growth of eutectic silicon twins"".
The modified eutectic silicon shows typical zigzag growth, as
shown in Fig. 10d. During the solidification process of Si
phase, Sr and Y atoms accumulate in front of the solid-liquid
boundary and attach to the single-layer growth step of Si,
which interrupts the regular arrangement of Si atoms in the
original growth direction, so that the stacking order of Si rows
from subsequent diffusion is changed”". It also causes Si
lattice distortion, increases the energy required for eutectic
silicon to grow along the original preferred growth direction
and induces twins, which leads to eutectic silicon growing

11432 Tn addition, when the eutectic Si

along the [211] direction
grows along a certain direction of the twin plane, the twin
grooves always exist, which ensures the continuous growth of
the twins, that is the TPRE, and the twins continue to grow in
many directions, which leads to the high branching of eutectic
silicon and finally the formation of fiber-like structure.

In short, Sr and Y atoms are adsorbed at the front of the
solid-liquid interface of eutectic silicon, changing the stacking
order of atoms on the surface of the eutectic silicon, thus
promoting the IIT. A large number of twins grow in a TPRE
mechanism, which suppresses the original growth of eutectic
Si and promotes the multi-branching of eutectic silicon and
the formation of fiber structure.

4 Conclusions

1) When Sr and Y are added into A356, the optimal
equivalent grain diameter (28.97 um) and secondary dendrite
arm spacing (14.59 um) of a-Al can be obtained. Eutectic Si is
completely modified, and its micromorphology changes from
plate-like or acicular to fibrous shape. The tensile strength and
elongation are increased to 185.3 MPa and 7.6%, respectively.

2) When Sr and Y are added into A356, the grain
refinement mechanism is mainly the heterogeneous nucleation
of a-Al based on ALY, which accelerates the nucleation rate
and refines the grains.

3) When Sr and Y are added into A356, Sr and Y have a
similar modification mechanism. Sr and Y as modified atoms
accumulate on the edge of the original growth step of eutectic
Si to induce twins. The original facet step growth is changed,
which is carried out by the mechanism of TPRE.
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(1. B T RS MREES TR%E, =/ BY 650093)
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B E: EUSHEMEE. A, EH BB, ARSI R SES, WA T WIN St ALY b A356 48 G & A 4R )
PEREMI . S5 50K, M THmSrekY, EEWMSt MY R, 38 Si iR FOREEDIR E 28R RN A4ER,  o-ALIISERUR R BRI
42.49 um /N ZE 26.63 pm, UG B 1) FE A 22.38 um PN E 13.60 pum,  FiAITRE M 166.1 MPa B N3] 185.3 MPa, JEAHIZ M 3.6% $=2 5
E7.6%, W7 A MNNGE E T R A NI R i 2 . BRI T Sr Y B AN AR MU AT AR B LB, 5 a- AL BRI AR (1 35 2 5 A
R o-ALLL ALY AFE R AT YO IR BUBAL, AR AL 9 A 75 5 22 i I DAAR 5 M4 LA AT A K

EHEIR: A356; sRRgEil; LRSI R 2
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