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Abstract: The microstructures and mechanical properties of as-cast Mg-5Sn-1Si magnesium alloy modified
with trace elements Y, Bi, Sb and Sr were investigated and compared. Results show that the microstructure of
the as-cast Mg-5Sn-1Si alloy consists of a-Mg, Mg,Si, Mg,Sn and Mg,(Si,Sn,.,) phases. After adding 0.8wt.% Y,
0.3wt.% Bi, 0.9wt.% Sb and 0.9wt.% Sr, respectively into the Mg-5Sn-1Si magnesium alloy, Mg,,Ys, Mg;Bi,,
Mg,Sb, and Mg,Sr phases are precipitated accordingly. Trace elements can refine a-Mg grain and Chinese script-
shaped Mg,Si phase. Refinement efficiency of different trace elements on a-Mg grain and Mg,Si phase is varied.
Sr element has the best refinement effect, followed by Sb and Bi, while Y has the least refinement effect. Mg-5Sn-
1Si-0.9Sr alloy has higher tensile properties than the other three modified alloys. The refinement mechanism of Y,
Bi and Sr elements on Mg-5Sn-1Si magnesium alloy can be explained by the growth restriction factors and the
solute undercooling. For Mg-5Sn-1Si-0.9Sb alloy, the heterogeneous nuclei of Mg,;Sb, phase is the main reason
for the refinement of grains and second phases.
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1 IIltI‘OdllCtiOIl to overcomfr or minimize the deterl.oratlon of Mg”All2
phase on high-temperature mechanical properties, new
As the lightest metallic engineering materials, alloys were developed and investigated, for example,
magnesium alloys have received a great attention in Mg-Al-RE ", Mg-Zn-Y-Ce !, Mg-Sn-Ca " and
recent years due to their several advantages such as Mg-Gd " system alloys. It was found that Mg-Si based
high strength-to-weight ratio, high thermal conductivity, alloys are potentially elevated temperature magnesium

high dimensional stability, good electromagnetic  ga]loys because Mg,Si phase in Mg-Si based alloys
shielding characteristics, high damping capacity and has high melting point, high hardness, low density

good machineability ""*. However, commercial cast (similar to Mg alloy), high elastic modulus and low
magnesium alloys such as AZ and AM alloys are thermal expansion coefficient. Moreover, Mg,Si phase

limited in some applications because of their poor is very stable and can impede grain boundary sliding

creep resistances and mechanical properties at elevated at elevated temperatures "', Whereas, under low
temperatures over 120 °C. This is caused by the low- solidification rates, Mg,Si phase precipitates from
melting-point of Mg,,Al,, phase which precipitates at Mg-Si-based melt in a coarse Chinese script-shaped

grain boundaries during solidification **. Hence, in the form, which has proved to be very damaging to the

last decade, improving elevated temperature properties mechanical properties of the alloys. The reasons for

of magnesium alloys has become a critical issue. In order deteriorating mechanical properties of the Mg-Si alloys

are related to the sharp corners and the brittleness of
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At present, there are many ways to enhance the strength of
magnesium alloys at room and high temperatures, in which the
most fundamental and effective methods are element alloying and
deformation . Alloying elements such as Sr """ p 1 Bj P,
Y P4 Sb B La B Nd P9, Gd ®” and compound KBF, #*
have positive modification effects on the morphology of Mg,Si
phase. In general, trace alloying elements only change the
morphologies of the constituent phases during solidification,
and cannot change their inherent structures. Therefore, adding
trace elements to Mg-Si alloys is considered a useful method to
modify and refine the morphology of Mg,Si phase. Considering
that Si, Ge, Sn and Pb belong to the same group, i.e. IVA group,
and that they all can form the same anti-CaF, crystal structure
Mg,X (X=Si, Ge, Sn or Pb) with magnesium, the Mg,X is
considered a linear compound with an Fm-3m space group.
These Mg,X compounds may have certain solubility to each
other, as is known, Mg,Si and Mg,Sn have certain solubility
to each other at least. Thus, the mechanical properties and
a-Mg/Mg, X interfacial adhesion of the alloys could be changed
whether being improved or deteriorated. It has been revealed
that Mg,Si and Mg,Sn have almost the same lattice constants
(Mg,Siis 0.633 nm, Mg,Sn is 0.699 nm) and have some
solubility to each other by Sn and Si replacement to each other.
Mg,Sn phase can dissolve 3at.%-14at.% Si, Mg,Si can dissolve
2at.%-13.3at.% Sn. Wang’s "' calculations indicate that a new
reinforcement phase Mg,(Si,Sn,,) forms by a substitution
reaction in the Mg-Si-Sn alloys, and there are a certain
percentage of covalent bonds in Mg,(Si,Sn, ), which ensure
Mg,(Si,Sn, ) has sufficient hardness to act as a reinforcement
phase and exhibits greater ductility than that of the unalloyed
Mg,Si phase. If some Sn atoms replace equivalent Si atoms
from Mg,Si phase, the value of interfacial adhesion work
(Wad) between a-Mg matrix and the Mg,(Si,Sn,_) compound
increases, then, the poor interfacial adhesion between a-Mg
and unalloyed Mg,Si phase is improved. Hence, it is reasonable
to speculate that simultaneously adding Sn and other trace
elements to Mg-Si alloys can improve the mechanical
properties of the Mg-Si alloys. Accordingly, selecting suitable
trace elements which can modify and refine the morphology
of Mg,Si phase in Mg-Sn-Si based alloy appears to be very
important for further research.

Liu et al. ™ studied the microstructures, tensile properties,
and creep behaviour of as-cast Mg-(1-10)wt.% Sn alloys,
and found that Mg-5wt.% Sn alloy has the best mechanical
performance at room and elevated temperatures. Jiang et al. ™'
studied the effect of Y on modification of Mg,Si in Mg-Si alloys
and indicated that when the Y content is 0.1wt.% or 0.4wt.%,
the sizes of primary and eutectic Mg,Si do not significantly
reduce. When the Y content is 0.8wt.%, the mean size of Mg,Si
particles decreases from more than 100 pm to about 30 um
or less; however, with the further increase of the Y content to
1.2wt.%, the primary Mg,Si becomes coarser again and even
larger than that in the unmodified alloy. Ma et al.”” investigated
the influence of trace Y element on the microstructure of Mg-
5Sn-1Si alloy and found that when the Y content is 0.8wt.%,
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the modification effect of Y on the microstructure of the alloy
is excellent. Guo et al. *” studied the modification of Mg,Si
morphology in Mg-Si alloys with Bi element and found that the
optimal modification effect is obtained when the Bi content is
no more than 0.5wt.%. Yan et al. ®' researched the influence of
Sb modification on microstructure and mechanical properties of
Mg,Si/AM60 composite and indicated that Mg;Sb, can promote
the formation of fine polygonal type Mg,Si by providing a
nucleation site, and the ultimate tensile strength is enhanced by
12.2% with the addition of 0.8wt.% Sb. Wang et al.*” proved
that after adding 0.9wt.% Sb into Mg-5Sn-1Si alloy, the arm

spacing of Mg,Si phase is decreased. Cong et al.”*”

investigated
the effect of Sr on microstructure of as-cast Mg-6Zn-4Si alloy
and found that the grain size of the primary Mg,Si decreased
initially and then gradually increased with increasing Sr
amount, and the optimal mechanical properties and wear
resistance could be obtained by a Sr addition of 0.5wt.%.

Based on the above discussion and published research results,
in this present work, the effects of trace elements: 0.8wt.% Y,
0.3wt.% Bi, 0.9wt.% Sb and 0.9wt.% Sr on microstructure and
mechanical properties of cast Mg-5Sn-1Si magnesium alloy
were investigated, and the modification and refinement results
of 0-Mg grain and Mg,Si phase were compared.

2 Experimental procedure

The nominal compositions of Mg-5Sn-1Si based alloys used in
this study are presented in Table 1. The investigated materials
were prepared with a resistance furnace by melting pure Mg
(>99.90%), Sn (>99.99%), Bi (>99.99%), Sb (>99.99%) and
master alloys of Mg-5.0% Si, Mg-10% Sr and Mg-30.0% Y in
a steel crucible. Before melting, all of the raw materials were
preheated to 120 °C to remove the surface moisture. The pure
Mg ingots were firstly put into the steel crucible and heated
to 720 °C with protection of mixture gas of 0.5vol.% SF6 and
99.5vol.% CO,. When the pure Mg ingots were completely
melted, the preheated Sn, Bi, Sb, Mg-30.0% Y, Mg-10% Sr and
Mg-5.0% Si master alloys were respectively added into the Mg
melt. Then the temperature was raised to 780 °C and held for
30 min to ensure the Mg-5.0% Si master alloy being completely
melted. During holding period, the melts were stirred with a
carbon bar for several times in order to melt the Mg-5.0% Si
master alloy completely and make the compositions of the melts
uniform. Then, the melts were cast into ingots with a diameter
of 105 mm and a length of 450 mm. In order to analyze the
microstructures of the alloys, the as-cast metallographic samples
were prepared in accordance with the standard routines and
etched with picric acid solution (5 g picric acid + 10 mL glacial
acetic +10 mL distilled water +80 mL anhydrous ethanol)
for 5-10 s at room temperature. Microstructural analysis was
conducted by using an optical microscope (OM, Olympus
GX51) and a scanning electron microscope (SEM, JSM-
6700F) equipped with an energy dispersive X-ray spectrometer
(Oxford, Germany). The phases of the alloys were analyzed
by using X-Ray diffraction (XRD, Rigaku D/max-3C type,
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Japan), the radiation source was Cu Ka, scanning step and range
were 0.033° and 10°-90°, respectively. Thermal analysis by
differential scanning calorimetry (DSC) were performed using
a NETZSCH STA 2500 system. For the DSC tests, samples
weighed around 20 mg were heated under flowing argon
atmosphere from room temperature to 750 °C. The heating

curves were recorded at a controlling speed of 5 °C-min”'. The
tensile properties at room temperature were determined from
the stress-strain curves. The 0.2% yield strength (Y'S), ultimate
tensile strength (UTS) and elongation to failure were obtained
based on the average results of three valid tests.

Table 1: Nominal compositions of experimental Mg-5Sn-1Si alloys (wt.%)

Alloys Sn Si Y
1 5.30 1.32 -
2 5.39 1.36 0.81
3 BB 1.37 -
4 5.32 1.34 -
5] 5.38 1.35 -

3 Results and discussion

3.1 Microstructure of as-cast Mg-5Sn-1Si alloy

Figure 1 presents the XRD pattern of the Mg-5Sn-1Si alloy.
It indicates that this alloy consists of a-Mg, Mg,Si and Mg,Sn
phases. The corresponding SEM images of the as-cast Mg-
5Sn-1Si alloy are presented in Fig. 2. It can be observed that
the matrix of the alloy is a-Mg solid solution and the others are
secondary phases with different morphologies which spread
on the matrix and inter-dendritic regions. The inter-dendrite
compounds have two morphologies: one is in Chinese script
and another in irregular-shape which is abnormal eutectic
phase. Combining the EDS (Table 2) and XRD results, it can be
proved that the abnormal eutectic compounds (Point 1 in Fig. 2)
which enrich in Mg and Sn and minor Si elements are Mg,Sn
phase. The compound in Chinese script morphology which
locates at the grain boundary has the typical characteristics
of Mg,Si phase. EDS results show that the compound at the
boundries of Mg,Si phase is much different from the main
part of the Mg,Si. It contains a certain amount of Sn element,
so it is a new phase Mg,(Si,Sn, ). Therefore, the as-cast Mg-
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5Sn-1Si alloy consists of a-Mg, abnormal eutectic Mg,Sn
phase, Chinese-character Mg,Si phase at grain boundaries, and
some ternary Mg,(Si,Sn, ) compounds as well. The ternary
Mg,(Si,Sn,_,) compound is at the boundaries of the Mg,Si
phase. Under low solidification rate, the Mg,Si phase tends to
grow into the Chinese script form in Mg-5Sn-1Si alloy, which
is detrimental to the mechanical properties of the alloys.
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Fig. 1: XRD pattern of as-cast Mg-5Sn-1Si alloy
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Fig. 2: (a) SEM images of as-cast Mg-5Sn-1Si alloy; (b) SEM image with higher magnification of Zone A in (a)
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Table 2: EDS results of phases in as-cast Mg-5Sn-1Si

alloy (wt.%)

Points in Fig. 2 Mg Sn Si
1 34.12 63.99 1.89
2 59.38 11.47 29.15
3 82.73 6.12 11.15

3.2 Microstructures of modified Mg-5Sn-1Si
magnesium alloys

Figure 3 shows the XRD results of the modified Mg-5Sn-1Si
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magnesium alloys. It can be found that after adding 0.8wt.%
Y, 0.3wt.% Bi, 0.9wt.% Sb and 0.9wt.% Sr, respectively, to
the Mg-5Sn-18Si alloy, except the a-Mg, Mg,Si, Mg,Sn and
Mg,(Si,Sn, ) phases, Mg,,Ys, Mg;Bi,, Mg,Sb, and Mg,Sr
phases, respectively, were found. The OM images of the
modified Mg-5Sn-1Si magnesium alloys are shown in Fig.
4 and the corresponding SEM images are shown in Fig. 5.
The phase compositions measured with EDS are given in
Table 3. This indicates that trace elements can not only change
the phase morphology but also influence the phase formation in
the modified Mg-5Sn-1Si magnesium alloys.
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Fig. 3: XRD patterns of modified Mg-5Sn-1Si alloys with 0.8wt.% Y (a), 0.3wt.% Bi (b), 0.9wt.% Sb (c), and 0.9wt.% Sr (d)

After adding trace elements to Mg-5Sn-1Si alloy, the
microstructures are changed obviously: the matrix grain sizes
of the modified alloys are refined. For the Mg-5Sn-1Si alloys
modified with 0.8wt.% Y, 0.3wt.% Bi, 0.9wt.% Sb, and 0.9wt.%
Sr, their a-Mg grain sizes are refined from the unmodified 135
pm to about 105 um, 97 um, 94 um and 74 pm, respectively.
Meanwhile, the morphology of Mg,Si phase in the modified
alloys is also different from the unmodified one, although
the refinement efficiency on Mg,Si phase is different with
different trace elements. Figure 4(a) and Fig. 5(a) show the
microstructures of Mg-5Sn-1Si-0.8Y alloy. Almost all the Mg,Si
phases are refined from the previous coarse Chinese script [Fig.
1(a)] into a discontinuous network spread on the matrix. The
similar phenomenon can also be found in Mg-5Sn-1Si-0.3Bi
alloy, as shown in Fig. 4(b) and Fig. 5(b). The dendritic arm
spacing of Mg,Si phase is smaller in Mg-5Sn-1Si-0.3Bi alloy
than that in Mg-5Sn-1Si-0.8Y alloy. This means the refinement
efficiency of Bi on Mg,Si is better than that of Y. By adding
trace Sb into Mg-5Sn-1Si, the massive Mg,Si phase is refined
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and the coarse Chinese script Mg,Si is broken into islands and
dispersed at the grain boundaries. For Mg-5Sn-1Si-0.9Sb alloy,
an obvious white phase marked as I in Fig. 5(c) can be identified
in Mg,Si phase. Combining Fig. 3(c) and EDS results in Table 3,
it can be concluded that Phase I in Fig. 5(c) is Mg,Sb,, which
is the nucleus of Mg,Si. Hence, the reason for the modification
and refinement of Mg,Si phase in Mg-5Sn-1Si-0.9Sb alloy is
strongly related to the heterogeneous nucleation. Meanwhile, the
morphology of Mg,Si phase in Mg-5Sn-1Si-0.9Sb alloy is much
finer than that in Mg-5Sn-1Si-0.3Bi alloy. This implies that the
modified effect of Sb on Mg,Si phase is greater than that of Bi.
For the Sr alloyed system, the initial Chinese script Mg,Si is
refined into very fine dendrite shapes distributed on the matrix.
This indicates that Sr has very good refinement effect on Mg,Si
phase. Comparing the modification effects of the alloys, Sr has
the best refinement effect compared with Sb, Bi and Y elements.
Hence, the refinement efficiency sequence of trace elements on
magnesium matrix and Mg,Si compound in Mg-5Sn-1Si alloy is
Sr, followed by Sb, Bi and Y.
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Fig. 4: Optical micrographs of as-cast Mg-5Sn-1Si alloys with 0.8wt.% Y (a), 0.3wt.% Bi (b), 0.9wt.% Sb (c),

and 0.9wt.% Sr (d)
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Fig. 5: SEM images of Mg-5Sn-1Si alloyswith 0.8wt.% Y (a), 0.3wt.% Bi (b), 0.9wt.% Sb (c), and 0.9wt.% Sr (d)
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Table 3: EDS results of experimental alloys (wt.%)

Position Mg

A 59.16 15.19
Mg-5Sn-1Si-0.8Y B 32.52 63.97

C 89188 5.1

D 56.54 14.41
Mg-5Sn-1Si-0.3Bi E 64.01 2.97

F 36.26 59.62

G 31.66 59.06

H 55.47 7.72
Mg-5Sn-1Si-0.9Sb

| 50.11 1.32

J 53.20 5.50

K 61.23 9.40
Mg-5Sn-1Si-0.9Sr

L 33.33 64.97

3.3 Tensile properties

The tensile properties of the studied alloys are shown in Fig. 6.
The ultimate tensile strength (UTS) and elongation to failure
of Mg-5Sn-1Si alloy under room temperature are 87 MPa
and 4%, respectively. The UTS is 96 MPa for Mg-5Sn-1Si-
0.8Y alloy, 108 MPa for Mg-5Sn-1Si-0.3Bi alloy, 117 MPa
for Mg-5Sn-1Si-0.9Sb alloy and 123 MPa for Mg-5Sn-1Si-
0.9Sr alloy, indicating that adding trace elements can improve
the tensile properties of the Mg-5Sn-1Si alloy. The reasons
for the improvement of the tensile properties of the modified
alloys are ascribed to the grain refinement and modification of
the Mg,Si phase by adding the trace elements (Y, Bi, Sb and
Sr). On the one hand, according to the Hall-Patch formula,
grain refinement is very effective in improving the mechanical
performance of magnesium alloy. On the other hand, the
coarse Chinese script Mg,Si has a detrimental effect on the
tensile properties of Mg-Si alloys. The detrimental effect is
related to the micro-cracks nucleated at the keen-edged corners
of 0-Mg/Mg,Si interfaces. The keen-edged corners are the
stress concentration areas. Hence, Mg-5Sn-1Si alloy has poor
tensile properties. However, after adding trace elements to Mg-
5Sn-1Si alloy, the coarse Chinese script Mg,Si of the modified
alloys is refined and then the micro-crack nucleation tendency
of the modified Mg,Si phase decreases. Therefore, the tensile
properties of the modified alloys are improved. Besides, it
can be observed that the Mg-5Sn-1Si-0.9Sr alloy has the best
strengths. Based on the previous discussion of microstructure,
Sr has the best refinement effect among the above four alloying
elements. Apparently, the tensile properties of the investigated
alloys are consistent with the microstructure observation.
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3.4 Discussion

Generally, grain refinement in cast Mg alloys can be
achieved through micro-alloying. The refinement is realized
by promotion of nucleation rate by manually adding or in
situ forming particles, or by restriction of crystal growth
by constitutional supercooling, or by both . In the present
study, since the solubility of each element of Y, Bi, Sb and
Sr in 0-Mg is in trace amount, and the equilibrium partition
coefficient of each element is very small, these elements will
definitely enrich in the front of the growing crystals through
segregation during solidification. The enrichment inevitably
results in the change of the crystals' growing environment.
If the composition at the site of the growing front can meet
the conditional requirement for a new phase to form, the new
phase in turn can be as the nucleus to other phases, such as
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Mg,Sb, in Mg-5Sn-1Si-0.9Sb alloy can be as the nucleus of
Mg,Si. If the composition at the growing front cannot meet the
conditional requirement for a new phase to form, the solute
undercooling is beneficial to grain refinement.

It is now generally accepted that solute undercooling (A7)
during solidification process and solute segregation [(quantified

] B are critical in

by the growth restriction factor (GRF)
determining the final grain size and distribution of the second
phase of as-cast magnesium alloys. In order to describe
the impact of AT on as-cast grain size, a correlative growth

restriction factor (GRF) or Q value is widely used. The O,

value is simply expressed as:

O = EmiCO,i(ki_ 1)

o

where m; is the slope of the liquidus, Cy; the initial composition
of the alloy, and £; the equilibrium partition coefficient of
the solute element ***. A greater Q,,, value means a higher
AT ahead of the growing dendrite and will result in grain
refinement. The Q values of the modification elements used in
this study have been calculated with a simplified Mg-M binary
system (where M represents the modified element) " and are
listed in Table 4.

Table 4: Q values for solute elements %

Elements m k Q =m(k-1) System
Sn -2.41 0.39 1.47 Mg-Sn eutectic
Si -9.25 0 9.25 Mg-Si eutectic
Y -3.40 0.50 1.70 Mg-Y eutectic
Bi -1.814 0.145 1.551 Mg-Bi eutectic
Sb -0.53 0 0.53 Mg-Sb eutectic
Sr -3.53 0.006 3.51 Mg-Sr eutectic

The Q. values of the modified alloys are calculated
according to Eq. (1) and are listed in Table 5. Therefore, from
the view point of GRF, Mg-5Sn-1Si-0.9Sr alloy has the largest
Ot Value, so Sr is the most effective grain refinement element
among the studied ones. The calculated result is also in good
agreement with the microstructures of the alloys in Fig. 4. The
Qoo Values for Mg-5Sn-18Si-0.3Bi and Mg-5Sn-1Si-0.9Sb
alloys are approximately the same (17.06 for Mg-5Sn-1Si-0.3Bi,
and 17.07 for Mg-5Sn-1Si-0.9Sb); however, by comparing the
microstructure and mechanical properties of Mg-5Sn-1Si-0.3Bi
and Mg-5Sn-1Si-0.9Sb alloys, it is found that Mg-5Sn-1Si-
0.9Sb alloy has much finer microstructure and better properties.
The reason is related to the heterogeneous nuclei of Mg,Sb,
particles [Fig. 5(c)]. As a result, Mg-5Sn-1Si-0.9Sb alloy has
finer microstructure, as shown in Fig. 4(c). Mg-5Sn-1Si-0.8Y
alloy has a greater Q,,, value than Mg-5Sn-1Si-0.3Bi and
Mg-5Sn-18Si-0.9Sb. According to the GRF mechanism, Mg-
5Sn-18Si-0.8Y alloy could have finer microstructure and better
performance than Mg-5Sn-1Si-0.3Bi and Mg-5Sn-1Si-0.9Sb
alloys. However, it can be observed that Mg-5Sn-1Si-0.8Y
alloy has a much coarser grain and microstructure than Mg-
5Sn-18Si-0.3Bi and Mg-5Sn-1Si-0.9Sb alloys, indicating that

Table 5: Q.. values for different modified alloys

Alloys Qeotar

Mg-5Sn-1Si-0.8Y 17.96
Mg-5Sn-1Si-0.3Bi 17.06
Mg-5Sn-1Si-0.9Sb 17.07
Mg-5Sn-1Si-0.9Sr 19.76

the GRF mechanism is not enough to explain the modification
and refinement of Mg,Si phase in the Mg-5Sn-1Si-0.8Y alloy.
Besides the GRF mechanism, AT is also a very pivotal factor
for the microstructural refinement of engineering alloys °”.

According to classic solidification theory, the relationship

between critical nucleus radius () and AT is given by "

r =20/AG= 26T, /L AT )

where AG, is the variation of volume free energy, J the
interfacial energy of the unit surface area, AT = T, -T, T, the
equilibrium crystallizing temperature, 7, the onset crystallizing
temperature, and L, the crystallizing latent heat. According
to Eq. (2), with decreasing T, the critical nucleus radius »"
decreases, then the nucleation energy of crystal nucleus reduces
and the nucleation probability increases, and then results in grain
refinement. In order to study the effect of AT on microstructures,
the DSC was performed. Figure 7 shows the DSC curves of the
experimental alloys. Mg-5Sn-1Si magnesium alloy has three
endothermic peaks. According to Mg-Si, Mg-Sn and Mg-Sn-
Si phase diagrams, it can be speculated the crystallization onset
temperature of the primary o-Mg of the alloy is at about 648.9 °C
and the eutectic reaction temperature is about 637.1 °C. After
adding modified elements into Mg-5Sn-1Si magnesium alloy, the
crystallization onset temperatures of the Mg-5Sn-1Si-0.8Y, Mg-
5Sn-18Si-0.3Bi, Mg-5Sn-1Si-0.9Sb and Mg-5Sn-1Si-0.9Sr alloys
decrease to 646.6 °C, 641.3 °C, 641.1 °C and 637.4 °C, and the
crystallization eutectic reaction temperatures of the modified
alloys decrease to 636.9 °C, 635.3 °C, 634.8 °C and 631 °C,
respectively. Apparently, adding Y, Bi, Sb and Sr elements
into Mg-5Sn-1Si increases AT and promotes the refinement of
solidification microstructure. The onset crystallizing temperature
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Fig. 7: DSC heating curves of experimental alloys: (a) Mg-5Sn-1Si alloy; (b) Mg-5Sn-1Si-0.8Y alloy;
(c) Mg-5Sn-1Si-0.3Bi alloy; (d) Mg-5Sn-1Si-0.9Sb alloy; (e) Mg-5Sn-1Si-0.9Sr alloy

(T,) of Mg-5Sn-1Si-0.8Y alloy is higher than that of Mg-5Sn-
1Si-0.3Bi and Mg-5Sn-1Si-0.9Sb alloys. According to Eq. (2),
the AT of Mg-5Sn-1Si-0.8Y alloy is smaller than that of the Mg-
5Sn-18Si-0.3Bi and Mg-5Sn-1Si-0.9Sb alloy. Hence, the critical
nucleus radius # increases, then the nucleation energy of crystal
nucleus increases and the nucleation probability decreases.
Finally, the Mg-5Sn-1Si-0.8Y alloy shows a much coarser grain
size and microstructure. At the same time, Mg-5Sn-1Si-0.9Sr
alloy has the lowest crystallization onset temperature. According
to Eq. (2), with the decreasing of T, the critical nucleus radius
7 decreases, then the nucleation energy of crystal nucleus
reduces and the nucleation probability increases, which would
result in grain and precipitate refinement. Hence, has the finest
microstructure.

Therefore, the refinement mechanism of Y, Bi and Sr
elements on Mg-5Sn-1Si magnesium alloy can be explained by
both the difference of GRF and the undercooling. For Mg-5Sn-
1Si-0.9Sb alloy, the heterogeneous nuclei of Mg;Sb, phase is
the main reason for refinement.

4 Conclusions

In this study, the microstructures and tensile properties of
as-cast Mg-5Sn-1Si magnesium alloy modified with trace
elements Y, Bi, Sb and Sr are investigated and compared. The
following conclusions can be drawn:

(1) The microstructure of as-cast Mg-5Sn-1Si alloy consists
of a-Mg, Mg,Si, Mg,Sn and Mg,(Si,Sn,_,) phases. After
adding trace elements of Y, Bi, Sb and Sr into Mg-5Sn-1Si
magnesium alloy, Mg,,Ys, Mg,Bi,, Mg,Sb, and Mg,Sr phases
are precipitated, respectively.
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(2) Adding 0.8wt.% Y, 0.3wt.% Bi, 0.9wt.% Sb or 0.9wt.%
Sr elements into Mg-5Sn-1Si magnesium alloy can refine
a-Mg grain and Chinese script-shaped Mg,Si. Sr has the most
refinement efficiency and Mg-5Sn-1Si-0.9Sr alloy has the
most refined microstructure with a grain size of 74 pm, and the
highest tensile strength of 123 MPa.

(3) The refinement mechanism of Y, Bi and Sr elements on
Mg-5Sn-1Si magnesium alloy can be explained by the growth
restriction factors and the solute undercooling. For Mg-5Sn-1Si-
0.9Sb alloy, the heterogeneous nuclei of Mg,Sb, phase is the
main reason for the refinement of the grain and second phases.
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