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Abstract A novel semisolid stirring and rheo-rolling process for preparing Mg—-3Sn—1Mn-3SiC (wt%) composite strips
was proposed, and the effects of process parameters of semisolid stirring on microstructures of Mg—3Sn—1Mn-3SiC (wt%)
composite strips were investigated. The average grain size and roundness decrease, and the distribution of SiC becomes
more homogeneous with the decrease in stirring temperature and the increase in the stirring speed. When the stirring time is
increased, the distribution of SiC particles tends to be homogeneous, and the average grain diameter and roundness of a-
Mg grain decrease. Under the following process parameters: the stirring temperature at 640 °C, the stirring speed at
1100 rpm, the stirring time at 30 min and the roll speed at 0.2 m/s, Mg-3Sn—1Mn-3SiC (wt%) strip with a cross-sectional
size of 4 mm x 160 mm was prepared. The ultimate tensile strength and elongation of Mg—3Sn—1Mn-3SiC (wt%)
composite strip reached 226 £+ 6 MPa and (7.4 £ 0.2)%, which are obviously improved in comparison with Mg—3Sn—1Mn
(Wt%).
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1 Introduction

As a kind of super-light metal material, magnesium alloy is
highlighted for its applications in the fields of automobile,
electronic products and soon [1]. However, its poor heat
resistance and formability limit its wide application [2].
Therefore, to develop high-performance magnesium alloy
and advanced processing method has become an important
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subject. Adding micro-alloying elements and preparing
Mg-matrix composite material are the main methods to
improve the strength and heat resistance of Mg alloys [3].
Mg-RE alloys exhibit excellent heat resistance due to the
presence of intermetallic with high melting point. But the
production cost and price of Mg-RE alloy are usually high
[4]. Previous research has shown that the addition of Sn in
magnesium alloys led to the formation of thermally
stable and high-hardness Mg,Sn phases, and thus improved
the mechanical properties of Mg alloys at room and high
temperatures [5]. Yang et al. [6] have prepared Mg—3Sn—
2Ca alloy and found that it has more potential as the ele-
vated temperature magnesium alloy due to its higher creep
properties. Nayyeri and Ahmudi [7] have prepared Mg—
5%Sn—-2%Ca alloy, which had the low creep rates and the
high creep resistance. To improve microstructure and
mechanical properties of Mg alloys, researchers have
attempted to develop Mg-matrix composites with
nanoparticles such as boron fibers, B4C or SiC particles
[8—10]. It was reported that the addition of SiC particles in
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Mg alloys could obviously improve mechanical properties
[10]. Therefore, based on the Mg—Sn alloys, preparation of
Mg-3Sn—-1Mn-3SiC (wt%) composite attracts more
attentions.

Traditional processes for preparing Mg-matrix composite
such as stirring casting, squeeze casting, melt infiltration and
power metallurgy are usually complex [8, 11-13]. To over-
come the above problems, novel semisolid stirring and rheo-
rolling process for preparing Mg—3Sn—1Mn-3SiC (wt%)
composite strip was proposed. The effects of process
parameters on the microstructure of Mg-3Sn—1Mn-3SiC
(Wt%) composite strip were investigated.

2 Experimental

The self-designed semisolid stirring device and rheo-roll-
ing experimental apparatus were used in the experiments,
as shown in Fig. 1. The roll diameter was 400 mm, and the
rolling speed was 0.2 m/s.

The raw materials were Mg—3Sn—1Mn (wt%) alloy and
SiC particle. The liquidus and solidus temperatures of the
alloy are 650 and 625 °C, respectively. The size of the SiC
particles was 30 pm, and the purity was 98%. To improve
the wettability of SiC, the SiC particles were cleaned by a
solution of 1.5 ml HCI + 100 ml H,O for 3 h and then
washed by distilled water. After cleaning SiC particles
were dried at 100 °C in a drying oven. Mg-3Sn—1Mn
(wWt%) alloy was melted in a resistance furnace under
protection by argon. The melt temperature was held at
720 °C for 20 min. Hexachloroethane was used for
degassing. The activated SiC was added into the melt by
stirring at melt temperature from 630 to 680 °C. The stir-
ring speed varied from 500 to 1100 rpm, and the stirring
time was set between 3 and 30 min. Subsequently, the Mg—
3Sn—1Mn-3SiC (wt%) composite slurry was poured onto
the surface of the vibrating slope. Finally, semisolid slurry
flowed directly into the roll gap, and Mg-3Sn—1Mn-3SiC
(Wt%) composite strips with a cross-sectional size of
4 mm x 160 mm were prepared by rheo-rolling.

Cooling water
Alloy plate

Vibrator Controller

J
Cooling water

Fig. 1 Schematic diagram of continuous semisolid rolling

Samples from Mg-3Sn—-1Mn-3SiC (wt%) composite
strips prepared under different process parameters were
taken. The samples were polished and etched by a solution
of 15 ml HCl 4+ 56 ml C,HsOH + 47 ml H,O and then
analyzed using scanning electron microscopy (SEM; SSX-
550, Shimadzu, Kyoto, Japan) and Olympus metallo-
graphic microscopy (Olympus; BX51, OLYMPUS, Japan).

The average roundness of the grain was calculated by
L2 . . .
Sg = T where Sg is the average grain roundness, L is

total circumference of the measured grains and A is total
grain areas. The mechanical properties of the Mg—3Sn—
IMn-3SiC (wt%) composite were measured using a tensile
testing machine (ZT-989, Jinan Huaxing Experimental
Equipments Co. Ltd., Shandong, China).

3 Result and Discussion

3.1 Influence of Stirring Temperature
on the Microstructure of Mg-3Sn-1Mn-3SiC
(wt%) Composite

Figure 2 shows a SEM image and EDS of Mg-3Sn—1Mn—
3SiC (wt%) composite at stirring temperatures of 680 °C.
Figures 3 and 4 show microstructures of Mg—3Sn—1Mn—
3SiC (wt%) alloy strips under different stirring tempera-
tures and the relationships among the stirring temperature
and a-Mg grain diameter as well as roundness. The average
grain diameter and roundness decrease, and the distribution
of SiC becomes more homogeneous with the decrease in
the stirring temperature. When the stirring temperature was
680 °C, the SiC particles were uneven distribution in the
strips, and the pores formed in the agglomeration of par-
ticles, as shown in Figs. 2a and 3a. The primary grains
were coarse, and the average grain diameter and roundness
were 110 = 3 pm and 4.1 £ 0.2, respectively, as shown in
Figs. 3a and 4. When the stirring temperature decreased to
660 °C, the distribution of SiC particles was significantly
improved, and the average grain diameter and roundness
decreased to 102 + 3 pm and 3.2 + 0.2, respectively, as
shown in Figs. 3b and 4. When the stirring temperature
decreased further to 640 °C, the distribution of SiC parti-
cles became homogeneous and o-Mg grain was refined.
The average diameter and roundness of grains became
84 £ 3 um and 2.1 + 0.1, respectively, as shown in
Figs. 3c and 4.

The main reason for this is that solid fraction and the
amount of small particles increased with the decrease in the
stirring temperature. During stirring process, the shear
stress of melt around SiC particles in Mg—3Sn—1Mn-3SiC
(Wt%) composite can be expressed by the following for-
mula [14],
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Fig. 2 SEM image a and EDS b from the position A a of Mg-3Sn—1Mn-3SiC (wt%) composite obtained at stirring temperatures 680 °C

(stirring speeds 800 rpm, stirring time 15 min)

Fig. 3 Microstructures of Mg—-3Sn—1Mn-3SiC (wt%) composites prepared under different stirring temperatures (stirring speeds 800 rpm,

stirring time 15 min): a 680 °C, b 660 °C, ¢ 640 °C
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Fig. 4 Average grain diameter and roundness of o-Mg grain obtained
at different stirring temperatures

SN L/l
i=~H axj‘ Gxi ’

where 7;; is shear stress, p is viscosity of alloy melt, and
U is spatial coordinates. According to Eq. (1), when the
stirring temperature decreased, the solid fraction increased
and the shear action of melt was improved, and the

(1)
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wettability and adhesion force between particles and matrix
were enhanced. Under the strong collision and friction
between the solid particles, the SiC particles dispersed
easily and distributed homogeneously in melt layers. As the
solidification microstructure of the alloy is closely related
to the nucleation rate of the melt, it was believed that the
formation of fine and spherical microstructure is favored by
a high nucleation rate. Nucleation in the alloy is closely
related to the stirring temperature. Generally, nucleation
rate increases with the decrease in the stirring temperature.
Therefore, the grain size of the strip also decreases with the
decrease in the stirring temperature. At the same time, due
to strong shear between different fluid layers, the dendrite
breakage and grain boundary melting also caused the grain
to be refined and spheroidized.

3.2 Influence of Stirring Speed
on the Microstructure of Mg-3Sn—-1Mn-3SiC
(wt%) Composite

The distribution of SiC particles in the composites becomes
homogeneous, and the average grain diameter as well as
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roundness of a-Mg grain decreases with the increase in the
stirring speed, as shown in Figs. 5, 6 and 7. When the
stirring speed was 500 rpm, SiC particles distributed
unevenly (Fig. 5a), and coarse dendrites occurred (Fig. 6a),
the average grain diameter and the roundness of o-Mg
grain were 108 &5 um and 4.8 £ 0.3, respectively
(Fig. 7). When stirring speed increased to 1100 rpm, the
distribution of SiC particles became homogeneous
(Fig. 5¢), and the microstructure of the strip was mainly
composed of spherical grains with the average grain
diameter and the roundness of 71 & 3 um and 1.6 £ 0.1,
as shown in Figs. 6b and 7.

From Eq. (1), it is can be seen that the shear tress t;; of
each melt layer is affected by the viscosity of the alloy melt
and the velocity of each layers. The shear stress of melt
increases with the increase in melt velocity, which is
favorable for dendrite breakage and homogeneous distri-
bution of SiC particles. At the same time, high stirring
speed means high-frequency collision and friction between
SiC particles, which is favorable for homogeneous distri-
bution of SiC particles. Mechanical mixing method gains
spherical or near spherical primary grain by changing the
growth and evolution of the primary crystal metal. The
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distributions of solute and temperature become more
homogeneous with the increase in stirring speed. In this
case, when the critical condition for nucleation is satisfied,
the uniform solute and temperature distributions can induce
eruptive nucleation and lead to high nucleation rate. Shear
action also contributed to the formation of near-round o-
Mg grain.

3.3 Influence of Stirring Time
on the Microstructure of Mg-3Sn-1Mn-3SiC
(wt%) Composite

When stirring time increased, the distribution of SiC par-
ticles in Mg—3Sn—1Mn-3SiC (wt%) composite tended to
be homogeneous, and the average grain diameter and
roundness of o-Mg grain decreased, as shown in Figs. 8
and 9. When the Mg-3Sn—-1Mn-3SiC (wt%) composite
melt was stirred at 1100 rpm for 5 min, the distribution of
SiC particles in composite was unhomogeneous, and the
average diameter and roundness of grains were
105 + 4 um and 1.8 + 0.1, respectively, as shown in
Figs. 8a and 9. When the stirring time increased to 30 min,
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Fig. 5 SEM image and EDS of Mg-3Sn—1Mn-3SiC (wt%) composites under different stirring speeds (stirring time was 15 min, and stirring
temperature was 640 °C): a 500 rpm; ¢ 1100 rpm, EDS, b from point B a EDS, d from point C ¢

@ Springer



70 Z.-Y. Zhao et al: Acta Metall. Sin. (Engl. Lett.), 2017, 30(1), 66-72

Fig. 6 Microstructures of Mg—3Sn—-1Mn-3SiC (wt%) composites under different stirring speeds (stirring time was 15 min, and stirring
temperature was 640 °C): a 500 rpm; b 1100 rpm
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Fig. 9 Relationships among the stirring time and grain diameter as

Fig. 7 Relationships among the stirring speed and o-Mg grain well as roundness

diameter as well as roundness (stirring time was 15 min, and stirring
temperature was 640 °C)

Fig. 8 Microstructures of Mg—3Sn—1Mn-3SiC (wt%) composites under different stirring time (stirring speed at 1100 rpm, stirring temperature
at 640 °C): a 5 min, b 30 min
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the average diameter and roundness of grains decreased to
56 £ 2 pm and 1.2 £ 0.1 (Figs. 8b and 9), respectively.
Long stirring time is helpful to establishing homogenous
solute and temperature fields that are the ideal conditions
for nucleation. Moreover, stirring can accelerate the
dendrite breakage and heterogonous nucleus liberation,
which also causes grain refining. However, if the stirring
time was too long, the productivity would be reduced.
Therefore, the optimal stirring time of 30 min is
suggested.

3.4 Microstructure and Properties of Product

Under the following process parameters: the stirring
temperature at 640 °C, the stirring speed at 1100 rpm, the
stirring time at 30 min, and the roll speed at 0.2 m/s, Mg—
3Sn—1Mn-3SiC (wt%) composite strip with a cross-sec-
tional size of 4 mm x 160 mm prepared has got a good
surface quality and the homogeneous distribution of SiC
particles and the inner microstructure of Mg-3Sn—1Mn—
3SiC (wt%) composite strip was mainly composed of fine
spherical or rosette grains. The average grain size was
56 £ 2 pm, as shown in Fig. 10. The ultimate tensile
strength and the elongation of Mg-3Sn—1Mn-3SiC (wt%)
composite strip were 226 + 6 MPa and (7.4 £ 0.2)%,
respectively, as shown in Fig. 11. The ultimate tensile
strength and elongation were improved, respectively, by

Fig. 10 Mg-3Sn—-1Mn-3SiC (wt%) composite strip a and its inner
microstructures b
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Fig. 11 Engineering stress—strain curve of Mg-3Sn—1Mn-3SiC
(wt%) composite strip

(29 £ 3)% and (32 + 3)% as comparing with those of
Mg-3Sn—-1Mn (wt%) alloy strip (175 MPa and 5.6%)
[15].

4 Conclusions

A novel semisolid stirring and rheo-rolling process for
preparing Mg—3Sn—1Mn-3SiC (wt%) composite strips was
proposed, and the effects of process parameters of the
semisolid stirring on microstructures of Mg—3Sn—1Mn—
3SiC (wt%) composite strips were investigated. The fol-
lowing conclusions were drawn:

1. The average grain size and roundness decrease, and the
distribution of SiC becomes more homogeneous with
the decrease in the stirring temperature.

2. The distribution of SiC particles is more homogeneous,
and the average grain diameter and roundness of o-Mg
grain decrease with the increase in the stirring speed.

3.  When the stirring time is increased, the distribution of
SiC particles tends to be homogeneous, and the
average grain diameter and roundness of o-Mg grain
decrease.

4. Under the following process parameters: the stirring
temperature at 640 °C, the stirring speed at 1100 rpm,
the stirring time at 30 min and the roll speed at 0.2 m/
s, Mg-3Sn—1Mn-3SiC (wt%) composite strip with a
cross-sectional size of 4 mm x 160 mm was prepared.
The ultimate tensile strength and elongation of Mg—
3Sn—1Mn-3SiC  (wt%) composite strip reach
226 £+ 6 MPa and (7.4 £ 0.2)%, which are obviously
improved in comparison with those of Mg—-3Sn—1Mn
(Wt%).
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