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Abstract: The effects of heat treatment on the microstructure and mechanical properties of Mg—3Sn—1Mn alloy were preliminarily
investigated by using optical and electron microscopy, X-ray diffraction (XRD) analysis, and tensile and creep test. The results
indicate that the heat treatment has an obvious effect on the microstructure and mechanical properties of the Mg—3Sn—1Mn alloy.
After the solid solution treatment at 420 °C, a majority of the Mg,Sn phases in the alloy are dissolved into the matrix. However, after
the further aging treatment at 250 °C, lots of fine Mg,Sn phases in the aged alloy are precipitated at the grain boundaries and within
the grains. As a result, the tensile and creep properties of the aged alloy are significantly improved. The mechanism for the higher

tensile and creep properties of the aged alloy is related to the dispersive distribution of the Mg,Sn phase in the a-Mg matrix.
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1 Introduction

Magnesium alloys are the lightest structural alloys
commercially available and have great potential for
applications in automotive, aerospace and other
industries. At present, the most widely used magnesium
alloys contain Al as a major alloying element. However,
the application of commercially available Mg—Al-based
alloys is limited at elevated temperatures by their poor
creep behaviour at temperatures exceeding 120 °C [1].
Therefore, attempts have been made to develop new
magnesium alloys having improved structural stability at
high temperatures. Among many possibilities, Mg—Sn
based alloys are of special interest [2—4]. Recently, great
efforts have been made on searching suitable alloying
elements in Mg—Sn system, and the results indicated that
the mechanical properties of Mg—Sn based alloys may be
further enhanced by adding RE [5—7], Ca [8—11], Zn and
Mn as the ternary alloying elements. It is well known
that Mn is conventionally added into Mg—Al and Mg—Zn

based alloys to improve the corrosion resistance. In
addition, according to the investigations of BURSIK et al
[11], the creep resistance of the Mg—XxSn—1Mn (X=3%,
5%, mass fraction) ternary alloys is relatively higher than
that of the Mg—3Sn—xCa and Mg—5Sn—xCa alloys
(x=0.5%—2%, mass fraction) which are thought to can
offer superior creep properties even compared with the
creep resistant magnesium alloy AE42 (Mg—4AIl-2RE)
[12—14]. Therefore, Mg—Sn—Mn system alloys are
thought as a potential corrosion and creep resistant
magnesium alloys.

Though the above works have been carried out to
develop Mg—Sn—Mn alloys, these works mainly focused
on the as-cast microstructural characterization and/or
mechanical property of a limited number of Mg—Sn—Mn
alloys [11, 15—17]. It is well known that the solubility of
Sn in the a-Mg decreases from 14.85% (mass fraction) at
the eutectic transformation temperature of 561 °C to less
than 0.45% at 200 °C [18]. This means that the Mg,Sn
phase, mainly distributed at the boundaries of the as-cast
Mg—Sn alloys, will be redistributed homogeneously in
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the Mg matrix through the solutionizing and
aging-treatments, which will enhance mechanical
properties at both ambient and elevated temperatures.
But up to now, the investigations about the improvement
in strength and creep performance of Mg—Sn—Mn alloys
via heat treatment are very scarce in the literature. Based
on the above mentioned reasons, the present work
preliminarily investigates the effect of heat treatment on
the microstructure and mechanical properties of
Mg—3Sn—1Mn magnesium alloy.

2 Experimental

The Mg—3Sn—1Mn (mass fraction, %) alloys were
prepared by adding pure Mg and Sn (> 99.9%, mass
fraction), and Mg—4.38% Mn (mass fraction) master
alloy, which were melted in a resistance furnace and
protected by 2% (mass fraction) RJ-2 flux (45% MgCl +
37% KCI1 +8% NaCl + 4% CaF + 6% BaCl). When the
melt temperature approximately reached 740 °C, the melt
was homogenized by mechanical stirring. After complete
mixing, the melt was held at 740 °C for 20 min and then
poured into a preheated permanent mould in order to
obtain a casting shown in Fig. 1. The specimens shown
in Fig. 2 were fabricated from the casting for tensile and
creep tests. The actual composition in mass fraction of
the experimental alloy inspected by inductively coupled
plasma spectroscopy (ICP) is given as follows: 96.32%
Mg, 2.81% Sn and 0.87% Mn.
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Fig. 1 Casting with fabricated area of samples for mechanical
properties tests
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Fig. 2 Configuration of samples used for tensile and creep tests

(unit: mm)

In order to investigate the effects of heat treatment
on the microstructure and mechanical properties of the
experimental alloy, the as-cast samples of the
experimental alloy were given a solid solution treatment
and followed by aging treatment. Based on the Mg—Sn
binary phase diagram [18], the solutionized temperature
of 420 °C, which is slightly less than the solutionized
temperature of 450—480 °C for the Mg—5%Sn alloy
[19-20], was selected for the experimental alloy. In a
muffle furnace and under CO, atmosphere protection, the
solution heat treatment of the experimental alloy was
carried out at 420 °C for 4-36 h and followed by water
quenching. Then, the solutionized samples were aged at
250 °C for 40 h. Every 4 h, a sample was drawn from the
oven and followed by atmosphere cooling.

The as-cast and heat-treated samples of the
experimental alloy were respectively etched in an 8%
nitric acid solution in distilled water and a solution of
1.5 g picric, 25 mL ethanol, 5 mL acetic acid and 10 mL
distilled water, and then examined by using an Olympus
optical microscope and JEOL/JSM—6460LV type
scanning electron microscope (SEM) equipped with
Oxford energy dispersive spectrometer (EDS) with an
operating voltage of 20 kV. The phases in the
experimental alloys were analyzed by D/Max—1200X
type X-ray diffraction (XRD) operated at 40 kV and 30
mA. The Vickers hardness of the heat-treated alloys was
measured by a HD—1000TM digital microhardness tester
with a load of 0.25 N. The tensile tests were performed
by CMTS5105 type electromechanical universal testing
machine of M/s MTS System (China) Co., Ltd. The
tensile properties of the as-cast and aged alloys at room
temperature and 150 °C were determined from a stress—
strain curve. The ultimate tensile strength (UTS), 0.2 %
yield strength (YS) and elongation to failure (Elong.)
were obtained based on the average of three tests. The
constant-load tensile creep tests were performed by
GWTAI105 type high temperature creep and relaxation
testing machine of M/s MTS System (China) Co., Ltd.
The total creep strain and the minimum creep rate of the
as-cast and aged alloys at 150 °C and 50 MPa for 100 h
were respectively measured from each elongation versus
time curve and averaged over three tests.

3 Results and discussion

3.1 As-cast microstructure

Figure 3 shows the XRD patterns of the as-cast and
heat-treated alloys. It is found from Fig. 3 that the as-cast
alloy is mainly composed of a-Mg and Mg,Sn phases,
no any Mn-containing phases are formed. Furthermore, it
is found that the solutionized and aged alloys are still
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composed of a-Mg and Mg,Sn phases. However, the
Mg,Sn phase in the solutionized and aged alloys has
lower and higher peak intensities than that in the as-cast
alloy, respectively, indicating that the amount of the
Mg,Sn phase in the solutionized and aged alloys is
smaller and larger than that in the as-cast alloy,

respectively.
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Fig. 3 XRD patterns of experimental alloys: (a) As-cast alloy;
(b) Alloy solutionized at 420 °C for 24 h; (c) Alloy aged at
250°Cfor 16 h

Figure 4 shows the microstructure of the as-cast
alloy. It is observed from Fig. 4(a) that the primary o~-Mg
phase in the as-cast alloy consists of a relatively coarse
dendritic microstructure with a secondary dendritic arm

spacing of about 25.4 um. By combining the XRD and
EDS results, the intermetallic compounds are identified
as Mg,Sn phase mainly distributed at the grain
boundaries, and small amounts of Mg,Sn present within
grains. In addition, the Sn-rich area is clearly observed in
the as-cast alloy.

3.2 Microstructure and hardness of heat-treated alloy

Figure 5 shows the effect of the solutionizing time
on the matrix hardness of the experimental alloy. As seen
in Fig. 5, for the given solutionized temperature of 420
°C, an increase in the solutionizing time from 4 h to 24 h
causes the hardness to gradually decrease. However,
along with further increase in the solutionizing time from
24 h to 36 h the change in the hardness is not obvious,
which indicates that for the given solutionized
temperature of 420 °C the solutionizing time of 24 h is
relatively optimal for the experimental alloy. Figure 6
shows the microstructure of the experimental alloy
solutionized at 420 °C for 24 h. It is found from Fig. 6
that, after the solid solution treatment at 420 °C for 24 h,
the microstructure of the experimental alloy has changed
to a nearly equiaxed grain structure with an average grain
size of 275 pum. Compared with Figs. 4 and 6, it is
further found that a majority of the Mg,Sn phases in the
alloy have dissolved into the matrix after the solid
solution treatment. Obviously, the above observed-effect
of the solutionizing time on the matrix hardness is
possibly related to the dissolution of the Mg,Sn phase
during the solid solution treatment.

Element w/%  x/%
Mg 73.21 92.95

Mn 027 0.15
Sn 26.52  6.90

Sn
1 _I_)r\/\...l S n 1 M n 1
2 3 4 5 6 7
ElkeV

Fig. 4 Optical and SEM images of as-cast alloy: (a) Optical image; (b), (¢) SEM image; (d) EDS results of position A in (c)
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Fig. 5 Effect of solutionizing time on matrix hardness of

experimental alloy

Figure 7 shows the effect of the aging time on the
matrix hardness of the experimental alloy solutionized at
420 °C for 24 h and followed by water quenching. As
seen in Fig. 7, for the given aged temperature of 250 °C,
the hardness first increases along with aging time
increase from 4 h to 16 h and attains the maximum at 16
h beyond that it gradually decreases, indicating that the
experimental alloy has the obvious aging hardening
behavior. Figure 8 shows the microstructure of the
peak-aged experimental alloy. It is observed that lots of
relatively fine precipitates are distributed mainly at the
grain boundaries and within the grains. According to the
investigations of LIU et al [20], the fine precipitates at

2171

the grain boundaries and within the grains are possibly
related to the continuous nonuniform and uniform
precipitations of Mg,Sn during the aging treatment,
respectively. Furthermore, the EDS results confirm that
these precipitates are Mg,Sn phases. Obviously, the
higher volume fraction of the Mg,Sn phase in the
aging-treated alloy is in consistent with the XRD result.

3.3 Tensile and creep properties

The tensile properties including ultimate tensile
strength (UTS), 0.2% vyield strength (YS), elongation,
and creep properties for the as-cast and the peak-aged
alloys are listed in Table 1. It can be observed from
Table 1 that the aging treatment significantly improves
the tensile properties of the Mg—3Sn—1Mn alloy. It is
well known that the presence of fine and uniform phases
distributed along the grain boundaries is easier to act as
an effective straddle to the dislocation motion, improving
the properties of engineering alloys [21]. Apparently, the
relatively coarse Mg,Sn phases in the as-cast alloy would
give a detrimental effect on the mechanical properties.
Oppositely, lots of fine Mg,Sn phases which are
uniformly dispersed in the aging microstructure possibly
act as an effective straddle to the dislocation motion thus
lead to the higher tensile properties. Actually, the
difference in the tensile properties of the as-cast and aged
alloys may be further confirmed from Fig. 9, which
shows the SEM images of the tensile fractographs for the
as-cast and peak-aged alloys tested at room temperature.

(d) Mg
Element w/%  x/%
Mg  83.12 94.66
Mn 1.01 0.51
Sn 14.37  3.35

ElkeV

Fig. 6 Optical and SEM images of alloy solutionized at 420 °C for 24 h: (a) Optical image; (b) SEM image; (c) Local magnification

of area A in (b); (d) EDS results of position B in (c)
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Fig.7 Effects of aging time on matrix hardness of experimental
alloy

As shown in Fig. 9, a number of cleavage planes
and steps are present, and some minute lacerated ridges
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can also be observed in the localized areas of the tensile
fracture surfaces, indicating that all the tensile fracture
surfaces have mixed characteristics of cleavage and
quasi-cleavage fractures. However, the fracture surface
of the as-cast alloy exhibits relatively large cleavage-type
facets (position A in Fig. 9(a)). On the other hand, the
cleavage-type facet on the fracture surface of the aged
alloy is relatively small. Therefore, as observed in
Table 1, the aged alloy exhibits relatively high tensile
properties while the properties of the as-cast alloy are
relatively poor.

In addition, it is observed from Table 1 that the
creep properties at 150 °C and 50 MPa for 100 h for the
aged alloy are higher than those for the as-cast alloy.
Since the creep properties of magnesium alloys are
mainly related to the structure stability at high
temperatures, the improvement of creep properties for
the aged alloy is possibly related to the higher volume
fraction of the Mg,Sn phase. Furthermore, in contrast to
the as-cast alloy, in which the relatively coarse Mg,Sn

@ Mg Element w/%  x/%

Mg 7321 9420

Mn 0.17  0.09

Sn 2279 571

Sn
_l/‘ =) _L_A'\_.?n 1 1 L
1 2 3 4 5 6 7
ElkeV

Fig. 8 Optical and SEM images of peak-aged alloy: (a) Optical image; (b) SEM image; (c) Local magnification of area A in (b); (d)

EDS results of position B in (¢)

Table 1 Tensile and creep properties of as-cast and peak-aged alloys

Tensile property Creep property at
Experimental Room temperature 150 °C 150 °C and 50 MPa for 100 h
alloy uTs/ YS/ Elongation/ uTs/ YS/  Elongation/ Total creep Minimum creep
MPa MPa % MPa MPa % strain/% rate/10% s
As-cast alloy 129 (2.1) 108 (1.9) 3.1(0.20) 118(1.7) 99(2.1) 10.3(0.88) 1.95(0.05) 5.41(0.31)
Peak-aged alloy 167 (2.6) 137 (3.3) 42(0.17) 144 (2.5) 123 (3.1) 15.7(0.91) 1.09 (0.04) 2.94 (0.54)

The data in the bracket are the standard error.
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Fig. 9 SEM images of tensile fractographs tested at room temperature for different experimental alloys: (a) As-cast alloy;
(b) Peak-aged alloy
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particles are mainly distributed at the grain boundaries
(Fig. 4), the intermetallic particles in the aged alloy are
distributed inside the grains as well as at the grain
boundaries (Fig. 8). Therefore, these particles can
enhance the strength of both the grain interiors and their
boundaries, by obstructing the dislocation annihilation
and thus restricting the slip inside the grains during
dislocation creep regimes, and also by inhibiting the
grain boundary migration or grain boundary sliding
during diffusion creep [19].

4 Conclusions

1) The as-cast Mg—3Sn—1Mn alloy is mainly
composed of a-Mg and Mg,Sn phases mainly distributed
at the grain boundaries. After the solid solution treatment
at 420 °C, a majority of the Mg,Sn phases in the alloy
are dissolved into the matrix. However, after the further
aging treatment at 250 °C, lots of fine Mg,Sn phases in
the aged alloy are precipitated at the grain boundaries
and within the grains.

2) The Mg—3Sn—1Mn alloy exhibits the obvious
aging hardening behavior. After being solutionized at
420 °C for 24 h and aged at 250 °C for 4—40 h, the
hardness of the alloy first increases along with aging
time increasing from 4 h to 16 h and attains the
maximum at 16 h beyond that it gradually decreases.

3) The mechanical properties of the Mg—3Sn—1Mn
alloy can be improved by the heat treatment. After being
solutionized at 420 °C for 24 h and aged at 250 °C for 16
h, the ultimate tensile strength, yield strength and
elongation at room temperature and 150 °C are obviously
increased. At the same time, the minimum creep rate at
150 °C and 50 MPa for 100 h is obviously decreased.
The mechanism for the higher tensile and creep
properties of the aged alloy is related to the dispersive
distribution of the Mg,Sn phase in the @-Mg matrix.
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