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Abstract

The effects of 1 wt.% Ce-rich misch-metal, 3 wt.% Bi, 0.4 wt.%
Sb, and 2 wt.% Ca additions on the microstructure, mechanical
properties, and creep resistance of a cast Mg-5Sn alloy were
studied. Impression creep tests were carried out at 150 and 225 °C
under constant stresses of 300 and 175 MPa. The results showed
that creep resistance, hardness, and shear strength of the base
alloy were significantly enhanced with the addition of ternary
alloying elements. This was attributed to the concurrent formation
of Mg,Sn particles with the more thermally stable CaMgSn,
Mg,Sb,, MgsBi, and MgSnRE phases which strengthen both
matrix and grain boundaries during deformation in the
investigated system. Among all tested materials, the Mg-5Sn-2Ca
alloy indicated the highest mechanical properties and creep
resistance due to the refined microstructure as well as the type and
volume fraction of the intermetallic phases present in this alloy.

Introduction

In recent years, research and development of magnesium alloys
have been greatly promoted by the lightweight requirement in the
automotive industry [1]. Despite their good combination of low
density and high strength-to-density ratio, Mg alloys suffer from
low mechanical properties at elevated temperatures [2]. Therefore,
attempts have been made to develop new magnesium alloys
having improved structural stability at the elevated temperatures.
Among many possibilities, the Mg-Sn alloy system appears to be
promising for high temperature applications. This is attributed to
the formation of the thermally stable Mg,Sn phase, which is
mainly distributed along the grain boundaries in the as-cast
condition [3,4].

The study of the microstructure, tensile properties, and creep
resistance of cast Mg-Sn alloys by Liu et al. [5] has shown that the
Mg-5Sn alloy exhibits the best combination of tensile properties
at ambient temperature and a reasonable creep resistance at 150
°C. The compression [6] and impression [7] creep study of the
Mg-5Sn alloy has indicated that the dispersive distribution of
Mg,Sn precipitates is the main cause of the enhanced creep
resistance of the material. To further enhance the mechanical and
creep properties of the Mg-Sn alloys, various alloying elements
have been used. Nayyeri and Mahmudi reported that additions of
Sb and Ca into the Mg-58n alloy significantly improved the creep
resistance [8,9], hot hardness [10], and high temperature shear
strength of the material [11]. Similar strength improvement has
been observed after adding La [12], Di {13], and Bi [10] to the
Mg-Sn alloys. The achieved enhancement in the strength and
creep resistance has been attributed to the respective formation of
the thermally stable Mg;Sb,, CaMgSn, MgSnRE, and Mg;Bi,
intermetallic particles, which strengthen both matrix and grain
boundaries and oppose recovery and recrystallization processes
during creep and deformation at elevated temperatures.
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The aim of this study is to examine the effects of different
alloying elements, such as RE, Bi, Sb, and Ca on the
microstructure, creep properties, hardness, and shear strength of
the Mg-5Sn alloy in the as-cast condition. The evaluation of
strength is made by using the shear punch testing (SPT)
technique, which has been attempted previously for evaluating the
strength of some cast Mg alloys [14,15]. This is an efficient
method that is capable of producing strength data which are well
correlated with those found by the conventional tensile tests [16].

Experimental procedure

The five alloys designed for this investigation were based on Mg-
5 wt.% Sn with 1%RE, 3%Bi, 0.4%Sb, and 2%Ca additions. High
purity Mg, Sn, Bi, Sb, Ca, and a misch-metal composed of
50.6%Ce, 23.2%La, 20.3%Nd, and 5.9% Pr, were melted in an
electrical furnace under a protective flux. The melts were held at
750 °C for 30 min and then poured into a steel die, preheated to
150 °C. To examine the microstructure of the materials, the
specimens were studied by optical and scanning electron
microscopy (SEM). For microstructural analysis, the polished
samples were etched using a 5% nitric acid and 95% ethyl alcohol
solution at room temperature. X-ray diffraction (XRD) analysis
was carried out to identify the phases.

4-mm thick slices were tested in an impression tester. The details
of impression testing arrangement are explained elsewhere [17]
and will only be briefly described here. A SANTAM universal
tensile testing machine equipped with a three-zone split furnace
was used to perform constant-load impression tests. A flat ended
cylindrical punch of 2 mm diameter was mounted in a holder
which was positioned in the center of the vertical loading bar. The
specimen was located on an anvil below the loading bar and the
assembly of specimen and indenter was accommodated by the
split furnace. Impression creep measurements were made at 150
and 225 °C and under respective punch stresses of 300 and 175
MPa. After application of the load, the impression depth was
measured automatically as a function of time by the machine and
the data were acquired by a computer.

The hardness of the alloys was measured in a Vickers hardness
tester with an indenter load of 100 N and a loading time of 30 s.
Each reading was an average of at least five separate
measurements taken at random places on the surface of the
specimens. The strength of the materials was assessed by the
shear punch testing. The 1-mm thick slices were ground to a
thickness of 0.6 mm, from which disks of 10 mm in diameter were
punched for the SPT. A shear punch fixture with a 3.175 mm
diameter flat cylindrical punch and 3.225 mm diameter receiving-
hole was used for this experiment. Shear punch tests were
performed at room temperature using a screw driven SANTAM
material testing system with a load cell of 20 kN capacity and a
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Fig. 1. Optical micrographs showing the as-cast dendritic structure of: (a) Mg-5Sn, (b) Mg-55n-2Ca, (c) Mg-55n-0.4Sb, (d) Mg-5Sn-3Bi,
and (e) Mg-5Sn-1RE.

crosshead speed of 0.25 mm/min. After application of the load, the
applied load P was measured automatically as a function of punch
displacement; the data were acquired by a computer so as to
determine the shear stress of the tested materials using the
relationship:

P

T=—
Tdt
@D
where P is the punch load, t is the specimen thickness and d is the
average of the punch and die diameters. Three different samples
were tested for each condition and it was observed that the
variation in the measured ultimate shear strength values was small.

Results and discussion

The optical micrographs of the investigated alloys are depicted in
Fig. 1. It can be observed that after addition of Bi, Sb, and Ca the
coarse dendritic structure of the Mg-5Sn alloy is generally refined.
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The most pronounced refinement occurs at 2 wt.% Ca where it can
be seen that the initial dendritic structure is broken and a rather
uniform distribution of the microstructure constituents is achieved.
RE addition decelerates the growth of secondary dendrites, but has
little effect on grain refining. During the solidification process,
enrichment of RE elements in solid-liquid interface induces the
constitution undercooling at the solidification interface front,
decreasing the secondary dendrites’ growth.

The XRD patterns exhibited in Fig. 2 indicate that o-Mg and
Mg,Sn are the only constituents of the Mg-5Sn alloy. In the Bi-,
Sb-, and Ca-bearing materials, additional diffraction peaks
emerged, corresponding respectively to the Mg;Bi,, Mg;Sb,, and
CaMgSn intermetallic compounds. For the RE-containing
material, some new peaks were observed near 24.5, 42, and 49.5°,
However, these diffraction peaks could not be identified by the
XRD database. It is worth noting that the intensity of the Mg,Sn
peaks decreases in the ternary alloys.
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Fig. 2. XRD pattern of the investigated alloys.

For a clearer view of the microstructure and phases present in the
magnesium matrix, SEM images of all tested materials are shown
in Fig. 3. The microstructure of the Mg-5Sn alloy is composed of
the primary o-Mg matrix and the lamellar eutectic structure (0.-
Mg + Mg,Sn) at the grain boundaries (Fig. 3a). In contrast to the
microstructure of the base alloy, the o-Mg dendrites are refined
and the intermetallic Mg,Sn phase is present in the form of
spherical particles in ternary alloys. In addition, a new rod-shaped
phase can be detected mainly at the grain boundaries in Bi-, Sb-,
and Ca-containing alloys. According to the XRD analysis, these
intermetallic compounds should be Mg;Bi,, Mg;Sb,, and
CaMgSn, respectively. These particles may have formed prior to
the solidification of the Mg matrix, acting as powerful nucleation
sites, the consequence of which is a refined microstructure [18]. In
the Mg-5Sn-1RE alloy, however, some branch-like particles can
be seen around the grain boundaries. These particles should be a
RE-rich phase, the identification of which was not possible in the
XRD pattern of the alloy.

Fig. 4 shows a comparison of impression creep curves under
punching stresses of 300 MPa at 150 °C and 175 MPa at 225 °C.
As can be seen, after a short primary creep stage almost all of the
curves exhibit a relatively long steady-state region where depth
increases linearly with time. Furthermore, it can be noticed from
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Fig. 3. SEM micrographs showing the distribution of the second
phase particles in the -Mg matrix for: (a) Mg-5Sn, (b) Mg-5Sn
-2Ca, (¢) Mg-58n-0.4Sb, (d) Mg-5Sn-3Bi, and (e) Mg-55n-1RE.

the level and slope of the curves that different materials
demonstrate different creep behavior under both stress levels.
According to this figure, third element addition into the Mg-5Sn
alloy generally improves the creep resistance of the material, the
effect which becomes more pronounced after Ca addition.

Fig. 5 exhibits the SPT data, presented as the variation of shear
stress with normalized displacement obtained for all five alloys. It
can be observed that, similar to conventional tensile stress-strain
curves, after a linear elastic behavior the curves deviate from
linearity before they reach a maximum point. The deviation point
is taken as the shear yield stress (SYS) and the stress
corresponding to the maximum point is referred to as the ultimate
shear strength (USS). It is evident that all ternary alloys have
higher USS values than the binary base alloy. In accordance with
the creep results, the highest strength belongs to the Ca-containing
alloy. To have a better comparison of the effect of alloying
elements on the strength of the base material, the USS and SYS
data are summarized in Fig. 6. The results indicate that addition of
all alloying elements improves both shear and ultimate strength of
the base Mg-5Sn alloy. Addition of Ca has the most pronounced
effect, while RE addition exhibits the weakest effect. A similar
trend is observed for the hardness of the alloys shown in Fig. 7.
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Fig. 4. Comparison of creep behavior of the investigated alloys at:
a) T =150 °C, Ojmp = 300 MPa, and b) T =225 °C,
Oimp =175 MPa.

The highest hardness belongs to the alloys containing Ca,
followed by Sb, Bi, and RE.

The enhancement in creep resistance, shear strength, and hardness
of the ternary alloys respect to the Mg-5Sn base alloy can be
ascribed to their microstructural features. Introduction of alloying
elements into the as-cast Mg-5Sn alloy leads to the formation of
thermally stable phases and changes the morphology of Mg,Sn
particles. The respective melting points of Mg;Bi;, Mg;Sb,, and
CaMgSn intermetallic compounds are 823, 1228, and 1184 °C,
which are all higher than 771 °C for the Mg,Sn phase. In addition,
as shown in Fig. 3, the second phase particles lie in the interior
parts of the dendrites as well as at the grain boundaries. Therefore,
they can improve the strength of the grains, by obstructing the
dislocation annihilation and thus restricting the slip inside the
grains. On the other hand, presence of thermally stable phases at
the grain boundaries results in inhibiting the grain boundary
migration or grain boundary sliding during high-temperature
plastic deformation [13]. The superior creep resistance, hardness,
and shear strength of the Mg-5Sn-2Ca alloy is attributed to its
refined microstructure and the higher volume fraction of the more
thermally stable CaMgSn particles.
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Fig. 6. Variation of USS and SYS values at room temperature for
different materials in the as-cast conditions.

4. Conclusions

The microstructural evolution, creep resistance, hardness and
room temperature shear strength of Mg-5Sn with additions of RE,
Bi, Sb, and Ca were investigated in the as-cast condition.
Microstructural analysis indicated that the addition of these
elements refined the dendritic microstructure, modified the
morphology of Mg,Sn phase and caused the formation of some
rod-shaped precipitates of Mg;Bi;, Mgs;Sb, and CaMgSn and
branch-like RE-rich particles. These particles are all thermally
stable phases, which strengthen both grains and grain boundaries
and oppose both recovery and recrystallization processes during
deformation processes at room and elevated temperatures,
decreasing the minimum creep rate and increasing the hardness
and strength of the material. The highest creep resistance,
hardness, and shear strength of the Mg-5Sn-2Ca alloy is related to
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its refined microstructure and also to the higher volume fraction of
the more thermally stable CaMgSn particles.
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