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Abstract
The Mg–9Al–5Sn−xSb (x = 0.0, 0.3, 0.6, 1.0, 1.5 wt%) alloys were prepared by a simple alloying process followed by hot 
extrusion with an extrusion ratio of 28.2. The effects of Sb additions on the microstructure and mechanical properties of the 
Mg–9Al–5Sn alloys were investigated by optical microscopy, X-ray diffraction, transmission electron microscopy, scanning 
electron microscopy equipped with an energy-dispersive X-ray spectrometer. The results indicated that the phases α-Mg 
matrix, Mg2Sn, Mg3Sb2 and Mg17Al12 exist in the as-cast Sb-containing alloys. Sb addition results in the precipitation of 
Mg3Sb2. The dendritic size of these alloys decreases with the addition of Sb. Both their ultimate tensile strength and yield 
strength of extruded alloys increase, and their elongation decreases gradually with increasing the content of Sb. The bet-
ter mechanical properties of the as-extruded alloys were achieved due to the refined grains and the formation of dispersive 
second phases Mg3Sb2.
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1  Introduction

Mg-based alloys own excellent properties with high strength, 
low density, favorable machinability, recycling capability 
and high ductility. They have been extensively applied in 
the biomedicine, aerospace and automotive industries [1–5]. 
The increasing demand for automobile weight reduction has 
led to the development of magnesium alloys with higher 
strength [6–8]. Mg and its alloys are one of the lightest struc-
tural materials. However, they have relatively low strength 
and ambient formability which limits their further applica-
tions [9, 10]. Previous efforts were taken to improve such 
mechanical properties of Mg by alloy design and processing 
optimization [11–14].

Mg–Al alloys are typical widely used commercial 
magnesium alloys under intensive investigations [15–19]. 

Currently, the magnesium alloys based on Mg–Al based 
alloys are widely studied, have gained great achievements 
[20–23]. The addition of alloying element in Mg could 
result in the formation of Mg3Sb2 phase [24]. The exist-
ence of such phase modifies the mechanical properties of 
magnesium alloys. The previous results [25] show that 
the creep properties of as-cast AZ91 alloy were signifi-
cantly improved by adding Sb element. The addition of Sb 
changed the morphology of intermetallic phase of Mg2Si 
from Chinese script to a polygonal shape, leading to the 
improvement of mechanical properties. The responsible 
mechanism is that the polygonal-type Mg2Si particles 
preferentially nucleated at Mg3Sb2 particles [26–28]. Sn 
and Si elements belong to the same group of elements in 
the periodic table of elements. Mg–Sn-based magnesium 
alloys with a certain amount of Sn content have received 
considerable attention owing to their excellent potential 
[29, 30]. Mg can interact with Sn to form Mg2Sn phase. 
The addition of Sb element has led to a favorable micro-
structure by distributing the fine Mg3Sb2 particles at the 
grain boundary and refines the Mg17Al12 precipitates, 
thus improving tensile properties [28]. The thermally sta-
ble Mg3Sb2 phase is formed by adding Sb to magnesium 
alloys, which mainly distributes along grain boundaries, 
thus improving the strength and creep resistance of the 
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alloys at ambient and elevated temperatures [31]. Some 
researchers studied the strengthening mechanism, reported 
that adding Sb element could significantly refine the grain 
size of ɑ-Mg matrix phase due to the Mg3Sb2 phases, act-
ing as the heterogeneous nucleation sites of the melt [32, 
33].

There is therefore clearly a need to further improve the 
mechanical properties of Mg alloys through the devel-
opment of new alloy systems if they can provide a com-
mercially viable alternative to steel and Al alloy [34]. 
Numerous investigations were carried out in searching 
for suitable Mg alloy systems with enhanced properties. 
It has been established that the additions of rear earth (RE) 
elements could improve the mechanical properties of mag-
nesium alloys remarkably [35–39]. However, RE addition 
can result in the increment of cost. It is therefore necessary 
to find other elements to substitute the REs for improving 
the performance of magnesium alloys. The Mg–Sn system 
is known as a typical precipitation system. Tin element 
has a high solid solubility in Mg at the eutectic tempera-
ture [40–42]. In this system, the main second phase is 
Mg2Sn with a melting temperature of about 770.5 °C. 
The investigations on the addition of Sn to the Mg–Al and 
Mg–Zn system magnesium alloys have received consid-
erable attentions [43–46]. Sn element has several excel-
lent roles as an alloying element in Mg for elevated tem-
perature applications [47–50]. Previous investigations on 
the microstructure and mechanical properties of as-cast 
Mg–Sn alloys show that Sn addition could reduce the 
secondary dendrite arm spacing of the α-Mg phase. The 
binary Mg–5Sn alloy exhibited the best mechanical prop-
erties, mainly due to the formation of dispersive Mg2Sn 
phase in the Mg matrix [51, 52].

Up to now, there is no research on the effect of Sb addi-
tion on the microstructure, texture and mechanical properties 
of the Mg–Al–Sn alloys. A systematic investigation on the 
effects of Sb addition on the microstructure and mechanical 
property of Mg–Al–Sn alloys is needed for the development 
of new high-performance wrought magnesium alloy materi-
als. It has been reported that the texture strengthening was 
the main reason for improving strength and ductility values 
[53, 54]. The RE elements are the high cost at commercial 
level which can reduce texture intensity; therefore, economi-
cal alloying elements need to be searched out for similar 
working features. So far, calcium revealed some charac-
teristics similar to RE alloys as proposed by the literature 
[55, 56]. In this respect, based on these studies, as a major 
objective, our present work goals provide a deeper under-
standing of the influence of texture intensity of Sb on the 
microstructure and mechanical properties of the Mg–Al–Sn 
magnesium alloys. In this work, the influence of Sb addition 
on the structure and mechanical properties of Mg–9Al–5Sn 
alloy was studied.

2 � Experimental

The alloys with different nominal compositions of 
Mg–9Al–5Sn–xSb (x = 0.0, 0.3, 0.6, 1.0, 1.5 wt%) were 
prepared by melting in a vacuum induction furnace using 
commercially pure Mg (99.90 wt%), pure Al (99.95 wt%), 
pure Sb (99.95 wt%), pure Sn (99.90 wt%), under an Ar 
atmosphere. After the melt was homogenized at 750 °C for 
10 min, the composition analysis of each cast alloy was con-
ducted on the X-ray fluorescence (XRF) spectrometer (LAB 
CENTER XRF-1800 CCDE) (Table 1). The homogenization 
treatments of ingots were held at 420 °C for 12 h followed 
by air cooling. The homogenization temperature was deter-
mined according to the relevant binary and ternary phase 
diagrams. Before hot extrusion, the alloy ingot and extru-
sion die were preheated at 300 °C for 2 h. The homogenized 
ingots with a diameter of 80 mm were extruded to rods with 
a diameter of 16 mm at 300 °C. The extrusion ratio was 28.2, 
and the average extrusion speed was 10 mm/s.

The tensile tests were carried out for the as-extruded sam-
ples by the SANSCMT-5105 electronic testing machine at 
a strain rate of 3 mm/min at room temperature. The ten-
sile specimens have a cross-sectional diameter and a gauge 
length of 5 mm and 35 mm, respectively. The tensile axis 
was parallel to the extrusion direction (ED). Tensile prop-
erties were determined based on the complete stress–strain 
curves. The yield strength (YS) was calculated according to 
the stress value at a standard offset strain of 0.2%, and the 
fracture elongation was obtained as the percent of elongation 
over the gage length. For each data, at least three tensile tests 
were performed.

The microstructures of specimens were characterized 
by an optical microscope of Axio Vert A1 (CARL ZEISS) 
metallographic microscope (OM). The identification of sec-
ond phases was carried out on a Rigaku D/MAX-2500PC 
diffractometer using a Cu Kα radiation and graphite mono-
chromator operated at 40 kV and 200 mA, with a scanning 
angle range from 10° to 90° and at a scanning speed of 2°/
min. The Materials Data Inc. Software Jade 5.0 software 
[57], a Powder Diffraction File (PDF release 2002) [58] and 
Pearson’s Handbook of Crystallographic Data were used 

Table 1   Chemical compositions of the Mg–9Al–5Sn–xSb alloys

Samples Composition (wt%)

Al Sn Sb Mg

Mg–9Al–5Sn 10.1971 5.1017 0.0000 Bal.
Mg–9Al–5Sn–0.3Sb 9.7530 5.0231 0.1856 Bal.
Mg–9Al–5Sn–0.6Sb 9.7530 5.0231 0.5184 Bal.
Mg–9Al–5Sn–1.0Sb 9.7804 4.8612 0.7112 Bal.
Mg–9Al–5Sn–1.5Sb 9.7413 4.9465 0.9664 Bal.
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to analyze the XRD data. The microstructural morphology 
and compound composition of the alloys were examined by 
scanning electronic microscope (SEM) (TESCAN VEGA 3 
LMH) equipped with an Oxford INCA Energy 350 energy-
dispersive X-ray (EDS) spectrometer and a Tecnai G2 F20 
S-TWIN (200 kV) transmission electron microscope (TEM) 
equipped with energy-dispersive X-ray (EDX) spectrometer. 
The as/extruded samples for the OM and SEM observation 
were prepared by mechanical grinding from 800 grit down to 
4000 grit followed by etched in a solution of 1 g picric acids, 
16 ml ethanol and 2.6 ml acetic acids. The as-cast samples 
were etched by immersing in a solution of 2 ml nitric acid 
and 98 ml ethanol for 10-20 s. Vickers hardness testing for 
the aging treated samples was carried out under a load of 
50 g and dwell time of 60 s.

3 � Results and Discussion

3.1 � Microstructures of As‑Cast Mg–9Al–5Sn–xSb 
Alloys

The microstructures of the as-cast Mg–9Al–5Sn–xSb alloys 
are presented in Fig. 1. These alloys exhibit a typical den-
dritic structure. They have continuously netlike eutectics at 
α-Mg grain boundaries. A large number of plate-like and 
irregular block second phase locate at grain boundaries and 
inside the grains. The literature [59] has showed the addi-
tion of 0.5% Sb can somewhat refine the grains of as-cast 
Mg–10Al alloys, and the Mg3Sb2 phase promoted the grain 
refinement during equal channel angular pressing (ECAP) 

and prevented crack propagation during the tensile testing. 
Alloy 1# with free of Sb shows the coarsest grain (Fig. 1a) 
and alloy 4# containing Sb the finest grain (Fig. 1d). It can 
be seen that the grain refines and the volume fraction of 
second phase increases gradually with Sb content increasing. 
The addition of Sb into Mg–Al–Sn alloys cannot suppress 
the formation of Mg17Al12 phase.

In order to analyze the intermetallic compounds, XRD 
and EDS analysis were carried out (Figs. 2, 3, 4). Typical 
EDS spectra taken from the particles and α-Mg matrix of the 
as-cast alloy 5# indicate that almost all second phase con-
sists of Mg. Combining with the peak indexing in the XRD 
pattern (Fig. 4), it can be concluded that the major phases in 
the as-cast alloy 5# are Mg3Sb2, Mg2Sn and Mg17Al12 phase.

Figure  2 shows the XRD patterns of as-cast 
Mg–9Al–5Sn–xSb alloys. The structure and amount of 
alloy phases changed with the increasing of Sb content. 
The as-cast Mg–9Al–5Sn–xSb alloys mainly consisted of 
α-Mg, Mg2Sn, Mg3Sb2 and Mg17Al12 phases. The as-cast 
Sb-free 1# alloy is mainly composed of α-Mg, Mg2Sn and 
Mg17Al12 phases. In contrast, the Sb-containing alloys have 
additional diffraction peaks corresponding to Mg3Sb2 phase. 
The Mg3Sb2 phase (Structure type of La2O3, Pearson sym-
bol hp5, and Space Group P-3m1) has a close-packed hex-
agonal structure same as that of α-Mg. As the Sb content 
increases, the diffraction intensity of Mg3Sb2 phase increases 
gradually.

The XRD pattern of the as-cast 5# alloy corresponds 
to four phases: α-Mg, Mg2Sn, Mg17Al12 and Mg3Sb2 
phase (Fig. 3). The backscatter electron (BSE) images of 
this alloy are shown in Fig. 4. Apparently, three types of 

Fig. 1   Optical micrographs of the as-cast Mg–9Al–5Sn–xSb alloys: a x = 0.0, b x = 0.3, c x = 0.6, d x = 1.0, e x = 1.5
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secondary phases with the bright white, white and gray 
colors exist in the 5# alloy. Based on the aforementioned 
XRD and EDS analysis results, the dark phase is α-Mg 
phase, the gray is Mg17Al12, the white is Mg2Sn and the 
bright white is Mg3Sb2 phase. The tested compositions of 
the Mg2Sn phase are 66.86 at.%Mg–4.39 at.%Al–24.32 
at.%Sn–4.53 at.%Sb, the compositions of the Mg3Sb2 
phase are 61.28 at.%Mg–1.47 at.%Al–5.40 at.%Sn–31.85 
at.%Sb, and the compositions of the Mg17Al12 phase are 
66.55 at.%Mg–32.34 at.%Al–0.94 at.%Sn–0.17 at.% Sb 
(Fig. 4c). From the above data, it can be seen that the 
EDS analysis is consistent with the XRD analysis for the 
as-cast 5# alloys.

3.2 � Microstructures of As‑Extruded Mg–9Al–5Sn–
xSb Alloys

Figures 5 and 6 show the microstructures of as-extruded 
Mg–9Al–5Sn–xSb alloy in the longitudinal direction. The 
volume fraction of secondary phases increases with the con-
tent of Sb increasing. The microstructures of alloys with 
different Sb contents are obviously different. After extru-
sion, Sb-free Mg–9Al–5Sn alloy possesses more relatively 
coarse unrecrystallized grains, indicating that the dynamic 
recrystallization was not complete. With the addition of Sb 
into the Mg–9Al–5Sn alloys, the grains become smaller. 
However, the coarse unrecrystallized grains still exist in the 
Sb-containing magnesium alloy. Until adding 1.5 wt% Sb, 
the microstructure of Mg–9Al–5Sn–1.5Sb shows the com-
plete recrystallization. The addition of Sb can significantly 
refine grains of Mg–Al–Sn alloy. The alloy with 1.5 wt% Sb 
has the smallest grains.

After extrusion, the grains were extremely refined in the 
longitudinal direction. The grain size reduced obviously 
with the content of Sb increasing. A number of blocky 
compounds in the matrix increase with the increment in 
the content of Sb. The second phase particles with different 
sizes were randomly distributed on the longitudinal section 
(shown in Fig. 5). With the addition of Sb, the particles 
become finer. Their aspect ratio reduces.

In the alloys with low content of Sb, the dynamic recrys-
tallization was not complete after hot extrusion. With the 
increment of Sb content, the fraction of unrecrystallized 
grains decreases. Compared with those as-cast alloys, the 
grain sizes of as-extruded alloys were considerably smaller. 
EDS analysis results reveal that the blocky compounds in the 
extruded stringers are Mg17Al12 and Mg2Sn phase.

3.3 � Texture Formation and TEM Observations

Figure 7 shows the (0002) and (101̄ 0) macrotexture of the 1# 
and 4# extruded alloys. The maximum basal texture intensity 
decreases from 2.55 to 2.25 with increasing the content of 
Sb from 0 to 1.0. The addition of Sb element can weaken the 
texture of the Mg–Al–Sn alloy. Previous researches demon-
strate that the texture can be effectively weakened by adding 
rare earth elements [60]. The responsible reason is due to the 
preferential nucleation at local shear bands and the random 
orientation of the recrystallization grains [61, 62]. Another 
view is that the texture weakening is due to solid solution 
mechanism in Mg–RE alloys by which the grain boundary 
migration is inhibited and non-basal slip is activated [63, 
64]. It has been reported by the literature [65], that compared 
with the cubic structure metals such as Al and Fe, the influ-
ence factors of the texture of hexagonal magnesium alloy are 
complex, mainly including alloy composition, process and 
so on. One of the main factors affecting the texture is the 

Fig. 2   XRD patterns of the as-cast Mg–9Al–5Sn–xSb alloys: a 
x = 0.0, b x = 0.3, c x = 0.6, d x = 1.0, e x = 1.5

Fig. 3   XRD patterns of the as-cast 5# (Mg–9Al–5Sn–1.5Sb) alloys
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Fig. 4   BSE images of the as-cast alloy 5# (Mg–9Al–5Sn–1.5Sb): a SEM image; b BSE images; c the corresponding EDX results of Mg–Al–Sn–
Sb phase in a 

Fig. 5   Optical micrographs of Mg–9Al–5Sn–xSb alloy extruded parallel to the extrusion direction: a 1#: x = 0.0; b 2#: x = 0.3; c 3#: x = 0.6; d 
4#: x = 1.0; e 5#: x = 1.5
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composition of alloying elements. The change of the solid 
solutions composition could result in the change of lattice 
constant of the matrix, which changes the texture. The quan-
titative analysis of XRD data shows that the lattice param-
eters of 1# alloy are a = 3.1730, c = 5.1657, c/a = 1.6280; 
the lattice parameters of 4# alloy are a = 3.1866, c = 5.1774; 
c/a = 1.6247. The addition of Sb changes the lattice param-
eters of magnesium matrix, which reduces the value of c/a, 
the reduction in the axial ratio will change the density of 
close-packed crystal surface, which will activate the non-
basal planes slip on the basis of the slip of the basal plane, 
thus reducing the texture of the alloy and improving the 
properties of the alloy.

Figure 8 shows TEM images of the as-extruded alloy 4# 
(Mg–9Al–5Sn–1.0Sb). TEM observations indicated that 
this alloy contains several second phases Mg3Sb2, Mg2Sn 
and Mg17Al12. The particle indicated by an orange arrow is 
composed of Mg, Al, Sn and Sb. Its EDS spectrum shows 
prominent Mg and Sn peaks. The content of Al and Sb is low 
in this particle. Its composition is 65.73 at.% Mg–0.57 at.% 
Al–32.63 at.% Sn–1.07 at.% Sb (Fig. 8d). Its correspond-
ing selected area electron diffraction (SAED) pattern can 
be indexed as the Mg2Sn phase with a face-centered cubic 
structure (a = 0.6765 nm) (Fig. 8c). Figure 9 presents the 
dark field TEM image and the EDS mappings of Mg, Al, Sn 
and Sb elements. The Mg–9Al–5Sn–1.0Sb alloy composed 

of the Mg17Al12, Mg3Sb2 and Mg2Sn phases in the primary 
α-Mg matrix.

3.4 � Mechanical Properties of As‑Extruded Mg–9Al–
5Sn–xSb Alloys

The typical tensile engineering stress–strain curves of the 
as-extruded Mg–9Al–5Sn–xSb alloys are shown in Fig. 10a. 
The data of mechanical properties are shown in Fig. 10b. 
The tensile properties of extruded alloys are summarized in 
Table 2. It is demonstrated that the ultimate tensile strength, 
yield strength and elongation are affected by the content of 
Sb. When the content of Sb reaches to 0.3 wt%, 0.6 wt%, 1.0 
wt% and 1.5 wt%, the ultimate tensile strength is increased 
by 3%, 5%, 10% and 4.7%, respectively. The elongation is 
decreased by 2.8%, 16% and 15.6%, respectively, except for 
2# alloy with increasing by 20%. However, no obvious change 
in the yield strength was found with the addition of Sb. Sb-free 
alloy exhibited an ultimate tensile strength (UTS) of 339 MPa, 
a yield strength (YS) of 249 MPa and an elongation (EL) of 
4.61%. The addition of small amount of Sb (0.3 and 1.0 wt%) 
significantly improved the yield strength and ultimate tensile 
strength, but reduced the elongation a little. The addition of 
1.5 wt% Sb substantially reduced the room temperature duc-
tility to 2.78%. The alloy 4# exhibits the relatively optimal 
comprehensive mechanical properties. Its ultimate tensile 

Fig. 6   SEM micrographs of as-extruded Mg–9Al–5Sn–xSb alloys: a x = 0.0; b x = 0.3; c x = 0.6; d x = 1.0; and e x = 1.5
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strength, yield strength and elongation are 373 MPa, 262 MPa 
and 3.86%, respectively. It can be concluded that Sb addition 
significantly increases the strength of Mg–Al–Sn alloy, mean-
while severely deteriorates the ductility. When Sb addition 
reaches 1.0 wt%, the properties of the alloy are optimized. 
However, when the content of Sb exceeds 1.0 wt%, the UTS 
of the Mg–9Al–5Sn–1.5Sb is 355 MPa, which is a little lower 
than the elongation of Mg–9Al–5Sn–1.0Sb. As a result, add-
ing a certain amount of Sb can improve the comprehensive 
mechanical properties of the Mg–9Al–5Sn alloy.

4 � Conclusions

The effects of Sb addition on the microstructure and 
mechanical properties of the Mg–9Al–5Sn alloy have been 
investigated. The following conclusions can be drawn:

1.	 With the addition of Sb, the grains of the cast and 
extruded Mg–9Al–5Sn–xSb (x = 0.0, 0.3, 0.6, 1.0, 1.5) 

Fig. 7   [0002] and [1010] pole figures of the Mg–9Al–5Sn–xSb extruded alloys: a 1# (x = 0.0); b 4# (x = 1.0)
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alloys are refined. The second phases in the as-cast 
alloys include Mg2Sn, Mg17Al12 and Mg3Sb2.

2.	 The Mg2Sn phase in the as-extruded Mg–9Al–5Sn–
xSb alloy has a spherical or plate-like morphology. The 
Mg2Sn phase has a face-centered cubic structure with 
lattice parameter a = 0.6765 nm.

3.	 The addition of Sb can weaken slightly the texture of the 
as-extruded Mg–9Al–5Sn alloy, to some extent. With 

increasing Sb content, the maximum texture intensity 
decreases from 2.55 to 2.25.

4.	 With the increasing of Sb content, the ultimate tensile 
strength increases gradually. When Sb content reaches to 
1.0 wt%, the performance is the best. The ultimate ten-
sile strength (UTS), yield strength (YS) and elongation 
(EL) of the 4# alloy are 373 MPa, 262 MPa and 3.86%, 
respectively.

Fig. 8   TEM images of extruded Mg–9Al–5Sn–1.0Sb alloy: a bright field image of precipitates; b a representative Mg2Sn particle; c the cor-
responding selected area electron diffraction (SAED) pattern recorded from particle indicated by orange arrow in Fig. 8b; d the corresponding 
EDX results of Mg2Sn phase in Fig. 8b
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Fig. 9   TEM images of extruded Mg–9Al–5Sn–1.0Sb alloy along with the corresponding EDS mappings of Mg, Al, Sn and Sb elements distribu-
tion of the precipitate. a Bright field image; b EDS mapping of element Mg, Sn and Sb; c Sb; d Al; e Sn; f Mg

Fig. 10   a Nominal stress–nominal strain curves of as-extruded Mg–9Al–5Sn–xSb alloys and b tensile properties of the Mg–9Al–5Sn–xSb sam-
ples extruded at 300 °C
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