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Abstract: The effect of adding 0 wt%~2.0 wt% Zn to Mg-8Al-2Sn alloy was investigated by analyzing the microstructures and

tensile properties. The results reveal that the phase composition of Mg-8Al-2Sn-XZn alloys is a-Mg, Mg;;Al;; and Mg,Sn

phases. The morphology of eutectic phase of the as-cast alloys with Zn addition changes from a normal eutectic structure to a

divorced eutectic structure. Grain sizes of the alloys with Zn addition are uniform after hot extrusion. Dynamic precipitation of

the second phases is promoted by the addition of Zn during hot extrusion. The second phases are coarsened in

Mg-8A1-2Sn-2Zn alloy. Precipitates form during the aging treatment and their amount increases with the addition of Zn.

Besides, the ultimate tensile and yield strength of the extruded and aged alloys gradually increase with the addition of Zn.

Mg-8Al1-2Sn-2Zn alloy has the best mechanical property, and the ultimate tensile strength, yield strength and elongation of the

as-aged alloy are 385 MPa, 291 MPa and 6.44%, respectively.
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As magnesium (Mg) alloys are the lightest structural metals
currently available, they have received steadily increasing at-
tention in the transportation industry and electronics industry
because of high specific strength, high stiffness, high thermal
conductivity, good electromagnetic shielding characteristics,
and superior damping capacity. In particular, magnesium (Mg)
alloys can provide large weight savings compared to conven-
tional aluminum alloys, so they are particularly attractive for
transportation vehicles and aerospace applications!™®.. The
worldwide emphasis on increasing fuel efficiency in automo-
biles has thrust magnesium alloys into the fore as potentially
lightweight materials for structural applications. It is believed
that this trend in light weighting automobiles will continue,
and if suitable magnesium alloys can be developed, they will
replace heavier aluminum and steel based counterparts.
Wrought Mg alloys offer better mechanical properties than
cast Mg alloys because of the pronounced grain refinement,
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non-pores and uniform composition distribution after the de-
formation process.

At present, Mg-Al series alloys, as the most commonly used
magnesium alloys, display excellent cast ability and low cost.
However, the large scale application of these alloys is re-
stricted by their insufficient strength. Further improvement in
the strength of these alloys is needed to expand their use to a
wider range, as their current maximum strength is still less
than that of commercial high-strength Al alloys which often
represent a major competition to Mg alloys. Adding trace
strengthening elements to the alloys is considered an impor-
tant approach to improve the properties. The addition of di-
verse elements can form different precipitates and modify the
mechanical properties of alloys. Sn is a metal element with a
low melting point which is easily added during the process of
smelting magnesium alloy. In addition, the Mg-Sn system is a
good candidate for precipitation hardening because of the
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large difference in solid solubility in Mg at high temperature
(3.35 at% at 561 °C) and low temperature (0.035 at% at room
temperature). The phase diagram of the Mg,Sn system shows
the formation of an equilibrium stable phase of Mg,Sn with an
fee structure!”! and a high melting point of 770 °C. The high
temperature stability for the Mg,Sn phase gives the alloys
based on Mg-Sn huge potential to be used in higher tempera-
ture creep resistant applications™”. The research!'” showed
that the comprehensive mechanical properties of magnesium
alloy can be obviously improved with the addition of Sn.

1M also studied the effect of Sn on the micro-

Avraham et a
structure and properties of the Mg-Al alloy. It was found that
the mechanical properties of the alloy can be improved by
forming the finely dispersed Mg,Sn phase in the crystal or re-
ducing the formation of Mg,,Al,, phase!'”.. And stacking fault
energies of Mg-Al based alloys can be reduced by the pres-
ence of Sn and the ductility of the alloys is improved!'"!.
Based on previous researches, Mg-Al-Sn alloys are being de-
veloped as a new series of Mg alloys. Besides this, the main
function of Mn is to purify the melt. Since it is inevitable to
introduce Fe, which is harmful to the corrosion properties, into
Mg alloys during the smelting process, Mn and Fe can form
MgFeMn compounds which can be settled in the process of
smelting. So a certain amount of Mn is usually added into Mg
alloys to remove the Fe element.

In 2004, Bowles'"! investigated the microstructure of the
Mg-Sn alloys and the Mg-Al-Sn alloys. The results showed
that there are a-Mg, Mg,Sn and Mg,;Al,, phase in Mg-Al-Sn
alloys, and no ternary phase exists. In 2007, Doernber et al"”!
also investigated the Mg-Al-Sn ternary alloy and pointed out
that there is no ternary phase, and the third element has no
solid solubility in the binary phase. The R&D team for mate-
rials research of Japan National Institute has been working on
the Mg-Sn alloy since 2000. In 2006, Sasaki and Mendis et
al'*'" found that the addition of Zn can change the morphol-
ogy, volume fraction and phase relation of precipitated phases
of Mg-Sn alloy. And the aging strengthening ability of the
Mg-Sn alloy can be improved significantly with the addition
of Zn!"". Through the characterization of the microstructure
by TEM, it was found that a large amount of Mg,Sn precipi-
tate is formed along the <0001> direction in the crystal, indi-
cating that the addition of a certain amount of Zn can promote
the formation of Mg,Sn phase in the alloy. Mg,Sn phase can
improve the second phase strengthening. Moreover, the in-
crease of Mg,Sn can improve the high temperature property of
magnesium alloy because of the high melting point of Mg,Sn
phase!"®"”!. The researches displayed that Zn is a major addi-
tion element because it has potential to develop the mechani-
cal properties in Mg-Al-Sn systems'”.

Despite the above findings, there is still a lack of optimiza-
tion of Zn content for the Mg-8Al1-2Sn alloy. Therefore, the
purpose of this work is to better understand the effect of Zn on
the microstructure and mechanical properties of the

Mg-8Al-2Sn alloy, and to determine the optimal composition
of the Mg-8AI-2Sn-XZn alloys (X=0.0~2.0, wt%).

1 Experiment

The nominal composition of the alloy studied was
Mg-8Al-2Sn-XZn (X=0, 0.5, 1.0 and 2.0, wt%) based on ATS2,
AZT802, AZT812, AZT822. To prepare billets for extrusion,
alloys with different composition were melted under a vacuum
atmosphere of Ar, and then stabilized at 740 °C. After holding
each melt at 740 °C for 20 min, they were poured into a steel
mold and then pre-heated to 200 °C. The composition of each
billet was measured using X-ray fluorescence (XRF) and
found to be very close to their nominal values, given in Table
1. Homogenization was then conducted at 420 °C for 12 h,
less than the calculated melting temperature of each alloy. Ex-
trusion experiments were carried out at an initial billet tem-
perature of 380 °C, a punching speed of 1 m/min, and an ex-
trusion ratio of 25. The capacity of the horizontal extruder
used was 500 t, and the diameter of the extrusion barrel was
80 mm.

The alloy specimens were then subjected to a subsequent
aging treatment at 175 °C for different time up to 20 h (T5) in
order to determine the appropriate heat treatment time for the
alloys. The aging-hardening response was determined by a
micro Vickers hardness tester under a load of 50 g for 60 s,
and hardness values obtained by ten indentations were aver-
aged for each hardness value reported here.

The microstructure of each alloy was observed using optical
microscopy (OM), scanning electron microscopy (SEM), en-
ergy dispersive spectrometer (EDS), X-ray diffraction analysis
(XRD). The longitudinal tensile properties of the as-extruded
alloys and the aged alloys were measured at room temperature
with an initial strain rate of 1.43x10” s”'. Dogbone-shaped
specimens with a gage length of 35 mm and a gage diameter
of 5 mm were used for the tensile tests.

2 Results and Discussion

2.1 Phase diagram analysis

The phase diagram analysis and calculation of Mg-8Al-
2Sn-0.3Mn-XZn alloy were made by Pandat. And the compo-
sition was Al 8.5 wt%, Sn 2 wt%, Mn 0.3 wt%, and Zn 0
wt%~5.0 wt%. As shown in Fig.1, a small increase of the lig-
uidus temperature and an obvious change of the solidus temperature
can be seen. When the Zn content increases from 0 wt% to 1.99 wt%,
the solidus temperature decreases from 483 °C to 396 °C.

Table 1 Actual composition of AT82-XZn alloys (wt%)

Alloy Mg Al Sn Mn Zn
AZR2 89.07 8.11 2.69 0.13 0
AZT802  88.33 8.38 2.50 0.16 0.63
AZT812  87.71 8.57 2.46 0.15 1.11
AZT822  86.88 8.31 242 0.14 225
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Fig.l Phase diagram of Mg-8Al1-2Sn-0.3Mn-XZn alloy

The effect of the Al-Mn phase can be ignored because of the
content of Mn. It can be considered that a single phase solid
solution of a-Mg forms in the range of 0 wt%~1.99 wt% Zn.
When the Zn content is higher than 1.99 wt%, the alloy is
mainly composed of a-Mg and Mg;,Al,, phase. If the content
of Zn is too high, the single phase solid solution cannot be
obtained. Therefore, the Zn content of the alloy was 0
wt%~2.0 wt% in this study.
2.2 As-cast microstructures

The optical micrographs of the as-cast AT82 alloy with
various Zn contents are shown in Fig.2. It can be found that
the microstructure of as-cast AT82-XZn alloy consists of pri-

mary o-Mg matrix and eutectic compounds at the grain
boundary. As shown in Fig.2, with the addition of Zn, the
number of the second phases and the volume fraction of eu-
tectic compounds at grain boundaries increase.

XRD patterns of as-cast AT82-XZn alloys are shown in
Fig.3. It is confirmed that the microstructure of the as-cast al-
loys consists of a-Mg, Mg;;Aly,, and Mg,Sn phases. To de-
termine the formation of new phases, SEM and EDS analyses
of AT82-XZn alloys were carried out, as shown in Fig.4 and
Table 2, respectively. Combining the EDS (Table 2) analysis
with the XRD pattern (Fig.3), it can be determined that the
main composition of as-cast alloys is a-Mg phases, Mg,Sn
phases and Mg;;Al;, phases.

The EDS and SEM analyses of as-cast AT82-XZn alloys in-
dicate that the microstructure of the as-cast alloy has the
eutectic characteristic, and is mainly composed of compounds
with gray contrast and bright white contrast. And the gray
phase at the grain boundary of area A in Fig.4c is Mg;;Al;,
phase. The bright phase of area B in Fig.4c also at the grain
boundary is Mg,Sn phase. The bright phase which is the same
as the area C in Fig.4d is AI-Mn phase. Furthermore, from the
morphology and distribution of the eutectics in the as-cast al-
loys in Fig.4, it can be clearly seen that the equilibrium eutec-
tic structure is distributed at grain boundaries in the as-cast
ATS2 alloy, as shown in Fig.4a. With the addition of Zn, the eutec-
tic microstructure in the as-cast AZT802, AZT812 and AZT822
alloys shows the divorced eutectic morphology, as shown

Fig.2 Optical microstructures of as-cast AT82 (a), AZT802 (b), AZT812 (c), and AZT822 (d)
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Fig.3 XRD patterns of as-cast AT82-XZn alloys

in Fig.4b~4d. The combination of the EDS (Table 2) analysis
and the XRD pattern (Fig.3) can confirm that the phases with
divorced eutectic structure presenting block and strip are
Mg,Aly, phases. Moreover, with the Zn addition, the aggre-
gation of Mg,Sn phases can be promoted. It can be found that
the morphology of Mg,Sn phase changes from fine to blocky.
2.3 As-extruded microstructures

The optical microstructures of as-extruded AT82-XZn (X=0,
0.5, 1, 2, wt%) alloys in Fig.5, in which the direction of view
is perpendicular to the direction of extrusion, reveal that the
grain of the extruded alloy is obviously refined, because dy-
namic recrystallization occurs during the extrusion deforma-
tion. Moreover, there is an obvious extrusion streamline along
extrusion direction, as shown in Fig.5. It also can be seen that
many fine grains are distributed at the streamline and larger
grains are distributed between streamlines. This seems to be

Fig.4 SEM microstructures of as-cast AT82 (a), AZT802 (b), AZT812 (c), and AZT822 (d)

Table 2 EDS analysis of areas A, B and C in Fig.4 (wt%)

Area Mg Al Sn Zn Mn Fe
A 64.68 27.14 4.36 3.82 0 0
B 64.02 1552 18.36  2.08 0 0
C 32.86  39.63 0 0.14  25.62 1.89

responsible for the fact that more second phases are distrib-
uted at the streamlines which can effectively pin the move-
ment of dislocation during hot extrusion, and also have sig-
nificant grain refinement effect. Besides, it is obvious that the
microstructure uniformity of alloys is improved with Zn addi-
tion after hot extrusion. Particularly, in the extruded AZT812
alloy, its microstructure is very uniform.

It can be more clearly seen from the SEM image in Fig.6a

that there are fine grain zone and coarse grain zone in AT82
due to the distribution of the second phase. This is because the
second phases can pin the movement of dislocation and have
significant grain refinement effect. The directional distribution
of the second phase particles in the extruded alloy under com-
pressive stress results in an extrusion streamline along the ex-
trusion direction. In addition, with the increase of Zn content,
it is observed that the number and size of the second phase in
the extruded alloy also increase. The second phases are coars-
ened in the AZT822 alloy. Therefore, it is inferred that dy-
namic precipitation of the second phases is promoted by the
addition of Zn during hot extrusion.
2.4 As-aged microstructures

The hardness curves of the alloys aged at uniform tempera-
ture are presented in Fig.7. It can be seen that the hardness is
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Fig.6  SEM microstructures of as-extruded AT82 (a), AZT802 (b), AZT812 (c), and AZT822 (d)

obviously improved with the addition of Zn. Furthermore, the
hardness of the four alloys increases to a peak and then de-
creases gradually. The increase of hardness is due to the new
precipitate formed during aging treatment, which exerts an ef-
fect of dispersion strengthening. The hardness gradually tends
to a steady value after 3 h, because the precipitated phase has
reached the saturation state. After the alloy reaches the hardness
peak (peak-aging), overaging occurs. It can be observed that the
peak-aging time of AT82 and AZT802 alloys is 3 h, and that of

AZT812 and AZT822 alloys is 5 h. Thus, the addition of Zn can
delay the aging hardening peak. And the aging process of AT82
and AZT802 alloy is determined to be 175 °C/3 h, and that of
AZT812 and AZT822 is 175 °C/5 h.

SEM images for the alloys in the peak age hardening stage
are shown in Fig.8. It can be observed that the gray phase in the
alloy is Mg;,Al;, phase, and the bright phase is Mg,Sn phase. In
addition, with the increase of Zn content, the number of the
Mg,Sn phase and the size of the second phases in the alloy both
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Fig.7 Hardness curves of the AT82-XZn alloys aged at 175 °C

increase. It also can be found that precipitates form during the
aging treatment and their amount increases with the addition of
Zn content. As shown in Fig.8d, in terms of morphology, the
typical precipitates are Mg17A112[2]’22], including large lamellar
discontinuous precipitates and thin lamellar continuous precipi-
tates.
2.5 Mechanical properties

The stress-strain curves of the as-extruded and as-aged
AT82-XZn alloys are shown in Fig.9, and the tensile properties
of the as-extruded and as-aged AT82-XZn alloys including yield
strength (YS), ultimate tensile strength (UTS) and elongation
(EL) are listed in Table 3. It is shown that the ultimate tensile
and yield strength of the alloys are gradually enhanced with the

Fig.8 SEM microstructures of as-aged AT82 (a), AZT802 (b), AZT812 (c), and AZT822 (d)

increase of Zn content. However, the elongation of the alloy de-
creases slightly with the increase of strength. When the content
of Zn is 2 wt%, the combination properties of the as-extruded
and as-aged alloys both reach an optimum, in which the YS,
UTS and EL are increased to 258 MPa, 357 MPa and 8.76% for
the as-extruded alloy, and 291 MPa, 385 MPa and 6.44% for the
as-aged alloy, respectively.

For the extruded alloy, the yield strength and ultimate tensile
strength of AZT802 are less than those of AT82. The reason is
that there are fine grain zone and coarse grain zone in ATS2 al-
loy, where the deformation of soft matrix and hard matrix in the
mixed crystal structure can enhance the strength. Wu et al™!
investigated the back-stress strengthening of the mixed crystal
structure on titanium alloys. The results show that the Bausch-
inger effect of the mixed crystal attributes to strengthening abil-
ity. Moreover, as mentioned above, an obvious increase of the
amount of the second phase is observed in the alloy with the in-
crease of Zn content after hot extrusion, which can exert the ef-
fect of dispersion strengthening. Thus, the mechanical proper-
ties of the alloys are improved with the increase of the second

phase. It can be found that the strength of AZT812 and AZT822
are improved prominently, as shown in Fig.9 and Table 3. Al-
though the size of the second phase also increases due to the
addition of Zn, the changes in the size have little effect on the
mechanical properties. Dispersion strengthening plays a major

400 .
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Fig.9 Stress-strain curves of the as-extruded and as-aged AT82-XZn
alloys
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Table 3 Mechanical properties of as-extruded and as-aged alloys

As-extruded As-aged
Alloy YS/MPa UTS/MPa EL/% YS/MPa UTS/MPa EL/%
AZR2 226 326 9.54 265 357 8.40
AZT802 201 311 10.6 268 365 8.76
AZT812 251 354 8.06 280 378 7.00
AZT822 258 357 8.76 291 385 6.44

role in the range of 2 wt%. For the aged alloy, it is well known
that second phase strengthening is generally beneficial to the
tensile properties of the alloys. With the addition of Zn, the
amount of precipitated phases in the aged alloy also increases,
which have a second phase strengthening effect on the alloy.
Thus, the mechanical properties are enhanced. Furthermore, the
disparity of as-extruded and as-aged alloys shows that the me-
chanical properties of the aged alloy are better than those of the
extruded alloy. The strength of the alloy is further improved
owing to the formation of precipitated phases during aging
treatment, which plays a role in the second phase strengthening.

3 Conclusions

1) The phase composition of as-cast AT82-XZn alloys is
o-Mg, Mg;;Al;; and Mg,Sn phases. And the morphology of
eutectic phases of the as-cast alloy changes from a normal
eutectic structure to a divorced eutectic structure with the ad-
dition of Zn. In addition, with the increase of Zn content, the
aggregation of Mg,Sn phases can be promoted.

2) After extrusion deformation, the grain size is refined sig-
nificantly. Moreover, an obvious extrusion streamline along
extrusion direction is observed in extruded AT82-XZn alloys.
And there are fine grain zone and coarse grain zone in the al-
loys because of the distribution of the second phases. Addi-
tionally, the microstructure uniformity of alloys is improved
with the addition of Zn after hot extrusion. Dynamic precipita-
tion of the second phases is also promoted by the addition of
Zn during the hot extrusion process. And the second phases in
AZT822 alloy are coarsened.

3) At the aging temperature of 175 °C, the aging time of
AT82 and AZT802 alloy is determined to be 3 h, and that of
AZT812 and AZT822 is determined to be 5 h. The addition of
Zn can delay the aging hardening peak. Furthermore, precipi-
tates form during the aging treatment and their amount in-
creases with the addition of Zn.

4) The ultimate tensile and yield strength of the extruded
and aged alloys gradually increase with the addition of Zn.
Mg-8Al1-2Sn-2Zn alloy has the best mechanical property, and
the ultimate tensile strength, yield strength and elongation of
the as-aged alloy are 385 MPa, 291 MPa and 6.44%, respec-
tively.
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