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Microstructure and mechanical properties of the Mg-4.5Zn-4.5Sn-2Al-0.6Sr alloy are investigated both in
the as-cast condition and after the different three-step solution heat treatments (a solution heat treatment of
310 �C3 4 h + 340 �C3 28 h followed by a high-temperature solution treatment) to explore the optimal
solution treatment cycle. The as-cast alloy contains a microstructure consisting of the a-Mg matrix, Mg2Sn,
Mg51Zn20, Mg32(Al, Zn)49, and MgSnSr phases. After the solution heat treatment, all the Mg51Zn20, the
Mg32(Al, Zn)49 phases, and most of the Mg2Sn phase are dissolved into the matrix, only the MgSnSr phase
and a minority of the Mg2Sn phase are remained in the granular form or the fine dot-like. The volume
fraction of the residual second phases decreases from 5.61 to 1.84% with the increasing solution time from
0 to 4 h at 420 �C and it decreases from 2.9 to 0.4% with the increasing solution temperature from 420 to
480 �C for 2 h. The alloy that experiences the solution treatment of 310 �C3 4 h + 340 �C3 28
h + 460 �C3 2 h exhibits the highest strength and the best plasticity among all the solution-treated alloys.
Therefore, the optimal solution treatment is 310 �C3 4 h + 340 �C3 28 h + 460 �C3 2 h. The residual
second phases in the alloy that experiences the optimal solution treatment are confirmed to be the Mg2Sn
phase and the MgSnSr phase which are related to their relatively high thermal stability. The ultimate tensile
strength and the elongation to rupture of the as-solutionized alloy are 238 MPa and 12%, respectively,
about 25 MPa and 2.4% higher than the counterparts of the as-cast alloy.
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1. Introduction

Conventional magnesium alloys exhibit relatively low
strength, poor creep resistance, and inferior plasticity due to
the intrinsic hcp structure and cannot be used for the
manufacture of key structural components (Ref 1). Therefore,
it is of great significance to develop novel magnesium alloys
with high strength and good toughness. In the recent years,
more and more attention has been paid to the Mg-Zn-Sn system
whose strengthening mechanism is mainly connected with the
formation of two precipitates, i.e., MgZn and Mg2Sn. It is
reported that the Mg-Zn-Sn alloy is a promising new heat-
treatable alloy (Ref 2), a promising candidate for future
commercial applications at elevated temperatures (Ref 3), and
suitable for extrusion to give a high strength (Ref 4).

Up to now, most studies are focused on improving micro-
structure and mechanical properties of the Mg-Zn-Sn system
by alloying such as RE (Ref 5) and Al (Ref 3, 6, 7) and

micro-alloying such as Ca (Ref 8, 9) and Y (Ref 10). Moreover,
several studies are attempted to develop the high-strength heat-
treatable wrought magnesium alloys based on the Mg-Zn-Sn
alloy system (Ref 4, 11, 12). The precipitation sequence of the
Mg-Zn-Sn alloy system has been cleared and the effects of minor
alloying on its precipitation behaviors have been widely studied.
However, the formation and the evolution of the a-Mg supersat-
urated solid solution with minor Sr addition in this alloy system
have not been well understood. Determining the optimal solution
treatment conditions is a major consideration in the fabrication of
the high-performance heat-treatable Mg-Zn-Sn alloys. Therefore,
it is of great theoretical and practical significance to investigate the
diffusion in the Mg-Zn-Sn alloys and the morphology change of
the second phases during solution heat treatment.

Our previous work shows that the alloy with the Zn/Sn mass
ratio of 1 exhibits a fairly good roll forming ability andmuch better
mechanical properties among the Mg-xZn-ySn-2Al-0.2Ca
(x + y = 9 wt.%) alloys (Ref 13). In addition, minor Sr addition
can effectively refine grains, dendrites, and grain-boundary com-
pounds, and these effects aremoreobviouswith ahigherSr addition
in the Mg-4.5Zn-4.5Sn-2Al-based alloys (Ref 14). Therefore, the
maingoal of the current study is to report the effects of the three-step
solution heat treatment on the microstructure and mechanical
properties of the Mg-4.5Zn-4.5Sn-2Al-0.6Sr alloy.

2. Experimental Details

The Mg-4.5%Zn-4.5%Sn-2%Al-0.6%Sr alloy is prepared in
an electric resistance furnace with a mild steel crucible
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protected by the RJ-2 flux (37.1% KCl-43.2% MgCl2-6.8%
BaCl2-4.8% CaF2-6.6% [NaCl + CaCl2]-1.3% water-insolu-
ble—0.4% moisture). Commercially pure Mg, Al, Zn, Sn,
Mn (99.9%) stuffs, and the Mg-9.2Sr master alloy are added to
prepare these alloys. Mn is added to diminish the negative
effect of the impurity Fe on corrosion resistance of the
as-prepared alloys. The melt is purged at 720 �C for 10 min
and held for 15 min at 760 �C so that homogenization of
alloying elements and settlement of inclusions can be realized.
Then, molten alloy is cast into a water-cooling steel mold
(1009 1509 20 mm3) at a casting temperature of 720 �C. The
mold is made of the 0.45%C carbon steel.

Block specimens are cut from the as-cast plate and then the
different three-step solution heat treatments (a solution heat
treatment of 310 �C9 4 h + 340 �C9 28 h followed by a
high-temperature solution treatment) are conducted respectively
to ensure the complete dissolution of alloying elements in the
a-Mg matrix. The solution treatments are conducted in the SR3
heat treatment furnace at the temperature control precision of
±2 �C, and the samples are covered with the mixture of sand
and graphite. Water quenching is adopted. The as-cast and the
as-solutionized microstructures are observed using a MM-6
metallographic microscope and a FEI QUANTA 200 scanning
electron microscopy (SEM) after etching with a solution of 0.6-
1.2 g picric acid, 2 mL acetic acid, 3 mL water, and 20 mL
ethanol. The micro-compositional analysis of some certain
phases is conducted on the FEI QUANTA 200 SEM and the
JEM-2100 telescope electron microscopy (TEM), both
equipped with the EDAX genesis xm-2 spectroscopy (EDS).
Selected area electron diffraction (SAED) patterns of the certain
phases are also recorded. The specimen for TEM observation is
prepared by ion milling after mechanical polishing to the
thickness of 90-120 lm. The volume fraction of the residual
second phases is calculated using the Image-PropPlus 6.0
software on the basis of the optical images, which is bigger than
the counterpart according to the SEM images. The overall
phase constitutions of these alloys are analyzed by a D5000
x-ray diffraction instrument with Cu Ka and at a scanning rate
of 0.01�/s. The heating curve of the as-cast alloy is recorded by
a METZSCH differential scanning calorimeter (DSC)/differen-
tial thermal analysis (DTA) 404PC instrument at a scanning rate
of 10 K/min. Microhardness testing is conducted on a MHV-
2000 microhardness instrument with the load of 0.98 N and a
holding time of 15 s. The as-cast plate and the alloy that
experiences the different solution treatments are machined into
flat tensile specimens with a gage section of 159 49 2 mm3.
The tensile tests are performed on an Instron3369 tensile testing
machine with an initial strain rate of 1.1910�3 s�1 at room
temperature. The ultimate tensile strength (UTS), the yield
tensile strength (YTS), and the elongation to rupture (Er) are
averaged over three specimens.

3. Results

3.1 As-Cast Alloy

The XRD pattern of the as-cast Mg-4.5Zn-4.5Sn-2Al-0.6Sr
alloy is shown in Fig. 1. It can be clearly seen that the as-cast
alloy consists of five phases, i.e., a-Mg, Mg2Sn, Mg51Zn20,
Mg32(Al, Zn)49, and MgSnSr. However, the diffraction peaks
corresponding to the MgSnSr phase are relatively weak,
indicating that its content is rather low.

The SEM image of the as-cast alloy is shown in Fig. 2.
Obviously, it exhibits a typical dendrite structure and is
characteristic of divorced eutectics. A majority of divorced
eutectics are isolated by scattered along grain boundaries in
the granular form and a minority are in the bone-like. Our
previous work shows that the Mg2Sn, Mg51Zn20, and
Mg32(Al, Zn)49 phases are formed mainly along grain
boundaries, whereas the MgSnSr phase is possibly formed
within grains (Ref 14).

The heating curve of the as-cast alloy recorded from ambient
temperature to 540 �C is shown in Fig. 3. Three endo-thermal
peaks are detected. The endo-thermal peak around 344 �C
corresponds to the melting of the non-equilibrium eutectic.
According to Ghosh et al. (Ref 15), a ternary eutectic
transformation i.e., L fi a-Mg + Mg51Zn20 + Mg2Sn can
occur at 342.3 �C when the composition of the liquid phase
approaches to 71.32 at.%Mg, 0.25 at.%Sn, and 28.43 at.%Zn
in the Mg-Zn-Sn system. This ternary reaction occurs in the
Mg-4.5Zn-4.5Sn-2Al-based alloy due to the relatively higher
Zn content, and the Mg51Zn20 phase is formed since water-
cooling steel mold casting is typical of the non-equilibrium

Fig. 1 The XRD patterns of the as-studied alloy in different states

Fig. 2 The SEM image of the as-cast alloy
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solidification. According to Harosh et al. (Ref 3), the DSC
heating curve of the as-cast Mg-5.6%Sn-4.4%Zn-2.1%Al alloy
is characteristic of three endo-thermal peaks, corresponding to
the melting temperature of each phase, i.e., 348 �C for the
eutectic reaction, 563 �C of Mg2Sn, and 615 �C of the liquidus
temperature. In combination with the XRD analysis, the endo-
thermal peaks around 469 and 529 �C are possibly correspond-
ing to the melting of the Mg2Sn phase and the MgSnSr phase,
respectively, which is uncertain at present and needs further
confirmation in the future.

3.2 Solution-Treated Alloy

The intermetallics in the as-cast alloy have different melting
points. Conventional single solution treatment is associated
with the incomplete dissolution of most intermetallics or
remelting. To achieve complete dissolution of the intermetallics
and avoid remelting, the three-step solution treatment is
adopted. The first step of 310 �C9 4 h is aimed at dissolving
the non-equilibrium eutectics with the low melting point, the
second step of 340 �C9 28 h is aimed at dissolving the
Mg51Zn20 and the Mg32(Al, Zn)49 phases, while the third step
of the high-temperature solution treatment is aimed at dissolv-
ing the Mg2Sn and the MgSnSr phases. The mechanical
properties of the as-cast and the solution-treated alloys are
offered in Table 1.

3.2.1 Microstructure Evolution and Mechanical Prop-
erty Change During 310 �C3 4 h + 340 �C3 28 h
+420 �C3 (0-6) h Solution Treatment. The OM images of
the as-solutionized Mg-4.5Zn-4.5Sn-2Al-0.6Sr alloys that
experience different solution treatments are shown in Fig. 4. As
seen from Fig. 4(a), most of the grain-boundary compounds are
dissolved in the a-Mg matrix and only a small quantity is still
existent in the alloy that experiences a solution heat treatment of
310 �C9 4 h + 340 �C9 28 h. As indicated in Fig. 1(b), the
diffraction peaks corresponding to theMg51Zn20 and theMg32(Al,
Zn)49 phases are weakened in comparison with the as-cast alloy,
indicating that the eutectics with low melting points are dissolved
after the solution treatment of 310 �C9 4 h + 340 �C9 28 h. As
seen from Fig. 4(b), a small amount of the intermetallics is
residual in the alloy that experiences a solution heat treatment of
310 �C9 4 h + 340 �C9 28 h+420 �C9 2 h.A small portion is
distributed along grain boundaries, while a relatively large portion
is scattered within grains. As indicated in Fig. 1(c), the diffraction
peaks corresponding to Mg2Sn and MgSnSr are weakened in
comparison with the alloy that experiences a solution heat
treatment of 310 �C9 4 h + 340 �C9 28 h, indicating that both
Mg2Sn and MgSnSr are partially dissolved after the third step
high-temperature solution treatment of 420 �C9 2 h. As seen
fromFig. 4(c), almost all the intermetallics along grain boundaries
are dissolved and a small portion of the intermetallicswithin grains
is residual in the alloy that experiences a solution heat treatment of
310 �C9 4 h + 340 �C9 28 h +420 �C9 4 h. As seen from
Fig. 4(d), all the intermetallics along grain boundaries are
dissolved, a small amount of the fine dot-like second phase is
residual within grains and an obvious grain growth is existent in
the alloy that experiences a solution heat treatment of 310 �C9
4 h + 340 �C9 28 h +420 �C96 h. As indicated above, the
intermetallics along grain boundaries become finer with the
increasing solution time, while those within grains become
granular and rounder.

The average grain size, the volume fraction of the residual
second phases, the microhardness change, and the typical
tensile curves versus the solution time are shown in Fig. 5. As
seen from Fig. 5(a), the average grain size is almost constant
with the solution time from 0 to 4 h at 420 �C, while it
increases abruptly with the solution time of 6 h. The latter is
about 86% larger than that of the two-step solution-treated
alloy. In this sense, a prolonged solution time at 420 �C is not
desirable. As seen from Fig. 5(b), the volume fraction of the
residual second phases decreases sharply and the microhard-
ness descends slightly with the increasing solution time from
0 to 4 h at 420 �C. In comparison with the two-step solutionFig. 3 The DSC heating curve of the as-cast alloy

Table 1 Mechanical properties of the as-cast and the solution-treated alloys

Alloy state

Mechanical properties

UTS/MPa YTS/MPa Er/% HV0.1

As-cast 213 144 9.6 ÆÆÆ
310 �C9 4 h + 340 �C9 28 h 206 137 11.2 63
310 �C9 4 h + 340 �C9 28 h + 420 �C9 2 h 210 140 12.1 62
310 �C9 4 h + 340 �C9 28 h + 420 �C9 4 h 216 142 11.7 62
310 �C9 4 h + 340 �C9 28 h + 420 �C9 6 h 202 131 10.2 60
310 �C9 4 h + 340 �C9 28 h + 440 �C9 2 h 218 145 11.3 65
310 �C9 4 h + 340 �C9 28 h + 460 �C9 2 h 238 150 12 65
310 �C9 4 h + 340 �C9 28 h + 460 �C9 4 h 203 131 9.3 60
310 �C9 4 h + 340 �C9 28 h + 480 �C9 2 h 172 117 7.1 61
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Fig. 4 The OM images of the solution-treated alloys with the different solution times

Fig. 5 The average grain size (a), the volume fraction of residual second phases (b), the microhardness change (c) and the typical tensile
curves (d) versus the solution time
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Fig. 6 The OM images of the solution-treated alloys with the different solution temperatures

Fig. 7 The average grain size (a), the volume fraction of residual second phases (b), the microhardness change (c) and the typical tensile
curves (d) versus the solution temperature
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treatment, the volume fraction of the residual second phases in the
alloy that experiences a solution heat treatment of 310 �C9
4 h + 340 �C9 28 h +420 �C9 2 h decreases from 5.61 to
2.9%, indicating that a high-temperature solution treatment at
420 �C is beneficial to the dissolution of the Mg2Sn phase. A
prolonged solution time at 420 �Cbrings about a slowdecrease in
the volume fraction of the residual second phases and the finer
spheroidized second phase particles. Almost all the Mg51Zn20,
the Mg32(Al, Zn)49 phases, and portion of the Mg2Sn phase are
dissolved and the enhanced solution strengthening of Zn, Sn, and
Al atoms in the alloy is offset by the weakened second phase
dispersion strengthening, resulting in the relatively constant
microhardness of the solution-treated alloy. As seen from
Fig. 5(c), with the increase of solution time from 4 h to 6 h at
420 �C, themicrohardness decreases. As seen fromFig. 5(d) and
Table 1, the UTS, the YTS, and the Er values increase with the
increase of solution time at first and then decrease with the
solution time from 4 to 6 h at 420 �C. The former is possibly
related to the enhanced solution strengthening, while the latter is
possibly related to the severe grain coarsening. The alloy that
experiences a solution heat treatment of 310 �C9 4 h +
340 �C9 28 h +420 �C9 4 h exhibits the best combined
mechanical properties among the alloys solution treated at
420 �C, with the UTS of 216 MPa and the Er of 11.7%.
Therefore, it is not desirable to improve the solutionizing effect
by a prolonged solution time for the as-studied alloy.

3.2.2 Microstructure Evolution and Mechanical Prop-
erty Change During 310 �C3 4 h + 340 �C3 28 h + (420-
460) �C3 2 h Solution Treatment. The OM images of the
as-solutionized Mg-4.5Zn-4.5Sn-2Al-0.6Sr alloys that experi-
ence different solution treatments are shown in Fig. 6. As seen
from Fig. 6(a), a small amount of the intermetallics is residual
in the alloy that experiences a solution heat treatment of
310 �C9 4 h + 340 �C9 28 h +420 �C9 2 h. A small portion
is distributed along grain boundaries, while a relatively large
portion is scattered within grains. As indicated in Fig. 1(c),
both Mg2Sn and MgSnSr are partially dissolved after the third
step high-temperature solution treatment of 420 �C9 2 h. As
seen from Fig. 6(b), almost all the intermetallics along grain
boundaries are dissolved and a small portion of the interme-
tallics within grains is residual in the alloy that experiences
a solution heat treatment of 310 �C9 4 h + 340 �C9
28 h + 440 �C9 2 h. The intermetallics along grain bound-
aries are granular and become finer, while those within grains
become rounder. As seen from Fig. 6(c), almost all the interme-

tallics along grain boundaries are dissolved and only a minor
portion of the intermetallics within grains is residual in the alloy
that experiences a solution heat treatment of 310 �C9 4 h +
340 �C9 28 h + 460 �C9 2 h. As indicated in Fig. 1(d), the
solution-treated alloy consists of three phases, i.e.,a-Mg,Mg2Sn,
and MgSnSr. The diffraction peaks corresponding to the Mg2Sn
phase and the MgSnSr phase are relatively weak, indicating that
their contents are rather low. Obviously, all the Mg51Zn20, the
Mg32(Al, Zn)49 phases, and most of the Mg2Sn phase are
dissolved into the matrix. The residual intermetallics within
grains are likely to be theMgSnSr phase or the mixture ofMg2Sn
and MgSnSr, which is reported in the literature (Ref 14) and is
confirmed by the subsequent elemental mapping, EDS, and TEM
analysis. As seen fromFig. 6(d), an obvious grain growth and the
grain-boundary remelting are existent in the alloy that experi-
ences a solution heat treatment of 310 �C9 4 h + 340 �C9 28
h + 480 �C9 2 h, indicating that 480 �C is too higher. As
indicated above, the intermetallics along grain boundaries
become granular with an increasing solution temperature, while
those within grains become fine dot-like.

The average grain size, the volume fraction of the residual
second phases, the microhardness change, and the typical tensile
curves versus the solution temperature are shownFig. 7.With the
increase of solution temperature from 420 to 460 �C for 2 h, the
average grain size and theEr value is almost constant, the volume
fraction of the residual second phases decreases, and the
microhardness, the UTS, and the YTS values increase. Almost
all the Mg51Zn20, the Mg32(Al, Zn)49 phases,and portion of the
Mg2Sn phase are dissolved, and the effects of solution strength-
ening of Zn, Sn, and Al atoms in the alloy increase, resulting in
the gradual increase in the microhardness, the UTS, and the YTS
of the solution-treated alloy. With the increase of solution
temperature from 460 to 480 �C for 2 h, the average grain size
increases sharply, the volume fraction of the residual second
phases decreases obviously, and the microhardness, the UTS, the
YTS, and the Er values descend quickly. Almost all the
Mg51Zn20, the Mg32(Al, Zn)49, and the Mg2Sn phases are
dissolved, and the enhanced solution strengthening ofZn, Sn, and
Al atoms in the alloy is offset and even overtaken by the
weakened second phase dispersion strengthening and grain
coarsening, resulting in the evident decrease of the microhard-
ness and the tensile strength of the solution-treated alloy.
Therefore, the high-temperature solution section in the three-
step solution heat treatments should be limited below 480 �C.
The alloy that experiences a solution heat treatment of

Fig. 8 The OM images of the solution-treated alloys
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310 �C9 4 h + 340 �C9 28 h + 460 �C9 2 h exhibits the
best combined mechanical properties among all the as-studied
alloys, with the UTS of 238 MPa and the Er of 12%, which are
higher than that of 310 �C9 4 h + 340 �C9 28 h +420 �C9
4 h. In this sense, the solutionizing effect of 310 �C9 4 h +
340 �C9 28 h +460 �C9 2 h is much better than that of
310 �C9 4 h + 340 �C9 28 h +420 �C9 4 h. Obviously, the
higher solution temperature is beneficial to the dissolution of the
high-melting point phases i.e., Mg2Sn and MgSnSr.

3.3 Determination of the Optimal Solution Treatment
Conditions

The OM images of the as-solutionized Mg-4.5Zn-4.5Sn-
2Al-0.6Sr alloys that experience a solution heat treatment of

310 �C9 4 h + 340 �C9 28 h followed by a high-temperature
solution treatment at 460 �C are shown in Fig. 8. As seen from
Fig. 8(a), all the Mg51Zn20, the Mg32(Al, Zn)49 phases, and
most of the Mg2Sn phase are dissolved into the matrix, while
the MgSnSr phase and a minority of the Mg2Sn phase are not
dissolved after the solution heat treatment 310 �C9 4 h +
340 �C9 28 h + 460 �C9 2 h. As seen from Fig. 8(b), the
alloy that experiences a solution heat treatment of 310 �C9
4 h + 340 �C9 28 h + 460 �C9 4 h exhibits the same micro-
structural features as that of 310 �C9 4 h + 340 �C9 28
h + 420 �C9 6 h. An obvious grain growth is existent and
its average grain size is up to 150 lm. The UTS and the Er of
the alloy that experiences a solution heat treatment of
310 �C9 4 h + 340 �C9 28 h + 460 �C9 4 h are 203 MPa

Fig. 9 The elemental mapping of the alloy solution treated at 310 �C9 4 h + 340 �C9 28 h + 460 �C9 2 h
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and 9.3%, respectively, which are much lower than the alloy
that experiences a solution heat treatment of 310 �C9 4 h +
340 �C9 28 h + 460 �C9 2 h. Therefore, the high-tempera-
ture solution section at 460 �C should be limited below 4 h. On
the basis of the data mentioned above, the optimal solution
treatment for the Mg-4.5Zn-4.5Sn-2Al-0.6Sr alloy is 310 �C9
4 h + 340 �C9 28 h + 460 �C9 2 h since the dissolution of
most intermetallics and no obvious grain growth are involved.

As seen from Fig. 1(d), the alloy that experiences a solution
heat treatment 310 �C9 4 h + 340 �C9 28 h + 460 �C9 2 h

consists of three phases, i.e., a-Mg, Mg2Sn, and MgSnSr.
Almost all the Mg51Zn20, the Mg32(Al, Zn)49 phases, and most
of the Mg2Sn phase are dissolved into the matrix. The
elemental mapping and the SEM images of the alloy solution
treated at 310 �C9 4 h + 340 �C9 28 h + 460 �C9 2 h are
shown in Fig. 9 and 10, respectively. As seen from Fig. 9, the
residual intermetallics within grains in the solution-treated alloy
are rich in Mg, Sn, and Sr, indicating that the MgSnSr phase
and a minority of the Mg2Sn phase are not dissolved. To clarify
the residual intermetallics, the further SEM examination and the

Position

Chemical compositions (at%)

Zn Al Sn Sr Mg

A 2.2 0.8 27.2 4.4 65.4

B 1.5 0.4 19.2 1.8 77.1

C 2.1 1.3 17.6 1.3 77.7

Position A

Position B Position C

Fig. 10 The SEM image and the EDS analysis of the certain intermetallics in the alloy solution treated at 310 �C9 4 h + 340 �C9

28 h + 460 �C9 2 h
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TEM study are conducted. As seen from Fig. 10, the residual
intermetallics are rich in Sn and contain a certain amount of Sr,
indicating they are the Mg2Sn phase dissolved with Sr or the
mixture of Mg2Sn and MgSnSr. Moreover, the intermetallics
within the grains have a higher Sr content than those along
grain boundaries. The former is likely to be the mixture of
Mg2Sn and MgSnSr, while the latter is possibly to be the
Mg2Sn phase dissolved with Sr. It is confirmed by the
successive TEM analysis.

As shown in Fig. 11(a-d), the bone-like particles with the
size of 3-5 lm are detected, with the atomic ratios of Mg to
Sn around 1.3 and containing a little Sr (0.3-0.5 wt.%). As
seen form Fig. 11(e) and (f), the bone-like phase is confirmed
to be the Mg2Sn phase with a little Sr. As shown in Fig. 12,
the large spheroid phase with the size of about 3 lm is
detected, containing a relatively high Sr element up to
9.9 wt.% and with the atomic ratio of Mg to Sn about 1.25.
Its Sr content is much higher than the bone-like phase.
According to the literature (Ref 16), no Mg-Sn-Sr ternary

phase diagram is reported and the Mg2Sn phase shows no
solubility with other elements in the Mg-Al-Ca-Mn-Sn-Sr
alloy system. From this, it is speculated that the large spheroid
phase is likely to be the MgSnSr phase or the mixture of
Mg2Sn and MgSnSr. To further confirm this, the SAED
pattern of this phase is shown in Fig. 12(c) and the MgSnSr
phase is determined. The UTS and the Er of the as-solution-
ized alloy are 238 MPa and 12%, respectively, while those of
the as-cast alloy are 213 MPa and 9.6%, respectively.

4. Discussion

Solution heat treatment (T4) causes the dissolution of the
second phases in the Mg-Zn-Sn alloys and aims at obtaining the
a-Mg supersaturated solid solution for successive aging. Opti-
mization of T4 treatment parameters is of great significance
especially for the alloy system involvedwith two ormore kinds of

Fig. 11 The TEM images of the bone-like phase after solution treatment (a, b), the corresponding EDS results (c, d) and the SAED patterns (e, f)
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the second phases, which show great differences in the melting
point. Complete dissolution of the second phases into the matrix
as possible and no obvious grain growth are the two prerequisites.
Therefore, the heat treatment temperature should be high enough
to enhance the kinetics of phase transformation, but low enough

to prevent or slow down the grain growth.Moreover, a prolonged
solution time is also beneficial to atomic diffusion and thus
promotes the dissolution of the second phases.

As far as the as-cast Mg-4.5Zn-4.5Sn-2Al-0.6Sr alloy is
concerned, four kinds of the intermetallic phases i.e.,
Mg51Zn20, Mg32(Al, Zn)49, Mg2Sn, and MgSnSr are involved.
Their melting points are 347, 535, and 770 �C, respectively,
except for MgSnSr. As mentioned above, the morphologies of
the second phases can be modified during the solution heat
treatment. After the two-step solution heat treatment
(310 �C9 4 h + 340 �C9 28 h), the continuous network-like
Mg51Zn20, Mg32(Al, Zn)49 phases are broken into the discon-
nected and then are completely dissolved. With the prolonged
solution time and the increasing temperature, the bone-like
Mg2Sn phase is fragmentized into the island-like and some
particles are spheroidized, while the compounds with a
relatively high Sr element are still remained.

Accompanied with the slow dissolution of Mg2Sn at grain
boundaries, the second phases decrease and their restriction
effect on grain-boundary migration gradually vanishes during
solution treatment at the relatively low temperature. Therefore,
severe grain coarsening occurs with a prolonged solution time
up to 6 h at 420 �C. The higher solution treatment temperature
is beneficial to atomic diffusion along both grain boundaries
and phase interfaces due to the relatively high vacancy
concentration and thus the faster dissolution of Mg2Sn into
the matrix is achieved. No obvious grain-boundary migration
occurs since the solution time is relatively short, and thus, the
grain size is constant even after the high-temperature short-time
solution treatment of 460 �C9 2 h. On the other hand, the
diffusion constants of Zn, Al, and Sn in Mg are 4.1910�1,
1.539 10�1, and 4.27 m2/s, respectively, while their activation
energies of diffusion are 120, 125, and 150 KJ/mol respectively
(Ref 17). Obviously, the diffusion coefficient of Sn in Mg is
rather low and the dissolution of the Sn-containing phases is
relatively difficult. However, the temperature rise brings about
an obvious increase in the diffusion coefficient of Sn in Mg
since its activation energy of diffusion is much higher than that
of Zn in Mg. The diffusion coefficients of Sn in Mg at 340, 420,
and 480 �C are about 7.289 10�13, 1.629 10�11, and
1.689 10�10 m2/s, respectively. Hence, the volume fraction
of the residual second phase decreases obviously with the
increase of solution temperature from 420 to 480 �C for 2 h.

As shown in Fig. 12, the large spheroid phase is the residual
MgSnSr phase in the alloy that experiences the solution
treatment of 310 �C9 4 h + 340 �C9 28 h + 460 �C9 2 h. It
has been reported that the appearance of the relatively high Sr
content in the compound containing Mg and Sn may lead to the
formation of the MgSnSr phase (Ref 14, 18). The dissolution of
MgSnSr in the matrix is rather slow since the volume diffusion
of Sn and Sr in Mg is involved. Moreover, the MgSnSr phase
has a relatively high melting point and thus exhibits a relatively
high thermal stability. Therefore, complete dissolution of
MgSnSr in the matrix through the three-step solution heat
treatment is rather difficult.

However, the UTS and the Er of the alloy solution treated at
310 �C9 4 h + 340 �C9 28 h + 460 �C9 2 h are 238 MPa
and 12%, respectively, which are 25 MPa and 2.4% higher than
the as-cast alloy, respectively. The alloy solution treated at
310 �C9 4 h + 340 �C9 28 h + 460 �C9 2 h exhibits an
improved combination of strength and ductility, which is
associated with a fine grain size and the relatively uniform
distribution of the residual second phases. It is reported that the

Fig. 12 The TEM image of the large spheroid thermal stable phase
after solution treatment (a), the corresponding EDS result (b) and the
SAED pattern (c)
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Tx treatment offers an improved combination of strength and
ductility for the AZ91D alloy (Ref 19). Tx is carried out at an
intermediate temperature close to the solvus (370 �C) for a much
shorter length of time, causing partial dissolution of the non-
equilibriumb phase, breaking up theb network and thus resulting
in a composite structure. The comparative study on mechanical
properties of the aged state is being taken. Maybe, it can also
provide a new heat treatment schedule to achieve an optimal
combination of mechanical properties in the Mg-Zn-Sn alloys.

5. Conclusions

(1) The intermetallics along grain boundaries become finer
with an increasing solution time from 0 to 6 h during
the solution section of 420 �C, while those within grains
become granular and rounder. A prolonged solution time
is not desirable for the as-studied alloy.

(2) The intermetallics along grain boundaries become granu-
lar with an increasing solution temperature from 420 to
480 �C during the isochronic solution heat treatment of
2 h, while those within grains become fine dot-like. A
higher solution temperature is beneficial to the dissolu-
tion of the high-melting point phases, i.e., Mg2Sn and
MgSnSr.

(3) The optimal solid solution condition for the Mg-4.5Zn-
4.5Sn-2Al-0.6Sr alloy is 310 �C9 4 h + 340 �C9 28
h + 460 �C9 2 h since the dissolution of most interme-
tallics and no obvious grain growth are involved, and
the alloy exhibits the highest strength and the best plas-
ticity among all the solution-treated alloys. The UTS
and the elongation to rupture of the solution-treated
alloy are 238 MPa and 12%, respectively, about 25 MPa
and 2.4% higher than the as-cast alloy respectively.

(4) The residual second phases after the optimal solution
treatment are confirmed to be the Mg2Sn phase and the
MgSnSr phase with a relatively high thermal stability
and exhibit a relatively uniform distribution in the
matrix, contributing to the improved combination of
strength and ductility.
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