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a b s t r a c t

The effects of heat treatment on the microstructure and mechanical properties of a ZW21 magnesium
alloy are investigated. The results indicate that the interdendritic eutectic W phase with discontinuous
laths and large-sized pools in the as-cast ZW21 alloy is harmful to its mechanical properties. But heat
treatment including solution and subsequent aging can change the amount, size, morphology and distri-
bution of the W phase, and thus can improve the mechanical properties. The treatment technique of solu-
tion at 525 �C for 4 h and subsequent aging at 250 �C for 24 h is appropriate for this alloy and can increase
the ultimate tensile strength, elongation and hardness from 205 MPa, 18.25% and 50 HV of the as-cast
alloy to 243 MPa, 23.75% and 68.7 HV, respectively. The fracture regimes such as quasi-cleavage or cleav-
age and the proportion of grain debonding in crack propagation also change with the treatment param-
eters. All of these changes are attributed to the variation of deformation harmony resulted from
composition homogenization, grain growth and MgSnCa particle coarsening, or/and grain bonding
strength determined by the distribution of W phase.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

As the lightest metallic structural materials, magnesium alloys
have great application potential in the fields of automobile and
aerospace [1]. Unfortunately, the mechanical properties of the
commonly used magnesium alloys are relatively low and cannot
match the requirements in many application conditions. However,
it has been reported that wrought Mg–Zn–Y alloys exhibit signifi-
cantly improved mechanical properties at room temperature as
well as at elevated temperatures [2]. A Mg97Y2Zn1 (in mol%) alloy
produced by rapid solidified powder metallurgy exhibits a yield
stress of more than 610 MPa and elongation of 5% at room temper-
ature and a yield strength more than 380 MPa at 200 �C [3]. As-cast
monolithic Mg–Zn–Y alloys have yield stress from 180 to 480 MPa
at room temperature, depending on their compositions [4]. So Mg–
Zn–Y system is an ideal candidate for developing new magnesium
alloys with high performance.

The authors have developed a new Mg–Zn–Y alloy named ZW21
through orthogonal experiment method [5]. It has the ultimate
tensile strength of 205 MPa and elongation of 18.25%. The total
content of high-cost RE elements is only 1.5% (1% Y and 0.5% Nd)
and the Zn concentration is about 2%. So this alloy has higher
mechanical properties, lower cost and lighter weight compared
with the other commonly-used congeneric alloys. Nd has similar
ll rights reserved.
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roles to Y in Mg–Zn–Zr alloys and can partially replace Y in ternary
Mg–Zn–Y phases [6,7]. This alloy also contains 0.5% Sn, 0.3% Zr and
0.05% Ca. The element of Sn does not only improve the castability
of magnesium alloys, but also more importantly can form Mg2Sn
precipitates during solution-aging treatment to enhance mechani-
cal properties [8]. Zr element is used as a grain refiner in Mg–Zn
alloys and exists in pure Zr particles that can act as the nucleation
substrates of a-Mg [9]. Ca has significant grain refinement besides
reducing the oxidation of magnesium alloy melts, especially, 0.2%
Ca has good effect on improving UTS and yield strength of Mg–
Zn–RE alloys [10,11]. The Sn-, Zr- and Ca-riched phases are quite
limited because the concentrations of these three elements are
very low. So the main phase should be the Mg–Zn–Y (Nd) phase
in the ZW21 alloy [5].

In general, there are three kinds of ternary equilibrium phases
in the Mg–Zn–Y system alloys, i.e. I phase (Mg3Zn6Y, icosahedral
quasicrystal structure, quasi-periodically ordered), W phase (Mg3-

Zn3Y2, cubic structure) and Z or X phase (Mg12ZnY) [3]. The I or Z
phase is closely bonded with the Mg matrix and can effectively
retard the basal slip, thereby strengthens the alloy greatly
[2–4,12–17]. But the W phase is easy to crack during tensile testing
and the interfaces of W phase with Mg matrix are not coherent
because of the limited symmetry of these phases, and thus the W
phase containing alloys have relatively low mechanical properties
[4,18–22]. However, also some investigations indicate that the W
phase is beneficial for improving mechanical properties: the W
phase can increase the ductility [4]; when the volume fraction of
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W phase is between 11.2% and 17.5%, the alloys have superior
strength due to the strong bonding interface between W phase
and Mg matrix [23]; the alloys containing W + Z phases always ex-
hibit higher comprehensive mechanical properties than those con-
taining unique I or Z phase [19,20]. That is to say there is a dispute
for the effects of W phase on the mechanical properties. The
authors’ previous investigation indicated that the ZW21 alloy only
had one Mg–Zn–Y(Nd) phase, the W phase (Mg3Zn3(Y, Nd)2) [5].
Then a problem arises that what a role the W phase plays in the
ZW21 alloy.

In addition, the heat treatment behaviors of Mg–Zn–Y alloys,
especially the effects of heat treatment on microstructure and
Fig. 1. Microstructures of the ZW21 alloys solutionized for 12 h at different temperatu
mechanical properties, are not clear. Most of the existing investiga-
tions on this aspect only involve the effects of a given treating
parameter on the microstructures and mechanical properties of
the as-cast and deformed (rolled or extruded) alloys [2,14,24,25].
The detailed effects of each of parameters such as the solution tem-
perature and time prior to deformation and annealing temperature
and time after deformation are not systematically studied. Only
two papers have involved the effects of annealing time at given
temperatures after deformation of a I-phase and a W-phase con-
taining magnesium alloys respectively [16,17]. The investigation
on the heat treatment behaviors of as-cast alloys has not been
found.
res. (a) and (b) room temperature (as-cast), (c) 505 �C, (d) 525 �C and (e) 545 �C.



Fig. 2. XRD diffractograms of the ZW21 alloy heated for 12 h at different
temperatures.

Fig. 3. DTA curve of the ZW21 alloy solutionized for 4 h at 525 �C.

Fig. 4. Variations of mechanical properties of the ZW21 alloy with solution
temperature.
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So it can be concluded that the effects of W phase on the micro-
structures and mechanical properties of Mg–Zn–Y alloys and their
heat treatment behaviors are still unclear. More particularly, all of
these problems have not involved for the ZW21 alloy. To verify
these problems, the ZW21 alloy was solutionized at different tem-
peratures for 12 h and at 525 �C for different times to study the ef-
fects of solution temperature and solution time respectively. The
alloy solutionized at 525 �C for 4 h was subsequently aged at
250 �C for different durations to study the effect of aging time.
The corresponding microstructures and fracture regimes during
tensile testing were detailedly investigated.

2. Experimental procedure

The composition of the ZW21 alloy is Mg–2Zn–1Y–0.5Nd–0.5Sn–0.3Zr–0.05Ca.
The alloy was prepared using Mg, Zn, Sn and Ca pure metals, and Mg–30Zr, Mg–30Y
and Mg–30Nd master alloys. During melting, JDMJ refine agent and a special cover-
ing agent for Mg–RE alloys were employed. The prepared melts were finally poured
into a permanent mold with a cavity of U16 mm � 110 mm at 710–720 �C. To verify
the effect of solution temperature on the alloy’s microstructure and mechanical
properties, some of the rods were solutionized for 12 h at 505 �C, 525 �C and
545 �C respectively. The other rods were solutionized at 525 �C for different times
ranging of 0.5–72 h to examine the effect of solution time. The rods solutionized
for 4 h were aged at 250 �C for different times ranging of 2–72 h to investigate
the age behavior of the alloy. All of the heat treated rods were water-quenched
and then machined into tensile bars with a gauge of 40 mm and a diameter of
8 mm. The water temperature for quenching was the room temperature (about
25 �C). All of the tensile bars were cut from the center sections of the rods. The ten-
sile test was carried out on a universal testing machine at a strain rate of
1.67 � 10�3 s�1. The average of at least three tests was taken as the final mechanical
properties for each alloy.

Metallographic specimens were cut from the as-cast and heat treated rods, and
finished and polished by standard metallographic technique. The as-cast and aged
specimens were etched by an aqueous solution containing picric acid, acetic acid
and ethanol. The solutionized specimens were etched by an aqueous solution con-
taining nitric acid. Then they were observed by an optical microscope (OM) and a
scanning electron microscope (SEM). The phase constituents of the alloys were
examined by an X-ray diffractometer (XRD) and the compositions of some phases
were analyzed by an energy disperse spectroscopy (EDS). Some specific alloys were
examined by a differential thermal analyzer (DTA) in a heating rate of 10 �C min�1.
The fracture surfaces and their side-views were also observed on the SEM and OM
respectively.

3. Results and discussion

3.1. Effects of solution temperature

As shown by Fig. 1a, the as-cast microstructure of the ZW21 al-
loy is composed of small equiaxed dendrites (the grain size is about
50 lm) and the net-like interdendritic eutectic structures (Fig. 1a).
The distribution of eutectic W is not continuous and it exists in dis-
continuous laths in the thin regions between the dendrites and in
pools in the triangle regions (Fig. 1b). After being solutionized at
505 �C for 12 h, the interdendritic net-like eutectic structures are
still visible (Fig. 1c), which implies that a quite large amount of
W phase does not dissolve. This is consistent with the result of
XRD, the peaks of W phase can be detected (Fig. 2). As the temper-
ature is elevated to 525 �C or above, the net-like structures disap-
pear and only some particles sporadically distribute at the grain
boundaries (Fig. 1d and e). But the XRD result indicates that there
is no W phase at these temperatures (Fig. 2). This implies that the
W phase has basically completely decomposed. The DTA result of
the alloy heated at 525 �C for 4 h shows that there is only one
endothermic peak corresponding to the melting of a-Mg (Fig. 3).
So these particles should be other one or more phases with high
thermal stability. However, the XRD does not verify them probably
due to their minor amount. In addition, it can be found that both
the grains and particles have obviously grown up when the tem-
perature is elevated from 525 �C to 545 �C, and some particles en-
ter into the coarsened grains due to the grain mergence
(comparing Fig. 1d and e).
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The investigation on Mg–Sn–Sr alloys indicates that the dissolu-
tion temperature of Mg2Sn phase is �406 �C [26]. The Mg2Sn phase
can completely dissolve into the a-Mg phase when a Mg–4Al–2Sn–
1Ca alloy is solutionized for 4 h at 520 �C [11] or Mg–5Sn–(0.3–
3.3Sr) alloys are heated for 24 h at 500 �C [26]. So it is reasonably
expected that the Mg2Sn phase in the as-studied ZW21 alloy
should have completely dissolved when the alloy is solutionized
for 12 h at 525 �C or 545 �C. The particles thereby are not the Mg2-

Sn phase. It is known that adding Ca or Sr into Mg–Sn alloys is a
promising way for developing creep-resistant magnesium alloys
because a new phase of MgSnCa or MgSnSr with good thermal sta-
bility can form [27]. The dissolution temperature of MgSnSr phase
is up to �555 �C and its particle size and morphology almost do not
change after the alloys are solutionized at 500 �C for 24 h [26]. For
the Mg–4Al–2Sn–1Ca, the MgSnCa particles can still be obviously
observed after the alloy is heated for 4 h at 520 �C [28]. The result
from electron probe microanalyzer indicates that MgSnCa phase
particles really exist in the interdendritic regions of the as-cast
ZW21 alloy and these particles do not contain other elements such
as Y, Nd and Zr [5]. In addition, the other secondary phases are not
found except the W, Mg2Sn, MgSnCa and pure Zr particles. The Zr
particles exist in the center of primary grains and their size is very
small [5]. So it can be proposed that the black particles in the
microstructures shown by Fig. 1d and e should be the MgSnCa
phase. Moreover, the MgSnCa particles will coarsen driving by
decreasing the MgSnCa/a-Mg interfacial energy as the temperature
rises, which can be demonstrated by comparing Fig. 1d and e.

Fig. 4 gives the variations of hardness, UTS and elongation of the
ZW21 alloy with the solution temperature. It shows that the three
properties all increase after the alloy is solutionized at 505 �C for
Fig. 5. Fractographs of the ZW21 alloys solutionized for 12 h at differe
12 h compared with those of the as-cast alloy. As the temperature
rises, the UTS and hardness further increase, but the elongation de-
creases. When the temperature exceeds 525 �C, the three proper-
ties all decrease. The alloy heated at 525 �C has the highest
comprehensive mechanical properties, the UTS of 223 MPa, elon-
gation of 21% and hardness of 50.6 HV. It should be noted that
the change range of the hardness is very small although it changes
with the solution temperature.

Most of the W phase in the as-cast ZW21 alloy distributes in the
form of laths at grain boundaries (Fig. 1b). The W phase with such
distribution and morphology is easy to crack during tensile testing
[4,17–22]. The solution treatment leads the W phase to dissolve
into the a-Mg phase and thus decrease the crack initiation sites.
Simultaneously, the solution strengthening is also enhanced due
to the dissolution of W phase. So the mechanical properties of
the alloy heated at 505 �C are improved. As the solution tempera-
ture rises, the amount of dissolved W phase increases and the solu-
tion strengthening is further enhanced, and thus both the UTS and
hardness continuously increase. But it is known that solution
strengthening always impair the deformability of an alloy. So the
elongation decreases as the temperature rises. In addition, the
UTS and hardness also decrease when the temperature exceeds
525 �C due to the grain growth.

Fig. 5 shows the fracture surface morphologies of the ZW21 alloys
solutionized at different temperatures. It reveals that there are quite
large numbers of cleavage facets besides many small-sized dimples
on the surface of the as-cast alloy (Fig. 5a), i.e., the fracture of the as-
cast alloy belongs to quasi-cleavage regime. Furthermore, lots of
deep cracks are also clearly observed (marked by arrows in
Fig. 5a). From the side-view of fracture surface shown by Fig. 6a, it
nt temperatures. (a) as-cast, (b) 505 �C, (c) 525 �C and (d) 545 �C.



Fig. 6. Microstructures taken near the fracture surfaces along longitudinal direction of the tensile bars of the ZW21 alloys solutionized for 12 h at different temperatures. (a)
as-cast, (b) 505 �C, (c) 525 �C and (d) 545 �C.
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can be found that the debonding sites of grain boundaries are quite
few (marked by A) and cracks more frequently propagate across the
grains (marked by arrows C). The sites produced by transgranular
fracture always appear in the form of straight lines (shown by ar-
rows C). These straight lines should correspond to the cleavage fac-
ets shown in Fig. 5a. In addition, as shown by arrows B in Fig. 6a,
there are lots of small cracks along the interdendritic structures,
which should correspond to the deep cracks in Fig. 5a. Together with
the results from the existing investigations [4,17–22], it can be pro-
posed that cracks initiate in the interdendritic W phase due to its
fragile characteristic, and then propagate frequently across the
grains. This means that the weak point of the alloy is not the inter-
face of W/a-Mg, but is the W phase itself. This standpoint is not con-
sistent to that from Xu’s early study, the W/a-Mg interfaces may
easily debond because of the incoherency bonding between them
[4], but is identical with that from his latter investigation, cracks
are seen in the coarse W phase and the debonding of W/a-Mg inter-
face is not observed [23]. Therefore, it can be proposed that the W
phase should be an ideal strengthening phase if it distributes in
small particles in the interdendritic regions of the as-cast alloy or
dispersively distributes in the grains of the deformed (such as rolled,
extruded or equal channel angular processed) alloy or heat treated
alloy. Zhang’s investigation on a W phase containing Mg–Zn–Y–Zr
alloy indicates that its tensile strength is significantly enhanced
after being extruded at a high temperature [29]. The reason is that
the as-cast W phase pockets are destroyed and fine, dispersive W
precipitates form during extrusion.
For the alloy solutionized at 505 �C, the fracture surface is
mainly occupied by large-sized cleavage facets and the proportion
of dimples is quite little (Fig. 5b), i.e., the fracture of this alloy be-
longs to cleavage regime. This is just consistent with the result
from Fig. 6b, the outline of the fracture surface side-view is basi-
cally composed of long straight lines. Grain debonding can be seen
occasionally (marked by A in Fig. 6b) and transgranular mechanism
absolutely dominates the fracture regime (marked by B). Similarly,
there are lots of deep cracks in the fracture surface (Fig. 5b) and
they also result from the local grain debonding (marked by C in
Fig. 6b). As shown by Fig. 1c, the interdendritic discontinuous
net-like eutectic structures are still visible in this state alloy. So
it can be expected that its fracture process is similar to that of
the as-cast alloy, cracks initiate in the residual W phase and devel-
op across the grains.

As the solution temperature is elevated to 525 �C, cleavage fac-
ets on the resulting fracture surface obviously become smaller and
dimple characteristics become more obvious compared with the
alloy heated at 505 �C (comparing Fig. 5c and b). The general mor-
phology is something like to that of the as-cast alloy (comparing
Fig. 5c and a). Namely, its fracture also belongs to quasi-cleavage
regime. Fig. 6c shows that only several small-sized sites are related
to grain debonding (marked by arrows) and the whole outline
almost results from transgranular fracture. By now it can be
concluded that the proportion of grain debonding decreases as
the temperature rises due to the dissolution of interdendritic W
phase. It is further demonstrated that the morphology and



Fig. 7. Microstructures of the ZW21 alloys solutionized at 525 �C for (a) and (b) 0.5 h, (c) and (d) 1 h, (e) and (f) 4 h, (g) and (h) 16 h.
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distribution of eutectic W phase in the as-cast alloy are harmful for
tensile properties because such W phase is easy to result in grain
debonding.

At the solution temperature of 545 �C, cleavage facets dominate
the fracture surface again and the surface is in a sugar crystal-like
morphology that is composed of polygonal particles (Fig. 5d). In
addition, there is always a deep crack between the neighboring
particles (marked by arrows). As it is expected, the outline of the
surface side-view is almost composed of long straight lines
(Fig. 6d), i.e., the alloy fractures in a cleavage form. The deep cracks
partially result from the local grain debonding (marked by C), but
most of them are the cuneated grooves originated from transgran-
ular fracture (marked by D). Fig. 6d also shows that the fracture be-
longs to transgranular regime (marked by B) and the proportion of
intergranular fracture is quite scarce (marked by A). Furthermore,
the grain boundaries perpendicular to the loading direction are
obviously wider than those in the other directions, which implies
that these boundaries possibly have debonded. But in fact, the
intergranular fracture only presents a small proportion. This indi-
cates that the grain bonding is quite strong and it is difficult to de-
bond in large area. Only local sites with small size occasionally
debond during tensile testing. For the as-cast alloy and the solu-
tionized alloy at 505 �C, the debonding is attributed to the W
phase, but for the alloy treated at 545 �C, the debonding may be as-
cribed to the coarsened interdendritic MgSnCa particles (Fig. 1e).
The latter will be discussed in elsewhere.

Based on the above discussion, it can be concluded that the
coarse interdendritic net-like W phase in the as-cast ZW21 alloy
is harmful to its tensile properties. Solution treatment can lead
the W phase to dissolve into the a-Mg matrix and thus a proper
solution treatment can improve the tensile properties. The UTS
continuously increases as the solution temperature rises due to
the decrease of the W phase amount and size. However, the elon-
gation is impaired because of the solution strengthening. When the
temperature exceeds 525 �C, the UTS also decreases due to the
coarsening of the primary grains and interdendritic MgSnCa parti-
cles. The bonding strength of W/a-Mg interfaces is quite strong
and the interface debonding rarely occurs. So cracks always initiate
from the W phase and may propagate along this phase. But the
fracture is dominated by transgranular regime, and the intergran-
ular fracture due to the prorogation of cracks along the W phase is
only in a small proportion. The proportion of intergranular fracture
further decreases as the solution temperature rises because the
Fig. 8. XRD diffractograms of the ZW21 alloys heated at 525 �C for different
durations.
amount and size of the residual W phase are decreased. The whole
fracture surface is completely characterized by transgranular re-
gime when the temperature is elevated to 525 �C. But as the tem-
perature is further elevated, the local intergranular fracture
appears again possibly due to the coarsened MgSnCa particles at
these sites. The fracture of the as-cast alloy belongs to quasi-cleav-
Fig. 9. (a) SEM micrograph of the ZW21 alloy solutionized at 525 �C for 1 h and (b)
EDS analysis of the precipitate particle marked by A in (a).

Fig. 10. Variations of mechanical properties of the ZW21 alloy with solution time.
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age regime and it changes to cleavage fracture after being solution-
ized at 505 �C due to solution strengthening. As the solution tem-
perature rises to 525 �C, the composition homogeneity is further
improved and the harmfulness from the W phase is eliminated be-
cause all of the W phase has completely dissolved, and thus the
deformation harmony is mended and the fracture mode again
turns into quasi-cleavage regime with obvious dimples. When
the temperature is elevated to 545 �C, the fracture mode then
changes back to complete cleavage because of the coarsening of
the primary grains and MgSnCa particles.

3.2. Effects of solution time

The interdendritic W phase has completely dissolved into the a-
Mg matrix and both the primary grains and MgSnCa particles have
not obviously coarsened after the ZW21 alloy is solutionized at
525 �C for 12 h. Especially, the resulting tensile properties are the
highest among the alloys heated at different temperatures. So the
temperature of 525 �C is a suitable solution temperature and in this
section, the temperature of 525 �C is employed to study the effects of
solution time on the microstructure and tensile properties.

Fig. 7 gives the microstructures of the alloys heated at 525 �C for
different durations. It shows that the microstructure of the alloy
heated for 0.5 h is similar to that of the alloy heated at 505 �C for
12 h, most of the W phase has dissolved and only some particle-
like structures are left (Fig. 7a and b). As the time is increased to
Fig. 11. Fractographs of the ZW21 alloys solu

Fig. 12. Microstructures taken near the fracture surfaces along the longitudinal directio
1 h, most of the particle-like structures disappear, but a flower-
shaped structure forms in each grain (Fig. 7c). The XRD result
shows that the alloy only has a given amount of W phase besides
the a-Mg (Fig. 8). But most of the original interdendritic W phase
has dissolved at this time. So it can be suggested that the flower-
shaped structures may be composed of W phase and this kind of
W phase should newly form during solution. The petals of the
flower-shaped structures are consisted of small particle (Fig. 9a)
and the particles are rich in Zn, Y and Nd elements (Fig. 9b). The
atomic ratio of RE/Zn is close to 2:3, which is just consistent with
the RE/Zn ratio of W phase. This more directly demonstrates that
the flower-shaped structures are composed of W phase. Figs. 7c
and 9a shows that the petals in a flower-shaped structure are sep-
arate each other and distribute in a radial direction from the grain
center. As shown by Fig. 1a, the microstructure of the as-cast ZW21
alloy is composed of small equiaxed dendrites and the dendrite
arms in a grain are separated by interdendritic eutectic structure
(Fig. 1a). Namely, the eutectic structures in the outline of a grain
are separated each other by the dendrite arms. In view of the mor-
phologies of the eutectic structures and the flower-shaped struc-
ture, it can be deduced that the sites where the petals distribute
should be the sites where the eutectic structures exist. During
solution treatment, the eutectic W phase decomposes and trans-
forms into a-Mg solid solution. The diffusion of Y and Nd atoms
in the a-Mg matrix is very slow due to their radii are much larger
than that of Mg atom [6,7]. So the eutectic W phase structures can-
tionized at 525 �C for (a) 1 h and (b) 4 h.

n of tensile bars of the ZW21 alloys solutionized at 525 �C for (a) 1 h and (b) 4 h.
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not completely transform into the a-Mg phase in a short time and
they may partially disintegrate into small-sized W particles. In
addition, the concentrations of Y and Nd in the primary a-Mg
phase surrounding the eutectic W phase must significantly in-
crease due to the partial dissolution of W phase. In some local sites,
the concentrations of these two elements possibly exceed their sat-
uration levels and thus some small W particles can precipitate
again. Driving by decreasing the interfacial energy of W /a-Mg,
the small-sized W particles then coarsen and agglomerate to form
the flower-shaped structures.

As the solution treatment is further continued, the W phase par-
ticles gradually dissolve due to composition homogenization and
Fig. 13. Microstructures of the solutionized (at 525 �C for 4 h) ZW21 alloys after
then the flower-shaped structures disappear (comparing Fig. 7c
and e or d and f). After being heated for 4 h, only some black par-
ticles distribute at the grain boundaries (Fig. 7e) and they cannot
dissolve during the subsequent solution (Fig. 7g and h). The XRD
result shows that the W phase has completely disappeared after
being solutionized for 4 h (Fig. 8). Therefore, similar to the effect
of solution temperature discussed in above section, the un-dis-
solved black particles should be MgSnCa particles. The MgSnCa
particles and a-Mg grains also coarsen during the subsequent solu-
tion (comparing Fig. 7e and g or f and h).

Fig. 10 gives the variations of mechanical properties with solu-
tion time. It can be seen that the UTS, elongation and hardness run
being aged at 250 �C for (a) 2 h, (b) 4 h, (c) 6 h, (d) 8 h, (e) 24 h and (f) 72 h.



Fig. 14. XRD diffractograms of the solutionized (at 525 �C for 4 h) ZW21 alloys after
being aged for different durations.

Fig. 15. DTA curve of the solutionized (at 525 �C for 4 h) ZW21 alloy after being
aged for 24 h at 250 �C.

Fig. 16. Variations of mechanical properties of the solutionized (at 525 �C for 4 h)
ZW21 alloy with aging time.
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in a same tendency with the time, they all increase with the time and
are up to their maximum values when heated for 4 h (the UTS, elon-
gation and hardness increase from 205 MPa, 18.25% and 50.59 HV of
the as-cast alloy to 223 MPa, 26.5% and 52.28 HV, respectively), and
then continuously decrease and finally tend to a steady state after
40 h. As discussed above, the interdendritic W phase gradually dis-
solves as the solution treatment proceeds and has completely disap-
peared when solutionized for 4 h. So its harmfulness to the
mechanical properties is reduced and solution strengthening is im-
proved, and thus the mechanical properties are enhanced and reach
the maximum values when the W phase disappears. As the solution
time is further prolonged, the main behavior is the coarsening of a-
Mg grains and MgSnCa particles, which results in the decline of the
mechanical properties. After the alloy experiences a period in which
the coarsening runs rapidly and the phase interfacial energy de-
creases to a small degree, it will enter into another period in which
the coarsening slowly runs. The results show that the microstruc-
ture does not obviously change after being heated for 40 h, which
should be the main reason that the mechanical properties basically
maintain constants after this time.

The fracture of the as-cast ZW21 alloy belongs to quasi-cleavage
regime and the fracture surface is composed of dimples and facets.
The dimples occupy the relatively large proportion of the surface
and the facet size is quite small. During the initial stage of solution
treatment, the eutectic W phase dissolves rapidly. But the composi-
tion of the a-Mg should be very heterogeneous, such as the forma-
tion of flower-shaped structures composed by W phase particles.
So it can be expected that the deformation harmony of the a-Mg
grains with such a composition distribution is very poor and they
frequently fracture in a cleavage regime with obvious fragile charac-
teristics. Consequently, many large cleavage facets with smooth sur-
face are formed (Fig. 11a). As shown by Fig. 12a, these facets are
originated from transgranular fracture (marked by A). In addition,
some W phase particles still exist between the grains (Fig. 7c). So
grain debonding can also be occasionally found and the debonding
areas are relatively large (marked by B in Fig. 12a). Also due to the
partial debonding (shown by C) and the grooves resulted from frag-
ile cleavage fracture (shown by D), there are many cracks on the frac-
ture surface (marked by arrows in Fig. 11a).

As the solution proceeds, the deformation harmony of the a-Mg
grains should be improved due to composition homogenization. So
the cleavage fracture with fragile characteristics is restrained and
that with ductile characteristics is enhanced. Fig. 11b shows that
the facet surfaces on the fracture surface of the alloy heated for
4 h are not smooth and some plastically deformed wrinkles are
on them. Furthermore, the grain debonding cannot be found due
to the disappearance of the interdendritic W phase and cracks basi-
cally propagate across the grains (marked A in Fig. 12b). When the
solution time is further prolonged, for instance, when heated for
12 h, the facet size is further reduced and dimple characteristics
are further enhanced due to the composition homogenization
(Fig. 5c). That is to say the proportion of ductile fracture in the qua-
si-cleavage regime increases as the solution time increases. More-
over, the grain debonding is also rarely found. These changes
should appear to be beneficial for improving mechanical proper-
ties. But the coarsening of a-Mg grains and MgSnCa particles is
harmful to mechanical properties. The present results indicate that
the disadvantage from the coarsening is larger than the benefit
from the composition homogenization. During the subsequent
solution, the most obvious event is still the coarsening of these
two phases, especially the exceptional growth of some a-Mg grains
(Fig. 7g). This growth must worsen the deformation harmony of a-
Mg grains and the coarsening of MgSnCa particles certainly lead
the grain boundaries to locally debond. So the facets with smooth
surface gradually appear again and their area also increases. All of
these result in the formation of fracture surface similar to that of
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the alloy solutionized at the high temperature of 545 �C, the sur-
face has sugar crystal-like characteristics (Fig. 5d). Namely, the
quasi-cleavage fracture gradually evolves into the cleavage frac-
ture as the solution time increases. In addition, the proportion of
local grain debonding also increases. But when the time is over
40 h, both the cleavage fracture regime and crack propagation path
do not change because the coarsening of the a-Mg grains and
MgSnCa particles is very slow after this time.

Summarily, as the solution proceeds, the interdendritic W phase
gradually dissolves into the a-Mg grains, the alloy’s mechanical
properties are improved and up to peak values when the alloy is
heated for 4 h at 525 �C. Correspondingly, the dimple proportion
on the facture surface increases and the grain debonding is re-
strained although the quasi-cleavage fracture regime does not
change. Subsequently, the composition should be further homoge-
nized, but both the a-Mg grains and MgSnCa particles grow up. So
the mechanical properties then decrease although some character-
istics on the fracture surfaces that are seemly beneficial for
improving mechanical properties become more and more obvious.
When the solution time is over 12 h, the fracture regime gradually
changes from quasi-cleavage to cleavage due to the coarsening of
a-Mg grains and MgSnCa particles. Simultaneously, grain debond-
ing appears again and also become more and more obvious.

3.3. Effects of aging treatment on microstructure and mechanical
properties

It is known that the mechanical properties of the ZW21 alloy
are up to peak values after being solutionized for 4 h at 525 �C.
So this solution technique is appropriate for this alloy, and thus
Fig. 17. Fractographs of the solutionized (at 525 �C for 4 h) ZW21 a
the alloy heated using this regime is taken to study the effects of
aging treatment on the microstructure and mechanical properties.
Fig. 13 gives the microstructures of the alloys aged for different
times at 250 �C. It shows that innumerable fine particles disper-
sively precipitate in the a-Mg matrix during the initial aging stage
(Fig. 13a). Then the precipitates gradually coarsen and agglomerate
to form flower-shaped structures (Fig. 13b–e). The XRD results
indicate that the peaks of W phase appear and its intensity in-
creases as the aging time extends (Fig. 14), which imply that the
precipitates should be the W phase. In addition, an endothermic
peak at 513 �C appears in the DTA curve of the alloy aged for 4 h
(Fig. 15). It is known that this peak corresponds to the melting of
eutectic W phase [5]. That is the W phase has formed when the al-
loy is aged for 4 h, which further demonstrates that the precipi-
tates are the W phase.

The formation of the flower-shaped structures in the aged alloys
indicates that the distribution of solute atoms in the solutionized
alloy is not very homogeneous. The solute concentrations in the
original inter-arm regions should be higher than those in the other
regions, and thus the number and amount of the precipitates in the
former regions must be higher than those in the other regions. Dur-
ing the subsequent aging, the precipitates in one original inter-arm
region will agglomerate into one petal driving by decreasing the
W/a-Mg interfacial energy. Through comparing Fig. 7c with
Fig. 13d, e and f, it can be found that the petals of some flower-
shaped structures in the aged alloys are connected each other at
the central region (marked by circles in Fig. 13d, e and f) while
those in the solutionized alloy are all separate (Fig. 7c and d). This
difference should be attributed to the composition homogenization
resulted from the subsequent solution treatment. As shown by
lloy after being aged at 250 �C for (a) 2 h, (b) 24 h and (c) 72 h.
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Fig. 13a and b, the precipitates dispersively distribute in the whole
grains, but only the number and amount in the original inter-arm
regions are higher than those in the other regions. So it can be ex-
pected that the sites of the petals formed during the subsequent
aging may be slight away from the original inter-arm regions and
some of the petals may connect each other. But for the solutionized
alloy, the petals exactly form at the inter-arm regions and they are
separated by the primary a-Mg phase. In addition, it should be
noted that the mechanical properties are the highest although
the composition is not very homogeneous for the alloy solution-
ized for 4 h at 525 �C. Namely, this solution technique is appropri-
ate if the mechanical properties are taken as the criterion for
evaluating solution technique.

Fig. 16 gives the variations of mechanical properties with the
solution time. It shows that the elongation continuously decreases
as the time extends. But the UTS and hardness first increase and
reach their maximum values at 24 h (the UTS and hardness
increase from 223 MPa and 52.28 HV of the solutionized alloy to
243 MPa and 68.7 HV respectively), and then slowly decrease. It
is well known that precipitate strengthening is the main reason
that aging treatment improves mechanical properties of an alloy.
Simultaneously, the elongation always decreases due to the precip-
itates’ blocking to the movement of dislocations, twins or slip. It
can be expected that this blocking role can decrease the deforma-
tion harmony of grains, and thus enhance the cleavage fracture
with brittle characteristics. In addition, the precipitates can hinder
the propagation of cracks and this hindering effect will also be
enhanced as the precipitate size increases. The former may
Fig. 18. Microstructures taken near the fracture surfaces along the longitudinal direction
250 �C for (a) 2 h, (b) 24 h and (c) 72 h.
produce the cleavage facets with flat surface and the later may de-
crease the area of cleavage facets due to the frequent change of
crack propagation directions. So as shown by the fracture surface
of the alloy aged for 2 h (Fig. 17a), the facets are smaller but flatter
than those of the solutionized alloy (comparing Figs. 11b and 17a).
Fig. 18a shows that the grain debonding can be frequently seen for
the alloy aged for 2 h (marked by A). This implies that the precip-
itates at the grain boundaries impair the grain bonding strength
because the grain boundaries are the sites where the W precipi-
tates preferentially form and the W phase is harmful for grain
bonding strength.

As the aging time increases, the number and amount, especially
the size of the precipitates also increase. So the facet size corre-
spondingly decreases due to the enhanced hindering effect of the
large-sized precipitates to crack propagation (comparing Fig. 17a
and b). In addition, the precipitates gradually agglomerate into
the flower-shaped structures within the grains, and thus the grain
bonding strength is improved and the grain debonding is rarely
found (Fig. 18b). As to why the precipitates agglomerate within
the grains, but not at the grain boundaries, the reasons need to
be further verified. It is just the precipitate strengthening and im-
proved grain bonding strength that the alloy aged for 24 h has the
highest UTS and hardness. As the aging time is further elongated,
the microstructure including grain size and morphology of the
flower-shaped structures does not obviously change (comparing
Fig. 13e and f). But it can be expected that the W precipitates
should further coarsen and agglomerate, which may lead the
deformation to be more incompatible and the change frequency
of tensile bars of the solutionized (at 525 �C for 4 h) ZW21 alloy after being aged at
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of crack propagation direction to decrease. So the cleavage facets
with relatively large size appear again (Fig. 17c). But Fig. 18c indi-
cates that the coarsening and agglomeration of the precipitates do
not change the path of crack propagation, i.e. cracks still propagate
across the grains. Based on this discussion, it can be easily under-
stand the continuous decrease of the mechanical properties after
24 h. Finally, it should be noted that the aging treatment can not
alter the fracture regime of quasi-cleavage although some changes
occur for the size and morphology of cleavage facets (Fig. 17).

Therefore, it can be concluded that the precipitate phase during
aging is the W phase for the solutionized ZW21 alloy. The precip-
itates then coarsen and agglomerate into flower-shaped structures
during the subsequent aging. These precipitate behaviors cause the
elongation to continuously decrease, but lead the UTS and hard-
ness to increase. The increase of UTS and hardness should be con-
tributed to the hindering effect of the coarsened precipitate
particles to crack propagation and the improved grain bonding
strength. The grain bonding strength is improved by the agglomer-
ation of W precipitates at grain boundaries inside the grains. When
the aging time is over 24 h, both the UTS and hardness then de-
crease due to the further coarsening and agglomeration of the pre-
cipitates. Correspondingly, the size of cleavage facets first
decreases and then increases again after being aged for 24 h. This
change is attributed to the variations of the deformation harmony,
grain bounding strength and hindering effect to crack propagation
that result from the precipitate behaviors. The proportion of grain
debonding in the crack propagation paths also changes a little due
to the variation of grain bonding strength,

4. Conclusions

(1) The interdendritic eutectic W phase with discontinuous
laths and large-sized pools in the as-cast ZW21 alloy is
harmful to its mechanical properties. Solution heat treat-
ment can dissolve the W phase into the primary a-Mg and
thus improve the mechanical properties. Subsequent aging
treatment generates the flower-shaped structures composed
of W phase particles within the grains and leads the
mechanical properties to be further improved.

(2) A proper heat treatment technique is achieved, solution for
4 h at 525 �C and subsequent age for 24 h at 250 �C. The
UTS, elongation and hardness can be increased by this tech-
nique from 205 MPa, 18.25% and 50 HV to 243 MPa, 23.75%
and 68.7 HV, respectively.

(3) The bonding strength of W/a-Mg interface is quite strong
because the interface debonding is rarely found. The grain
debonding is resulted from the propagation of cracks along
the interdendritic W phase. So a proper solution treatment
can change the fracture from the mixture of transgranular
and intergranular modes to a completely transgranular
mode. Higher solution temperature or longer solution time
will generate a small proportion of intergranular fracture
again due to the grain growth and MgSnCa particle
coarsening.

(4) As the solution temperature rises from 505 �C to 545 �C, the
fracture regime changes from the quasi-cleavage of the as-
cast alloy in turn to cleavage (505 �C), quasi-cleavage
(525 �C) and cleavage (545 �C). But as the solution time at
525 �C increases, the regime changes from the quasi-cleav-
age to complete cleavage. All of these changes are attributed
to the variation of deformation harmony resulted from com-
position homogenization, grain growth and MgSnCa particle
coarsening.

(5) During the initial aging period, numerous fine W precipi-
tates dispersively distribute in a-Mg matrix, but the
mechanical properties are not so high. When the precipitates
agglomerate inside the grains, the mechanical properties,
especially the UTS, are up to the maximum values due to
the improvement of grain bonding strength.

(6) The aging treatment does not change the fracture regime of
quasi-cleavage, but can alert the size of cleavage facets and
the proportion of grain debonding in the crack propagation.
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