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Abstract: Effects of Sb content on microstructure and mechanical properties of Mg—6Zn—Y—Zr—xSb alloy were investigated by OM,
SEM, XRD and mechanical property test. The results indicate that addition of Sb can break continuous network structure into
particles in the interdendritic spaces, and with increasing Sb content, the volume fraction of these particles increases. The as-cast
microstructure of the alloy with low content of Sb consists of a-Mg, Zn-rich phase, eutectic structure (a-Mg+/-phase) and YSb. With
increasing Sb content, Mg;Sb, and Mg,Zn; phases appear, while /-phase disappears finally. The ultimate tensile strength and
elongation increase first with the increase of Sb content, while the mechanical properties reduce at excessive Sb content.
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1 Introduction

Mg—Zn—RE alloys possess a large potential in the
field of mass reduction in aviation, spaceflight and auto
appliances, and have good comprehensive mechanical
and casting properties [1]. Especially, Mg—Zn—Y—Zr
system alloys attract attention widely due to their low
density, high strength and preferable age hardness [2—3].
Generally, there are three kinds of ternary equilibrium
phases in Mg—Zn—Y—Zr systems, i.e. cubic Mg;,ZnY
(Z-phase), Mg;Zn;Y, (W-phase) and icosahedral
quasicrystal structure Mg;ZngY (/-phase) [4—5]. Among
which, /-phase has many good properties such as high
hardness thermal stability, low coefficient of friction, and
low interfacial energy [6—7]. However, I-phase forms a
network in the interdendritic spaces when the volume
fraction of I-phase increases, which causes the
mechanical properties of the alloys degrade greatly. So
how to change the shape and distribution of
microstructure of second phases gets more and more
attention, and also becomes an urgent task.

Sb can produce thermally stable second phase
constituents in Mg alloys under as-cast condition.
According to the Mg—Sb binary phase diagram, the
solubility of Sb in a-Mg is negligible, and thus the

intermetallic compound Mg;Sb, can be formed in the
system [8]. This is a highly stable phase with a high
melting point, which is expected to enhance mechanical
properties [9]. ALIZADEH and MAHMUDI [10]
reported that Sb had a great effect on improving both
room- and high-temperature mechanical properties of the
Mg—4Zn alloy by refining the microstructure and
formation of Mg;Sb, particles. Recently, they found that
the presence of Mg;Sb, particles caused excellent
stability, resulting in superior thermal stability of the
Sb-containing Mg—4Zn alloys in comparison with the
base alloy [11]. LIU et al [12] indicated that the tensile
strength, elongation and hardness of the as-cast
Mg—47Zn-Y alloy increased first with the increase of Sb
content, but the mechanical properties reduced at
excessive Sb content. Till now, there have not been
reports on the effects of Sb additions on the as-cast
microstructure and mechanical properties of Mg—Zn—
Y—Zr alloy. Therefore, the aim of the present work is to
study the effects of Sb addition on the as-cast
microstructure and mechanical properties of a cast
Mg—6Zn—Y—Zr alloy.

2 Experimental

The as-cast Mg—6Zn—Y—Zr—xSb alloys were made
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by melting high-pure magnesium in an electric resistance
furnace, and then 6.1% Zn, 2.0% Zr, 1.5% Y (mass
fraction) and different contents of Sb were added under
the protection of mixed SF¢ and CO, gas. After stirring
the molten alloy and holding for 20—30 min at 740 °C,
the molten alloys with different Sb contents were poured
into sand mould with size of 110 mm=200 mmx12 mm.
The chemical compositions of the alloys were
determined by the inductively coupled plasma atomic
emission spectrum (ICP-AES) apparatus and the result is
listed in Table 1.

Table 1 Chemical composition of test alloys (mass fraction,
%)

Nominal alloy Zn Y Zr Sb Mg
Mg—6Zn—-Y—Zr 591 0.85 0.62 - Bal.
Mg—6Zn—Y—Zr-0.015Sb 591 0.80 0.61 0.015 Bal.
Mg—6Zn-Y—-Zr—0.04Sb 5.85 0.70 0.63 0.042 Bal.
Mg—6Zn—Y—Zr-0.07Sb 5.92 0.78 0.59 0.072 Bal
Mg—6Zn—Y—Zr—-0.8Sb 5.85 0.77 0.61 0.83 Bal.
Mg—6Zn—-Y-Zr-2Sb 592 0.77 0.58 2.02 Bal

The microstructures of the as-cast alloys were
examined by means of optical microscopy
(OLYMPUS-GX71) and scanning electron microscopy
(SEM, Hitachi S—-4700) with energy dispersive
spectroscopy (EDS). Alloys were etched with an etchant
of 2 mL nitric acid and 98 mL ethanol. Phase analysis
was determined by D/Max 2400 X-ray diffractometer
(XRD). The tensile bars with size of 25 mmXx6 mmx2
mm were machined from the alloys. Tensile experiments
were conducted on the INSTRON 5569 testing machine
at a constant strain rate of I1x107 s ' at room
temperature.

3 Results and discussion

3.1 Microstructural evolution

The optical microstructures of the as-cast alloys
with different additions of Sb are shown in Fig. 1. As can
be seen, the dendritic structure of the Mg—6Zn—Y—Zr
alloy is generally coarsened after the addition of Sb, and
the achieved coarsening is more pronounced at 0.042%
Sb. Increasing Sb content to 2.02%, however, leads to
the refining of dendritic structure, though the grain size
is still coarser than that of Mg—6Zn—Y—Zr alloy. When
the Sb content is more than 0.042%, the initial network
structure is broken and a rather uniform distribution of
second phases is obtained.

The XRD patterns shown in Fig. 2 indicate that
a-Mg, Mg:Zn;Y, (W-phase) and Mg;ZngY (I-phase) are
the only constituents in the Mg—6Zn—Y—Zr alloy. These
phases have also been reported to exist in the

microstructure of an as-cast Mg—Zn—Y—Zr alloy [4]. In
the Sb-containing alloys, however, some new peaks
corresponding to Mg;Sb, appear in the patterns. The
intensity of these peaks increases with increasing Sb
content of the alloys. The relatively high-magnification
micrographs of the alloys are shown in Fig. 3. The
microstructure of the Mg—6Zn—Y—Zr alloy consists of
primary a-Mg matrix, grain boundary phase and lamellar
eutectic structure, as shown in Fig. 3(a). EDS analysis of
the eutectic phase indicates an average composition of
69.5% Mg, 4.3% Y and 26.2% Zn (molar fraction) for
the eutectic phase. Due to the very small size of the
Mg—Zn—Y particles in the eutectic structure and grain
boundary, it is not possible to determine the exact
composition of these particles. However, according to
the XRD results, these particles are determined to be
Mg:ZngY compound, and thus the lamellar eutectic
structure consists of a-Mg+Mg;ZngY. Besides Mg;ZngY,
there is a little mount of Mg;Zn;Y;, in the grain boundary
according to the XRD results and Ref. [13].

In the Sb-containing alloys, however, the volume
fraction of eutectic structure containing I-phase
decreases as the Sb content of the alloy increases until it
disappears (Figs. 3(b)—(d)). In Mg—6Zn—Y—Zr-2Sb alloy,
the eutectic structure changes into a-Mg+MguZn;
according to the SEM observation and XRD results. At
the same time, some particles are formed (Figs. 3(b)—(d)).
As can be observed, the size and volume fraction of these
particles increase as the Sb content of the alloy increases.
These particles are three kinds of phases containing
different elements according to EDS or XRD results.
Block phase contains an average composition of 54.9%
Y and 45.1% Sb (molar fraction), which is close to the
composition of YSb by EDS results. It has also been
reported to exist in the as-cast microstructure of an
Mg—4Zn—Y-Sb alloy, and it is dealt with as YSb [12].
Due to the small mount of this phase, it can not be
detected by XRD or determined exactly. Rod shape
particles (see Fig. 3(f)) consist of Mg and Sb, which have
an average composition of 76.5% Mg and 23.5% Sb
(mass fraction) according to EDS results, close to the
composition of Mg;Sb, compound according to the
Mg—Sb phase diagram [8]. The XRD results also support
this conclusion. As discussed later, this intermetallic
compound would affect the mechanical behavior of the
materials. The third type particles distribute in the
interdendritic spaces, where no other elements but Mg
and Zn are detected by EDS. It is demonstrated that a
supersaturated solid solution of Zn in Mg, with a
composition of approximately 6.5% Zn and 93.5% Mg
(mass fraction), exists in interdendritic spaces. All these
particles are formed inside this supersaturated solid
solution of Zn, and so it is a Zn-rich phase [10].
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Fig. 1 Optical micrographs of as-cast alloys: (a) Mg—6Zn—-Y—Zr; (b) Mg—6Zn—Y—Zr—0.015Sb; (c) Mg—6Zn—Y—Zr—0.04Sb;
(d) Mg—6Zn—Y—Zr-0.07Sb; (¢) Mg—6Zn—Y—Zr—0. 8Sb; (f) Mg—6Zn—Y—Zr—2Sb
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Fig. 2 XRD patterns of as-cast Mg—6Zn—Y—Zr—xSb alloys

Table 2 lists the phase composition in Mg—6Zn—
Y—Zr—xSb alloy according to the above analysis. With
all contents of Sb addition, a-Mg and Zn-rich phase exist
in Mg—6Zn—Y—Zr—xSb alloy. As Sb is added into the
alloy, even with a small amount, Mg;Zn;Y, phase
disappears. At the same time, YSb and Mg;Sb, phases
are formed in the alloy. With increasing Sb content of the
alloy, the volume fractions of both phases increase, while
the volume fraction of Mg;ZneY phase decreases until
these phases disappear, at last Mg,Zn; phase begins to
form in the shape of lamellar eutectic structure. Figure 4
shows the SEM image of eutectic structure (a-Mg+
MgsZn;) on Mg;Sb, phase. During the last stage
of solidification, the content of melt alloy fits the eutectic
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Fig. 3 SEM micrographs of alloys showing intermetallic particles: (a) Mg—6Zn—-Y—Zr; (b) Mg—6Zn—Y—-Zr—0.015Sb;
(c) Mg—6Zn—Y—Zr—0.04Sb; (d) Mg—6Zn—Y—Zr—0.07Sb; (e) Mg—6Zn—Y—Zr—0.8Sb; (f) Mg—6Zn—Y—Zr—2Sb

Table 2 Microstructure of Mg-6Zn-Y-Zr-xSb alloy reaction, and if the liquid is just contacted with Mg;Sb,

particles, Mg;Sb, particles may act as heterogeneous
nucleation sites for Mg,Zn;. The similar phenomenon
was observed that Sb-containing phases can also be the

Sb content/% Microstructure

a-Mg+Zn-rich phase+

0 i i — .
(0-Mg+MgsZngY) - Me;ZnsYs substrates for eutectic structure in Mg—4Zn alloy [10]
0.015 a-Mg+Zn-rich phase+
' (a-Mg+Mg;ZnsY)+YSb
0.042 o-Mg+Zn-rich phase+
' Mg3Zn6Y+YSb+Mg3Sb2
0.072 a-Mg+Zn-rich phase+
' Mg3Zn6Y+YSb+Mg3Sb2
0.83 a-Mg+Zn-rich phase+
' Mg4Zn7+YSb+Mg3Sb2
2.02 o-Mg+Zn-rich phase+ Fig. 4 SEM image of eutectic structure (a-Mg+Mg,Zn;) grown

(a-Mg+MegZn,) Y Sb+Mg;Sh, on Mg;Sb, phase in Mg—6Zn—Y—Zr—2Sb alloy
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The hindering of o-Mg grain growth during
solidification can be considered a possible grain
refinement mechanism. The role of Sb addition into alloy
is consuming Y to produce YSb and Mg;Sb, firstly, when
Sb content is high, Y for Mg;ZnsY phase is also
plundered, and just only Mg,Zn; can be formed. Due to
the high melting point (1 245 °C) of Mg;Sb, and the high
affinity of Sb to Mg, Mg;Sb, particles may form before
Mg grains and Mg,Zn; particles during solidification
[10]. Mg;Sb, particles may stand at the liquid-solid
interface, hindering the grain growth of a-Mg during
solidification, and when the mount of Mg;Sb, particles is
large, it can refine the grain structure. However, due to a
lot of Y is consumed, the refinement action of Y is
weakened, so the size of grain is still larger than that of
the base alloy (Mg—6Zn—Y—Zr).

In addition to the presence of second-phase particles
which hinder the grain growth of a-Mg, the grain
refinement action of Sb addition has a pronounced
impact on the enhancement of mechanical properties of
the cast alloys. The grain refining effect of Sb on cast
magnesium alloys has attracted some attentions. A little
amount of Sb addition to the Mg-4Zn alloy has resulted
in significant refinement of the as-cast microstructure
[10]. The addition of Sb to AZ91 [14] and Mg—9Al
alloys [15] also results in microstructural refinement. In
the present work, the addition of Sb results in grain
coarsening compared with the base alloy (Mg—6Zn—
Y—Zr). In the discussion of the grain refinement
mechanism of Sb addition to the Mg—4Zn alloy,
ALIZADEH and MAHMUDI [10] calculated the misfits
between a-Mg and Mg;Sb,, with a misfit value of 29%,
which did not satisfy the criterion (misfit value should be
less than 15%) to act as nucleating sites for Mg grains
[10]. Thus, Mg;Sb, does not act as nucleating sites for
Mg grains, the hindering of a-Mg grain growth should be
the main grain refinement mechanism of Sb addition.

3.2 Mechanical properties

The stress—strain curves are shown in Fig. 5. It
shows that when the Sb content increases from 0 to
0.072%, the ultimate tensile strength and elongation
improve from 180 MPa and 2.7% to 220 MPa and 12.2%,
respectively. However, with further increasing the
Sbcontent, the ultimate tensile strength and elongation of
the alloys degrade greatly. When the Sb content of the
alloy reaches to 2.02%, the ultimate tensile strength and
the elongation of alloys decrease to 126 MPa and 5.1%,
respectively. The relationship between the Sb content and
the mechanical properties for alloys is summarized, as
listed in Table 3. It is found that the yield stresses of
Sb-containing alloys are lower than that of the alloy
without Sb addition.

240

1 —Mg-6Zn-Y-Zr
2—Mg-6Zn-Y-Zr-0.015Sb
3—Mg-6Zn-Y-Zr-0.04Sb
4—Mg-6Zn-Y-Zr-0.07Sb
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=
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Fig. 5 Stress—strain curves of Mg—6Zn—Y—Zr—xSb alloy

Table 3 Mechanical properties of Mg—6Zn—Y—Zr—xSb alloys

Yield

Ultimate tensile . ¢
Sb content/% Elongation/%  strength/
strength/MPa

MPa
- 180 2.7 115
0.015 188 49 95
0.042 197 7.5 90
0.072 220 12.2 75
0.83 185 11.0 51
2.02 126 5.1 72

The tensile results show that the variation of Sb
content can influence the mechanical properties of the
as-cast Mg—6Zn—Y—Zr—xSb alloys greatly. Based on the
microstructure observations and XRD analysis, the main
reason can be ascribed to two aspects, i.e. grain size and
evolution of the second phases. Generally, the yield
strength of the alloys varies with the grain size following
the Hall-Petch relationship. According to this
relationship, the yield strength of the alloy with a smaller
grain size should be higher. The grain size of
Mg—6Zn—Y—Zr—0.04Sb alloy is the largest. However,
the tensile results show that the yield strength of
Mg—6Zn—Y—Zr—0.04Sb alloy is not the lowest, whereas
the yield strength of the alloy is higher than most of Sb-
containing alloys, which strongly disobeys the
Hall-Petch relationship. Therefore, the influence of the
relationship between the Sb addition and microstructure
on the mechanical properties must be deeply investigated
to explain this abnormal phenomenon.

When the Sb content is 0.015%, Sb just consumes
a little Y in the alloy, and the refinement action of Y
remains. So the grain coarsening is limited and the yield
strength degrades slowly (see Figs. 1(a), (b) and Fig. 5).
At the same time, due to the Sb addition, W-phase
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disappears and the network structure is partly broken,
which enhances the ultimate tensile strength and the
elongation. When the Sb content is 0.042%, Sb
consumes a lot of Y, a small quantity of YSb and Mg;Sb,
are formed in the alloy, and the refinement action of Y is
limited, while the refinement action of the Mg;Sb, does
not work enough due to the small volume fraction. So the
grain coarsens and the yield strength degrades (see Figs.
1(c), 2(c) and 5). At the same time, due to the Sb addition,
the network structure in the alloy is partly broken, which
enhances the ultimate tensile strength and the elongation.
Compared with the alloy with Sb content of 0.042%, the
refinement action of the Mg;Sb, begins to work in the
alloy with Sb content of 0.072%, and the grain size
begins to decrease although it is still larger than that of
Mg—6Zn—Y—Zr alloy. At this content of Sb, the network
structure is broken drastically and /-phase is still the
main enhanced phase, so the ultimate tensile strength and
the elongation increase greatly. With increasing content
of Sb, the volume fraction of /-phase decreases gradually,
and at the a same time the amount of Mg,Zn; increases
gradually (see Figs. 1(e)—(f) and 2(e)—(f). It was reported
that [-phase is the best strengthening phase in
Mg—Zn—Y—Zr alloy, and enhances Mg alloys more
effectively than MgyZn; or Mg;Sb, [13]. So the
disappearance of [I-phase results in the decrease of
mechanical properties.

To sum up the above arguments, the role of Sb
addition is to break the continuous network structure in
the interdendritic spaces and enhance the mechanical
properties of the alloy. However, it can weak the
refinement of Y element, suggesting the content of Sb
added into Mg—Zn—Y—Zr alloys should be just the right
amount to obtain enough /-phase to be the main
enhanced phase.

4 Conclusions

1) The addition of Sb can break the continuous
network structure into particles in the interdendritic
spaces, and with increasing Sb content, the volume
fraction of these particles increases.

2) The as-cast microstructure of the alloy with low
content of Sb consists of a-Mg, eutectic structure
(a-Mg+I-phase) and YSb. With increasing Sb content,
Mg;Sb, phase and MgyZn,; appear, while /-phase
disappears finally.

3) The ultimate tensile strength and the elongation
increase first with the increase of Sb content, while the
mechanical properties decrease at the excessive Sb
content.
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