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Abstract: The microstructure and mechanical properties of the cast and extruded Mg-12Zn-1.5Er alloys were investigated. The
I-phase observed in the cast Mg-12Zn-1.5Er alloy was broken during hot extrusion. The microstructure of the alloy was refined due
to the dynamic recrystallization, and the equiaxed grains have size in the range of 2—5 pm. Moreover, a great deal of nano-scale
particles precipitate in the recrystallized grains. Compared with the cast one, the extruded alloy shows a great improvement on the
mechanical properties as the result of refined microstructure, the dispersed /-phase and the fine precipitates. The ultimate tensile
strength and the yield tensile strength of this extruded alloy are 359 and 318 MPa, respectively.
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1 Introduction

As the lightest metallic structural materials,
magnesium alloys have been received a great attention in
the last decade because of their good potential for use in
automotive and aerospace applications[1]. However,
magnesium alloys generally exhibit moderate strength
with limited ductility at room temperature due to their
HCP structure[2]. Thus, a novel strengthening method
should be applied to improving the mechanical properties
of the magnesium alloys. The icosahedral
quasicrystalline phase (I-phase) has many unique
properties such as conspicuous hardness, high
thermal-stability, high corrosion-resistant and low
surface energy[3]. As a second phase, the I-phase is
stable and against the microstructure coarsening at
elevated temperature due to the low interfacial energy
and it has a great effect on improving the mechanical
properties of the wrought magnesium alloys[4—5]. LI et
al[6—7] reported that the cast Mg-Zn-Er alloy
strengthened by the [-phase exhibited high tensile
strength and good creep-resistant property.

The microstructure refinement is one of the most
important ways to enhance the mechanical properties of

the magnesium alloys, such as the commercial wrought
Mg-Zn and Mg-Al-Zn alloys[8—10]. The dynamic
recrystallization occurred during hot deformation plays
an important role in refinement the microstructures of the
magnesium alloys[11]. SINGH et al[4—5] and YUAN et
al[12—13] have introduced the hot extrusion process to
prepare Mg-Zn-Y and Mg-Zn-Gd alloys, and these alloys
exhibited excellent mechanical properties.

In the present work, the cast Mg-Zn-Er alloy was
extruded at 673 K, and the effect of the hot extrusion on
microstructures and mechanical properties of the alloy
were investigated.

2 Experimental

An alloy ingot with a normal composition of
Mg-12Zn-1.5Er (mass fraction, %) was prepared from
pure Mg, pure Zn and Mg-Er master alloys by using a
graphite crucible in an electric resistance furnace under
the protection of an anti-oxidizing flux. The melt was
poured into a steel mold, and cooled down in the
atmosphere.

Then, part of the ingots were extruded at 673 K with
an extrusion ratio of 10. The microstructure analysis
was performed by X-ray diffraction (XRD) with Cu K,
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radiation, scanning electron microscopy (SEM,
HITACHI S-450) equipped with energy dispersive
spectroscopy  (EDS), and transmission electron
microscopy (TEM, JEM-2000FX, JEOL). The TEM
specimens were prepared by electro-polishing and finally
ion beam milling at an angle of incidence less than 10°.

3 Results and discussion

3.1 Microstructure of cast Mg-12Zn-1.5Er alloy

The XRD pattern of the cast alloy is shown in Fig.1.
It reveals that the alloy mainly consists of two kinds of
phases. One is the a-Mg, the other is [-phase. The
I-phase in the cast Mg-Zn-Er alloy has previously been
reported by LI et al[6]. No other phases are detected
within the sensitivity limit of XRD. The SEM image of
the cast alloy is shown in Fig.2. It can be seen that the
alloy is composed of the primary a-Mg matrix and
eutectic pockets. The eutectic pockets is mainly located
in the interdendritic region. The mean grain size of the
cast alloy is 50—80 um.

To further confirm the existence of the /-phase,
TEM observation was conducted for the cast
Mg-12Zn-1.5Er alloy. Figure 3. shows the TEM image
and the corresponding selected area diffraction pattrens
(SADP) of the I-phase. In Figs.3(b)—(d), the SADPs
obtained from the eutectic lamellar phase suggest that
these eutectic pockets have 2-, 3-, 5-fold symmetries,
respectively. It is a distinct characteristic of the
icosahedral quasicrystalline phase (/-phase)[2].
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Fig.1 XRD pattern of cast Mg-12Zn-1.5Er alloy

Fig.3 Bright field TEM image of I-phase of cast alloy (a) and SADPs corresponding to I-phase with 2-fold (b), 3-fold (c) and 5-fold

(d) symmetries
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3.2 Microstructure of extruded alloy

The SEM images of the extruded Mg-12Zn-1.5Er
alloy along the extrusion direction are shown in Fig.4.
The eutectic pockets observed in the cast alloy are
sharply broken and then distributed along the extrusion
direction during hot extrusion, as shown in Fig.4(a).
After hot extrusion, the grains are unequiaxed crystals
with size of 2—5 pm, as shown in Fig.4(b). This indicates
that a dynamic recrystallization (DRX) takes place.
Furthermore, many nano-scale particles are precipitated
in both matrix and at grain boundaries during hot
extrusion.

In order to investigate the broken /-phase and the
microstructure evolution of the extruded alloy, TEM was
performed. Figure 5 shows the TEM micrograph of the
broken [-phases, and the corresponding selected area
electron diffraction (SAED) patterns. The coarse /-phase
in the cast alloy is crushed during the hot extrusion
process, and these broken particles distribute near the

initial location of the /-phase that is formed in the cast
alloy, as seen in Fig.5. Furthermore, no cavity or crack is
observed at the /-phase/a-Mg interface in the extruded
alloy, although the strength and plasticity of the /-phase
are different from those of the matrix. The broken
interfaces are also completely healed by the thermally
activated process in Mg-Zn-Y alloys[2].

Dynamic recrystallization can be classified into
either continuous or discontinuous recrystallization. The
dynamic recrystallization process that occurred in this
alloy during the hot
recrystallization. The DRX process occurred at the
boundaries of original grains. The recrystallized grains

extrusion was continuous

grew greatly through the migration of grain boundaries
during the hot deformation process. Figures 6(a) and (b)
show that the subgrains are formed, and then the
low-angle grain boundary transforms to high-angle grain
boundary through absorbing the dislocations. At
last, these subgrains become DRX grains. In addition,

Fig.5 Bright field TEM image of I-phase of extruded alloy (a) and SADPs corresponding to /-phase with 2-fold (b), 3-fold (c) and

5-fold (d) symmetries
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many fine particles with size of 50—100 nm precipitate in
the matrix. The EDS analysis suggests that nano-scale
Mg-Zn precipitates exist, which is different from that
observed in the Mg-Zn-Y and Mg-Zn-Gd based alloys[5,
14]. However, fine and stable precipitates cannot only act
as nucleation site for recrystallization but also restrict the
growth of the recrystallized grain by pinning the grain
boundaries. In conclusion, this extruded alloy with the
formation of the nano-scale precipitate shows finer
microstructure compared with the other alloys.

3.3 Mechanical properties of alloys

The stress—strain curves of the cast and the
extruded alloys at room temperature are shown in Fig.7.
It can be seen that the mechanical properties at room
temperature are improved greatly after hot extrusion. The
extruded alloy exhibits the highest yield stress of 318
MPa and ultimate tensile strength of 359 MPa at

Engergy/keV

Fig.6 TEM images (a, b) and EDS results (c,
d, e) of extruded alloy
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Fig.7 Stress—strain curves of cast and extruded alloys at room
temperature

room temperature.
The enhanced tensile properties of the extruded
alloy are attributed to the following factors, such as
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distribution of the broken /-phase particles and the grain
refinement.

The primary strengthening phase in the extruded
alloy is the [I-phase. The high symmetry and
quasiperiodicity of quasicrystal phase ensure a good
atomic match at the interface between this quasicrystal
phase and the matrix[2]. Therefore, the interfacial energy
between the /-phase and matrix is so low that the binding
energy between the matrix and this phase is very high[2].
It is different from that between the Mg;;Al;, phase and
the matrix in the AZ91 alloys[15]. Because of the high
binding energy, it is difficult to form voids that lead to
deformation failure but easy to load transfer from the
matrix to the [-phase effectively during plastic
deformation[16]. Moreover, hot extrusion process makes
the I-phase break and distribute along the extrusion
direction so that the strength of the extruded alloy is
further improved by more effective obstacles to
dislocation movement.

Tensile strength has been improved greatly after hot
extrusion, especially for the yield tensile stress. One of
the most important factors is the refinement of the
microstructure. During the hot extrusion process, the
DRX occurs, and it plays an important part in refining
the microstructure of the alloy. The grain size is reduced
to 2-5 pum in the extruded alloy. Meanwhile, the
spherical Mg-Zn particles with size of 50-100 nm
precipitate in the matrix during the hot extrusion and
strengthen the alloy by impeding the movement of the
dislocations. In magnesium alloys, the precipitate acts as
a nucleation site for recrystallized grains and/or prevents
the grain growth by pinning effect. Therefore, the alloy
with precipitates shows finer grain structures compared
with the alloy without precipitates[17]. As stated above,
the extruded alloy shows good tensile properties
compared with the cast one due to the refined
microstructure, the dispersed [-phase and the fine
precipitates.

4 Conclusions

1) The extruded alloy exhibits yield tensile strength
of 318 MPa and ultimate tensile strength of 359 MPa,
which are much higher than those of the as-cast alloy.
The excellent tensile properties of the extruded
Mg-12Zn-1.5Er alloy are mainly attributed to the
strengthening mechanisms due to the dispersed /-phase
particles, fine precipitates and grain refinement.

2) After hot extrusion, the a-Mg matrix grains are
significantly refined due to the dynamic recrystallization,
the eutectic /-phase in the as-cast alloy is broken and
almost distributed along the extrusion direction, and then
fine Mg-Zn phase with nano-size is precipitated.
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