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Abstract: The effects of Y on the microstructure and mechanical properties of Mg—6Zn—1Mn alloy were investigated. The results
show that the addition of Y has significant effect on the phase composition, microstructure and mechanical properties of
Mg—6Zn—1Mn alloy. Varied phases compositions, including Mg;Zn;, I-phase (Mg;YZng), W-phase (Mg;Y,Zn;) and X-phase
(Mg,YZn), are obtained by adjusting the Zn to Y mass ratio. Mn element exists as the fine Mn particles, which are well distributed
in the alloy. Thermal analysis and microstructure observation reveal that the phase stability follows the trend of X>W>I>Mg;Zn;. In
addition, Y can improve the mechanical properties of Mg—Zn—Mn alloy significantly, and the alloy with Y content of 6.09% has the
best mechanical properties. The high strength is mainly due to the strengthening by the grain size refinement, dispersion

strengthening by fine Mn particles, and introduction of the Mg—Zn—Y ternary phases.
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1 Introduction

As the lightest metallic structure materials,
magnesium alloys have great potential for the aerospace,
transportation and mobile electronic industries due to
their high specific strength and stiffness, good damping
capacity, excellent machinability and good castability
[1-3]. However, the application of magnesium alloys is
still limited due to low strength and poor formability
[4,5]. Therefore, the wide application of magnesium
alloys depends heavily on the development of new high-
strength wrought magnesium alloys.

Recently, ZHANG et al [6,7] have developed a
high-strength Mg—6Zn—1Mn (ZM61) wrought alloy. The
alloy with solution treatment and double aging treatment
(high temperature aging after pre-aging at a lower
temperature) exhibits the tensile strength of 366 MPa,
yield strength of 340 MPa and elongation of 6.3% at
room temperature. The superior mechanical properties of
this alloy are mainly due to the precipitation
strengthening by the MgZn, precipitates. However, the

complex heat treatment process is not practical for
industrial application. Therefore, in order to further
improve the mechanical properties of the extruded ZM61
alloy, a modification in composition is necessarily made
by adding alloy elements.

It is well known that the addition of rare earth
elements to magnesium alloys is an effective way to
refine grain, improve the mechanical properties at
ambient and elevated temperatures, and improve the
casting characteristics [8—12]. Among them, Y has
received a particular attention. In recent years, it has
been reported that Y element can form several secondary
phases in Mg—Zn alloys [11,13,14], and has a favorable
effects on the mechanical properties [2,9,10,15—17]. In
addition, it was reported that the addition of Mn has the
function of refining grain size and improving tensile
strengths of Mg—Al—-Zn system alloys [18]. Recently, the
microstructure and mechanical properties of Mg—Zn—Mn
alloys with various Mn contents have been investigated
[19]. According to that, the extruded alloy with about 1%
Mn exhibits the optimal tensile properties because of
refining the grain size. But up to now, little research has

Foundation item: Project (2007CB613700) supported by the National Basic Research Program of China; Project(2011BAE22B01-3) supported by the
National Key Technologies R&D Program of China; Project (2010DFR50010, 2008 DFR50040) supported by the International Scientific
and Technological Cooperation Program of Ministry of Science and Technology of China; Project (CSTC, 2010AA4048) supported by

Chongqing Science and Technology Commission, China

Corresponding author: Fu-gang QI; Tel: +86-816-3626782; E-mail: fugangqi@gmail.com

DOI: 10.1016/81003-6326(14)63199-X



Fu-gang QI, et al/Trans. Nonferrous Met. Soc. China 24(2014) 1352—1364 1353

been carried out on the microstructure and mechanical
properties of Mg—Zn— Mn—Y alloy.

In the present study, the effects of Y on the
microstructure and mechanical properties of Mg—6Zn—
1Mn alloy are studied in order to provide a reference for
the development earth-containing
magnesium alloy.

of new rare

2 Experimental

The experimental alloys were prepared from
commercial high-purity Mg (>99.9%, wt.%) and Zn
(>99.95%), Mg—4.1%Mn and Mg—30.29%Y master
alloys. All the materials were melted in a ZG—0.01
vacuum induction melting furnace at about 730 °C under
an Ar atmosphere. The actual chemical compositions of
the experimental alloy ingots were analyzed by
XRF-800 CCDE X-ray fluorescence spectrometer and
the results are listed in Table 1. The cylinder-shaped
ingots were homogenized at 400 °C for 16 h and then air
cooled. To investigate the effect of the temperature on
the phase stability, small samples of as-cast alloys III and
V for microstructure observation were homogenized at
500 °C for 16 h and then cooled in air. Before the ingots
were extruded, both the alloy ingots and extrusion die
were heated to 450 °C for 60 min. Then the ingots were
hot extruded into rods with the diameter of 16 mm at 450
°C with a ratio of 25:1. Extrusion was conducted under a
controlled constant force by an XJ-500 horizontal
extrusion machine. After extrusion, the extrusion bars
were cooled in open air.

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

Alloy . . Actual composition
Nominal composition
No. Zn Mn Y Mg
I Mg—6Zn—1Mn 5,62 0.72 0 Bal
II Mg—6Zn—1Mn—-0.7Y 595 096 0.71 Bal.
I Mg—6Zn—1Mn—2Y 5.74 0.79 1.83 Bal.
v Mg—6Zn—1Mn—-3Y 5.89 0.77 3.02 Bal.
\% Mg—6Zn—1Mn—6Y 5.66 0.92 6.09 Bal.

Cylindrical tensile samples of 60 mm in gauge
length and 5 mm in gauge diameter were machined from
as-extruded bars for tensile tests at ambient temperature.
Tensile tests were conducted with a constant
displacement rate of 3 mm/min on a SANS CMT-5105
electronic testing machine.
properties were determined from a complete stress—strain
curve. 0.2% yield strength (YS), ultimate tensile strength
(UTS) and fracture
obtained based on the average of three tests.

universal Mechanical

elongation (elongation) were

The microstructure of the specimens was examined
using a NEISS NEOPHOT-30 optical microscope (OM).
The microstructural morphology and compound
composition of the alloys were examined by a TESCAN
VEGAII scanning electron microscope (SEM) equipped
with an Oxford INCA Energy 350 energy dispersive
X-ray spectrometer (EDS) and a Zeiss LIBRA 200 FE
transmission electrical microscope (TEM) operating at
200 kV. Phase analysis was determined by a Rigaku
D/max 2500PC X-ray diffractometer (XRD) using a
Cu K, radiation with a scanning angle from 10° to 90 °
and a scanning rate of 4 (°)/min. Fracture surface was
investigated by using secondary electron (SE) imaging
and backscatter electron (BSE) imaging.

Thermal analysis was performed using a differential
scanning calorimeter (DSC, a NETZSCH STA 449C
system). Specimens for thermal measurements with 3
mm in diameter were cut from as-cast ingots. Then they
were cut to a final mass of about 10 mg. Thermal
scanning of each sample was carried out in the
temperature range of 50—700 °C with both cooling and
heating profiles under flowing Ar. The heating curve was
obtained by heating the sample hermetically up to 700
°C at a heating rate of 10 °C/min followed by cooling
down to 50 °C at 10 °C/min to obtain the cooling curve.

3 Results and discussion

3.1 Microstructure of as-cast alloys

The as-cast microstructures of the investigated
alloys are indicative of structural refinement in the
Mg—6Zn—1Mn alloy after Y addition, as shown in Fig. 1.
It can be preferred that Y element has effect on grain
refinement of as-cast Mg—Zn—Mn—Y alloys. Figure 2
shows the X-ray diffraction patterns of as-cast
Mg—Zn—Mn-Y alloys. With the variation of Y content,
the main phases of the experiment alloys will change as
shown in Fig. 2 and Table 2. For the Y-free based alloy
(alloy 1), the main phases are the a-Mg matrix, Mn and
Mg;Zn; phases. Figure 3(a) shows the SEM
microstructure of alloy I. The second phases distributing
at the interdendritic consist of Mg, Zn and Mn elements
and the atomic ratio of Mg to Zn is about 7:3 according
to EDS analysis. It can be inferred that the second phase
is mainly Mg;Zn; phase. When Y content increases to
0.71% (alloyIl), a little amount of /-phase (Mgs;YZng,
icosahedral quasicrystal structure, quasi-periodically
ordered) as well as a large amount of a-Mg matrix is
observed, as shown in Fig. 2. Figure 3(b) displays the
SEM image of the /-phase/a-Mg matrix eutectic pockets
in alloy II. When the Y content varies from 0.71% to
1.83% (alloy III), W-phase (Mg;Y,Zn;, cubic structure)
is also detected by XRD as well as /-phase and a-Mg.
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Fig. 2 XRD patterns of as-cast Mg—Zn—Mn—Y alloys

The microstructure of alloy III is shown in Fig. 3(c). The
secondary phases including /-phase and W-phase
distribute mainly at the triangle and intergranular grain
boundary [16]. The morphologies of W-phase and
I-phase are lamellar. When Y content is 3.2% (alloy IV),
W-phase becomes the main phase while no /-phase can

Fig. 1 Optical images of as-cast Mg—Zn—
Mn—Y alloys: (a) Alloy I; (b) Alloy II; (c)
Alloy I1II; (d) Alloy 1V; (e) Alloy V

Table 2 Summary of main phases for Mg—Zn—Mn—Y alloy

Alloy No. m(Zn)/m(Y) Main phase

I — a-Mg, Mn and Mg,Zn;
1T 8.38 0-Mg, Mn and /-phase
11T 3.13 0-Mg, Mn, [-phase and W-phase
v 1.95 a-Mg, Mn and W-phase
A" 0.93 0-Mg, Mn, W-phase and X-phase

be detected within the sensitivity limit of X-ray
diffraction. The SEM image of alloy IV shown in Fig.
3(d) reveals that the /-phase mainly exists at the triangle
grain boundary. With the further increase of Y content
(alloy V), the diffraction peak of X-phase (Mg;,YZn,
long period stacking ordered (LPSO) structure) can be
detected and the main phases are a-Mg, Mn, W-phase
and X-phase. Figure 3(e) shows a SEM image of alloy V.
The W-phase and X-phase alternately grow during the
solidification process, resulting in good combination of
two phases as shown in Fig. 3(e).

To further illustrate the existence form and
distribution of Mn element in as-cast test alloys, high-
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magnification microstructure observation with EDS
analysis was carried out. Figure 4 and Table 3 show the
high-magnification SEM image and EDS analysis of
as-cast alloy III. There are four main phases in this alloy:
0-Mg matrix, Mn, [-phase and W-phase. The EDS spot
analysis results reveal that Mn is evenly dispersed in
o-Mg matrix and secondary phases. Analyses of EDS
line scanning (Fig. 4(b)) further confirm the uniform
distribution of Mn element. In addition, the distribution

Fig. 3 SE-SEM images of as-cast Mg—Zn—
Mn—Y alloys: (a) Alloy I; (b) Alloy II; (c) Alloy
111; (d) Alloy 1V; (e) Alloy V

of elements Mg, Zn, Mn and Y for the studied alloy III
(Figs. 4(d)—(h)) can also further confirm the dispersion
of Mn.

3.2 Phase stability

Figure 5 shows the optical microstructures of
as-homogenized Mg—Zn—Mn—Y alloys. It is well known
that the melting temperature of Mg—Zn phase is
about 340 °C [9,20]. Therefore, for the alloy I without Y,



1356 Fu-gang QI, et al/Trans. Nonferrous Met. Soc. China 24(2014) 1352—-1364

Y.
_@__A _Zn M]? o
0 0 100 150

Distance/um

Fig. 4 SE-SEM image and EDS results of as-cast alloy III: (a) EDS spot analysis; (b, ¢) EDS line scanning; (d—h) EDS mapping
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Table 3 EDS results of points 4, B and C in Fig. 4(a)
Mole fraction/%
Point Zn to Y ratio
Mg Zn Mn Y

98.49 1.16 0.35 0 0

85.28 12.43 0.41 1.88 6.61

66.97 19.67 0.55 12.81 1.54
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almost all the eutectic Mg—Zn compounds in the grain
boundary can dissolve into the matrix after
homogenization treatment at 400 °C for 16 h (Fig. 5(a)).
However, for the alloys II-V, almost all the Mg—Zn—Y
eutectic phases still remained after the homogenization,
as shown in Figs. 5(b)—(e). This implies that Y can
increase the thermal stability of the experimental alloy.

Thermodynamic data of the investigated alloys are
further determined by DSC analysis shown in Fig. 6. The
important thermal parameters are summarized in Table 4.
All peaks can be identified in all curves of the samples.
The DSC results show that with the variation of Y
content, the peaks of the alloys will also change. For the
alloy I without Y content, the first peak is located at a

Fig. 5 Optical images of as-homogenized

Mg—Zn—Mn-Y alloys: (a) Alloy I
(b) Alloy II; (c) Alloy III; (d) Alloy IV;
(e) Alloy V

temperature of about 348 °C, which is the eutectic
temperature of Mg—Zn phases. For the alloy II with a Zn
to Y mass ratio of 8.38, the second peak at about 462 °C
is absent. With increasing Y content (alloy III), the
second and third peaks are observed at about 461 °C and
522 °C, respectively. When the Y content is 3.02% (alloy
IV), the second peak disappears and the third peak is at
about 528 °C. Based on the XRD results and the
previously reports [9,11,20], it can be concluded that the
second peak at about 462 °C is the eutectoid melting
temperature of /-phase, while for the alloys III and IV the
third peak at about 522 °C is the eutectic melting
temperature of W-phase. For the alloy V, two peaks,
about 520 °C for W-phase and 545 °C for X-phase,
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should be observed [9,21]. However, only one peak at
about 533 °C between 520 °C and 545 °C can be
detected before the alloy melts. On one hand, the eutectic
melting temperature of W-phase is close to that of
X-phase; on the other hand, the W-phase and X-phase
alternately grow during the solidification process so that
the combination of two phases is very good [2]. It can be
observed that with increasing Y content, the melting
temperature decreases gradually from 634 °C to 615 °C.
This shows that solidification temperature range of the
experiment alloys greatly reduces, which is very useful
for improving the castability of Mg—Zn—Mn—Y alloy.
From the DSC study, two conclusions can be obtained:
1) the addition of Y can greatly increase the eutectic
temperature of Mg—Zn—Mn alloy; 2) the addition of Y
can improve the castability of Mg—Zn—Mn alloy.

Alloy I, ..o
) Alloy IV
=t Alloy V AN *
A 15— 3 Y
Peak 1 j sy _ B
Alloy 11 ‘

1 1 1 1 1 1
250 300 350 400 450 500 550
Temperature/°C

600 650

Fig. 6 DSC curves of as-cast Mg—Zn—Mn—Y alloys

To further understand the phase stability of
Mg—Zn—Y ternary phases, homogenization treatment at
500 °C for 16 h for alloys III and V was carried out.
Figure 7 shows the as-homogenized microstructures of
alloys III and V at 400 °C for 16 h and 500 °C for 16 h,
respectively. As mentioned before, after homogenization
at 400 °C for 16 h, the Mg—Zn—Y eutectic phases
including /, W and X phases cannot dissolve into the
matrix, as shown in Figs. 7(a) and (¢). In contrast, after

Table 4 Data of four DSC peaks in Fig. 6

homogenization at 500 °C for 16 h, /-phase can
completely dissolve into matrix while only a small part
of W-phase can dissolve, as shown in Fig. 7(b). However,
X-phase has no decomposition after homogenization at
500 °C for 16 h, as shown in Fig. 7(d). Based on the
thermal analysis and microstructure observation, the
phase stability follows the trend: X>W>I>Mg;Zn;.

3.3 Microstructure of as-extruded alloys

Figure 8 shows the SEM images of extruded
Mg—Zn—Mn—Y alloys parallel to the extrusion direction.
It shows that the grain size decreases gradually with
increasing Y content. As mentioned above, Y has
grain effect on the
microstructure of the studied alloys. Moreover, addition
of Y initiates the formation of Mg—Zn—Y phases, which

obvious refinement as-cast

can restrain the grain growth effectively during dynamic
recrystallization  [22]. Figure 8(a)
microstructures of the alloy I parallel to the extrusion

shows the

direction. Equiaxed grain microstructure with the grain
size of 14.8 um is formed owing to the occurrence of
dynamic recrystallization (DRX) during the hot extrusion
process. When Y content varies from 0 to 0.71%, the
grain size of the experiment alloy II decreases, about
10.1 pum. Some eutectic /-phases are broken into small
particles and move from grain boundaries to grain inside
during hot extrusion process. It can be seen that a
number of small particles are dispersed in the matrix of
alloy II (Fig. 8(b)), which is ascribed to the brittleness of
the [7-phase [9]. 8(c) and (d) are the
microstructures of the alloys III and IV. The average

Figures

grain sizes are about 4.4 and 2.9 um, respectively. It is
clear that the original network distributed secondary
phases have been deformed into secondary phase
particles along the extrusion direction. When Y content
is 6.09%, the grain size is the smallest, only about 1.6
um. Figures 8 (e) and (f) show that many fine DRX
grains form around secondary phase particles and distort
grains boundaries in extruded alloy V. However, the
DRX process of the alloys III-V is incomplete and the
streamline can be observed in the matrix.

Alloy Peak 1 Peak 2 Peak 3 Peak 4
1/°C AH/(J-g " 1/°C AHI(J-g ™) 1p/°C AHI(J-g ™) 1p/°C AHI(J-g ™)
I 348 0.52 - - — - 634 82.77
i} - - 462 1.36 - - 632 69.16
111 - - 461 1.02 522 3.40 630 63.89
v - - - - 526 11.11 629 59.52
\% - - - - 533 33.38 615 4230

AH—Heat of phase transformation; #,—Peak temperature.
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Fig. 7 SE-SEM images of alloy III (a, b) and alloy V (c,d) homogenized at 400 °C (a, ¢) and 500 °C (b,d) for 16 h

To further illustrate the existence form of Mn
element in the extruded alloys, microstructure
observation was carried out by TEM. Figure 9 shows a
high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) micrograph of
extruded alloy V and EDS result of a spherical phase
particle. EDS result at the “4” site further confirms that
the spherical particle is the a-Mn phase. Based on the
XRD analysis and the results in this work, it can be
concluded that: 1) Mn has no effect on phase
composition. Generally, the ternary equilibrium phases
in Mg—Zn—Mn-Y alloy are the same with those in
Mg—Zn—-Y alloy. 2) Mn element mainly exists as pure
Mn particle, which is dispersively distributed in
experiment alloys.

3.4 Mechanical properties of as-extruded alloys

The mechanical properties of as-extruded Mg—Zn—
Mn-Y alloys are shown in Fig. 10. The results show that
with increasing Y content, the strength of the
investigated alloy increases obviously while the
elongation decreases. For the Y-free alloy (alloy I), the
strength is the lowest, but the plasticity is the highest.

-

When the Y content varies from 0 to 3.02%, the strength
of the alloy increases gradually. However, there is no
difference in the plasticity among the alloys I[I-1V. When
the Y content changes from 3.02% to 6.09%, the strength
increases very significantly while the plasticity has a
little decrease. Alloy V exhibits the highest tensile
ultimate and yield strengths, i.e. 345 MPa and 389 MPa,
respectively.

The mechanical properties results show that Y can
significantly improve the mechanical properties of the
as-extruded Mg—Zn—Mn alloy. The high strengths of
Mg—Zn—Mn—Y alloys are mainly due to three aspects:
the grain size refinement strengthening, the dispersion
strengthening of fine Mn particles, and the introduction
of Mg—Zn—Y ternary phases.

As mentioned above, the grain sizes of the
as-extruded alloys become much finer with increasing Y
contents (Fig. 8). Among them, the grain size of alloy V
is the smallest, only about 1.6 um. The strength of the
alloy varies with the grain size and the relationship
basically follows the Hall-Petch equation [23].

Apart from the grain refinement strengthening, the
size, shape and distribution of Mg—Zn—Y ternary phases
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Fig. 8 SE-SEM images (a, b, ¢, d, ¢) and BSE-SEM image (f) showing as-extruded microstructures of Mg—Zn—Mn—Y alloys parallel
to extrusion direction: (a) Alloy I; (b) Alloy II; (c) Alloy III; (d) Alloy IV; (e), (f) Alloy V

(I-phase, W-phase and X-phase) can also influence the
mechanical properties of the alloys. Corresponding to
five phase compositions, the phase strengthening effect
is as follows:
W+X (alloy V)>W (alloy IV)>W+I (alloy III)>

1 (alloy II)>MgZn, (alloy I)

It can be concluded that the strengthening effect of

X-phase on the Mg—Zn—Mn-Y alloy is more efficient
among Mg—Zn—Y ternary phases. It was reported that
there is a stable coherent interface between the X-phase
and the a-Mg matrix, which is important for the strength
of the alloy [24]. It was previously reported [2,13,25]
that the atomic bonding between the W-phase and
o-Mg matrix is very weak and the W-phase has no
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(b)
Element w%  x/%
Mg 33.68 53.43
Mn 66.32 46.57
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Fig. 9 HAADF-STEM micrograph of extruded alloy V (a) and

corresponding EDS results of point 4 (b)
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Fig. 10 Mechanical properties of as-extruded Mg—Zn—Mn—Y
alloys

conspicuous strengthening and toughening effects on the
Mg—Zn—Y—Zr alloys. However, the studied alloy
containing W-phase can also process good strength and
plasticity. On one hand, the dispersive distribution of the
W-phase after hot extrusion can pin the dislocation and
contribute some dispersion strengthening to the studied
alloys; on the other hand, the W-phase can restrain the
grain growth during hot extrusion and contribute some
fine grain strengthening to the studied alloys.

In addition, Mn element mainly exists as pure Mn
particle, which is dispersively distributed in the
experiment alloys. The size of the spherical Mn particle

is about 65 nm. It has been reported that Mn element has
the function of refining grain size and improving the
strengths of magnesium alloys [18,19].

3.5 Fracture analysis

Figure 11 shows the SE-SEM and BSE-SEM
images of the tensile fracture surfaces of the
experimental alloys with different Y contents machined
from cross section of the extruded bars. Figure 12 shows
the BSE-SEM microstructures of ruptured samples
parallel to the tensile direction.

Figures 11(a) and (b) show the SE-SEM and BSE-
SEM fractographs of tensile samples of alloy I,
respectively. Huge amounts of plastic dimples are
present and some tear ridges can also be observed. The
white regions in Fig. 11(b) are the Mg—Zn phases. As
shown in Fig. 12(a), a number of fine and parallel twins
are observed in the matrix and cracks are initiated and
formed at the twins. Figures 11(c) and (d) show the
SE-SEM and BSE-SEM images of tensile fracture
surface of alloy II. The white particles in Fig. 11(d) are
the /-phases. It is known that /-phase is extremely brittle
at room temperature. Therefore, it is easier to deform and
evenly distribute during the hot extrusion process [26].
There are many cleavage planes and some tearing ridges
to be formed on the fracture surfaces. It can also be
found that cracks are also initiated and formed at the
twins. Figures 11(e)—(h) show the SEM fractographs of
tensile samples of alloy IIl and IV separately observed
by SE and BSE. Some big secondary phases containing
mainly W-phase apparently increase, as shown in Figs.
11(f) and (h). Due to high hardness of eutectic W-phase
in as-cast alloy, it is difficult to destroy it during the hot
extrusion process. Therefore, the W-phase particles are
mostly distributed by cluster in the average size range of
4-9 um. During tensile test, W-phase particles are
broken and cracked to form micro-cracks, as shown in
Figs. 12(c) and (d). Figures 11(i) and (j) show the SEM
fracture images of tensile specimen of alloy V observed
using SE and BSE, respectively. There are a large
number of W-phase particles and X-phase observed on
the fracture surface. As shown in Fig. 12(e), the cracks
only initiate at the rupture of X-phase. This is due to the
fact that X-phase and Mg matrix have the axis-to-axis
orientation relationship [2,24]. Therefore the strengthen-
ing effect of X phase is better than /-phase or W-phase.

Corresponding to five phase compositions, the
alloys show different fracture behaviors: for the alloys
containing MgZn, or I-phase, the cracks are initiated and
formed at the twins and the main crack tends to
propagate mostly along deepened twins; for the alloys
containing W-phase and/or X-phase, the cracks form by
the fracture of eutectic W-phase and/or X-phase.



1362 Fu-gang QI, et al/Trans. Nonferrous Met. Soc. China 24(2014) 1352—-1364

4 Conclusions

1) The addition of Y has significant effects on the
phase composition and microstructure of Mg—6Zn—1Mn
alloy. Varied phase compositions, including Mg,;Zn;,

Fig. 11 SE-SEM images (a, c, e, g, i) and BSE-SEM images
(b, d, f, h, j) showing fracture behaviour of as-extruded
Mg—Zn—Mn-Y alloy: (a), (b) Alloy I; (c), (d) Alloy II;
(e), (f) Alloy III; (g), (h) Alloy IV; (i), (j) Alloy V

I-phase (Mg;YZng), W-phase (Mg;Y,Zn;) and X-phase
(Mg,YZn), are obtained by adjusting the Zn to Y mass
ratio.

2) Mn element has no effect on phase composition
and mainly exists as pure Mn fine particles, which are
well distributed in Mg—Zn—Mn~—Y alloy.
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3) The addition of Y can greatly increase the
eutectic temperature of Mg—6Zn—1Mn alloys. Based on
the thermal analysis results and microstructure
observation, phase stability follows the decrease trend of
X>W>I>Mg7Zn;.

4) The addition of Y can significantly improve the
mechanical properties of Mg—6Zn—1Mn alloy. Among
them, the Mg—6Zn—1Mn—6Y with the X-phase and
W-phase alloy has the best mechanical properties,
exhibiting the highest tensile strength of 389 MPa,
highest yield strength of 345 MPa and elongation of

Fig. 12 BSE-SEM micrographs of fracture
surface of as-extruded Mg—Zn—Mn—Y alloys
parallel to tensile direction: (a) Alloy I; (b)
Alloy II; (c) Alloy III; (d) Alloy 1V; (e)
Alloy V

6.4%. The high strength of the test alloys is mainly due
to the strengthening by the grain size refinement,
dispersion strengthening by fine Mn particles, and
introduction of Mg—Zn—Y ternary phases.

5) Corresponding to different phase compositions,
the experimental alloys show different fracture behaviors:
for the alloys containing MgZn, or /-phase, the cracks
are initiated at the twins and the main crack tends to
propagate mostly along deepened twins; for the alloys
containing W-phase and/or X-phase, the cracks form by
the fracture of eutectic #W-phase and/or X-phase.
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