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Abstract: The microstructure and mechanical response of as-cast and extruded Mg-2Zn-1Mn-XY alloys (X=0, 0.8, 2.2, wt%)

were investigated by optical microscope (OM), scanning electron microscope (SEM) with X-ray energy dispersive spectrometer

(EDS), and X-ray diffractometer (XRD). The results reveal that the addition of Y not only decreases the grain sizes of both

as-cast and extruded alloys, but also effectively reduces the basal texture intensity of extruded alloys, which are the two key

reasons for the improvement of the strength and ductility of Mg-2Zn-1Mn-XY alloys, simultaneously. The optimized

Mg-2Zn-1Mn-XY alloy after extrusion exhibits an attractive mechanical performance. Compared with those of the matrix

material Mg-2Zn-1Mn, its yield strength increases from 164 MPa to 204 MPa, the ultimate tensile strength increases from 237

MPa to 298 MPa, and the elongation increases from 12% to 18%.
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Recently, Mg-Zn-Mn alloy has received wildly concern be-
cause of its excellent performance and relatively low cost ',
It is a new kind of high performance wrought magnesium al-
loy with pronounced response to age-hardening, which has
great potential for improving the strength by various heat
treatments and micro-alloying. Zhang et al'**! developed the
Mg-6Zn-1Mn alloy treated by two-step aging, which exhibits
high strength including 310 MPa of yield strength, 340 MPa
of ultimate tensile strength, but a relatively poor elongation of
6.5%. For this alloy, the high zinc content increases the
strength of the alloy while sacrificing the plasticity of the ma-
terial. In order to enhance the ductility of Mg-Zn-Mn alloy,
ZM21 with relatively lower zinc content was investigated by
Lv et al' and it was found that 13.7% elongation can be
achieved when this alloy is extruded at 420 °C. But, it is not
surprising that the strength of ZM21 is just 0.2% proof
strength of about 171 MPa, and ultimate tensile strength is 251
MPa. Therefore, we can think that it is difficult to meet the
requirements of ensuring the strength and toughness of the al-
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loy only by changing the content of zinc.

Alloying design is an effective way for improving me-
chanical properties of metallic materials, including magne-
sium alloys ). In the last decade, the effect of rare earth (RE)
alloying elements (such as Y, Gd, Ce and Nd) has gained more
and more attention as it can refine the crystalline structure,
enhance the mechanical properties and improve the processing
performance *'"!. Among them, yttrium (Y) has received par-
ticular attention, because it is one of the most abundant ele-
ments among the rare earth element. Chen et al'"* have found
that the addition of Y improves the mechanical properties of
Mg-5Sn-3Zn alloy effectively, especially the elongation, and
Mg-5Sn-3Zn-0.5Y has the best comprehensive mechanical
properties, whose elongation reaches 19.1%, 5.1% higher than
14.1% of Mg-5Sn-3Zn alloy. Some researchers have discov-
ered that the Mg-Zn-Y alloy series are rich in ternary inter-
metallic compounds, including icosahedral quasicrystalline
I-phase (Mg;ZngY), face centered cubic W-phase (Mg;Zn;Y)),
and long period stacking ordered (LPSO) X-phase (Mg;,ZnY),
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which influence the mechanical performance of alloys >

Singh et al''® have observed that the strength of Mg-Zn-Y al-
loy increases with increasing the quantity of /-phase. However,
it was reported that the presence of W-phase will degrade the
mechanical properties of the alloys ', The X-phase was also
recognized to be a superb strengthening phase due to its
unique crystal structure, high strength and deformation diffi-
culty at room temperature sl

Except the effect of refining grain size, numerous investiga-
tions have been done to prove that the addition of Y can also
produce more random orientations during hot extruding ">,
It is well known that the poor formability of magnesium alloys
at room temperature is due to their strong basal texture and a
lack of adequate deformation systems . In fact, the unfa-
vorable mechanical response of Mg alloys with hexagonal
close packed (hcp) structure can be attributed mostly to their
tendency of forming very sharp textures . Therefore, the
ability to randomize the texture of wrought magnesium alloys
has some positive influences, such as reducing the ten-
sion-compression strength asymmetry as well as the potential
for improving the secondary formability.

In the present study, the effect of Y content varying from 0
to 2.2 wt% on the microstructure, mechanical properties and
texture of Mg-Zn-Mn-XY alloys was studied by optical mi-
croscope, scanning electron microscope with X-ray energy
dispersive spectrometer, X-ray diffractometer, and the room
temperature tensile test.

1 Experiment

The chemical composition of the materials used in this
work was analyzed by the X-ray fluorescence spectrometer
(Shimadzu XRF1800), and the results are presented in Table 1.
The as-cast ingots were homogenized at 500 °C for 12 h and
then cooled in air. After homogenization, the ingots were
hot-extruded into rods with a diameter of 16 mm. The extru-
sion ratio was 25:1 and the extrusion temperature was 450 °C.

All the as-cast and extruded alloy samples for metallography
observation were ground with 1200 grit SiC paper. As-cast al-
loys were etched by 1 mL nitric acid and 20 mL ethyl alcohol.
Extruded alloys were etched by 5 g picric acid, 1 mL acetic acid
and 8 mL ethyl alcohol. The microstructures of these alloys
were observed by optical microscope (OM, Olympus Measur-
ing Laser, Microscope OLS4000) and scanning electron micro-

Table 1 Chemical composition of Mg-2Zn-1Mn-XY alloys (wt%)

Alloy Zn Mn v Mg
Mg-2Zn-1Mn
(ZM21) 1.98 0.71 0 Bal.
Mg-2Zn-1Mn-0.8Y
(ZM21-0.8Y) 2.12 0.81 0.80 Bal.
Mg-27Zn-1Mn-2.2Y
(ZM21-2.2Y) 1.85 0.75 2.19 Bal.

scope (SEM, Tescan VEGA 3) equipped with X-ray energy dis-
persive spectrometer (EDS). Phase analysis was determined by
X-ray diffractometer (XRD) using Cu Ko radiation with a scan-
ning angle of 10°~90° and a scanning rate of 4°/min. The crystal-
lographic texture of the extruded alloys was determined by XRD
using Cu Ka radiation (wavelength 1=0.154 06 nm) at 45 kV and
40 mA and the sample tilt angle y ranged from 0° to 70°.

The extruded samples were machined into cylindrical tensile
specimens with a gauge size of 5 mm in diameter and 35 mm in
length. The room temperature tensile tests were performed us-
ing CMT-5105 universal material testing machine at a strain
rate of 3.0 mm/min. Yield strength (YS) was determined as
0.2% proof stress, and ultimate tensile strength (UTS) and frac-
ture elongation were obtained based on the average of three
tests. Fracture surface was investigated by SEM.

2 Results

2.1 Microstructure of as-cast alloys

The optical microstructures and BSE images of as-cast
ZM21, ZM21-0.8Y, and ZM21-2.2Y alloys are shown in Fig.1
and Fig.2, respectively. The as-cast alloy consists of a-Mg
matrix and a compound phase continuously distributed on the
grain boundary. The a-Mg is dendritic, and with the increase
of Y element content, the precipitates on the grain boundary
increase and the dendritic structure is refined. The eutectic
compounds are dispersed almost along grain boundaries, only
few inside the grains. According to the EDS results presented
in Table 2, both the particles and laminar structures are com-
posed of Mg, Zn and Y. From the microstructure, it can be
seen that with the increase of the Y content, more second
phase precipitates along the grain boundaries.

Fig.3 shows the X-ray diffraction patterns of as-cast alloys
containing different amounts of Y. As indicated in the patterns,
when the content of Y is 0.8 wt%, the Zn/Y weight ratio is
close to 2.65, and the phases are a-Mg, I-phase and W-phase.
As the content of Y increases to 2.2 wt%, the Zn/Y weight ra-
tio is 0.84, and the phases change to a-Mg, W-phase and
X-phase. When the content of Y is higher than the content of
Zn, the LPSO structure X-phase can be formed. This result is
coincident well with Ref.[25-27].

2.2 Microstructure of as-extruded alloys

Fig.4 shows the BSE micrographs of as-extruded ZM21-XY
(X=0, 0.8, 2.2) alloys parallel to the extrusion direction. It is
obvious that the grains are greatly refined with the addition of
Y element after extrusion deformation. The EDS results (listed
in Table 3) show that the composition of the second phase of
the as-extruded alloys is the same as that of the as-casted al-
loys. Dynamic recrystallization occurs during the hot extru-
sion. The grains are averagely refined with the increase of the
amount of Y element. The white bright spots in Fig.4a are the
Mn element which should be mostly dissolved into the as-cast
matrix. Then after the hot extrusion treatment, a small amount
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Optical microstructures of the as-cast magnesium alloys: (a) ZM21, (b) ZM21-0.8Y, and (c) ZM21-2.2Y
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Fig.2 BSE images of the as-cast magnesium alloys: (a) ZM21, (b) ZM21-0.8Y, (c) ZM21-2.2Y

Table 2 EDS results of point A, B, C and D in Fig.2

Composition/at%

Point Phase
Mg Zn Y
A 96.56 3.44 - Mg7Zn;
B 85.70 11.32 2.98 MgsZngY
Ci 86.50 7.92 5.58
Mg3ZIl3Y2
C, 89.34 6.49 4.17
D 90.94 4.45 4.61 Mg, ZnY
o—a-Mg
0—Mg,Zn,
0 —Mg,Zn Y(I)
ZM21-2.2Y u—Mg,Zn,Y,(W)
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Fig.3 XRD patterns of as-cast magnesium alloys

of fine Mn particles precipitate in the structure, studied by Qi
et al 1. Comparing Fig.2 and Fig.4, especially 2b and 4b, 2¢
and 4c, it can be found that the secondary phases are distrib-
uted mostly along the grain boundary in the as-cast alloys.
After hot extrusion, the secondary phases are broken into
pieces. As can be seen from Fig.4c, the number of the second
phases obviously increases with the increase of Y content, and
the fragmented second phase particle bands are distributed
along the extrusion direction in the as-extruded ZM21-2.2Y
alloy.
2.3 Texture of as-extruded alloys

Fig.5a~5¢ show the (0002) and (1010) pole figures of ex-
truded ZM21-XY alloys perpendicular to the extrusion direc-
tion. It is well known that magnesium alloys have apparently
preferred grain orientation and basal plane (0002) is parallel to
the extruded direction (ED) during hot extrusion. The texture
of ZM21 is a normal extruded fiber texture with an intensity
of 4.993, as shown in Fig.5a. When the addition of Y is 0.8
wt%, it does not change the texture type but the basal texture
intensity decreases slightly to 4.615. Furthermore, the texture
intensity drops to 2.764 when the Y element content increases
to 2.2 wt%. It can be seen that Y can efficiently weaken the
basal texture, and cause a low basal texture intensity. Kula et
al® reported that Y strengthens most <c+a> slip system,
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Fig.4 BSE images of the as-extruded magnesium alloys: (a) ZM21, (b) ZM21-0.8Y, and (c) ZM21-2.2Y

Table 3 EDS results of point A, B, C and D in Fig.4

Composition/at%

Point Phase
Mg Zn Mn

A 32.64 - 67.36 - Mn

B 77.53 19.32 - 3.15 Mgs;ZnegY
C 67.93 18.48 - 13.59 MesZnsYs
C, 70.18 16.74 - 13.08

D 91.57 4.47 - 3.95 Mg2ZnY

Max=4.993 a

Fig.5 Basal (0002) and (1010) pole figures of as-extruded magne-
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sium alloys: (a) ZM21, (b) ZM21-0.8Y, and (c) ZM21-2.2Y

which exhibits a monotonic increase in CRSS with the Y ad-
dition at different rates.
2.4 Mechanical properties of as-extruded alloys

The room temperature mechanical properties of as-extruded
ZM21-XY alloys are shown in Fig.6. It indicates that with the
increase of Y content, the yield strength, ultimate tensile
strength and elongation can be improved simultaneously, and
the tensile properties are remarkable. The YS, UTS and elon-
gation rate (J) of the ZM21-2.2Y alloy rise to 204 MPa, 298
MPa and 18%, which are 40 MPa, 61 MPa and 6% higher
than those of ZM21, respectively.

Fig.7a~7f show the SE and BSE images of the tensile frac-
ture surface of ZM21 alloys with different contents of Y tested
at room temperature. From Fig.7a and 7d, it can be clearly
seen that in the original ZM21 alloy, the tensile fracture sur-
face has typical features of brittle fracture, including mixed
fracture, cleavage plane and tearing ridge. When Y content is
0.8 wt%, except for the tearing ridge and cleavage plane, dim-
ples are also observed in the fracture surface. This means that
the material undergoes a brittle and ductile mixed fracture.
When Y content increases to 2.2 wt%, only a large number of
small and uniform dimples are observed on the fracture sur-
face, and some of the dimples have a second phase particle
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Fig.6 Mechanical properties of as-extruded ZM21-XY alloys
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Fig.7 SE and BSE fracture images of as-extruded ZM21-XY alloys: (a, d) ZM21, (b, e) ZM21-0.8Y, and (c, f) ZM21-2.2Y

at the bottom of many voids, indicating that the fracture of the
alloy changes from brittle to ductile rupture with increasing
the Y content.

3 Discussion

The tensile results show that Y element can influence the
mechanical properties of extruded Mg-Zn-Mn alloys. Ac-
cording to the previous research, the phase components of the
as-cast and as-extruded Mg-Zn-Mn-Y alloys mainly consist of
o-Mg, I-phase, W-phase and X-phase, depending on the Zn/Y
weight ratio P The second phase content is critical to the
mechanical properties of the extruded alloy. I-phase is consid-
ered to be a special strengthening phase in a ductile material
because of its high hardness and low interfacial energy ©'.
Furthermore, the LPSO X-phase possesses lots of exceptional
characteristics, such as high strength and hardness due to its
unique crystal structure. And as reported, there is a stable co-
herent interface between the X-phase and the a-Mg matrix,

231 what’s

which is important for the strength of the alloy
more, on account of weaker atomic bonding to the Mg matrix,
the existence of cubic W-phase reduces the mechanical per-
formances .

From the microstructure of ZM21-XY alloy, it can be con-
cluded that Y can significantly refine the grain size and nar-
row the grain boundary. In the solidification process of casting,
Y concentrates in the front of the solid-liquid interface be-
cause of the limitation of diffusion kinetics, so the trend of the
constitutional supercooling of the solid-liquid interface in-

creases, and thus the branching process is intensified "*>7. At

the same time, the intermetallic compounds with high melting
points containing Y element are dispersed at grain boundaries,
which results in the extension of the supercooled region in
front of the solid-liquid interface, thereby inhibiting the grain
growthP®*1. Therefore, the second dendrites increase. Mean-
while, the dendrite spacing decreases and eventually refines
the grain.

Since the extrusion temperature (450 °C) is higher than the
recrystallization temperature, the dynamic recrystallization
occurs during hot extrusion. And the recrystallized grains are
refined, equiaxed and homogeneous. In general, hot extrusion
can make the second phases precipitate along the grain
boundary or inside the grains. These dispersed second phase
particles can effectively retard the growth of the recrystallized
grains to achieve the effect of refining grains. As shown in
Fig.4, in all of the extruded alloys, the recrystallization takes
place and the grain sizes are obviously refined because of the
addition of Y. According to the Hall-Petch equation, the de-
crease of the grain size will result in the increase in yield
strength of the material ' *\. From Fig.6, it can be seen that
the results of tensile test of ZM21-XY are in accordance with
Hall-Petch relationship. The addition of a small amount of Y
element significantly increases the yield strength from 164
MPa to 204 MPa.

It is worth noting that when Y content increases from 0.8
wt% to 2.2 wt%, there is little change in the yield strength.
However, the ultimate tensile strength increases by about 30
MPa. This should be attributed to more precipitation of second
phase particles and the reduction of texture intensity in
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ZM21-2.2Y. According the precipitate hardening theory, the
precipitates affect both the yield strength and the ultimate

1“4 reported that texture plays an important

strength. Guo et a
role in the strength of Mg alloy. However, they reported that
texture greatly affects the yield strength, while does not pose a
great effect on the ultimate strength. Therefore, we considered
that the higher ultimate strength of the alloy with a higher
content of Y is mainly ascribed to the higher density of pre-
cipitate. The alloy with a lower content of Y causes a lower
density of precipitates, but a stronger texture. This finally re-
sults in a similar yield strength but different ultimate strengths
of the two alloys.

In general, these increase  the
work-hardening effect, as well as decrease the elongation of
materials. However, in our study, the elongation of
ZM21-2.2Y alloy is 18%, which is 2% larger than 16% of
ZM21-0.8Y. Kim et al' indicated that the macroscopic me-

chanical behavior and deformation behavior of polycrystalline

second particles

magnesium alloys not only obey the Hall-Petch relationship,
but also are affected by crystallographic textures. Agnew et
al™pointed out that the addition of yttrium (Y) in magnesium
can increase the activity of the nonbasal <c+a> slip mode,
which can help explain their improved ductility since c-axis
compression can be accommodated, and efficiently increase
the plastic deformation of magnesium alloys. Bohlen et al**!
showed that recrystallized grains in a hot extruded bar con-
taining Y have orientations quite different from the <1070 >
fiber texture of deformed grains. It is generally recognized
that the addition of rare earth elements results in significant
texture changes during the extrusion of Mg alloys, including a
randomization of the texture, i.e. significantly weaker textures
and the appearance of a new texture component after process-
ing, sometimes named as the “rare earth component” *>*%!. In
our case, the (0002) basal fiber texture of ZM21-2.2Y is much
less than that of ZM21-0.8Y, weakened from 4.615 to 2.746,
which should be the major reason for the increase in elonga-

tion of alloys with Y element addition.
4 Conclusions

1) With the addition of Y, the grains of ZM21-XY (X=0, 0.8,
2.2) alloys in as-cast and as-extruded state are refined, and
plenty of ternary intermetallic compounds of Mg-Zn-Y phases
are formed at the grain boundaries.

2) Y addition in as-extruded ZM21 alloy can effectively
weaken the basal texture, whose intensity decreases from
4.993 t0 2.764.

3) The mechanical properties of ZM21-XY increase with
the addition of Y. Among the studied alloys, ZM21-2.2 exhib-
its a supreme mechanical performance with the yield strength
of 204 MPa, ultimate tensile strength of 298 MPa and an
elongation of 18%, improved by about 40 MPa, 61 MPa and
6% compared with those of the as-extruded ZM21 alloy (164
MPa, 237 MPa and 12%), respectively.
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