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Abstract: The microstructure and mechanical properties of Mgo,Zn,Y, extruded alloy containing long-period stacking ordered
structures were systematically investigated by SEM and TEM analyses. The results show that the 18R-LPSO structure and a-Mg
phase are observed in cast Mgg,Zn,Y, alloy. After extrusion, the LPSO structures are delaminated and Mg-slices with width of
50—200 nm are generated. By ageing at 498 K for 36 h, the ageing peak is attained and S’ phase is precipitated. Due to this novel
precipitation, the microhardness of a-Mg matrix increases apparently from HV108.9 to HV129.7. While the microhardness for LPSO
structure is stabilized at about HV145. TEM observations and SAED patterns indicate that the f’' phase has unique orientation
relationships between a-Mg and LPSO structures, the direction in the close-packed planes of #’ precipitates perpendicular to that of
0o-Mg and LPSO structures. The ultimate tensile strength for the peak-aged alloy achieves 410.7 MPa and the significant strength
originates from the coexistence of §’ precipitates and 18R-LPSO structures.
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1 Introduction

Magnesium alloys with rare element (RE) metals
are currently of great interest for applications in
acrospace and automotive industries due to their
extraordinarily low density, high specific strength and
easy-recycling ability. However, the relatively low
strength and poor heat resistant properties strongly
restrict their further spread for powertrain applications
[1,2]. Therefore, great efforts have been expended to
improve the mechanical properties of Mg—RE alloys.

Recently, KAWAMURA et al [3] developed a
Mgy;Zn;Y, alloy by warm extrusion of rapidly solidified
powders at 573 K which exhibited a high yield strength
of 610 MPa with 5% elongation at room temperature.
The high strength of this alloy derives from the ultrafine
0-Mg grains and the appearance of a novel long-period
stacking ordered (LPSO) structure, which was identified
to be a chemical and stacking ordered structure with 6
atomic planes in a single period. Afterwards, various
LPSO phases of 10H, 14H, 18R and 24R types have

been observed in other kinds of Mg—RE—Zn ternary
systems, and the mechanical properties of these alloys
have been investigated [4—6]. The LPSO-containing
alloys exhibit superior performance after conventional
deformation processes like rolling, extruding, etc [7,8].
Usually, the extruded Mgy;Zn;Y, alloy displays a high
tensile strength of approximately 350 MPa at RT with
appreciable ductility [9], which is still not high enough
for use in components of aircrafts and automobiles.

Since the RE elements usually have a large solid
solubility in Mg—RE alloys and the solubility decreases
drastically as temperature drops, precipitation
strengthening is another attractive way to improve the
mechanical properties of these alloys [10]. Consequently,
the combination of LPSO phases and precipitates in
Mg—RE—Zn alloys might greatly enhance the properties
of the alloys. In addition, although the LPSO/precipitate
systems were observed in Mg—Gd—Y—Zn—Zr [10] and
Mg—Zn—Y—-Nd alloys [11], the precipitates have not
been reported in LPSO-containing Mg—Zn—Y ternary
alloys by now. Therefore, the objective of the present
study is to explore the formation of RE-containing
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precipitates together with LPSO phases existing in
Mg—Zn—Y ternary systems. In this work, the phase
compositions, ageing hardening behavior, microstructure
and tensile properties of the as-extruded and peak-aged
Mgy, Zn,Y, alloy are investigated, which is expected
to provide useful information for optimizing the
mechanical properties via microstructures of new
magnesium alloys.

2 Experimental

An alloy ingot of MgyZn,Y, (mole fraction, %)
was prepared from pure Mg, Zn and Y metals by melting
in an electric resistance furnace with a mild steel crucible
under the protective gas of mixed CO, and SF¢. After
being remelted at 1023 K for 0.5 h, the melt was poured
into a water-cooling copper mold with inside diameter of
60 mm. Homogenized at 773 K for 12 h, the alloy ingot
was then extruded at 703 K with an extrusion ratio of 9:1
and quenched in air. Rods with diameter of 20 mm were
then aged at 498 K for a total time of 80 h in a furnace.
Microhardness of the alloy was measured by FM700
microhardness tester at a load of 0.98 N with loading
time of 10 s. The tensile test was carried out on an
electronic universal testing machine with the tensile axis
parallel to the extrusion direction at a cross-head speed
of 2 mm/min at room temperature. The microstructures
were examined with an optical microscope (OM;
Olympus BHM), a scanning electron microscope (SEM;
FEI Sirion 200) equipped with an X-ray energy

dispersive spectrometer (EDS) and a transmission
electron microscope (TEM; JOEL—-2000EX). Samples
for OM and SEM observations were mechanically
polished and then etched with 4 mL nitric acid and 96
mL ethanol. To obtain the TEM image, specimens were
thinned by twin-jet electro polishing in a solution of 5%
perchloric acid and 95% ethanol.

3 Results and discussion

3.1 Microstructures of as-cast and as-extruded

MgesZn,Y , alloy

Figure 1(a) shows the SEM backscatter electron
image (BEI) of the cast Mgy4Zn,Y, alloy. Two phases are
well observed, the a-Mg matrix and a secondary phase
with  lamellar morphology distributed in the
interdendritic region. The EDS results reveal that the
compositions for the black and white regions are
Mg—2.92%Y—0.58%Zn and Mg—7.33%Y—4.96%Zn
(mole fraction), respectively. The composition of the
secondary phase is consistent with X-phase, which was
reported to be a long-period stacking ordered structure
by LUO et al [12]. The TEM selected area electron
diffraction (SAED) pattern of the intermetallic phase is
shown in Fig. 1(b). It is clear that five extra diffracting
spots occur at the 1/6(0002),, 2/6(0002),, 3/6(0002),,
4/6(0002),, and 5/6(0002), positions, which is the
evidence commonly used to prove the existence of the
18R structure [13]. Besides, five sets of weak
streaks appear along the (0001), direction and through

Fig. 1 BEI (a) and SAED pattern of as-cast Mgy4Zn, Y alloy (b), and BEI (c) of and TEM image (d) of as-extruded alloy
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+1/6 {1120}, +2/6 {1120}, £3/6 {1120}, , +4/6 {1120},
and +5/6 {1120}, positions. Moreover, the streaks
through  the +2/6{1120}, , +3/6{1120}, and
+4/6{1120}, positions show comparatively stronger
intensities than those through the =+1/6 {1120}, and
+1/6 {1120}, positions. The appearance of these streaks
confirm that the secondary phase is 18R LPSO structure
[13]. Also, from the SAED pattern it can be seen that the
orientation relationships between a-Mg matrix and LPSO
phase are (001),1.mg//(0018)1gr-1pso and  [001 ]y me//
[001];sr-Lpso-

Figure 1(c) shows the BEI of the Mgo,Zn,Y, alloy
in as-extruded condition. During extrusion, the LPSO
network is broken and the LPSO phase is aligned along
the direction of extrusion. Parts of the LPSO structures
are deformed and fragment into smaller pieces. As for
coarse LPSO, kinking bands are formed and
delamination of LPSO phases also appears in abundant
regions, as indicated by arrows in Fig. 1(c). A bright field
TEM image of the extruded LPSO phase is shown in
Fig. 1(d). Gaps with sizes of 50—-200 nm are observed
between delaminated LPSO structures, as marked by
arrows. Interfaces between the delaminated LPSO phase
and Mg matrix in the gaps are distinct and smooth, while
no cracks are observed, indicating a good connection and
excellent ductility of LPSO phase.

3.2 Precipitation behavior

Figure 2 displays the precipitation hardening curve
of the as-extruded specimens aged at 498 K for 80 h. The
alloy exhibits a remarkable age hardening response.
The hardness of the as-extruded alloy is HV117, which
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Fig. 2 Hardness variation of alloy aged at 498 K as function of

ageing time

decreases obviously in the first 10 h of ageing, and then
increases significantly. Peak hardness of HVI132 is
obtained at 36 h. After that point the hardness decreases
gradually with ageing time.

Figure 3(a) shows the SEM (BEI) image of the
MgosZn,Y 4 alloy aged at 498 K for 36 h. Compared with
the as-extruded alloy, there is no obvious difference for
the morphology of LPSO structures. Figure 3(b) shows
the bright field (BF) TEM image of the a-Mg matrix. It
can be seen that numerous fine particles precipitate in the
matrix. The SAED pattern of the matrix is shown in
Fig. 3(c). Three extra diffraction spots locate at
1/4(0110),, 2/4(0110), and 3/4(0110), positions,
indicating that the precipitate is f’ phase. Its structure is

Fig. 3 Microstructures of peak-aged Mgy4Zn, Y, alloy: (a) SEM image; (b) BF TEM image; (¢c) SAED pattern; (d) HR TEM image
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identified as base-centered orthorhombic (BCO)
structure with lattice parameters a=2xa,\;=0.640 nm,
b:8Xd(01T0)a_Mg:2.223 nm, ¢=c,mg=0.521 nm [14].
Also, it can be inferred that the orientation relationships
between the 4’ phases and a-Mg are (001)4//(0001),.
and [100]4//[21 10],_, . High resolution (HR) TEM
image of the S’ precipitates is shown in Fig. 3(d). It is
apparent that the average size of ' precipitates is
about 20 nm and it has coherent interfaces with a-Mg

matrix.

3.3 Mechanical properties

Tensile tests were performed along the extrusion
direction for the Mgy,Zn,Y, alloy and its peak-aged alloy
at room temperature. The results are shown in Table 1.
Strength for the as-cast alloy is pretty poor, only 130.0
MPa. After extrusion the alloy is strengthened by work
hardening and deformed LPSO phase that acts as
short-fiber reinforcement. During ageing, S’ phases
precipitate in the matrix, which further improves the
tensile strength. However, the ductility of the alloy needs
further enhancement since at all stages the MgoyZn,Y,
alloy exhibits poor elongation. Table 2 shows Vickers
hardness of the matrix and LPSO phase at different
stages. Hardness for the LPSO structures is stable at all
three stages and is higher than the matrix, indicating that
LPSO phase is a kind of hardening phase. As for the
matrix, the hardness is HV 80.8 at as-cast stage and
increases to HV108.9 after deformation. The increase
originates from work hardening, recrystallization around
the LPSO phases and solution strengthening since the
extrusion temperature is relatively high which
accelerates the diffusion of Y and Zn atoms from the
secondary phases to the matrix. After ageing, the
increase of hardness for the matrix is mainly owing to

Table 1 Tensile properties of Mgo,Zn,Y, alloy at different

stages
Yield Ultimate tensile .
Alloy stage Elongation/%
strength/MPa strength/MPa
As-cast 96.5 130.0 2.9
As-extruded 246.4 389.6 2.8
Peak-aged 272.3 410.7 2.8

Table 2 Vickers hardness of matrix and LPSO phase at
different stages

Hardness (HV)

Alloy stage Matrix LPSO
As-cast 80.8 143.8
As-extruded 108.9 145.4
Peak-aged 129.7 147.1

the novel precipitates.

It has been reported that the LPSO phase in
as-extruded alloys could enhance the mechanical
properties of the alloys significantly and the
strengthening mechanism was studied elsewhere [15].
Commonly, deformation twin and basal slip are the two
positive deformation modes for magnesium alloys at
room temperature [16,17]. MATSUDA et al [17] reported
that the LPSO phases are effective to stop the growth of
{10?2} deformation twins for Mgy;Zn,;Y, LPSO/Mg
alloy. The twins can be deflected or arrested in regions
with highly dense LPSO phases. Therefore, the twins are
barely observed in the Mgy;Zn,Y, alloy since the size
and quantity of LPSO structures are much greater than
those of Mgy;Zn;Y, alloy. After ageing process, the /'
phases precipitate and the close-packed planes of this
precipitate are perpendicular to the basal planes of a-Mg
matrix. Thus, the movement of dislocations on the basal
planes can also be greatly hindered. Since the barrier for
the two main deformation modes to activate is promoted,
the strength of the alloy is enhanced.

Usually the a-Mg matrix is the weakness of these
LPSO-containing alloys, especially the a-Mg slices
embedded between LPSO phases [18]. As can be seen in
Fig. 1(d), the LPSO phases delaminate elsewhere after
extrusion and a plenty of Mg slices with nanoscale in
width appear. It is no doubt that the movements of
dislocations in the Mg nano-slices are severely restricted.
Therefore, once the number of dislocations or stress
concentration caused by kinking exceed the capability of
the Mg slices to accommodate, microcracks nucleate and
propagate from the Mg nano-slices, consequently
impiring the alloy. Figure 4(a) shows the bright field
image of a Mg-slice embedded in delaminated LPSO
phases, where the width of the slice is approximately 50
nm, which is consistent with Fig. 1(d). As shown in
Fig. 4(b), three series of patterns appear in the SAED
pattern of the slice, representing for the existence of
a-Mg, LPSO phase and ' precipitate, respectively. Since
the coherent precipitate also exists in the Mg nano-slices,
the capability for the slices to accommodate the number
and movements of dislocations could be enhanced
significantly, resulting in the increase of strength.
Besides, it can be seen from the SAED patterns that the
diffraction spot lines for £’ precipitates are perpendicular
to lines for a-Mg and LPSO phases, suggesting the
packing direction for f’ precipitate in the close-packed
planes is perpendicular to that for both a-Mg or LPSO
phases. The unique orientation relationships between
LPSO phases and /' precipitates might contribute to the
increase of strength, and the mechanism should be
investigated further.
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Fig. 4 Bright field image (a) and SAED pattern (b) of a-Mg
slice between delaminated LPSO structures

4 Conclusions

1) The microstructure of as-extruded Mgy,Zn,Y4
alloy consists of a-Mg and delaminated 18R-LPSO
phase. When aged at 498 K for 36 h, the ageing peak is
attained and f’ phases are precipitated.

2) After ageing process, the microhardness for the
0-Mg matrix and LPSO phases are increased to HV129.7
and HV147.1, respectively. The ultimate tensile strength
of the peak-aged alloy achieves 410.7 MPa.

3) The coexistence of /' precipitates and LPSO
phases contributes to the strength of the alloy. The a-Mg
slices embedded in the delaminated LPSO structures
which was used to be the origin of microcracks can be
strengthened by £’ precipitates.
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