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The strengthening effect of icosahedral phase on
as-extruded Mg–Li alloys

D.K. Xu,a,b L. Liu,a Y.B. Xua and E.H. Hanb,*

aShenyang National Laboratory for Materials Science, Institute of Metal Research, Chinese Academy of Sciences,

Shenyang 110016, China
bEnvironmental Corrosion Center, Institute of Metal Research, Chinese Academy of Sciences, Shenyang 110016, China

Received 31 October 2006; revised 30 December 2006; accepted 7 March 2007
Available online 11 May 2007
Through investigating the mechanical properties of three kinds of Mg–Li–Zn–Y alloys, a strengthening method, i.e. introducing
I-phase (Mg3Zn6Y, icosahedral quasicrystal structure) in the matrix of Mg–Li alloys, for as-extruded Mg–Li alloys has been dem-
onstrated. The tensile results indicate that I-phase can effectively strengthen the alloys. The substantial enhancement of strength has
been explained by microstructure changes.
� 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Alloying magnesium with lithium of extremely low
density (0.534 g cm�3) can further reduce the weight of
Mg alloys. However, based on the previous results listed
in Table 1, the strength of Mg–Li alloys is very low [1,2].
Generally, previous strengthening methods, such as
adding Zn or Al alloying elements and severe plastic
deformation (hot extrusion or equal channel angular
extrusion), cannot make the ultimate tensile strength
(UTS) of Mg–Li alloys exceed 200 MPa.

On the other hand, it has been reported that Mg–Zn–
Y alloys containing I-phase (Mg3Zn6Y, icosahedral
quasicrystal structure) as a secondary phase exhibit
good mechanical properties at both room temperature
and elevated temperature [3]. Depending on the volume
fraction of I-phase, Mg–Zn–Y–Zr alloys can have yield
strength from 150 to 450 MPa at room temperature [4].
Previous studies [5–9] indicated that the existence of I-
phase in Mg–Zn–Y or Mg–Zn–Y–Zr alloys was closely
dependent on the Zn/Y weight ratio. Literature [7] sug-
gested that when the Zn/Y ratio exceeded 4.38, element
Y would exist almost completely as I-phase. When the
Zn/Y ratio was above a certain value (>4.38), with
increasing Y content, more I-phase would be formed
in the Mg matrix.
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Based on the analysis of these two alloy systems
mentioned above, two questions can be asked: (i) can
I-phase be introduced into Mg–Li alloys? (ii) If I-phase
can be introduced, will the mechanical properties of
Mg–Li alloys be greatly improved? Therefore, in this
work, three alloys (with Zn/Y ratios higher than 5),
namely Mg–8% Li–3% Zn–0.6% Y, Mg–8% Li–6%
Zn–1.2% Y and Mg–8% Li–9% Zn–1.8% Y, were pre-
pared. By investigating the mechanical properties of
the alloys, the two questions will be answered.

The materials used in this study were as-extruded
Mg–Li–Zn–Y magnesium alloys with different Zn and
Y contents, which were prepared using specific techno-
logy in the Magnesium Alloy Research Department of
IMR, China. Using inductively coupled plasma atomic
emission spectrum apparatus, the chemical composi-
tions of alloys I–III were determined, and these are listed
in Table 2. The extrusion ratio was 10:1.

Phase analysis was determined with a D/Max 2400 X-
ray diffractometer (XRD). Microstructures of the as-cast
alloys I–III were examined by scanning electron micros-
copy (SEM; XL30-FEG-ESEM). Tensile bars with a
gauge length of 25 mm and 5 mm in diameter were ma-
chined from the alloys. The axial direction of the tensile
specimens was parallel to the extruded direction. Tensile
experiments were conducted on an MTS (858.01 M)
testing machine with a constant strain rate of 1 · 10�3

s�1 at room temperature. SEM (XL30-FEG-ESEM)
sevier Ltd. All rights reserved.
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Table 1. Summary of the mechanical properties of the different Mg–Li alloys (tested at room temperature)

Condition As-extruded state Equal channel angular extrusion

r0.2 (MPa) UTS (MPa) Elongation (%) r0.2 (MPa) UTS (MPa) Elongation (%)

Mg–11% Li–1% Zn [1] 96 133 60 150 175 35
Mg–9% Li–1% Zn [1] 100 141 56 160 182 31
Mg–9% Li–1% Zn–0.2% Mn [1] 90 130 70 140 165 22
Mg–9% Li–1% Zn–1% Al–0.2% Mn [1] 105 150 60 145 180 24
Mg–9% Li–1% Zn–3% Al–0.2% Mn [1] 110 161 50 130 180 27
Mg–3.3% Li [2] 69 160 18 113 200 33

Table 2. Chemical composition and the mechanical properties of the as-extruded Mg–Li–Zn–Y alloys

Normal alloys Chemical composition (wt.%) Zn/Y ratio Mechanical properties

Mg Zn Y Li r0.2 (MPa) UTS (MPa) Elongation (%)

Alloy I Bal 3.12 0.61 8.04 5.11 148 222 30.7
Alloy II Bal 6.47 1.26 7.86 5.13 159 239 20.4
Alloy III Bal 9.25 1.79 7.67 5.17 166 247 17.1
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observations using either secondary electron imaging or
backscattered electron imaging were made to determine
the fracture characteristics and cracked I-phase on the
fracture surfaces.

XRD analysis is shown in Figure 1. It reveals that for
alloys I–III, the main phases are a-Mg, b-Li, LiMgZn
and I-phase. Meanwhile, with the increase in Zn and
Y content, the diffraction peak of W-phase will be grad-
ually intensified. In addition, it has been reported
[3,6,10] that I-phase could form interdendritic eutectic
pockets with a-Mg. Therefore, an easy way to determine
I-phase is by its morphology.

The microstructure observations of as-cast alloys
I–III are shown in Figure 2. The figure shows that
I-phase/a-Mg eutectic pockets preferentially form at
the a-Mg/b-Li phase interfaces. With increasing Zn
and Y contents, I-phase/a-Mg eutectic pockets can not
only coarsen at the a-Mg/b-Li phase interfaces but also
gradually form in the a-Mg matrix. Since element Y
exists almost entirely in the form of I-phase, the quantity
of I-phase for alloys is depended on Y content. There-
fore, based on the variation of Y content, it can be
deduced that the quantity of I-phase for alloy III is 3
and two times as much as that of alloys I and II, respec-
Figure 1. X-ray diffraction patterns of as-extruded Mg–Li–Zn–Y
alloys. The arrows in the figure indicate the intensifying tendency of
W-phase diffraction peak.
tively. In addition, with increasing Zn content, especially
for alloy III, many lamellar LiMgZn phases can be
observed in the a-Mg matrix, as shown in Figure 2(d).

The stress–strain curves are shown in Figure 3. To de-
scribe and compare these conveniently, the mechanical
properties of 0.2% proof yield stress (r0.2), UTS and
elongation to failure for the alloys are listed in Table
2. It can be seen that the quantity of I-phase can effec-
tively improve the yield strength and UTS of alloys.
Comparing alloys I and III, with the quantity of I-phase
increasing approximately 3-fold, the yield strength and
UTS increase from 148 and 222 MPa to 166 and
247 MPa, respectively. Meanwhile, the plasticity of alloy
III decreases greatly.

Previous research of Mg–Zn–Y–Zr alloys indicated
[5,7,9] that with the quantity of W-phase increasing,
the strength of alloys decreased. X-ray analysis indicates
that for alloy II, W-phase can hardly be detected. There-
fore, it can effectively avoid the influence of W-phase.
To indicate the effect of I-phase on the mechanical prop-
erties of alloys, only the fracture of alloy II has been
chosen to be observed. Figure 4 shows the secondary
and backscattered SEM images of the fracture surfaces.
The figure reveals that micro-cracks can form in the
interior of big bulk I-phases.

Based on the Mg–Li–Zn ternary phase diagram [11],
when Li content is between 6.0 and 9.5 wt.%, a-Mg and
b-Li coexist and the Zn content in the solid solutions
cannot exceed 2 wt.%. With decreasing solidification
temperature, the solid solubility of Zn decreases gradu-
ally. Meanwhile, the Mg–Li–Y ternary phase diagram
reveals [12] that the Y content in the solid solutions is
very tiny. In addition, due to the interaction of elements
Zn and Y, the solid solubility of Zn and Y is greatly de-
creased [13]. In this study, Li content of alloys I–III is
about 8 wt.%. Therefore, as the solidification process
continues, redundant Zn and Y (with a Zn/Y ratio high-
er than 4.38) will exist between a-Mg and b-Li phases
and preferentially form I-phase at the a-Mg/b-Li phase
interface. Certainly, I-phase can also form in the interior
of a-Mg and b-Li matrix, as shown in Figure 2a–c. It
has been reported that the melting temperature of
I-phase eutectic pockets is about 450 �C [3,8,14,15].



Figure 2. The microstructure of the as-cast Mg–Li–Zn–Y alloys: (a) alloy I, (b) alloy II, (c) alloy III and (d) high-magnification observation of the
location squared in image (c).

0 5 10 15 20 25 30 35
0

50

100

150

200

250

300

T
en

si
le

 s
tr

en
gt

h 
(M

P
a)

Strain (%)

1   Alloy I
2   Alloy II
3   Alloy III

1
23

Figure 3. The stress–strain curves of the as-extruded Mg–Li–Zn–Y
alloys.
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Therefore, when the temperature is lower than 450 �C,
the forming of I-phase will retard the further diffusion
of Zn and Y. Especially for alloys II and III, more I-
phase can form during solidification process, which will
Figure 4. The SEM observation of cracked I-phase on the fracture surface f
easily lead to the formation of areas with higher and
lower Zn/Y ratios in the liquid phase. Therefore, the
area (with lower Zn/Y ratio) cannot fully meet the
requirement of forming I-phase and W-phase will be
formed, whereas the area (with higher Zn/Y ratio) can
successfully form I-phase and the redundant Zn will
form a supersaturated solid solution in the a-Mg matrix.
When the alloys are cooled down to room temperature,
lamellar LiMgZn phases precipitate from the supersatu-
ration solid solution, as shown in Figure 2(d). Previous
research reported [16] that after T6 temper treatment
(solid solution for 2.5 h at 500 �C plus 15 h of artificial
ageing at 180 �C), Mg–Zn–Y phases (I-phase and W-
phase) disappeared and rod-like MgZn 0 precipitated
from the supersaturated solid solution. In addition, the
Mg–Li–Zn ternary phase diagram [11] indicates that
when the contents of Mg and Zn are higher than about
40 at.%, Li will preferentially form LiMgZn phase with
Zn and Mg. Therefore, the formation of LiMgZn can
be divided into two steps: (i) the formation of an
area of higher Zn content caused by rod-like MgZn 0;
and (ii) the diffusion of Li and the formation of
LiMgZn. Based on the discussion above, I-phase can
or alloy II: (a) secondary and (b) backscattered SEM observation.
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be successfully introduced into the matrix of Mg–Li al-
loys, which clearly answers the first question. Whether I-
phase can effectively strengthen Mg–Li alloys or not will
be discussed below.

It has been reported [3] that the interface layer of
a-Mg, 3–5 nm thick, still preserved the orientation
relationship with I-phase, and the coherency between
I-phase and a-Mg could be achieved by introducing
steps and ledges periodically along the interface. There-
fore, the atomic bonding between I-phase and the hex-
agonal structure was rigid enough to be retained
during severe plastic deformation. A study of as-cast
Mg–Zn–Y–Zr alloys [5] suggested that the a-Mg/I-
phase eutectic pockets could retard the basal slip and
that no cracks could be observed at the a-Mg/I-phase
interfaces. Compared with the tensile properties listed
in Tables 1 and 2, this clearly suggests that introducing
I-phase into the Mg matrix can effectively improve the
strength of Mg–Li alloy. However, the stress–strain
curves reveal that with the quantity of I-phase increas-
ing, the difference in UTS between the alloys decreases
greatly, as shown in Figure 3. The figure reveals that
the difference of UTS between alloys I and II is about
twice as great as that between alloys II and III, which
can be ascribed to two main reasons. First, based on
X-ray phase analysis (in Fig. 1) and the discussion of
the phase-forming mechanism, the quantity of W-phase
increases with increasing Zn and Y content, which de-
grades the strength of alloys, especially for alloy III. Sec-
ondly, due to the higher content of Zn and Y for alloys
II and III, I-phase formed at the a-Mg/b-Li interfaces
will be coarsened, leading to a large bulk I-phase after
hot-extrusion processing. During the tensile testing,
the higher stress concentration will occur around the
large bulk I-phase, which degrades the strength of al-
loys. Figure 4 shows that at a certain stress level, mi-
cro-cracks will be formed in the interior of the large
bulk I-phase to relieve the deformation incompatibility
between I-phase and a-Mg matrix. This provides further
evidence that a-Mg/I-phase interfaces are very strong.
Furthermore, it also indicates that the size of the
cracked I-phase is larger than 10 lm. Therefore, to fully
exploit the potential strength of Mg–Li alloys, the quan-
tity of existing W-phase and the size of I-phase must be
strictly controlled.

By investigating three kinds of Mg–Li alloys, a
strengthening method, i.e. introducing I-phase in the
alloy matrix, has been demonstrated. The maximum
UTS of the new exploited alloys can reach 250 MPa.
Based on experimental results, two main factors influ-
encing the strength of alloys can be determined: the
quantity of existing W-phase and the size of I-phase.
Therefore, it can be predicted that by controlling these
two factors, the potential strength of Mg–Li alloys can
be further improved.
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