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The  present  work  mainly  investigated  the microstructures,  mechanical  properties,  and  damping  capac-
ities of  as-extruded  Mg–Zn–Y–Zr  alloys  with  varied  phase  composition.  Alloys  of MgZn2, W-phases
(Mg3Y2Zn3),  I-phases  (Mg3YZn6),  and  X-phases  (Mg12YZn)  were  obtained  by  adjusting  the  Zn/Y  ratio
(in  wt%).  The  crystallographic  structure  of the  X-phase  [long  period  stacking  ordered  (LPSO)  phase]
and  the  crystallographic  relationship  between  the  W-phase  and  the  Mg  matrix  were  determined.
eywords:
agnesium alloy
echanical Property
amping
ransmission electron microscope

The  strengthening  effects  of  the  phase  composition  on the  alloys  exhibited  the  following  trend:
W  + LPSO  > LPSO>W  + I > MgZn2. Variations  in  the phase  composition  resulted  in almost  consistent  vari-
ations  in  the  damping  capacities  of  the  alloys  compared  with  their  mechanical  properties.  The  LPSO
structural  phase  could  enhance  the  mechanical  properties  and  simultaneously  maintain  the  good  damp-
ing  capacity  of  the  alloys.
ong period stacking ordered phase

. Introduction

In modern engineering material designs, increasing attention
as been paid to mechanical vibrations and undesirable noise for
heir negative effects on machine precision and component rup-
ure by fatigue. Due to their low density, high specific strength,
nd preferable damping capacity, magnesium alloys have been
egarded as promising materials for high-damping, anti-vibration,
nd noise-reduction applications in various areas, including the
obotics, electric, automotive, and aerospace industries [1–5].

For pure magnesium, energy dissipation by dislocation move-
ents is the major internal friction mechanism. The vibration of

he dislocation loops around their equilibrium position is respon-
ible for the very high damping level, 10 times higher than in pure
luminium [6].  As the traditional high-damping magnesium alloy,

 combination of solution treatment at 550 ◦C for 30 min  and aging
t 300 ◦C for 16 h effectively improves the damping capacity of
g–Zr alloy for the crucial role of twin structures in the alloy matrix

7]. Several studies have recently been conducted on the damping
apacities of magnesium alloys by adding other alloying elements

uch as calcium and lithium. Improved damping performance of
n Mg–1%Ca alloy was obtained using a low-temperature casting
ethod, opening a new window to develop better damping per-
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formance of magnesium alloys [8].  Studies on the low-frequency
damping capacities of as-extruded Mg–11.2Li–0.95Al–0.43Zn alloy
revealed that the high-temperature damping background for the
alloy exhibits a viscoelastic relaxation characteristic. This alloy pos-
sesses extremely low activation energy for a high-temperature
damping background due to its abundant �/� phase boundaries
[9]. In addition, the Mg  matrix composite has been developed to
obtain higher damping capacities than the commercial magnesium
alloys. Compared with the AZ91 alloy, the damping capacities of the
Grp/AZ91 composite extruded at 300 ◦C are improved significantly
by the addition of graphite particles, whose Q−1 is increased by
nearly 400% [10].

However, materials with high damping capacities generally
exhibit poor mechanical properties, such as low hardness, yield
stress, and tensile strength, which restrict their extensive appli-
cation as anti-vibration structural components. Thus, balancing
the damping capacities and mechanical properties of magnesium
alloys has become a critical problem for engineering applications.
The microstructure, second phase, fatigue behaviour, corrosion
behaviour, and other processing techniques of Mg–Zn–Y–Zr alloys
have recently drawn widespread attention because of the outstand-
ing comprehensive mechanical properties of these alloys [11–14].
Three kinds of ternary equilibrium Mg–Y–Zn phases exist in this

alloy system: the W-phase (Mg3Y2Zn3, cubic structure), the I-phase
(Mg3YZn6, icosahedral quasicrystal structure), and the X-phase
[Mg12YZn, long period stacking ordered (LPSO) structure] [15–18].
The W-phase basically has no strengthening effect on Mg–Zn–Y–Zr

dx.doi.org/10.1016/j.jallcom.2011.06.017
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:jfwang@cqu.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.06.017
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Table 1
Chemical compositions of the test alloys.

Alloy code Nominal composition (wt%) Actual composition (wt%)

(Mg–x%Y–0.6%Zr) 1−yZny Mg  Zn Y Zr

I x = 0, y = 6 93.50 6.01 0 0.49
II  x = 1, y = 6 92.73 5.94 0.96 0.37
568 J. Wang et al. / Journal of Alloys a

ystem alloys, although there is no direct poof to support the detri-
ental effect of the W-phase on the mechanical properties of alloys

19]. Rigid atomic bonding between the quasicrystalline I-phase
nd the �-Mg  matrix is important in enhancing the strength of
g–Zn–Y–Zr alloys. Very fine grain sizes up to ∼1 �m with yield

trengths up to ∼400 MPa  in tension and compression, with elon-
ations ranging from 12% to 18%, have recently been achieved by
irect extrusion of chill casting Mg–Zn–Y alloy containing a qua-
icrystalline phase [20]. In addition, for the LPSO phase, the critical
esolved shear stress of the basal slip was roughly estimated to
e 10–30 MPa, significantly larger than that of pure magnesium
∼1 MPa) or Mg–Zn solid solutions at ambient temperature [21].
he existence of the LPSO phase strongly enhances the refinement
f Mg  matrix grains during extrusion, which leads to a signifi-
ant increase in yield stress through the Hall–Petch relationship.
oreover, the LPSO phases, which are aligned along the direction

f extrusion, act as hardening phases, being roughly coordinated
ith the short-fibre reinforcement mechanism [22]. Therefore, the

PSO structure X-phase is another efficient strengthening phase in
g–Zn–Y–Zr alloys.
Despite these latest findings, the comprehensive effects of vari-

tions in the phase composition of such alloys on their damping
apacities were rarely studied. In the present work, the mechani-
al properties and damping capacities of Mg–Zn–Y–Zr alloys with
aried phase compositions by tailoring the Zn/Y ratio were inves-
igated to obtain balanced damping capacities and mechanical
roperties of magnesium alloys using dynamic mechanical anal-
ser (DMA), tensile tests, scanning electron microscope (SEM), and
ransmission electron microscope (TEM). The present investigation
opes to contribute to the lightweight material designs of magne-
ium alloy for anti-vibration and noise-reduction applications.

. Experimental details

Experimental magnesium alloys (I–IV) were prepared from commercial pure
agnesium (99.95 wt%), zinc (99.95 wt%), Mg–30Zr master alloy, and Mg–25Y mas-
er  alloy in an electrically resistant furnace under the protection of 0.2% SF6 + CO2

ixed gas. Alloy I, which had a chemical composition of Mg–6.0%Zn–0.5%Zr (wt%),
as  designed with properties comparable with the ZK60 alloy for its mature engi-
eering application. The chemical composition of alloys II–IV was  designed with
ecreasing Zn/Y ratios by increasing the content of Y and simultaneously decreas-

Fig. 1. Optical micrographs of as-extruded Mg–Zn–Y–Zr
III  x = 3.6, y = 6 90.70 5.30 3.59 0.41
IV x  = 4.7, y = 6 90.04 4.61 4.74 0.61

ing the content of Zn. The chemical compositions of the designed alloys are listed in
Table 1. The ingots were homogenised at 400 ◦C for 29 h, and then extruded using
a  2.500 T LXJ horizontal extruder at an extrusion ratio of 25 at 450 ◦C extrusion
temperature.

The  microstructures of the specimens were examined using an Olympus opti-
cal  microscope. Phase analysis was performed with a Rigaku D/MAX2500PC X-ray
diffractometer (XRD) using a copper target with a scanning angle from 20◦ to 90◦ and
a  scanning speed of 2◦/min. The microstructural morphology and compound compo-
sition of the alloys were examined by VEGA II LMU  SEM with energy dispersive X-ray
spectrometry (EDS). The detailed microstructures of the samples were further exam-
ined by TEM (ZEISS LIBRA 200 FE) with an accelerating voltage of 200 kV. Tensile
testing at ambient temperature was  performed on a Shimadzu CMT-5105 material
testing machine with a stretching rate of 3 mm/min. The damping samples were
machined to dimensions of 45 mm × 5 mm × 1 mm parallel to the extrusion direc-
tion using an electric spark cutter. Damping capacity was determined by dynamic
mechanical analysis (TA-DMA Q800) in single cantilever vibration mode at a mea-
surement frequency of 1 Hz and various strain amplitudes (ε) ranging from 5 × 10−5

to 1 × 10−3, as well as by the loss tangent (tan ϕ). Given that tan ϕ is equivalent to
the inverse quality factor (Q−1) when the internal friction is very low, the damping
capacities of the alloys were evaluated using Q−1 as a substitute for tan ϕ.

3. Results and discussion

3.1. The microstructure of the as-extruded Mg–Zn–Y–Zr alloys

The microstructures of the as-extruded Mg–Zn–Y–Zr alloys are
shown by the optical micrographs in Fig. 1. The grains of alloys I–IV,
with average grain sizes of 14.2, 9.8, 3.7, and 2.2 �m,  respectively,
became much finer with increasing Y content. During solidifica-

tion, the accumulation of Y in front of the solid–liquid interface
induces the expansion of a constitutional supercooling area, accel-
erating the nucleation rate. As a surface-active element, Y can
reduce the nucleation energy and the critical nucleation radius.

 series magnesium alloys: (a) I; (b) II; (c) III; (d) IV.
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ig. 2. XRD patterns of the as-extruded Mg–Zn–Y–Zr series magnesium alloys.

uring extrusion, the addition of Y can cause ternary equilib-
ium Mg–Zn–Y phases to effectively restrain grain growth during
ynamic recrystallization. Y-free alloy I was observed to retain few
ecrystallised grains among coarse primary crystals. Y-containing
lloys II–IV mainly featured fine recrystallised grains and almost no
ecrystallised grain growth coarsening. Several other studies have
eported on the grain refinement effects of Y in Mg  alloys [23,24].
herefore, the addition of Y can effectively refine the crystal grains
f as-extruded Mg–Zn–Y–Zr alloys. The Zr particle acts as a nucleus
uring solidification and is able to increase the speed of nucleation.

Granular black precipitations were mainly distributed in the
rain boundaries of alloy I. After the addition of Y to alloy II,
arger and more granular black precipitations in the grain bound-
ries were produced. With decreasing Zn/Y ratio, alloy III showed
dditional bulk-shaped precipitations along its grain boundaries.
ufficient amounts of Zn and Y solid solution atoms in the Mg  matrix
f alloy IV resulted in the precipitation of various-sized secondary
ranular phases, aside from bulk-shaped precipitations along its
rain boundaries. These secondary phases displayed inhomoge-
eous and dispersive precipitation morphologies.

XRD analysis revealed the main phases of the alloys according
o their variations in Zn and Y content (Fig. 2). Five main phases
ere observed, namely, the �-Mg  matrix, MgZn2, the W-phase

Mg3Y2Zn3), the I-phase (Mg3YZn6), and the X-phase (Mg12YZn).
he phase compositions of the different alloys are listed in Table 2.

Although the W-phase, which has an fcc structure, is quite com-
on  in Mg–Zn–Y–Zr alloys, this phase is generally not considered

n effective strengthening phase [25,26].  The I-phase, which has
 quasicrystal structure, showed efficient strengthening effects for
umerous desirable properties, such as hardness, thermal stabil-

ty, high corrosion resistance, low coefficient of friction, and low
nterfacial energy, among others [27,28]. Thus, the I-phase is suf-
ciently stable to restrain grain coarsening during hot extrusion,

specially when the quasicrystals exist in the �-Mg  matrix as a
econd phase in Mg–Zn–Y–Zr alloys. The thermal stability and low
nterfacial energy between the quasicrystals and the �-Mg  matrix

able 2
hase compositions in Mg–Zn–Y–Zr series magnesium alloys.

Alloy code Zn/Y Phase composition

I – �-Mg  + MgZn2

II 6.19 �-Mg  + W-Mg3Y2Zn3 + I-Mg3YZn6

III 1.48 �-Mg  + X-Mg12YZn
IV 0.98 �-Mg  + W-Mg3Y2Zn3 + X-Mg12YZn
mpounds 509 (2011) 8567– 8572 8569

provide strong bonding properties at the interface between the I-
phase and the matrix. The stable LPSO-phase with Mg12YZn was
discovered during investigations of the Mg–Y–Zn ternary phase
diagram around the magnesium corner, and was named X-phase
by Padezhnova et al. [29]. At a Zn/Y ratio of 0.98, alloy IV comprised
the �-Mg  matrix, as well as the W-  and X-phases. According to a
research on the solidification pathways and constituent phases of
Mg–Zn–Y–Zr alloys, the main phases of a ZW66 alloy with a Zn/Y
ratio of 0.85 include the �-Mg  and W-  and X-phases [15]. There-
fore, the X- and W-phases are more easily obtained in Mg–Zn–Y–Zr
alloys when Zn and Y have approximately the same mass fractions.
Further confirmations of the secondary phases in alloy IV were
performed via TEM.

Fig. 3(a) and (b) shows the TEM image and corresponding
selected area electron diffraction (SAED) pattern of the as-extruded
alloy IV. In Fig. 3(a), the bright area indicates the �-Mg  matrix while
the dark area shows the LPSO structure X-phase with a zonal axis of
[2110]LPSO, whose stacking orientation is parallel to the [0 0 0 1]�

direction of the �-Mg  matrix. Fourteen consistent diffraction spots
with an LPSO structure were noted at regular intervals between the
transmission and diffraction spots corresponding to the {0 0 0 2}
plane of the Mg  matrix in the SAED pattern of Fig. 3(b).

The structure of the X-phase Mg12YZn has long been assumed
to be an 18R structure in the Mg–Zn–Y system. However, the
metastable 18R structure is often gradually replaced by the 14H
structure during prolonged heat treatment or processing. Thus,
the 14H phase appears to be a thermodynamically stable equilib-
rium phase in the Mg–Zn–Y system. Furthermore, a previous study
has reported [30] that this 14H unit cell is hexagonal in shape
with lattice parameters a = 1.11 nm and c = 3.65 nm.  The stacking
sequence of this cell is ABABCACACACBABA, and contains two
twin-related building blocks with opposite shears in an ABCA-type
plane-stacking sequence. From the TEM images, along with the XRD
results, the X-phase was found to possess a 14-layer period stacking
structure.

Fig. 3(c) and (d) show the TEM image of the W-phase and its
corresponding SAED pattern in the as-extruded alloy IV, reveal-
ing the orientation between the W-phase and the Mg  matrix. The
structure of the W-Mg3Y2Zn3 phase, as determined by Padezhnova
et al. [29] using XRD, possesses a partially ordered AlMnCu2-
type fcc structure with a = 0.6848 nm.  The space group of this
phase is Fm3̄m. Fig. 3(d) shows the diffraction spot in the SAED
pattern of the matrix and the W-phase, indicating the exis-
tence of a rational orientation between the W-phase and the
matrix, that is, the zonal axis [0 0 1]W is parallel to the zonal
axis [0 1 1̄ 0]˛, and (2 2 0)W is parallel to (0 0 0 2)�. Thus, the ori-
entation between the W-phase and the matrix can be expressed
as [0 0 1]W//[0 1 1̄ 0]˛, (1 1 0)W//(0 0 0 1)˛, which is different from
that previously reported ([0 0 1]W//[2̄ 1 1 0]˛, (1 1 0)W//(0 0 0 1)˛)
[31]. Considering that the morphology of the secondary phase is
dependent not only on the interfacial energy during solidification,
only multiple interfaces with curved features exist between the
matrix and the W-phase along the zonal axis [0 1 1̄  0]˛ of the matrix,
not straight ones. The atomic bonding between the W-phase and
the Mg  matrix is very weak due to the limited symmetry of the
crystal lattice of the W-phase structure and the incoherence of the
interface between them [32,33].

3.2. Mechanical properties of the as-extruded Mg–Zn–Y–Zr alloys

The mechanical properties of as-extruded Mg–Zn–Y–Zr alloys
were compared (Fig. 4). The strength and elongation of the alloys

markedly increased with decreasing Zn/Y ratio. Alloy IV exhib-
ited the highest ultimate tensile (345 MPa) and yield (323 MPa)
strengths. Alloy II had the best plasticity with 22.3% elongation,
whereas alloy III exhibited excellent comprehensive mechanical



8570 J. Wang et al. / Journal of Alloys and Compounds 509 (2011) 8567– 8572

F  diffra
(  in all

p
s
a
e
I
t
(

h
e
s
M
t

F

ig. 3. TEM images of the LPSO phase (a) and its corresponding selected area electron
c)  and its corresponding SAED pattern, (d) recorded along the < 011̄0>˛ direction

roperties with an ultimate tensile strength of 330 MPa, yield
trength of 292 MPa, and 20.7% elongation. Given that the four
lloys correspond to four phase compositions, the phase strength-
ning efficiency followed the trend W + LPSO (alloy IV) > LPSO (alloy
II) > W + I (alloy II) > MgZn2 (alloy I). In comparison, the phase
oughening efficiency followed the trend W + I (alloy II) > LPSO
alloy III) > MgZn2 (alloy I) > W + LPSO (alloy IV).

From these results, the LPSO and quasicrystal structural phases
ave conspicuous strengthening effects on the mechanical prop-

rties of the alloys, particularly on their yield strength. The
trengthening effects of the LPSO structure X-phase on the
g–Zn–Y–Zr alloys are more efficient than those of the quasicrys-

al structural phase. However, the quasicrystal structural phase can

ig. 4. Mechanical properties of as-extruded Mg–Zn–Y–Zr series magnesium alloys.
ction (SAED) pattern, (b) recorded along the < 21̄1̄0>˛ direction, and the W-phase,
oy IV.

better preserve plasticity in the alloys. A previous report [34] has
noted that a stable coherent interface between the LPSO phase
and the �-Mg  matrix does not favour nucleation sites for voids
and/or microcracks during deformation, which are important for
the strength and ductility of the alloy. Large LPSO blocks could
transform into small kink bands due to kinking, resulting in refine-
ment, rather than coarsening, of the LPSO phase. According to the
Hall–Petch relationship, refined kinking can result in a correspond-
ing hardening of the LPSO region. Adjacent kink grain boundaries
in the Mg  matrix could also slide to accommodate high-angle
kink boundaries in the LPSO phase without intergranular crack-
ing, thereby relaxing large local strains and leading to relatively
homogeneous plastic deformation. Thus, aside from LPSO phase –
Mg matrix interfacial strengthening, LPSO structural kinking could
also contribute to the strengthening and toughening of the alloy.
Although the W-phase is generally not considered as a very effec-
tive strengthening phase, the diffusive distribution of the W-phase
in the �-Mg  matrix after hot extrusion can also pin the disloca-
tion and contribute some dispersion-strengthening to the alloys.
Due to the interface layer with a 3–5 nm thickness of the �-Mg
matrix preserving the orientation relationship with the I-phase and
the coherency between the I-phase and the �-Mg  matrix achieved
by introducing steps and ledges periodically along the interface
[35], the atomic bonding between the I-phase and the hexago-
nal structure is rigid enough to be retained during severe plastic
deformation of alloy II. Generally, elongation tends to be low for an
alloy containing a large number of intermetallic particles because
dislocations are formed in the region surrounding the hard parti-

cles, resulting in decohesion from the matrix [36]. Debonding or
microscale defects at the particle/matrix interface are restrained
due to the stable and coherent interface between the matrix and
the I-phase. These conditions indicate the best plasticity and high
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ig. 5. Damping-strain amplitude curves of as-extruded Mg–Zn–Y–Zr series mag-
esium alloys under ε ranging from 5 × 10−5 to 1 × 10−3.

trength of alloy II. Therefore, the LPSO structure X-phase provides
ore effective strengthening effects to the Mg–Zn–Y–Zr alloys,
hereas the quasicrystal structure I-phase can better preserve the
lasticity of these alloys.

.3. Damping capacities of the as-extruded Mg–Zn–Y–Zr alloys

The variations in damping capacities corresponding to alloys
ith different phase compositions were also investigated in terms

f the enhancement in mechanical properties of the alloys. Fig. 5(a)
hows the damping capacities as a function of the strain amplitude
f the alloys at room temperature. Q−1 values for all alloys con-
inuously increased with increasing strain amplitude. No evident
ariation was observed among the alloys at low strain amplitudes.
nce the strain amplitude exceeded a critical value, however, the
amping of alloys II–IV was conspicuously better than that of the
-free alloy I. The critical strain amplitudes of alloys II–IV were evi-
ently higher than that of the Y-free alloy due to the presence of
. With further increase in strain amplitude, the damping capacity
f alloy IV became evidently better than those of the other alloys.
he damping capacities of the four alloys showed the following
rend: W + LPSO (alloy IV) > LPSO (alloy III) > W + I (alloy II) > MgZn2
alloy I). This trend approximates the strengthening efficiency of
he mechanical properties.

The damping capacities of magnesium and magnesium alloys
re reported to be dependent on the strain amplitude, and are con-
idered to be related to the dislocation movement on the basal
lanes [37–39].  At low strain amplitudes and slight alternating
tress, mobile dislocations are pinned by the pinning point and bow
ack and forth between neighbouring weak pinning points with
hort distances, generating low internal friction in the alloys. At
igh strain amplitudes, the additional stress becomes critically high
uch that the dislocations break away at weak points. When the
tress is unloaded, the dislocation loops shrink elastically and are
nally pinned by point defects. During unpinning and the rebound
f dislocation loops, static hysteretic internal friction is produced,
pecifically, strain-dependent damping generated at the high strain
mplitude region. Q−1 of alloy I was obviously higher than those
f alloys II–IV under the strain amplitude exceeding the critical
alue. Due to the presence of Y in the alloys, a mass of ternary
quilibrium Mg–Zn–Y phases precipitating from the �-Mg  matrix
esults in decreased amounts of solute atoms in the �-Mg  matrix.

he decreased amounts of solute atoms as weak pinning points
ould increase the length between weak pinning points, increas-
ng static hysteretic internal friction produced by the unpinning
nd the rebound of dislocation loops. On the other hand, in terms

[

[

[

mpounds 509 (2011) 8567– 8572 8571

of phase composition, alloys II and IV with W-phases have better
damping capacities, which can be attributed to the incoherence of
the interface between the W-phase and the Mg  matrix. Due to the
weak atomic bonding between the W-phase and the Mg  matrix,
mobile dislocations are likely to be generated and moved, which
can positively affect the internal frictions of the alloys. The coher-
ence of the �-Mg/I-phase interface and the stable lattice structure
were not beneficial to the generation and movement of the disloca-
tion and are considered disadvantages for the damping capacities
of alloy II. Although the LPSO structural X-phase also exhibits the
coherence of the �-Mg/LPSO-phase interface, which resembles the
I-phase, the back and forth movement of the stacking faults to com-
ply with the vibrational stress at a high strain amplitude [40] in the
LPSO-phase can contribute to the internal friction of alloy IV. Thus,
Q−1 of alloy IV is higher than those of the other alloys at higher
strain amplitude.

4. Conclusions

(1) Alloys with varied phase composition, including MgZn2, W-
phase (Mg3Y2Zn3), I-phase (Mg3YZn6), and X-phase (Mg12YZn),
may  be obtained by adjusting the Zn/Y ratios of Mg–Zn–Y–Zr
alloys. Analyses of the LPSO- and W-phases in alloy IV indicate
that the LPSO-phase with a 14-layer period stacking structure
is the X-phase (Mg12YZn), and that the W-phase has a new ori-
entation in relation to the �-Mg  matrix. This orientation can be
expressed as [0 0 1]W//[0 1 1̄ 0]˛, (1 1 0)W//(0 0 0 1)�.

(2) The phase strengthening efficiency follows the trend W + LPSO
(alloy IV) > LPSO (alloy III) > W + I (alloy II) > MgZn2 (alloy I),
whereas the phase toughening efficiency follows the trend W + I
(alloy II) > LPSO (alloy III) > MgZn2 (alloy I) > W + LPSO (alloy IV).
These trends indicate that the LPSO phase provides more effi-
cient strengthening effects to the alloys, whereas the I-phase
provides more efficient toughening effects.

(3) The damping capacities of the four alloys exhibit the follow-
ing trend: W + LPSO (alloy IV) > LPSO (alloy III) > W + I (alloy
II) > MgZn2 (alloy I). This trend indicates that the LPSO phase
could enhance the mechanical properties of the Mg–Zn–Y–Zr
alloys and simultaneously optimise their damping capacities.
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