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The influence of cooling rates on the solidification and microstructure of rapidly solidified
quasicrystal alloys with a nominal compositions of Mg57Zn37Y6 (at.%) prepared by melt spinning
method was investigated. The microstructure, phase constitution, phase transition, and phase
structure of the alloys were examined by means of scanning electron microscopy, x-ray
diffraction, energy dispersive spectrometer, differential scanning calorimetry, and transmission
electron microscopy. The results show that rapid solidification refines and homogenizes the
microstructure of Mg57Zn37Y6 alloys, compared to the conventionally-cast master alloy. With the
increasing cooling rate of rapid solidification, the thickness of the ribbon decreases greatly and
a larger amount of I-phase can be formed. a-Mg, MgZn, and icosahedral phases are found in the
as-cast alloy, but the MgZn phase is absent from rapidly solidified alloys. The I-phase in both
as-cast and rapidly solidified alloys can precipitate directly from the melt during the solidification
process. A higher cooling rate can lead to a large degree of supercooling, resulting in a decreased
phase transition temperature and a large number of icosahedral short-range orders (ISROs).
ISROs can act as templates in liquid and promote the nucleation of I-phase.

I. INTRODUCTION

Magnesium alloy is known as “the most promising
structure material in 21st century”with a series of advantages
such as low density, high specific stiffness and strength,
strong electromagnetic shielding performance, and superior
damping capacity performance.1 Since Shechtman et al.2

discovered the quasicrystal in a rapidly solidified Al–Mn
alloy, icosahedral quasicrystal phase (I-phase) that have the
quasiperiodic lattice structure has been reported in many
alloy systems later on. The stable I-phase (Mg3Zn6Y1) in
Mg–Zn–Y alloy was first discovered by Luo et al.3 and
confirmed by Tsai et al.,4 which initiated the research on
structure, properties, formation mechanism and growth
morphology of the I-phase in as-cast Mg–Zn–Y alloy. It
has been reported that the I-phase demonstrates many
attractive properties such as low interfacial energy, high
strength, high thermal conductivity, and low friction
coefficient,5–8 which makes the Mg–Zn–Y alloys a poten-
tial candidate for developing advanced magnesium alloys.

Previous investigations revealed that rapid solidification
technology can produce metastable and novel structures, as

well as fine grains in alloys.9–11 Many researchers have been
focused on the rapid solidification of Mg–Zn–Y series alloys
due to their excellent mechanical properties obtained through
rapid solidification and extrusion.12,13 Great efforts have
also been taken on studying the I-phase performing as
a strengthening phase in Mg–Zn–Y alloy. Recently, some
researchers concentrated their attentions on the differences of
microstructure between as-cast and as-quenched I-phase in
Mg–Zn–Y alloy.14–16 However, only single cooling rate was
used in the studies. It is well known that the microstructure
of rapidly solidified alloys bears strong relationship with the
cooling rates. Research on the difference of microstructure
and solidification process between the traditional solidified;
however, the relationship between different cooling rates
and the growth mechanism of I-phase in rapidly solidified
Mg–Zn–Y alloy has only rarely studied. Liu et al.17 have
carried on the study of icosahedral phase in a rapidly
solidified Al–Fe–Ce alloy under different cooling rates,
providing a detailed and systemic work.

The growth morphology of icosahedral quasicrystal
greatly depends on the nature of the quasiperiodicity, point
group symmetry, and atomic attachment kinetics, especially
for rapidly solidified Mg–Zn–Y alloy of different cooling
rates.14–16,18,19 Therefore, studying the effect of cooling
rates on the solidification and microstructure of rapidly
solidified Mg57Zn37Y6 quasicrystal alloy can contribute to
optimizing and controlling alloy microstructure.
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II. EXPERIMENTAL PROCEDURE

The Mg–Zn–Y quasicrystal alloy with a nominal com-
position of Mg57Zn37Y6 (at.%) was prepared using high
pure Mg (purity . 99.9 wt%), Zn (purity . 99.9 wt%),
and Mg–(29.57 wt%) Y master alloy. Mg and
Mg–29.57 wt% Y master alloy were added to the
crucible, and Zinc was subsequently added to reduce
the burning of alloy elements at 710 °C. All the
materials were melted at 740 °C for 30 min with a
frequent stirring, and then cast into a steel mold with
a diameter of 12 mm preheated at 200 °C followed by a
slow cooling under atmosphere. The rapidly solidified alloy
ribbons were prepared by melt spinning (planar flow cast
on a Cu wheel) at different wheel speeds, 5–10 m/s. The
obtained ribbons were 2.0–3.5 mm wide and 141–265 lm
thick. The grain size was measured by the standard linear
intercept method using an Olympus stereomicroscope.
The volume fraction of the secondary phase in the alloy
was determined by Lmage-Pro Plus 6.0 and 10 images
were used to calculate the average volume fractions.

The microstructure of the conventionally-cast alloy and
the rapidly solidified ribbons were observed by scanning
electron microscopy (SEM; QUANTA FEG250, FEI
Company, Hillsboro, Oregon) equipped with energy
dispersive spectrum (EDS; X-MAX50, Oxford Instru-
ments, Oxfordshire, UK) for analyzing the local chemical
compositions of different phases. The crystallographic
features were investigated by high-resolution transmission
electron microscopy (TEM) (JEM-2100, JEOL, Tokyo,
Japan). The phases were determined by x-ray diffraction
(XRD; D8-ADVANCE, Bruker, Karlsruhe, Germany)
with Cu Ka radiation, and the transition behavior of phase
was analyzed with differential scanning calorimetry
(DSC; STA409EP, Netzsch Instruments Inc., Burlington,
Massachusetts). The samples were immersed for 3–5 s in
an etchant (5 mL HNO3, 75 mL ethanol and 20 mL
deionized water) for a further morphology observation.
The samples for TEM were dimpled down to about 20 lm
in the center by ion milling after mechanically polishing.

III. RESULTS AND DISCUSSION

A. The effect of cooling rates on the thickness of
rapidly solidified Mg57Zn37Y6 ribbons

Table I shows the thickness of the two specimens
at different wheel speeds for rapidly solidification of

Mg57Zn37Y6 ribbons. The thickness of two specimens is
found to decrease with the increasing wheel speed, as
shown in Table I. The thickness of rapidly solidified
alloys bears strong relationship with the distance which is
moved by the melt until it solidifies. However, many
processing parameters can influence the distance, such as
wheel speed, gas ejection pressure, and melting temper-
ature.20,21 When both of the gas ejection pressure and
melting temperature are stable, the quantity and thermal
physical properties of the melt are constant. Therefore, the
length moved by the melt is larger at higher wheel speed,
which leads to the decrease of the thicknesses of ribbon.

The cooling rate of rapidly solidified ribbons increases
linearly with the wheel speed,22 it is also inversely
proportional to the square of the thickness of rapidly
solidified Magnesium alloy ribbons, as showed in
Eq. (1).23 For wheel speeds in the range from 5 to 10 m/s,
the heat transfer velocity of the melt decreases with the
increase of wheel speeds. According to Eq. (1), the cooling
rates are approximately 2.35 � 105 and 8.29 � 105 K/s
at the wheel speeds of 5 and 10 m/s, respectively.

@T

@t
¼ 0:016475x�2 ; ð1Þ

where @T
@t and x are the cooling rate and the ribbon

thickness, respectively. The constant of 0.016475 is used
in the calculation based on a series of work.23

B. The effect of cooling rates on the
microstructure of rapidly solidified Mg57Zn37Y6

ribbons

Figure 1 shows the XRD patterns for both
conventionally-cast alloy and the rapidly solidified
samples of Mg57Zn37Y6 alloy. Three phases are identi-
fied in conventionally-cast alloy shown in Fig. 1(a),

TABLE I. Average ribbon thickness of rapidly solidified Mg57Zn37Y6

alloys at different wheel speeds.

Sample Wheel speeds (r/min) Wheel speeds (m/s) Thickness (lm)

As-cast alloy 0 0 . . .
Specimen 1 400 5.02 265
Specimen 2 800 10.04 141

FIG. 1. XRD patterns of the Mg57Zn37Y6 alloy solidified at dif-
ferent wheel speeds: (a) conventionally-cast alloy, (b) 400 r/min,
and (c) 800 r/min.
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and those are a-Mg, MgZn phase, and I-phase.
However, only two phases: a-Mg phase and I-phase,
are found in the both rapidly solidified specimens, shown
in Figs. 1(b) and 1(c), respectively.

Figure 2 shows the SEM images under backscattered
model of the Mg57Zn37Y6 alloy solidified at different
cooling rates. In Fig. 2(a), most of the primary I-phases
have a pentagonal core, and five branches form along
the direction of the pentagonal corner. The bright
petal-like I-phases and I-phase particles surrounded
by low-temperature phase MgZn and little lamellar
eutectic structures (I-phase 1 a-Mg) as laths in the
transformed lamellas,24 as marked in Fig. 2(a) by
arrows, are distributed in the matrix. The pentagonal
core is obviously smaller than the five branches, in
the result of limitation by the growth space and the
interfacial energy. However, the I-phase eutectic struc-
tures and MgZn phases are absent from specimen 1, and
there are many more primary I-phases in Fig. 2(b),
which shows the microstructure of rapidly solidified
Mg57Zn37Y6 alloy at a wheel speed of 400 r/min. As can
be seen, the microstructure of this specimen is com-
posed of two phases. The dominant phase I-phases can
exist both as a pentagonal core with five branches and
particles morphology. Figure 2(c) shows the micro-

structure of the rapidly solidified Mg57Zn37Y6 alloy
with higher wheel speed (800 r/min). As can be seen
in Figs. 2(b) and 2(c), there exist no apparent differ-
ences among the SEM images of the rapidly solidified
alloy samples, indicating the fact that rapid solidifi-
cation can make the alloys homogenized significantly.
However, with the increasing cooling rate, the volume
fraction of second phase increases, which is believed
to result from solidification under different cooling rates.
Compared with the alloy produced at a lower cooling
rate, the grain size of second phase decreases dramat-
ically with a higher wheel speed. The volume fraction
and the grain size of phases measured by Olympus
stereomicroscope and Lmage-Pro Plus 6.0 are listed in
Table II. It is noted that these primary I-phases exhibit
an obvious characteristic of 5-fold symmetry in the
samples, as showed in Fig. 2(d).

The compositions of I-phases in the Mg57Zn37Y6 alloy
solidified at various wheel speeds are determined by
the EDS in SEM. The composition of the primary
I-phase for all the investigated samples is in the range
of Mg28-34Zn57-62Y9-10 (at.%), which is very close to
the composition (Mg30Zn60Y10) reported by Luo et al.3

According to the XRD pattern, SEM and EDS analyses,
the petal-like phases could be preliminarily identified

FIG. 2. Typical SEM images of the Mg57Zn37Y6 alloy solidified at different wheel speeds. Overall morphology SEM image of conventionally-cast
alloy (a) and 400 r/min (b); low (c) and high (d) magnification characteristic morphology of 800 r/min, respectively.

M. Xu et al.: Effect of cooling rates on solidification and microstructure of rapidly solidified Mg57Zn37Y6 quasicrystal alloy

J. Mater. Res., Vol. 30, No. 21, Nov 13, 20153326



as icosahedral quasicrystals. TEM analysis is further
used to accurately confirm the microstructures with a
composition near to Mg30Zn60Y10. The bright-field image
and corresponding selected-area electron diffraction
patterns of I-phases are shown in Fig. 3(a). The I-phase
can be strongly identified according to the result of
5-fold axes in the composite selected-area electron dif-
fraction patterns along the matrix hexagonal [111] axis.
Figure 3(b) shows the EDS spectra from the points
marked A and B in the bright-field image of Fig. 3(a).
The I-phase is identified in the region A, where the
composition is analyzed to be Mg31.2Zn59.6Y9.2 (at.%).
Position B is detected to be the matrix.

C. The effect of cooling rates on phase transition
process of rapidly solidified Mg57Zn37Y6 ribbons

The solidification path could be reconstructed from
the DSC curve. Figure 4(a)–4(c) shows the DSC curves
of the Mg57Zn37Y6 alloys solidified at different cooling
rates. As can be seen, DSC curve of conventionally-cast
alloy demonstrates three obvious endothermic peaks,
but only two endothermic peaks in the DSC curves
of rapidly solidified Mg57Zn37Y6 ribbons. The onset
temperatures of the same endothermic peaks for three
alloys decrease dramatically under a higher cooling

rate. In addition, I-phase in Mg–Zn–Y alloy is gener-
ally supported to be formed by a peritectic reaction25

(L 1 (Zn, Mg)5Y ! I-phase26 or L 1 W-phase !
I-phase27). However, although the cooling rates of the
samples are different, the microstructures and corre-
sponding DSC curves reveal that the primary I-phases
of the Mg57Zn37Y6 alloys solidified at different cooling
rates can precipitate directly from the melt.

In Fig. 4(a), three endothermic peaks occur at about
624, 473, and 335 °C, respectively during the heating
process. According to the DSC curve, a-Mg precip-
itates from undercooled liquid firstly (about 624 °C).
Then I-phase precipitates at around 473 °C directly from
the melt. It can be seen from the DSC curves that the
decomposition of icosahedral quasicrystals is a sluggish
process. During the nucleation and growth of I-phase,
the Y element plays a significant role. Previous inves-
tigations have shown that the pentagonal core forms
from the melt as the icosahedral quasicrystal morphol-
ogy in the region with Y concentration.28 Subsequently,
the Mg element is squeezed out to the edge of I-phase,
and most Y element diffuses to supply the growth of
I-phase. Practically, solute partitioning takes place at the
solid/liquid interface attributing to the different diffu-
sion of atoms and the atoms are most closely packed
along the 5-fold axes, followed by 2-fold axes, as shown
in Fig. 5.29 Due to the fact that the 5-fold and 2-fold
axes are the preferred growth orientations of the I-phase,
the icosahedral quasicrystal should grow in its best pre-
ferred growth orientation along each 5-fold symmetry
axis. Similar results were reported about decagonal
quasicrystal phase in the Al72Ni12Co16 alloy.30 Each
branch grows at a fastest rate along one 5-fold axis,
which develops into a petal-like morphology eventually.

TABLE II. Average volume fraction and the grain size of I-phases of
rapidly solidified Mg57Zn37Y6 alloys at different wheel speeds.

Sample
Wheel speeds

(r/min)
Volume

fraction (%)
Grain

size (lm)

As-cast alloy 0 29 17.0
Specimen 1 400 41 2.2
Specimen 2 800 53 1.3

FIG. 3. (a) A bright-field TEM micrograph of I-phase and a composite selected area electron diffraction patterns along the matrix hexagonal [111]
zone axis (marked with a hexagon), 5-fold axes marked by arrows, (b) EDS in TEM.
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In the case of Y element-free, low-temperature phase
(MgZn) last solidifies from the remaining liquid at
around 335 °C.

The MgZn phases are absent from the DSC curve of
rapidly solidified Mg57Zn37Y6 at wheel speeds both of
400 and 800 r/min, due to the fact that MgZn phases
are low-temperature phases. It is commonly believed that
the low-temperature phases of alloys are inhibited to
nucleate in the stage of rapid solidification. Actually, the
higher cooling rate allows a larger solid solubility of Zn
in Mg,16 which inhibits the formation MgZn phase during
rapid solidification. Furthermore, the higher cooling
rate leads to a large degree of supercooling, and further
results in the phase transition temperature defined by
arrows as the onset temperatures of the endothermic
peaks, respectively, decreasing dramatically, as shown

in Figs. 4(a)–4(c). The melting temperature directly
drops down to icosahedral quasicrystal nucleation before
primary nucleation of the crystal phase, achieving the
thermodynamic conditions of quasicrystal nucleation.

In addition, recent studies have confirmed that the
Icosahedral short-range order (ISRO) can contribute
to forming quasicrystal phases.31–34 When the liquid
temperature is below a critical temperature (Tc), there
are solid-like clusters or short-range orders existed in
melt.35 Icosahedral quasicrystals in Mg–Zn–RE are
recognized as Tsai class consisting of four consecutive
atomic shells, the third layer of which is icosahedron
composed of 12 Y atoms, and the melting of quasi-
crystals is accompanied with formation of atomic
clusters on the surface.28,36 It is postulated that the
short-range atomic clusters can evolve into ISROs with

FIG. 4. DSC curves of the Mg57Zn37Y6 alloy solidified at different wheel speeds: (a) conventionally-cast alloy, (b) 400 r/min, and (c) 800 r/min.
For each curve, the corresponding phase transition temperatures are defined by arrows as the onset temperatures of the endothermic peaks,
respectively.
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the action of the Y element. Practically, ISRO exists
widely in melts and can reunite large ISROs with the
melt temperature decreasing. Hence, large region with
ISROs will form in the initial stage of melting. The
initial ISROs evolve into solid icosahedral clusters,
which can be regarded as the start of the nucleation
process of the I-phase. In addition, much larger size of
icosahedral clusters or icosahedral local orderings for
nucleation of I-phase is essential. So they connect along
5-fold directions followed by growth, which are the most
stable coordination manner demonstrated by Egami.37

With the increasing cooling rate, the ISROs are
more easily arrested, which causes the higher survival
probability of icosahedral clusters during the rapid
quenching than the as-cast one. The higher cooling rate
can contribute to a large degree of supercooling, and result
in a large number of ISROs, which are conducive to pre-
cipitate directly from the melt for icosahedral quasicrystals.
However, the detailed coordination models among the
icosahedral clusters in the melt and their heredities from
liquid to solid require a further investigation.

Furthermore, much more I-phases with a smaller size
indicate that large numbers of nucleation embryos are
promoted by a large degree of supercooling. Meanwhile,
there is no enough time for the atomic diffusion and
solute reallocation. The solute partitioning and local
overheating therefore cannot occur, which makes the
microstructure more homogeneous that is consistent with
the result shown in Fig. 2.

IV. CONCLUSIONS

The effect of cooling rates on solidification and
microstructure of rapidly solidified Mg57Zn37Y6 (at.%)
quasicrystal alloy was studied. It is found that:

(1) With the increasing cooling rate, the thickness of
the ribbon decreases greatly. The decrease in the thick-
ness of the ribbon can be attributed to the more rapid
movement of the liquid.

(2) Rapid solidification changes the phase constitution
of Mg57Zn37Y6 alloy. a-Mg, MgZn, and icosahedral
phase coexist in the as-cast Mg–Zn–Y alloy, but MgZn
phase is absent from rapidly solidified alloy. The micro-
structure is refined and uniform under a higher cooling
rate, and the higher the cooling rate, the more the amount
of I-phase is retained.

(3) Icosahedral quasicrystals are successfully prepared
under different cooling rates. It is revealed that the
I-phase can precipitate directly from the melt during
the solidification process. A higher cooling rate leads
to a large degree of supercooling, and further results
in the decreased phase transition temperature.
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