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Fabrication and Corrosion Resistance of Mg-Zn-Y-based Nano-quasicrystals Alloys
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A wedge-shaped copper mold was used to fabricate micro quasicrystals(QCs). Stable Mg-Zn-Y-
based nano-QCs were directly synthesized through this simple route instead of crystallization from 
metallic glasses or complicated forming processes at high temperature. The study showed that on the 
tips of the wedge-shaped ingots, the minimum diameter of nano-QCs approach to 4~6 nm. The main 
size of nano-QCs is about 10~30 nm. The maximum microhardness of QCs has been dramatically 
improved to about HV440 which increased by about 280% compared with that of the petal-like QCs 
fabricated under common cast iron mold cooling conditions. Possessing a certain negative enthalpy 
of mixing and existence of Frank-Kasper-type phases determined the formation of Mg-Zn-Y-based 
nano-QCs. The further electrochemical studies showed that Mg
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 nano-QC alloy possess 

high corrosion resistance in simulated seawater and its corrosion resistance is much better than those 
of the Mg
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Zn
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 and Mg
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 nano-QC alloys.
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1.	 Introduction
Quasicrystals(QCs) are aperiodic solids and display a 

rotational symmetry (typically five- or ten-fold) which is 
forbidden within the realm of conventional crystallography1. 
The first example was obtained as a metastable icosahedral 
configuration in a rapidly solidified Al-Mn alloy2. The 
unexpected discovery of QCs presented scientists with a 
new, puzzling class of materials and involved hundreds of 
researchers in this realm.

The preparation of nano-quasicrystal(nano-QC) phase 
mainly has two ways at present. Nano-QCs are known to 
form in annealed Zr-based3,4 and Al-based5 metallic glasses. 
Moreover, they can also be fabricated in extruded or wrought 
Mg-based alloys at high temperature6,7. Embedded QCs in 
a matrix can cause significant improvement in mechanical 
properties. So these nano-QC alloys exhibit better 
mechanical properties compared with their corresponding 
glasses or alloys. However, these nano-QCs prepared from 
previous processing crafts at elevated temperature are 
meta-stable. That results in decreasing improvement effect 
coming from nano-QCs. In the present study, we show the 
formation of stable nano-QC phase through a simple route.

On the other hand, magnesium alloys possess poor 
corrosion resistivity. They can easily be eroded either in 
acid, neutral or alkali solutions, even in pure water8. So, 
their further applications were restrained. It is reported 
that rapidly solidified Mg-Zn-Y alloy bars and ribbons 
exhibited excellent corrosion resistance9. Considering 
the excellent corrosion resistance of QCs, we managed to 
synthesis nano-QCs in a relatively high cooling rate. Nano-
QCs containing magnesium alloy are hopeful to show their 
improved corrosion resistance properties.

In past work, we synthesized quarternary spherical Mg-
Zn-Y-Cu QC phase10 with its diameter of about 2 µm by 
controlling degree of undercooling of the melts. In order to 
fabricate nanoscale QCs, we improved the cooling condition 
in this paper by using a wedge-shaped copper mold11 and 
adjusted the components of the alloys. The multiplex 
spherical nano-QCs are successfully synthesized and their 
electrochemical properties were researched in simulated 
seawater. The role of nano-QCs in improving the mechanical 
properties12 and corrosion resistance of Mg-based alloys 
were discussed.

2.	 Experimental
The experimental alloys (nominal compositions are 

listed in Table 1) were produced by a reformed crucible 
electric resistance furnace (SG

2
-5-10A, China), melted 

under the mixture of SF
6
/CO

2
 protective atmosphere, 

using Mg(99.95%), Zn(99.90%) and Y(99.99%) ingots; 
Cu(99.99%) and Ni(99.99%) powder. Stirring for 2 minutes 
by impellor at 1073  K and holding for 5  minutes above 
1053  K, the melt was poured and cooled in a wedge-
shaped water-cooled copper mold. The size of the ingot and 
sample position is shown in Figure 1. The microstructures 
of the specimens were investigated with scanning 
electron microscopy (SEM, HITACHI S4800, Japan) and 
transmission electron microscopy (TEM, DEOL JEM-
2100, Japan). Micro-hardness of quasicrystals-containing 
experimental alloys was examined by micro-hardness 
tester (HXD-1000, China). The electrochemical properties 
of specimens were tested in simulated seawater (2.73% 
NaCl, 0.24% MgCl

2
, 0.34% MgSO

4
, 0.11% CaCl

2
, 0.08% 

KCl, 96.5% deionized water, vol. (%)) by electrochemical *e-mail: wmzhao@yahoo.com
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workstation (Gamry, PCI4-750, USA) with a sweep rate of 
10 mV.s–1. The reference electrode was the saturated calomel 
electrode (SCE).

3.	  Results and Discussion

3.1.	 Fabrication of micro QCs

A typical morphology and size of a QC solidified in a 
cast iron mold is petal-like and about 12 µm, respectively13. 
In previous work, the spherical QC phase with its diameter 
of about 2 µm was successfully synthesized by controlling 
degree of undercooling of the melts10. It was reported that 
the smaller the spherical QC, the higher the microhardness14. 
So one purpose of this paper is to fabricate spherical QCs 
and make their size as small as possible.

Figure  2 shows SEM images of the samples taking 
from the middle of ingots. Thanks to the higher cooling 
rate getting from this wedge-shaped mold, plenty of QCs 
with their diameters less than 2 µm were fabricated. We 
can see from Figure 2 and Figure 3, although the additions 
of Cu minished the volume fraction of QCs in alloys, they 

made QCs smaller and more round. Moreover, the mixed 
additions of Cu and Ni further decreased the diameter of 
QCs and increased the volume fraction compared with the 
single additions of Cu. These phenomenon can be attribute to 
the improved degree of constitutional supercooling inducing 
from the elements Cu and Ni10,13. The microhardness of 
QCs becomes higher with the decreasing diameter of QCs. 
From the statistics of the distribution of particle diameters 
determined from Figure 2, the main size of QCs dropped 
from 1.2~1.5 µm to 0.6~1.0 µm, and finally cut down to 
500~800 nm. There are also some QCs about 200 nm were 
observed in specimen 1#~3#. So on the tip of ingots, the 
minimum diameter of QCs is hopeful to be refreshed.

Figure 4 shows TEM images of a nano-QC in Specimen 
4#. The QC diameter is about 300 nm. Its SAED pattern 
display a five-fold rotational symmetry which identify the 
spherical phase is indeed the QC phase. Figure 5 shows 
TEM images of Specimen 5# and 6#. The main size of nano-
QCs is 12~18 nm and 12~16 nm respectively in Specimen 
5# and 6#. The number of nano-QCs is the highest and 
the diameter of nano-QCs is the smallest in Specimen 6# 
among Specimen 4#, 5# and 6#. The minimum diameter 
of nano-QCs synthesized in this route approach to 4 or 
6  nm. The microhardness of nano-QCs in Specimen 4#, 
5# and 6# increased dramatically compared to that of QCs 
in Specimen 1#, 2# and 3#, respectively. The maximum 
value of microhardness of nano-QCs approach to HV440 
(as shown in Figure 6) in Specimen 6# which increased 
by about 140% compared with that of QCs in Specimen 
1# and increased by about 280% compared with that of 
the petal-like QCs fabricated under cast iron mold cooling 
conditions 11.

3.2.	 Forming mechanisms of nano-QCs

The solidification process of QC phases which consists 
of grain nucleation and their subsequent growth is similar to 
that of crystals forming process. Lower cooling rate might 
not effectively suppress the crystallization and would result 
in the formation of crystal phase while higher cooing rate 
might suppress the nucleation and growth of the QC phase 
and would result in the formation of amorphous phase. So, 
it is necessary to properly control the cooling rate for the 
formation of the QC phase. Shechtman2 pointed out that the 
solidification rate for forming quasicrystals ought to high 
enough; however, it must low enough at the same time. For 
alloys with the certain constituent, an optimum cooling rate 
exists during QC formation. When the cooling rate exceeds 
the critical point, the QC nucleation will be restrained and 
amorphous maybe form for there’s no time to nucleation. For 
rapid solidification conditions, the cooling rate will overrun 
the critical point, so the formation of QCs will be suppressed. 
On the contrary, if the cooling rate is below the critical 
point, with its increasing, based on the classical nucleation 
theory, the dynamic supercooling of the alloys will increase, 
and the nucleation rate will be improved rapidly. Thus, the 
content of QC phases will enlarge and the growth of the 
crystal phases will be repressed. Under the wedge-shaped 
copper mold cooling conditions in this paper, the cooling 
rate is just below the critical point. So the micro QCs can 

Figure 1. Schematic of the wedge-shaped ingot. Sample positions 
are indicated. Unit of length: mm.

Table 1. Nominal composition of the experimental alloys.

Specimen Nº. Alloy compositions (at. %)

Middle Tip Mg Zn Y Cu Ni

1# 4# 72.0 26.0 2.0 - -

2# 5# 71.0 26.0 2.0 1.0 -

3# 6# 71.0 26.0 2.0 0.5 0.5
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be fabricated successfully, moreover, nanoscale QCs were 
also synthesized in this route.

On the other hand, it was reported that a large negative 
enthalpy of mixing and/or existence of Frank-Kasper-type 
phases appear to be the crucial criteria for the formation 
of nanoquasicrystalline phase in any system15. Meanwhile, 

Mg-Zn-Y-based QCs just belong to Frank-Kasper-type 
phases16 and have a certain negative enthalpy of mixing. 
So theoretically, Mg-Zn-Y-based nano-QCs can be formed 
in a proper cooling conditions. The past cooling rate the 
researchers made to produce QCs was whether too high or 
too low, and was not content with the forming conditions 

Figure 2. SEM images of the samples. a) Specimen 1#; c) Specimen 2#; and e) Specimen 3#. b, d and f) are the distribution of particle 
diameters of Specimen 1#, 2# and 3#, respectively.
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Figure 3. Micro-hardness and volume fraction of the QCs.
Figure 4. TEM image of Specimen 4#: a and b) QC’s corresponding 
SAED pattern.

Figure 5. TEM images of the samples. a) Specimen 5#; d) Specimen 6#; b and e) their corresponding SAED patterns; c and f) the 
distribution of particle diameters determined from TEM of Specimen 5# and 6#, respectively.

of nano-QCs. This route is just meet the demands of the 
forming conditions of nanoscale QCs. So, nano-QCs were 
successfully produced in this paper.

Moreover, the additions of Cu and Ni improved the 
degree of constitutional supercooling of Mg-Zn-Y melts 
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and reduce the crucial criteria radius for forming spherical 
QCs. However, increasing thermodynamics undercooling 
coming from wedge-shaped copper mold made it possible 
to form spherical QCs10. At the same time, the alloy 
components designed for this study is based on the three 
empirical rules17,18 for the formation of metallic glass. It has 
been widely accepted that quasicrystals and at least some 
metallic glasses are built up with icosahedral clusters19. On 

the tip of the wedge-shaped ingots, its cooling conditions is 
just suitable for these icosahedral clusters to be nucleation 
of QCs. And then, it leaves very short time for quasicrystal 
growth. So, it is nano-QCs that formed in this route instead 
of metallic glasses.

3.3.	 Electrochemical properties of  
nano-QC alloys

Figure 7 shows the potentiodynamic polarization curves 
of the specimen 4#~6# measured in simulated seawater open 
to air at room temperature. A polarization curve of industrial 
magnesium is also shown for comparison. We can see that 
Mg
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2
 nano-QC alloy show higher corrosion resistance 

than industrial pure magnesium. Moreover, Mg
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nano-QC alloy possess high corrosion resistance in 
simulated seawater and its corrosion resistance is much 
better than those of the Mg
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nano-QC alloys.
The key factor for the improved corrosion resistance 

of magnesium alloy can be ascribed to the formation of 
nano-QCs and Mg-Y intermetallics. These high corrosion 
resistance phases decreased the anodic passive current 
density, improved the polarization resistance and cut down 
the corrosion rate (Table 2). Although specimen 6# possess 
more and smaller nano-QCs than specimen 5#, its corrosion 
resistance is lower than specimen 5#. It was reported that 
when Ni and Cu have same contents in magnesium alloys, 
the damage level of them to the corrosion resistance of 
magnesium alloys is Ni  >  Cu20. That is the reason for 
different corrosion resistance between specimen 5# and 6#.

4.	 Conclusions
Mg-Zn-Y-based nano-QCs were synthesized by 

using a wedge-shaped copper mold in this paper. This is 
the first time that the stable Mg-Zn-Y-based nano-QCs 
were directly fabricated through a simple route instead of 
crystallization from metallic glasses or complicated forming 
processes at high temperature. Based on the fabrication 
and electrochemical experiments, the following important 
conclusions have been proposed:

•	 On the tips of the wedge-shaped ingots, the minimum 
diameter of nano-QCs approach to 4~6 nm. The main 
size of nano-QCs is about 10~30 nm. The maximum 
microhardness of QCs has been dramatically 
improved to about HV440 which increased by about 
280% compared with that of the petal-like QCs 
fabricated under common cast iron mold cooling 
conditions; 

•	 The forming mechanisms of nano-QCs were 
discussed from three aspects. Possessing a certain 
negative enthalpy of mixing and existence of Frank-
Kasper-type phases determined the formation of Mg-
Zn-Y-based nano-QCs. Under the suitable cooling 
rate, QC phases instead of metallic glasses or crystal 
phases can nucleate and grow in a very short time. 
And then, nanoscale QCs were formed;

•	 Mg
71

Zn
26

Y
2
Cu

1
 nano-QC alloy possess high corrosion 

resistance in simulated seawater and its corrosion 
resistance is much better than those of the Mg

72
Zn

26
Y

2
 

Figure 6. Micro-hardness of the nano-QCs.

Figure 7. Potentiodynamic polarization curves of the specimen 
4#~6# measured in simulated seawater open to air at room 
temperature. A polarization curve of industrial magnesium is also 
shown for comparison.

Table 2. Corrosion parameters obtained from potentiodynamic 
polarization curves for specimen 4#~6# in simulated seawater.

Specimen Icorr/µA/cm–2 Ecorr/mV Rp/kΩ Corrosion
rate/mpy

Mg 76.16 –1675 6.073 34.8

4# 11.09 –1311 6.925 19.298

5# 2.035 –186.3 14.76 1.522

6# 3.762 –655.4 8.105 3.084

E
corr

: corrosion potential; I
corr

: corrosion current; R
p
: polarization resistance.
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and Mg
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 nano-QC alloys. The key 

factor for the improved corrosion resistance of 
magnesium alloy can be ascribed to the formation of 
nano-QCs and Mg-Y intermetallics. The corrosion 
resistance of Mg
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Zn
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Cu
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Ni
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 nano-QC alloy is 

lower than Mg
71

Zn
26
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Cu

1
 nano-QC alloy. Because 

when Ni and Cu have same contents in magnesium 
alloys, the damage level of them to the corrosion 
resistance of magnesium alloys is Ni > Cu.
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