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Abstract: The quasicrystal phase is beneficial to increasing the strength of magnesium alloys. However, its complicated structure and unclear
phase relations impede the design of alloys with good mechanical properties. In this paper, the Mg40Zn55Nd5 icosahedral quasicrystal (I-phase)
structure is discovered in an as-cast Mg–58Zn–4Nd alloy by atomic resolution high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM). A cloud-like morphology is observed with Mg41.6Zn55.0Nd3.4 composition. The selected area electronic diffrac-
tion (SAED) analysis shows that the icosahedral quasicrystal structure has 5-fold, 4-fold, 3-fold, and 2-fold symmetry zone axes. The thermo-
dynamic stability of the icosahedral quasicrystal is investigated by differential scanning calorimetry (DSC) in the annealed alloys. When an-
nealed above 300°C, the Mg40Zn55Nd5 quasicrystal is found to decompose into a stable ternary phase Mg35Zn60Nd5, a binary phase MgZn, and
α-Mg, suggesting that the quasicrystal is a metastable phase in the Mg–Zn–Nd system.
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1. Introduction

With  increasing  emphasis  on  energy  conservation  and
emissions reduction, Mg alloys, as one of the lightest metal-
lic structure materials, have attracted much attention in many
fields  [1–9].  However,  the  low  tensile  strength  and  poor
ductility of Mg alloys limit its applications. Methods used to
improve the mechanical properties of Mg alloys include prin-
cipally  selecting  an  ideal  strengthening  phase  [10–16]  and
using  a  suitable  processing  technology  [17–21].  Obtaining
the strengthening phase by adjusting the alloy composition is
one  of  the  most  common  ways.  Zn  exhibits  a  hexagonal
close-packed crystal structure, which is similar to that of Mg.
The addition of Zn is beneficial to the strengthening of Mg
alloys. However, Mg–Zn binary alloys, whose grains are rel-
atively  coarse,  have  poor  fluidity  and  are  prone  to  defects
such as shrinkage and porosity under the casting process [22].
Rare-earth  (RE)  elements  enhance  the  bonding of  atoms in
the Mg alloy due to its unique electronic arrangement struc-
ture. Adding RE elements to the Mg–Zn alloy reduces cast-
ing  defects  and  improves  the  comprehensive  mechanical
properties [23]. These are attributed to the solution strength-
ening of  the RE element  and the formation of  intermetallic
compounds  such  as  the  icosahedral  quasicrystal  phase  (I-
phase) with a unique structure. Wu et al. [24] found that the
eutectic phase in an extruded Mg–Ce–Zn–Zr alloy is mainly

composed  of  Mg12Ce  and  Mg17Ce2 compounds  with  the
tensile strength reaching 251 MPa at room temperature. The
extruded  Mg–5.53Zn–1.35Y–0.42Zr  containing  an  I-phase
shows an ultimate tensile strength of about 340 MPa, which
is higher than those of ZK60 extruded at the same condition
(290 MPa) [25]. Zhang et al. [26] found that the strengthen-
ing effect of the I-phase is the most significant thing among
the Mg7Zn3, W-phase, and I-phase in Mg–Zn–Gd. The tensile
strength  of  the  as-cast  Mg–Zn–Gd  alloy  containing  the  I-
phase  is  173  MPa.  Introducing  the  I-phase  to  AZ91,  the
tensile strength increased from 161 to 223 MPa, i.e., by 38%
[27].

The high strength,  high hardness [28],  and quasiperiodic
lattice  structure  of  the  quasicrystal  are  the  reasons  for  the
strengthening effect. The I-phase has characteristics of icosa-
hedral  symmetry  with  six  5-fold  axes,  ten  3-fold  axes,  and
fifteen 2-fold axes, and maintains a proper coherent interface
with  the  Mg  matrix.  The  investigation  of  Bae et  al.  [29]
showed  that  the  orientation  relationship  between  the α-Mg
and the quasicrystal phase is 2-fold and 5-fold//α-Mg [30]. In
addition, high-hardness quasicrystal particles can effectively
impede the migration of grain boundary and dislocations.

Quasicrystals are a class of materials that exhibit a long-
range order in their atomic arrangement but lack translational
symmetry (periodicity). In 1984, Shechtman et al.  [31] first
found  an  icosahedral  phase  with  a  5-fold  rotational  sym- 
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metry  in  a  rapidly  solidified  Al–Mn  aluminum  alloy.  Sub-
sequent  studies  about  quasicrystals  mainly  concentrated  on
Al  alloys.  In  the  late  20th  and  early  21st  centuries,  stable
quasicrystal phases were reported to exist in Mg–Al–X (X =
Cu, Pd, Ag, Pt) and Mg–Zn–M (M = Ga, Al, RE) systems.
An icosahedral quasicrystal would be easily obtained through
rapid solidification and slow cooling under normal cast con-
ditions in Mg–Zn–RE systems. Icosahedral quasicrystals are
usually divided into two categories: (1) the Al–Tm type with
a structural unit of a Mackay icosahedron (quasi-lattice constant
aR = 0.46 nm) and (2) the Al6Li3Cu and Mg32(Al,Zn)49, which
are Pauling concentric icosahedral symmetric (aR = 0.51 nm).
To date, the three-dimensional symmetry structure of the ico-
sahedral quasicrystal is still poorly understood because of its
complexity.

The  formation  mechanism  of  a  quasicrystal  mainly  in-
cludes the peritectic reaction and direct precipitation [32–34],
which may lead to  different  morphologies.  The icosahedral
quasicrystal in Mg–Zn–Nd is spherical [35] and is dispersed
in the matrix. However, the quasicrystal phase is continuous
and reticulated in Mg–Zn–Y/Gd alloys, which tends to form
cracks under over-high stress. Therefore, the small spherical
quasicrystal particle is beneficial to improving the mechanic-
al properties. The chemical composition is also an important
factor for the morphology of the quasicrystal. It was reported
that  when  the  atomic  ratio  of  Mg/Zn  is  maintained  around
2.5–2.6 with 1.2at% Nd,  the spherical  quasicrystal  phase is
uniformly  distributed  in  the  Mg7Zn3 matrix  phase,  and  the
number density of the quasicrystal phase is the largest [36].
However, Yang et al. [37] found that the quasicrystal existed
in the Mg–45Zn–1.5Nd alloy with an Mg/Zn ratio of 3.2. In
addition,  the  thermodynamic  stability  of  the  quasicrystal  is
uncertain.  Huang et  al.  [38]  believed  that  there  was  no
quasicrystal  in  the  equilibrium  alloy,  whereas  Mostafa  and
Medraj [39] argued that the quasicrystal was an equilibrium
phase.  The  chemical  composition  and  existing  temperature
range  of  the  quasicrystal  are  rarely  reported,  although  they
are highly desirable for the design of quasicrystal strengthen-
ing Mg alloys.

In this work, the stable condition and transformation pro-
cess of the quasicrystal phase in the Mg–Zn–Nd system were
investigated through differential scanning calorimetry (DSC)
and  an  annealed  alloy.  The  structure  of  the  Mg40Zn55Nd5

quasicrystal  phase  was  revealed  by  atomic  resolution  high-
angle  annular  dark-field scanning transmission electron mi-
croscopy (HAADF-STEM). The existing temperature range
and phase transformation of the quasicrystal were then stud-
ied by annealing the alloys at different temperatures. Finally,
phase relations of the Mg–Zn–Nd system were provided. 

2. Experimental

The  alloys  were  produced  from  commercially  pure  Mg
(99.99%),  pure  Zn  (99.99%),  pure  Nd  (99.99%),  and  Mg–
30Nd blocks. Four alloy ingots (~100 g each) with different
chemical compositions were prepared by vacuum induction
melting. The four alloy samples were cut from each ingot and

labeled  #1,  #2,  #3,  and  #4.  The  actual  composition  of
Mg–Zn–Nd  alloys  was  measured  by  Optima  7300DV  in-
ductively  coupled  plasma  atomic  emission  spectrometry
(ICP) with the results shown in Table 1. The alloys were then
annealed at 300, 350, and 400°C at different times in muffle
furnaces and were cooled by water quenching.
 

Table 1.    Actual composition of Mg–Zn-Nd alloys wt%

Alloy number Mg Zn Nd
#1 38.05 58.05 3.90
#2 41.88 46.72 11.40
#3 47.35 27.07 25.58
#4 58.76 7.06 34.18

 
Powder specimens of all as-cast and annealed alloys were

analyzed  by  D2 PHASER X-ray  diffraction  (XRD) at  a  2θ
range of 10° to 75° with a scanning rate of 2°/min to identify
phase constitutions. Microstructures of the alloys were stud-
ied  through  a  JSM-7500  scanning  electron  microscope
(SEM), and the phases’ chemical compositions were determ-
ined using energy-dispersive X-ray spectroscopy (EDS). The
quasicrystal structure was characterized by atomic resolution
high-angle annular dark-field scanning transmission electron
microscopy  (HAADF-STEM)  on  a  Themis  ETEM  micro-
scope,  and  the  wafer  sample  was  prepared  by  focusing  ion
beam (FIB, Helios G4 UC). The phase transformation tem-
perature  of  as-cast  alloy  #1  was  measured  by  NETZSCH
404F3 DSC from room temperature to 500°C with a heating
rate of 10°C/min under a high purity argon atmosphere with a
flowing rate of 50 mL/min. 

3. Results and discussion 

3.1. Quasicrystal phase in as-cast Mg–Zn–Nd alloys

Fig.  1 shows  the  isothermal  section  of  the  Mg–Zn–Nd
system at 300°C calculated by Zhang et al. [40]. The selec-
ted compositions of alloys #1 and #2 are situated within the
controversial  phase  regions  (marked  by  red  dash  lines)  in
which the icosahedral quasicrystal phase may exist.  As dis-
cussed previously, Huang et al. [38] and Mostafa and Medraj
[39]  held  opposite  opinions  on  whether  the  I-phase  was  an
equilibrium phase in the controversial phase regions. Alloys
#3  and  #4  were  selected  to  determine  whether  the  I-phase
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forms in the Mg-rich corner or not.
Fig.  2 shows the XRD patterns of the as-cast  alloys.  All

phases are identified in all alloys except for alloy #1, which
exhibits  some  unknown  diffraction  peaks  at  36°–39°  and
64°–67° (marked by stars). These unknown peaks are similar
to those of the spherical I-phase in the Mg–Zn–Nd system re-
ported by Zhang et al.  [41]. The backscattered electron im-
age of the as-cast alloy #1 (Fig. 3(a)) shows a dual-phase mi-
crostructure consisting of a cloud-like phase and the Mg7Zn3

matrix. In addition, the white strip-like phase along the crys-
tal boundary cannot be detected by XRD because of its low
content. It could be the eutectic microstructure or ternary in-
termetallic  compound inferred  from the  literature  [41].  The
average composition of the cloud-like phase detected by EDS
is approximately Mg41.6Zn55.0Nd3.4, which is very close to the
I-phase  (Mg40.54Zn54.68Nd4.78)  reported  by  Zhang et  al.  [41].
Unknown diffraction peaks in alloy #1 are also similar to the
sharp diffraction peaks determined by Niikura et al. [42] in a

rapidly  solidified  Mg–Zn–Nd  alloy.  Unfortunately,  the  ac-
curate crystal structure of this unknown phase is rarely repor-
ted;  thereby,  the  full  diffraction  pattern  of  the  icosahedral
phase remains indistinct.
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Alloy  #2  contains  (Mg,Zn)92Nd8,  MgZn,  and α-Mg  as
identified from its XRD pattern in Fig. 2. However, the mi-
crostructure  of  alloy  #2  is  complex,  as  shown in Fig.  3(b),
which consists of the primary dendritic (Mg,Zn)92Nd8, α-Mg,
and the eutectic structure of MgZn and α-Mg. Both alloys #3
and  #4  consisted  of  three  phases  of  Mg3Nd, α-Mg,  and
(Mg,Zn)92Nd8 according to their diffraction peaks. However,
their  microstructures are completely different.  Alloy #3 has
the  Mg3Nd  as  the  primary  phase,  which  is  polygonal  with
sharp angles. The dark phase around the Mg3Nd is α-Mg, and
the very fine layered phase is (Mg,Zn)92Nd8 in Fig. 3(c). In
contrast, the dendritic α-Mg shown in Fig. 3(d) is the primary
phase  of  alloy  #4.  Besides,  the  dot-like  Mg3Nd  and
(Mg,Zn)92Nd8 form the divorced eutectic structure in the as-

cast alloy #4.
It should be noted that alloys #1 and #2 may both contain

the I-phase according to Fig. 1. However, the I-phase is ex-
perimentally  detected  only  in  alloy  #1,  which  is  cloud-like
because  it  formed  directly  from  the  liquid.  The  formation
mechanism  of  the  I-phase  is  the  direct  precipitation  in  the
Mg–Zn–Nd system. The composition range of I-phase form-
ation is the phase region (Mg36–100Zn0–59Nd0–5) which alloy #1
located in. Alloy #1 is selected as the main alloy for further
study since the I-phase is only found in this alloy.
 

3.2. Quasicrystal structure of Mg40Zn55Nd5

Fig. 4 displays the electron diffraction patterns (EDPs) of
the  cloud-like  phase  in  alloy  #1.  Strong  diffraction  spots

S. Zhang et al., Icosahedral quasicrystal structure of the Mg40Zn55Nd5 phase and its thermodynamic stability 1545



show  a  5-fold  symmetry  in Fig.  4(b),  which  is  one  of  the
unique features of the quasicrystal phase and is impossible to
appear  in  classic  crystallography.  Therefore,  the  cloud-like
phase can be rationally identified as quasicrystals. Generally,
the  5-fold  EDP  of  quasicrystals  can  generate  pentagons  in
real space. The atomic structure has been further deeply stud-
ied  by  the  HAADF-STEM image,  the  contrast  of  which  is
directly connected to the atomic number and chemical com-
position. Fig. 4(a) shows the HAADF-STEM image of the I-
phase  taken  along  the  5-fold  axis.  Five  clear  brighter  dots
with a separation angle of 36° correspond to the heavier con-
stituent element of Nd columns (marked by yellow) with the
edge-length of 0.8 nm for each pentagon. Additionally, one
pentagonal atom cluster (marked by blue) is formed by con-
necting  another  five  bright  dots  at  the  center  of  each  large
pentagon above. Its  side length is  ~0.3 nm. The contrast  of
atoms  in  the  smaller  pentagonal  arrangement  looks  obvi-
ously weaker than those in the larger ones, indicating that the
consisting atoms are mixed sites of Nd and Mg or Zn. Deca-
gons (marked by red) with an edge length of 0.16 nm could
be easily recognized in the I-phase in Fig. 4(a). These atom
dots may be Mg or  Zn columns due to their  corresponding
weak  contrast.  Therefore,  the  unit  consisting  of  two
pentagons and five decagons covers the whole plane but par-
tially overlaps. This indicates that the quasicrystal structure is

defective compared to crystals.
The 4-fold EDP and the atomic-scale image (Fig. 4(c) and

(f)) of the I-phase in the Mg–Zn–Nd system were observed
for the first  time. In Fig. 4(f),  Nd atoms are stacking in the
form of a layer structure with four bright dots forming a rect-
angle. The distance between the brighter and larger Nd atom-
ic  layers  is  0.5  or  0.7  nm.  The  atomic  arrangement  is  too
close to distinguish a single atom in some planes because it is
beyond  the  resolution  of  the  HAADF-STEM  (~0.136  nm).
There  are  several  dark  atom layers  between  two  Nd  atoms
layers  due to the intercalation of  Mg atoms in these layers.
Fig. 4(g) shows the atoms arranged in hexagons (marked by
red) along the 3-fold symmetric axis with a side length of 0.3
nm. Four hexagons compose a group with a total width of 2
nm. The distance between the central Nd atoms of adjacent
hexagons  is  0.8  nm. Fig.  4(h)  presents  the  HAADF-STEM
image taken along the 2-fold zone axis.  Hexagons (marked
by red) with a side length of 0.3 nm consisting of Mg or Zn
atoms are neatly arranged on the plane. Nd atoms in the cen-
ter  of  each  hexagon  regularly  arrange  along  a  straight  line
with a separation distance of  0.6 nm. Atomic arrangements
are  quasiperiodic  from  four  directions,  further  proving  the
construction  of  the  Mg40Zn55Nd5 icosahedral  quasicrystal
structure.

{101̄0}α-Mg

The highly symmetrical structure of the I-phase makes it a
good strengthening phase. The second-phase/matrix debond-
ing  is  generally  considered  as  one  of  the  sources  of  the
cracks’ origin  during  the  tensile  process.  The  I-phase  has
multiple symmetry axes in all directions, leading to the semi-
coherent or coherent interface with the α-Mg. Bae et al. [29]
observed  that  the  orientation  relationship  is  2-fold  and  5-
fold// . The atomic bonding of the I-phase/α-Mg in-
terface is rigid enough to be retained under high stress. In ad-
dition, the hardness of the I-phase is up to HV 154 [37], and
the  I-phase  exhibits  individual  cloud-like  particles  in  the
Mg–Zn–Nd system. The low strain energy interface provides
a  lower  driving  force  for  the  growth  of  I-phase  particles,
which makes the particle size stable. The I-phase particle is
hard to deform or grow at a higher temperature and prevents
grain  growth.  The  stable  interface  with  the  matrix  and  the
high hardness of I-phase particles can effectively impede the
dislocation and grain boundary to improve mechanical prop-
erties. 

3.3. Thermodynamic  stability  of  the  Mg40Zn55Nd5
quasicrystal

Fig. 5(a) shows the DSC heating curve of alloy #1, which
indicates two endothermic peaks at 344.9°C and 357.4°C. To
clarify the phase transitions, alloy #1 is annealed at 300, 350,
and 400°C. Fig. 5(b) and (c) displays the microstructures of
alloy #1 held at 350 and 400°C for 10 h, respectively. The al-
loy  partially  melts  while  annealing  at  350°C.  The  micro-
structure  after  quenching  is  composed  of  the  ternary  phase
Mg35Zn60Nd5,  binary phase Mg7Zn3,  MgZn, and α-Mg. It  is
reported  that  the  Mg7Zn3 melts  at  about  343°C [43].  Com-
pared with phases in the as-cast alloy #1, the transformation
Mg7Zn3 →  MgZn  + α-Mg  may  occur  at  344.9°C,  and  the
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transformation I-phase → Mg35Zn60Nd5 + MgZn + α-Mg may
begin at 357.4°C.

The microstructure of alloy #1 annealed at 400°C consists
of three phases: Mg35Zn60Nd5,  MgZn, and Mg7Zn3.  The ab-
sence of α-Mg in alloy #1 after annealing at 400°C is attrib-
uted to the complete melt. The quenching process is equival-
ent  to  the  re-solidification  for  alloy  #1.  Hence,  the  Mg7Zn3

becomes the matrix instead of the α-Mg. The cooling rate of
quenching from 400°C is lower than that of the casting pro-
cess and thus, the rod-like ternary phase Mg35Zn60Nd5 forms
in the annealing alloy #1 (Fig. 5(c)). From Fig. 5(b) and (c),
the I-phase rapidly disappears when liquid is present. There-
fore, the solid-state phase transformation of the I-phase is in-
vestigated blowing at the determined melting temperature of
357.4°C.

Fig.  6 shows the microstructures of alloy #1 annealed at
300°C  for  60,  110,  and  170  d.  Mg7Zn3 disappears  rapidly
after annealing at  300°C for 60 d,  substituted by α-Mg and
MgZn  phases.  The  MgZn  phase  layer  forms  around  the  I-
phase. After annealing at 300°C for 110 d, the thickness of
the  MgZn  layer  increases,  and  the  size  of  the  I-phase  de-

creases.  Holding at  300°C for 170 d,  Nd atoms from the I-
phase  diffuse  into  the  MgZn layer,  finally  forming a  stable
Mg35Zn60Nd5 ternary  phase  with  Mg29.1Zn63.9Nd7.0 composi-
tion  as  determined  by  EDS.  However,  there  is  still  a  small
amount of I-phase in the alloy. The average composition of
the  I-phase  is  about  Mg43.1Zn53.5Nd3.4 and  Mg40.3Zn55.5Nd4.2

when annealed at 300°C for 60 and 170 d. Atomic contents of
the I-phase change slightly during annealing, which indicates
that the I-phase transformation is very slow at 300°C. As ob-
served from the microstructure evolution, the I-phase will de-
compose into Mg35Zn60Nd5, α-Mg, and MgZn above 300°C if
the holding time is long enough. This suggests that the icosa-
hedral  quasicrystal  should  be  an  unstable  phase  in  the
Mg–Zn–Nd system. Mostafa and Medraj [39] considered the
quasicrystal as an equilibrium phase, which might be due to
the relatively short annealing time (40 d).

Considering  the  formation  enthalpy  of  the  I-phase  in
Mg–Zn–Nd,  the  thermodynamic  stability  is  compared  with
the I-phase in Mg–Zn–Y. Due to the metastable I-phase with
a  non-translational  symmetry  crystal  structure,  it  is  hard  to
calculate the formation enthalpy through first-principles cal-
culation.  The  reported  formation  enthalpy  of  the  I-phase  in
Mg–Zn–Y  was  calculated  by  the  CALPHAD-type  thermo-
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dynamic database [44].  However,  the metastable  I-phase in
the Mg–Zn–Nd system was seldom reported in the thermo-
dynamic  database  of  Mg–Zn–Nd.  Its  formation  enthalpy  is
also hard to obtain by the CALPHAD approach. Therefore,
we can only refer to the lower limit of the formation enthalpy
by  comparing  it  with  that  of  adjacent  phases.  The  I-phase
transforming into Mg35Zn60Nd5 and α-Mg is observed in the
annealing  experiment.  According  to  the  endothermic  reac-
tion  (Eq.  (1)),  the  formation  enthalpy ∆Hf of  the  I-phase  is
obtained  by  Eq.  (2).  Formation  enthalpies  of  pure  Mg,
Mg35Zn60Nd5,  and  Mg47Zn45Nd8 are  calculated  as  shown  in
Table 2. It can be inferred that the ∆Hf(Mg40Zn55Nd5) > −20.8
kJ·mol−1·atom−1.
10.2I-phase(Mg40Zn55Nd5) =

8.6Mg35Zn60Nd5+60Mg+Mg47Zn45Nd8 (1)

10.2∆Hf(Mg40Zn55Nd5)−8.6∆Hf(Mg35Zn60Nd5)−
60∆Hf(Mg)−∆Hf(Mg47Zn45Nd8) > 0 (2)

 
Table  2.      Calculated  formation  enthalpies  of  phases  in
Mg–Zn–Nd/Y at 25°C

Alloy Phase Formation enthalpy /
(kJ·mol−1·atom−1)

Mg–Zn–Nd
[This work]

Mg 0
Mg35Zn60Nd5 –21.9
Mg47Zn45Nd8

* –24.3
I-phase (Mg40Zn55Nd5) ＞–20.8

Mg–Zn–Y
[44]

I-phase (Mg30Zn60Y10) –28.5
Mg28Zn65Y7 –27.7
Mg25Zn50Y25 –41.9
Mg22Zn62Y16 –27.4

Note: *Mg47Zn45Nd8 is a special case of (Mg,Zn)92Nd8.
 

The  formation  enthalpy  of  the  I-phase  (Mg30Zn60Y10)  is
–28.5 kJ·mol−1·atom−1 [44]. Therefore, the thermostability of
the I-phase in the Mg–Zn–Nd system is less stable than that
in Mg–Zn–Y. Table 2 also lists  the formation enthalpies of
other ternary phases. In all ternary phases, the I-phase is more
prone to transform, whether in the Mg–Zn–Nd system or the
Mg–Zn–Y system.

Fig. 7(a) and (b) shows the liquid projection and isotherm-
al section at 400°C of the Mg–Zn–Nd system, revealing the
primary Mg35Zn60Nd5 phase formed by the liquid phase in the
phase  regions  of  alloys  #1 and #2 (marked by yellow dash
lines  in Fig.7(a)).  However,  the  fast  solidification  process
prevents the complete diffusion of atoms, implying that the I-
phase replacing the Mg35Zn60Nd5 forms first in the as-cast al-
loy #1.

Alloys  #2–#4  are  also  annealed  at  400°C.  Alloy  #2  de-
forms due to the presence of liquid when it is held at 400°C
for  19  d. Fig.  7(b)  shows  the  isothermal  section  of  the
Mg–Zn–Nd system and the determined phase compositions
of the alloys at 400°C. XRD patterns in Fig. 7(c) show that
the annealed alloy #2 contains Mg35Zn60Nd5,  MgZn, and α-
Mg. Both annealed alloys #3 and #4 contain (Mg, Zn)92Nd8,
Mg3Nd, and α-Mg. Phase constitutions of annealed alloys #2
and  #3  coincide  with  the  calculated  isothermal  section  at

400°C, and the I-phase is not found, while the solid solution
of Zn in Mg3Nd for alloy #3 is much larger than the calcu-
lated result. Moreover, (Mg, Zn)92Nd8 of alloy #4 is not in the
calculated phase region.

In short, the I-phase forms directly by the liquid when the
alloy composition is in the phase region of alloy #1. The I-
phase  gradually  decomposes  into  equilibrium  phases  while
annealing  above  300°C.  The  transformation  rate  increases
with the increase of temperature and the appearance of the li-
quid phase. 

4. Conclusions

The morphology and atomic  structure  of  the  icosahedral
quasicrystal phase in the Mg–Zn–Nd system are investigated
by  ultrahigh-resolution  HAADF-STEM.  In  addition,  the
thermodynamic  stability  of  quasicrystal  is  studied,  and  the
formation and transformation conditions are given. The fol-
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lowing conclusions are drawn.
(1)  The  quasicrystal  can  form  by  conventional  casting

conditions. The quasicrystal is cloud-like with the composi-
tion of Mg41.6Zn55.0Nd3.4 in the as-cast alloy. The alloy com-
position  range  required  for  quasicrystal  formation  is  the
phase region (Mg36–100Zn0–59Nd0–5) which alloy #1 located in.

(2)  The quasicrystal  shows an icosahedral  structure  with
5-fold, 4-fold, 3-fold, and 2-fold symmetry in the Mg–Zn–Nd
system. Two-dimensional atomic arrangements viewed from
four directions are fully displayed. Nd atoms form different
pentagons with side lengths of 0.3 and 0.8 nm along the 5-
fold  axis,  whereas  Nd atoms are  arranged in  a  straight  line
when viewed from the other three axes. The Mg or Zn atoms
surrounding them form hexagons with a side length of 0.3 nm
along the 3-fold and 2-fold axes.

(3)  The  Mg40Zn55Nd5 icosahedral  quasicrystal  is  a  meta-
stable phase of which the formation enthalpy is higher than
–20.8  kJ·mol−1·atom−1.  It  decomposes  into  Mg35Zn60Nd5,
MgZn, and α-Mg above 300°C. The increase of temperature
and the presence of liquid facilitate the decomposition of the
quasicrystal. The quasicrystal exists when annealed at 300°C
for  170  d,  but  it  completely  dissolves  when  liquid  appears
when annealed at 350°C for 10 h. 
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