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The composition and the crystal structure of the phases in the alloys of Mg-Zn-Nd system at 400°C
have been studied by scanning electron microscopy (SEM), electron probe microanalysis (EPMA), X-
ray diffraction (XRD) and selected area electron diffraction (SAED) of transmission electron microscopy
(TEM). The phase equilibrium relationships have been identified. As a result, a linear ternary compound
T, phase has been identified. The general chemical formula of T, phase is (Mg, Zn);;5Nd and the crystal

structure of that is C-centered orthorhombic. As the results, the other three ternary compounds Ty phase,
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T3 phase and T4 phase have also been identified. The partial isothermal section of phase diagram of
Mg-Zn-Nd system at 400 °C has been established.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Magnesium alloys are one of the lightest structural materials,
and whose applications potential in automobile industry, aviation
industry and electron industry have been focused in recent years
[1-3]. Compared to applications of iron-based alloys and aluminum
alloys, the applications of magnesium alloys are limited because of
their poor plasticity at room temperature and their poor mechan-
ical properties at elevated temperatures. Therefore, developing
magnesium alloys with improved mechanical properties especially
at elevated temperatures is crucial for their applications. The addi-
tion of rare earth elements can improve the mechanical properties
of magnesium alloys especially at elevated temperatures. In recent
years the magnesium alloys with the addition of rare earth ele-
ments are studied widely [4-8].

Mg-Zn system is a basic system for Mg alloys. But in this system,
there is a low eutectic temperature. For this reason, the mechani-
cal properties of Mg-Zn alloys are poor at elevated temperatures.
The addition of rare earth element can not only refine the grains of
the Mg-Zn system alloys [9-18], but also improve the creep resis-
tance at elevated temperatures, because of the formation of the
high melting-point compounds.
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Though the mechanical properties [19-21] and the quasicrys-
tal phase [22,23] of some alloys in Mg-Zn-Nd system have been
studied in recent years, the information is still not sufficient for
alloy design. It is well known that alloy phase diagram is the guide
for alloy design. However the equilibrium phase diagram of the
Mg-Zn-Nd system has not been studied in detail even in the Mg-
rich corner. The isothermal sections of Mg-Zn-Nd system at 400 °C
and 500°C have been only reported by Drits et al. [24]. Only two
three-phase regions have been reported at 400 °C, and one three-
phase region has been reported at 500 °C. The isothermal sections
containing relatively more phase regions near 300°C have been
reported by Drits et al. and Kinzhibalo et al. [25], but the results
of the two groups are conflicting to each other. The compounds
identified by Drits et al. in Mg-rich corner at 297 °C were Mg;,Nd,
MggNle'lg, Mg4NdZn5, Mg7NdZn12 and MgsqZnyg. And those iden-
tified by Kinzhibalo et al. in Mg-rich corner at 300 °C were Mg, Nd,
MgNd4Zns, MggNd,Zny, MgyNdyZng and MgZn. The ternary com-
pounds reported by these two groups were totally different at
nearly the same temperature, and the phase relationships were
also different as shown in Fig. 1 [26]. So it is necessary to have a
systematic study for the phase diagram of the Mg-Zn-Nd system
in the Mg-rich corner.

This paper is one part of the research on the phase equilib-
rium of Mg-Zn-Nd system. In order to obtain exact information
for Mg-based alloy design, the ternary compounds in the low-Nd
side of Mg-Zn-Nd system and their phase equilibrium at 400°C
were studied.
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Fig. 1. Isothermal sections of Mg-Zn-Nd system reported in literatures.

2. Experimental procedures

Seven alloys with different compositions in the low-Nd side of the Mg-Zn-Nd
ternary system were prepared in this work, and the weight of each alloy was 30g.
The purity of Mg and Zn was 99.99 wt%, and the purity of Nd was about 99.8 wt%.
Because of the serious loss of Mg during melting, the content of Mg was added
10 wt% more than its theoretical content. The pure metals were mixed up together,
and then melting back in the carbon crucible in a vacuum induction furnace under
Ar atmosphere. The as-cast samples were wrapped with tantalum foils and sealed
in a quartz tube with the vacuum degree of 10-2 Pa. The samples were equilibrium-
treated at 400°C for 504 h and then ice water-quenched.

The microstructure of each alloy was examined by scanning electron microscopy
(SEM) using SSX-500 microscope. The composition of each phase in the alloys was
studied by EPMA-1600 electron probe microanalyzer with abeam size of 1 wmand a
voltage of 15 kV. The high pure Mg, Zn, and Nd were served as the standards to revise
the characteristic radiations with ZAF4 correction. The crystal structures of phases
were studied by X-ray diffraction (XRD) and transmission electron microscopy
(TEM) using Siemens D5000 with Cu Ka radiation and TecnaiG220 respectively.
Thin foil specimens for TEM were prepared by electronic ion polishing.

3. Results and discussion

Within the seven alloys prepared in this work, there are two
alloys in two-phase equilibrium and five alloys in three-phase equi-
librium. The compositions of phases (atom fraction, the same as
follows) in the alloys are shown in Table 1.

3.1. The two-phase equilibrium of Mg+ T,

The equilibrium microstructures of the Mg;5Zn,oNds alloy and
Mg70Zny5Nds alloy at 400°C are shown in Fig. 2. The black is
Mg solid solution with the composition of 98.8% Mg, 1.2% Zn and
ignored Nd. The grey is a ternary compound with the composition
of 61.1% Mg, 31.1% Zn and 7.8% Nd, and this phase is called T, phase
here.

The crystal structure of T, phase in Mg75Zn,oNds alloy has been
analyzed by selected area electron diffraction (SAED) of TEM. The
SAED pattern of [101] zone axis of T, phase is shown in Fig. 3a,
which suggests that T, phase has a C-centered orthorhombic crys-

tal structure with the lattice parameters of a=0.98 nm, b=1.13 nm,
and c=0.96 nm. The X-ray diffraction pattern of Mg75Zn,oNds alloy
is shown in Fig. 3b. The diffraction peaks of Mg can be indexed, and
all the other diffraction peaks can be indexed with the C-centered
orthorhombic crystal structure with the parameters obtained from
Fig. 3a. This suggests again that the crystal structure of T, phase is
C-centered orthorhombic.

The results above reveal that the Mg;5ZnyoNds alloy is in the
two-phase region of Mg+ T, at 400°C.

According to the microstructure of the Mg75ZnygNds alloy
(Fig. 2a), the solidifying process could be deduced. During cooling,
the Mg solid solution solidified from liquid first, then, with the tem-
perature decreasing further, the eutectic reaction of L — (Mg) +T,
can be deduced to occur over 400°C. So the microstructure of
Mg75Zn,9Nd5 alloy at 400 °C was contained by Mg solid solution
and the eutectic structure of E1 (Mg+T;).

The black in Mg79Zny5Nds alloy (Fig. 2b) is Mg solid solution
with the composition of 96.8% Mg, 3.2% Zn and ignored Nd. The grey
is a ternary compound with the composition of 53.3% Mg, 38.9% Zn
and 7.8% Nd, and the Nd content of which is nearly the same as that
of T, phase.

The diffraction peaks of Mg7¢Zn;5Nds alloy are corresponding
one-to-one with those of Mg75Zn,oNds alloy as shown in Fig. 3b.
The diffraction peaks of Mg solid solution in the two alloys are at
the same angles, but the rest of Mg;¢Zn,5Nd5 alloy shift to a rela-
tively higher 26 value regularly compared to those corresponding
peaks of Mg75Zn,ygNds alloy. All the rest peaks of Mg7oZn,sNds
alloy can also be indexed with C-centered orthorhombic crystal
structure with the lattice parameters of a=0.97 nm, b=1.12nm,
and c=0.95 nm. The results of the composition and the crystal struc-
ture of the ternary compounds in the two alloys suggest that they
belong to the same one ternary linear compound T,. That is to say,
T, phase has a C-centered orthorhombic crystal structure, and it
has a continuous composition change. The chemical formula of T,
is (Mg, Zn){15Nd. The results suggest that the Mg;9Zn,5Nds alloy
is also in the two-phase region of Mg+ T, at 400 °C.

Table 1
The compositions of phases in alloys at 400 °C (at.%).
Alloys and nominal composition  (Mg) Ty T, (linear compound)Ts (linear compound) T4 Liquid
Mg Zn Nd Mg Zn Nd Mg Zn Nd Mg Zn Nd Mg Zn Nd Mg Zn Nd
Mg75Zn;7Ndg 99.0 1.0 00 - 652 269 79 319 431 250 - -
Mg75Zn3oNds 98.8 1.2 00 - 611 311 7.8 - - -
Mgs1Zn3gNd 1y - - 60.1 - 8.1 26.6 484 250 252 591 157 -
Mgs0ZnaoNd1o - - 58.6 - 79 260 490 250 256 584 160 -
Mg70Zn,5Nds 98.9 1.1 00 - 533 389 78 - - -
Mg70ZnsNdy 98.8 1.2 00 299 630 7.1 509 - - - - -
Mg70Zn,sNd; 98.8 1.2 00 300 630 70 - - - 700 300 O
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Fig. 2. Microstructures of Mg+T, two-phase equilibrium alloys at 400°C. (a)
Mg75Zn20Nd5 and (b) Mg7OZn25Nd5.

The reason why the 20 value of peaks for the same (hkl)
triplet shifts to a higher angles with the increase of Zn con-
tent in T, phase is given here. It is well known that the radius
of Zn is 0.153 nm, which is 0.019nm shorter than that of Mg.
So, when the content of Nd is not changed, the lattice param-
eters of T, should decrease with Mg content being substituted
by Zn content. According to the formula of Bragg and the inter-
planar distance of the orthorhombic system, the formula of 260 =
2arcsin(k/2)\/(h2/a2) + (k2/b2) + (12 /c2) can be obtained. The for-
mula shows that, for each (hkl) triplet, the 26 value shifts to a
higher angle with the parameters decreasing. The analysis shows
that the increase of 20 value with the increase of Zn content is
reasonable.

3.2. The three-phase equilibrium of T, + T3 + Mg

Fig. 4 is the equilibrium microstructure of Mg75Zn7Ndg alloy at
400°C. The composition of the black is 99% Mg, 1% Zn and ignored
Nd, which can be identified as Mg solid solution by corresponding
X-ray diffraction (Fig. 5); the composition of the grey is 65.2% Mg,
26.9% Zn and 7.9% Nd, the content of Nd is nearly the same as that
of T, phase. And the diffraction peaks of C-centered orthorhom-
bic crystal structure with the lattice parameters of a=0.984 nm,
b=1.135nm, and ¢=0.963nm can be indexed from the X-ray
diffraction pattern in Fig. 5. This suggests that the grey in Fig. 4
is T, phase. The white is called T3 phase here, with the composition
of 31.9% Mg, 43.1% Zn and 25% Nd.

Intensity

Mg?oznz5N?5
10 20 30 40 50 60
26/°

Fig. 3. SAED pattern of T, phase with [10 1] zone axis in Mg75Zn,oNds alloy (a) and
X-ray diffraction patterns of Mg5ZnoNds alloy and Mg7¢Zn,sNds alloy (b) at 400 °C.

There are two types of eutectic microstructure in Fig. 4, which
are E1 (T, +Mg) and E2 (T3 +Mg), and E2 is surrounded by E1. It
means that the formation of E2 is earlier than that of E1. And the
dendritic microstructure of T3 phase in Fig. 4 has been verified that
Ts is the pre-formation phase during solidification from liquid.

The result of Fig. 6 shows that the crystal structure of T3 phase
is the face-centered cubic. Fig. 6a and b are the SAED patterns of
[110] and [11 1] zone axis respectively. The result of Fig. 6 shows
that the lattice parameters of T3 phase are a=b=c=0.68 nm. The
diffraction peaks of T3 phase can also be indexed from the X-ray
diffraction pattern of Mg75Zn;7Ndg alloy in Fig. 5. According to the
composition in Table 1, T3 phase is also a linear compound and the
chemical formula of T3 is (Mg, Zn)3Nd.

The results obtained above suggest that Mg75Zn;7Ndg alloy is in
the three-phase region of (Mg)+T, + T3 at 400°C.

3.3. The three-phase equilibriums of Mg + Liquid (L) + T; and
TZ + T1 +Mg

Fig. 7a is the equilibrium microstructure of alloy MgyZn,gNd,
at 400°C. The black is Mg solid solution with the composition of
98.8% Mg, 1.2% Zn and ignored Nd. The grey is indicated in liquid
state at 400 °C, though the composition of which is 70% Mg, 30% Zn,
and free of Nd. The composition and microstructure of L at 400°C
can be kept to room temperature by quick cooling. The composition
of the white is 29.9% Mg, 63% Zn and 7.1% Nd, which is the same as
that of the T; phase with hexagonal crystal structure with the lattice
parameters of a=b=1.47 nm, and c=0.87 nm [27]. The peaks of T;
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Fig. 4. Microstructures of Mg;5Zn;7Ndg alloy at 400 °C. (a) At lower magnification
and (b) at higher magnification.

phase and Mg solid solution could be indexed in the corresponding
X-ray diffraction pattern (Fig. 7b). So the white ternary compound
in Fig. 7a must be Ty phase. The results show that the Mg7¢Zn,gNd,
alloy is in the three-phase region of Mg+ Liquid + Ty at 400°C.

Fig. 8a is the equilibrium microstructure of Mg;oZn,sNdy4 alloy
at 400°C. The black is Mg solid solution with the composition of
98.8% Mg, 1.2% Zn and ignored Nd. According to the results of com-
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Fig. 5. X-ray diffraction pattern of Mg75Zn;7Nds alloy at 400 °C.

623

Fig. 6. SAED patterns of T3 phase in Mg;5Zn;7Ndg alloy at 400°C. (a) [110] zone

axis and (b) [11 1] zone axis.
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Fig. 7. Microstructure and XRD pattern of alloy Mg7oZnysNd, at 400°C. (a)
Microstructure and (b) XRD pattern.
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Fig. 8. Microstructure and XRD pattern of Mg7oZnysNd4 alloy at 400°C. (a)
Microstructure and (b) XRD pattern.

position (Table 1) and the X-ray diffraction pattern (Fig. 8b), the
grey must be T, phase. The composition of the white is 29.9% Mg,
63.0% Zn and 7.1% Nd, which is the same as that of T; phase. As
shown in the corresponding X-ray diffraction pattern (Fig. 8b), the
characteristic peaks of T; phase, T, phase and Mg can be indexed.
The parameters of T phase in Mg9Zn,sNdy4 alloy are a=0.965 nm,
b=1.118 nm, and c=0.946 nm. The analysis above shows that the
Mg79ZnygNdy alloy is in the three-phase region of Mg+T, +T; at
400°C.

3.4. The three-phase equilibrium of Ty + T3 + Ty

Fig. 9 shows the equilibrium microstructures of Mgs;Zn3gNdq
alloy and Mgs0Zn4oNd1g alloy at 400 °C respectively. The character-
istic diffraction peaks of T, phase and T3 phase can be indexed in the
corresponding X-ray diffraction patterns. The composition of the
dark grey matrix is 58.6% Mg, 33.5% Zn and 7.9% Nd, suggesting it is
T, phase. The bright contains 26.0% Mg, 49% Zn and 25.0% Nd, called
T3 phase. The composition of grey block is 25.4% Mg, 61.0% Zn and
13.6% Nd, and there has no known phase corresponding to it, so that
the grey is designated here as T4 phase. The lattice parameters of
T, in the two alloys are a=0.977 nm, b=1.127 nm, and c=0.956 nm,
and that of T3 are a=0.68 nm. But the crystal structure of T4 phase
needs to be identified further.

The results reveal that there exists a three-phase region of
T, +T3 + T4 in the Mg-Zn-Nd ternary system at 400 °C.

3.5. The partial isothermal section of Mg-Zn-Nd system at 400 °C

The partial isothermal section of phase diagram of Mg-Zn-Nd
system at 400°C (Fig. 10) is deduced from the data discussed all
above. It shows clearly that T, phase has phase equilibrium with
Mg solid solution, T phase, T3 phase and T4 phase at 400°C.
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Fig. 9. Microstructures of T, + T3 + T4 three-phase equilibrium alloys at 400°C. (a)
Mg51 Zn3gNd11 alloy and (b) Mg502n40Nd10 alloy.

Five three-phase regions and one two-phase region such as
Ty, +T3+Mg, Ty +T;+Mg, Ty +T3+Ty, Ty +T1+T4, Mg+T;+L and
Mg+T, have been identified, and the phase equilibrium of
T, + Ty + T4 is deduced by phase equilibrium theory and the exper-
imental results. In addition, the three-phase region of Mg+ T; +L is
matching with the three-phase region of L+Ty + Mg,Zn3 reported
before [27], and it is also matching with the two-phase region of
Mg +T, obtained in this work.

Zn, at%

Fig. 10. The partial isothermal section of Mg-Zn-Nd system at 400 °C.
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4. Conclusions

1. A ternary linear compound T, exists in the low-Nd side of
Mg-Zn-Nd system with a chemical formula of (Mg, Zn);15Nd.
Zn content of T, is in the range from 26.9% to 41.3%.
The crystal structure of T, is C-centered orthorhombic with
the parameters of a=0.965-0.984nm, b=1.118-1.135nm, and
¢=0.946-0.963 nm.

2. The chemical formula of T3 phase is (Mg, Zn)3Nd, and the range
of Zn content is from 43% to 49%. The crystal structure of T3 is
face-centered cubic with the parameters of a=b=c=0.68 nm.

3. There are five three-phase regions of T, + T3 + Mg, T, +T; + Mg,
Ty +T3+Ty, To+Tq +T4, Mg+T; +L and a two-phase region of
Mg + T in the isothermal section of Mg-Zn-Nd system at 400 °C.
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