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Abstract: The phase equilibria in Mg-rich corner of Mg—Ca—Gd and Mg—Ca—Nd ternary systems at 400 °C were determined
through the equilibrated alloy method by using XRD, SEM, EPMA and DSC. Partial isothermal sections in Mg-rich corner of
Mg—Ca—Gd and Mg—Ca—Nd ternary systems at 400 °C were constructed from 13 alloys. A three-phase region of a—Mg, Mg, RE;
and Mg,Ca was determined in both ternary systems. It is formed by a similar ternary eutectic reaction L—a-Mg+Mg,Ca+Mg, REsat
499.6 °C and 505.6 °C, respectively. It is found that the maximum solubility of Ca in MgsGd is 3.68% (molar fraction) and 3% of Gd
can be dissolved in Mg,Ca in the Mg—Ca—Gd system at 400 °C. While in the Mg—Ca—Nd system, the maximum solubility of Ca in
Mgy Nds is 3.57% and 1.24% of Nd can be dissolved in Mg,Ca at 400 °C. Other three-phase equilibria existing in Mg-rich corner of
Mg-Ca—Gd system are a-Mg+MgsGd+T and MgsGd+Mg,Ca+T and the three-phase equilibrium in Mg-rich corner of Mg—Ca—Nd

system is MgzNd+Mg,Ca+ Mg, Nds.
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1 Introduction

Magnesium alloys, due to their low density and high
specific strength, have attracted much attention in the
fields of automotive and aerospace in the past decades
[1,2]. However, the use of Mg-based light alloys is
currently limited by their low yield strength and low
creep resistance at elevated temperatures [3]. Alloying,
especially the addition of Gd and Nd elements can
effectively improve casting property and high
temperature performance [4—6]. The formation of
coherent Mg,Ca precipitated by adding Ca is suggested
to be able to enhance the creep resistance and tensile
strength due to its thermal stability [7,8]. Moreover, Ca
could increase the ignition temperature of the molten
Mg-based alloy and promote corrosion resistance
because of the formation of the stable oxidization layer
[9,10]. Therefore, Mg—Ca—Gd and Mg—Ca—Nd ternary
systems are of great importance for design of Mg-based
alloy with high creep resistance.

Phase diagram has always served as a roadmap for
material research and materials processing design. This is
particularly true in the development of new Mg-based
materials with superior properties. However, the detailed
information on phase equilibria in Mg—Ca—Gd and
Mg-Ca—Nd systems is insufficient, together with the
solubility in Mg-based solid solution (denoted as a-Mg)
and binary compounds extending to ternary, which is a
critical obstacle in alloy design and manufacture. Thus,
the main purpose of this work is to determine the phase
relationship in Mg-rich corner of Mg—Ca—RE (RE=Gd,
Nd) systems at 400 °C.

The Mg—Gd [11-15], Mg—Nd [16,17] and Mg—Ca
[18] binary systems have been investigated by
experimental investigation and CALPHAD method.
Recently, coupling the experimental thermochemical and
phase diagram data with thermodynamic modeling, the
thermodynamic assessments of all of these binary
systems have been carried out by CACCIAMANI et al
[12—14] and GUO et al [15] for the Mg—Gd system,
MENG et al [16] and NIU et al [17] for the Mg—Nd
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system, and ALJARRAH and MEDRAIJ [18] for the
Mg—Ca system, respectively. The shapes of the phase
diagrams of Mg—Gd and Mg—Nd systems are similar,
except that an eutectic reaction L—a-Mg+Mg4Nds (544
°C and 93.5%Mg) is available in the Mg—Nd system in
comparison with L—a-Mg+MgsGd, (548 °C and 91.2%
Mg) [15] in the Mg—Gd system. In the Mg—Gd system,
the solubility of Gd in a-Mg is about 3.8%, but only
0.2% of Nd can be dissolved into a-Mg [17]. Neither
isothermal sections nor ternary compounds in the
Mg—Ca—RE (RE=Gd, Nd) ternary systems have been
reported before.

2 Experimental

A series of Mg—Ca—Gd and Mg—Ca—Nd alloy
samples in the Mg-rich corner were designed in order to
include the compounds in equilibrium with a-Mg. The
samples were prepared mainly using Mg—30%Gd,
Mg—30%Nd and Mg—45%Ca master alloys. Pure
granular Mg (> 99.99%), Ca (> 99.9%), Nd (> 99.9%),
Gd (>99.9%) were added in some samples in order to get
the designed composition. All the raw materials were
wrapped with tantalum foils and sealed in iron tubes
filled with argon. The tubes were kept at 800 °C for 4 h,
and then quenched in water. During the melting process,
each tube was turned over every 45 min to promote
homogenization in the alloys. All the samples were then
kept at 400 °C for 1440 h and finally quenched in water.

The compositions of the alloys were determined by
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the chemical titration technique. The phase constitutions
of the annealed alloys were examined by powder X-ray
diffraction (XRD, Dmax—2500 VBX) with Cu K,
diffraction operated at a voltage of 40 kV and a current
of 250 mA. The microstructure was observed using a
FEI-Quanta—200 scanning electron microscope (SEM)
with an acceleration voltage of 20 kV. The composition
of equilibrium phases was analyzed using a JXA—-8230
electron probe microanalyzer (EPMA) and also with a
voltage of 20 kV. Some of the annealed samples were
examined by heat flux differential scanning calorimeter
(DSC) measurement, which was performed on a
TA-SDTQ600 at a heating rate of 10 K/min. As the
alloys volatilize seriously at high temperatures, only a
single heating process was performed for each sample
under a continuous flux of argon.

3 Results and discussion

3.1 Phase relation in Mg-rich corner of Mg—Ca—Gd
system at 400 °C

The phases and their compositions in each annealed
sample of Mg—Ca—Gd system obtained by XRD and
EPMA are listed in Table 1 and the phase diagram of
Mg—Ca—Gd system in Mg-rich corner at 400 °C is
illustrated in Fig. 1.

The three-phase fields of a-Mg+Mg,Ca+T, a-Mg+
MgsGd+T and MgsGd+Mg,Ca+T exist in Mg-rich corner
of Mg—Ca—Gd system at 400 °C, and the ternary
phase T can form in most of the alloys and can be in

Table 1 Equilibrium phase constituents in Mg-rich corner of Mg—Ca—Gd system at 400 °C

Microprobe analysis

0 0 0 .
Sample No. x(Mg)/% x(Ca)/% x(Gd)/% Phase ~Mg)% (Ca)% (Gd)% Primary crystal

98.62 0.31 1.07

1 91.56 5.58 2.86 a-Mg+Mg,Ca+T 68.45 28.89 2.66 a-Mg
88.93 4.11 6.96
98.61 0.29 1.1

2 87.62 9.25 3.13 a-Mg+Mg,Ca+T 68.47 28.95 2.58 Mg,Ca
88.69 431 7
98.72 0.21 1.07

3 76.96  19.87 3.17 a-Mg+Mg,Ca+T 67.67 29.33 3 Mg,Ca
88.93 3.61 7.46
98.72 0.19 1.09

4 94.02 0.91 5.07 a-Mg+T+MgsGd 88.98 3.26 7.76 a-Mg
83.85 0.14 16.01
98.47 0.31 1.22

5 89.09 1.02 9.89 a-Mg+T+MgsGd 89.13 3.18 7.69 MgsGd
83.22 0.56 16.22

6 85.2 2.77 12.03 T+MgsGd 88.7 38 73 MgsGd
82.89 2.11 15
81.93 3.68 14.39

7 82.59 5.17 1224  Mg;Gd+T+Mg,Ca 88.85 3.58 7.57 MgsGd
68.16 29.24 2.6
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Fig. 1 Phase diagram of Mg-rich corner in Mg—Ca—Gd system at 400 °C

equilibrium with all the phases in the Mg-rich corner. It
can provide some possibilities for the alloy design. The
solubility of Gd in Mg,Ca and that of Ca in MgsGd
compounds are estimated to be 3% and 3.68%,
respectively.

The microstructures and XRD patterns of annealed
alloys 1 and 3 are shown in Fig. 2. There are obviously
three kinds of contrast in both of BSE images. The phase
with a black contrast has been detected to be a-Mg with
a composition of 98.6Mg—0.3Ca—1.1Gd and the charcoal
gray phase is Mg,Ca with a composition of nearly
68Mg—29Ca—3Gd. The XRD pattern also demonstrates
the existence of Mg and Mg,Ca as displayed in Figs. 2(b)
and (d). The XRD result also indicates the existence of a
phase with the same structure as Mgy Ces, which is
associated with the light phases in SEM image. It could
be inferred that some Ca atoms dissolved and occupied
the positions of Gd atoms, and improved the stability of
the Mg, Gds phase which is unstable in the Mg—Gd
binary system. This phase is denoted as compound 7 in
this ternary system and no solubility range has been
observed. The trace of bright white contrast in the BSE
images is pure Gd which has not been melted.

Some information of the solidification process can
be extracted from the annealed microstructure. It is
obvious that the primary crystal is a-Mg in alloy 1 and
Mg,Ca in alloy 3. Figures 2 (c) and (f) give the DSC
curves of alloys 1 and 3 and there is an endothermic peak

at about 499.6 °C on each heating curve. It can be
inferred that these two similar curves were caused by the
same eutectic reaction L—a-Mgt+Mg,Ca+T, with a
further consideration of the microstructure of the alloys.
For Mg-based material design, the formation of Mg,Ca
primary crystal should be avoided.

Figure 3 shows the equilibria of a-Mg+MgsGd+ T
in sample 5. In Fig. 3(a), the dark phase is a-Mg and the
charcoal gray phase is the compound 7" as described
above, which can be proved by the EPMA and XRD
results. There is still a light phase which has an mole
ratio of Mg:Gd nearly 5:1. Considering the very small
solubility of Ca, it can be confirmed that it is compound
MgsGd which is the nearest stable phase to a-Mg in the
Mg—Gd binary system. The diffraction peaks of the three
phases above can all be indexed from the XRD patterns,
as shown in Fig. 3(b).

3.2 Phase relation in Mg-rich corner of Mg—Ca—Nd

system at 400 °C

The phases and their compositions in each annealed
sample obtained by XRD and EPMA in Mg—Ca—Nd
system are listed in Table 2 and the phase diagram of
Mg—Ca—Nd system in Mg-rich corner at 400 °C is
illustrated in Fig. 4.

The three-phase fields of a-Mg+Mg,Ca+Mg, Nds
and MgzNd+Mg,Ca+Mg,Nds exist in Mg-rich corner of
Mg—Ca—Nd system at 400 °C, and the two-phase fields
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Fig. 2 BSE images (a, b), XRD patterns (c, d) and DSC curves (e, f) of sample 1 (a, c, e) and sample 3 (b, d, f) in Mg—Ca—Gd
system after equilibrium treatment at 400 °C

{b) ‘: - — Q_Mg

10 20 30 40 50 60 70 80
20/(%)

Fig. 3 BSE image (a) and XRD pattern (b) of sample 5 in Mg—Ca—Gd system after equilibrium treatment at 400 °C
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Table 2 Equilibrium phase constituents in Mg-rich corner of Mg—Ca—Nd system at 400 °C

Sample Chemical composition Microprobe analysis )
Phase Primary crystal

No.  x(Mg)/% x(Ca)/%  x(Nd)/% x(Mg)/% x(Ca)/%  x(Nd)/%
99.48 0.34 0.18

1 94.32 2.87 2.81 o-Mgt+Mg,Ca+Mg,Nd; 69.16 29.8 1.04 a-Mg
89.54 3.57 6.89
99.89 0.06 0.05

2 91.37 5.7 2.93 a-Mg+Mg,Ca+Mg, Nd;s 69.41 29.8 0.79 Eutectic point
90.25 3.32 6.43
98.95 0.56 0.49

3 83.46 12.66 3.88 o-Mgt+Mg,Ca+Mg,Nd; 69.06 29.7 1.24 Mg, Nds
89.64 3.5 6.86
69.99 29.01 1

4 71.34 24.76 3.9 Mg,Ca+Mg, Nds,Mg;Nd 89.47 3.1 7.43 Mg,Ca
74.89 0.24 24.87
99.82 0.08 0.1

5 93.04 1.89 5.07 a-Mg+Mg, Nd;s a-Mg
89.78 2.9 7.32

6 86.15 1.81 12.04 Mg;Nd+Mg4 Nds 75.32 0.13 24.55 Mg, Nds
89.46 2.11 8.43

0.35

x(Ca)

Fig. 4 Phase diagram of Mg-rich corner in Mg—Ca—Nd system at 400 °C

(a-Mg+Mg,Ca, a-Mg+Mg, Nds and MgzNd+ Mg, Nds)
are all quite broad. It can provide some possibilities for
the strengthening phase design. The solubility of Nd in
Mg,Ca and that of Ca in Mgy Nds compounds are
estimated to be 1.24% and 3.57%, respectively.

It can be seen that alloys 1-3 in Mg—Ca—Nd system
are in a three-phase equilibrium related to a-Mg and
Mg,Ca phase. As shown in Figs. 5(a), (c) and (e), the

dark phase is a-Mg and the charcoal gray phase is
Mg,Ca dissolving about 1% Nd. While it is found that
the light phase in Figs. 5(a), (c) and (e) has an mole ratio
of Mg:Ca:Nd about 89.5:3.6:6.9 according to the EPMA
results. It can be inferred that this is because Ca atoms
dissolve into the crystal lattice of Mgy Nds and occupy
the positions of some Nd atoms and cause a distortion of
the lattice. In Figs. 5(b), (d) and (f), the correspondence
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Fig. 5 BSE images (a, c, ¢) and XRD patterns (b, d, f) of samples 1(a,b), 2(c,d) and 3(e,f) in Mg—Ca—Nd system after equilibrium

treatment at 400 °C

of the diffraction peaks to the XRD patterns of Mg,,Ces
demonstrates that this phase has the same atomic site
occupation as Mgy, Ces.

Similar to the Mg—Ca—Gd system, there is a
eutectic reaction L—a-Mg+Mg,Ca+tMgyNds in this
three-phase field and the eutectic temperature is about
505.6 °C according to the DSC curve of alloy 2 given in
Fig. 6. The primary crystal is a-Mg in alloy 1 (Fig. 5(a))
and Mg, Nds in alloy 3 (Fig. 5(c)), while alloy 2 is near
the eutectic composition.

Further more, a-Mg is in two-phase equilibrium
with Mgy Nds which dissolves 2.9% Ca in alloy 5
(Fig. 7). This proves that there is Mg, Nds-based semi-
continuous solid solution phase in this system but not a
ternary compound as that in the Mg—Ca—Gd system.

Thermal gravity

505.6°C

b—v

Heat flow

0 200 400 600 800
Temperature/"C

Fig. 6 DSC curve of sample 2 in Mg—Ca—Nd system after
equilibrium treatment at 400 °C
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Fig. 7 BSE image (a) and XRD pattern (b) of sample 5 in
Mg—Ca—Nd system after equilibrium treatment at 400 °C

4 Conclusions

1) A three-phase equilibrium involving a-Mg,
Mg,Ca and Mg, REs phases exists both in Mg—Ca—Gd
and Mg—Ca—Nd systems at 400 °C, and the Mg, RE;
compound has the same atomic site occupation as
Mg, Ces.

2) The Mgy REs is ternary compound 7' (89Mg—
4Ca—7Gd) in the Mg—Ca—Gd system due to the
instability of the Mg,;Gds binary compound while it is a
Mg, Nds-based solid solution in the Mg—Ca—Nd system
because Mg, Nds is stable in the related binary system.

3) There is a ternary eutectic reaction L—a-Mg+
Mg,Ca+X(X=T, Mg,Nds) at about 499.6 °C and 505.6
°C, respectively. The maximum solubilities of Gd and
Nd in Mg,Ca are relatively large in both ternary systems
at 400 °C.
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(Edited by Xiang-qun LI)



