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Abstract: To clarify the controversy regarding the phase equilibria in the Mg-rich corner of the Mg-
Zn-Sm system, alloys annealed at 320 °C and 400 °C were employed to determine the phase consti-
tution, composition and crystal structure by scanning electron microscopy (SEM), X-ray diffraction
(XRD) and transmission electron microscopy (TEM). The maximum solubility of Zn in MgsSm was
measured to be 49.2 at.% at 400 °C. The Y phase (Mges2Zn31Smy), only observed in the as-cast alloys,
was determined to have an orthorhombic structure with lattice parameters of a = 10.20 A, b=11.26
Aand c=964 A by TEM. The hexagonal compound py, identified with lattice parameters of a =
34.62 A and ¢ =8.94 A, was detected during the transformation of the Y phase to the Z phase in the
alloys located in the (Mg) + MgsSm + Z three-phase region. The phase equilibria (Mg) + MgaSms +
MgsSm, Mg + MgsSm + Z, (Mg) + Z + liquid and MgaZns + Z + liquid at 400 °C are confirmed, and
the three-phase region (Mg) + Z + MgZn exists in the Mg-Zn side at 320 °C. Subsequently, a self-
consistent thermodynamic description was obtained based on the experimental data. Meanwhile,
solidification simulation of Y phase formation was conducted by suppressing the stale Z phase,
which can reasonably explain the as-cast microstructure of alloys in the Mg-rich corner. The ther-
modynamic database would be helpful for the further development of Mg-Zn-Sm alloys.

Keywords: Mg-Zn-Sm alloy; phase equilibria; ternary compounds; CALPHAD

1. Introduction

With low density and high specific strength, magnesium (Mg) alloy possesses signifi-
cant advantages in energy conservation and emission reduction for the aircraft, automobile
and high-speed train applications [1,2]. The Mg-Zn alloys containing rare earth (RE) ele-
ments exhibit outstanding mechanical properties, which received much attention in recent
years [3-6]. By adjusting the ratio of Zn to RE, different ternary compounds, such as long-
period stacking ordered (LPSO) phase [7,8], W (MgzsZnsoREzs) [9], quasicrystal [10,11] and
Z (Mg3ZnsoRE10) [12], will be formed during solidification or heat treatment. These interme-
tallic compounds with high thermal stability can effectively hinder the dislocation slip and
grain boundary sliding, especially at elevated temperatures, which plays an important role
in the enhancement of the mechanical properties of the Mg-Zn-RE alloys.

Samarium (Sm), which has greater solid solubility in Mg and is much cheaper than
neodymium (Nd), displayed higher strength for modifying Mg-Zn alloy [13]. Several
studies on the mechanical properties of Mg-Zn-Sm alloys with different weight ratios of
Zn to Sm have been published [14-16]. However, limited information on the ternary com-
pounds has been reported. Three ternary compounds, named X, Y and Z, were found to
be in equilibrium with a-Mg by Drits et al. [17]. The detailed information on the com-
pounds is listed in Table 1. Afterward, a series of hexagonal ternary Mg-Zn-Sm phases,
which are abbreviated as s [18], us [19] and pz [20], with nearly the same c-axis and about
3,5 and 7 times larger in a-axis compared to u-MgZn:, were observed around the nominal
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composition MgzZnsoSmio. Note that ternary compounds us and Z should be in the same
phase due to their virtually identical lattice parameters. In addition, the icosahedral quasi-
crystal phase forms in a rapidly solidified MgsZnsSmio alloy; however, when the solidi-
fication rate slows down, it will form a hexagonal crystal phase with lattice parameters of
a=14.6 A and c = 8.8 A [21]. It is natural to find that controversies exist related to the
composition and stability of the compounds Mg:Sm (or X) and Y. Thus, it is essential to
verify the crystal structure and compositions of the intermetallic compounds in the Mg-
Zn-Sm system.

Table 1. Summary of ternary compounds from different studies.

Lattice Parameters

Phase Phase Composition (at.%) Crystal Structure &) References

X Mgs1.8Zn2335m24.9 FCC a=6.907 [17]
MgsSm  Mgs43-47.6ZN309-45.45M19.4-26.4 FCC a=6.64-6.94 [22]

Y Mgs1.8Zn2335m24.9 Unknown Unknown [17]

Z Mg29.1Zne0.6Smio.3 HCP a=14.62,c=8.78 [17]

Z Mg2.6-37.0Zn573-6355ms7-95  HCP, Pés/mmec  a=14.62,c=8.71 [22]

s Mg28.37Zn6525me.s HCP, P6s/mmc a=14.619, c=8.708 [18]

s Mg242Zn6535mios HCP, P6s/mmc a=235,¢c=86 [19]

w Mg24.7Zn6355mi1.8 HCP, P6s/mmc a=233.565, c=8.873 [20]

The phase equilibria of the Mg-Zn-Sm system also remain controversial. The phase
equilibria of the Mg-Zn-Sm system in the Mg-rich corner were studied by Xia et al. [22].
The X phase was identified to be MgsSm with large solubility of Zn by TEM and XRD. The
Z phase was confirmed in the (Mg) + MgsSm + Z three-phase equilibrium at both 350 °C
and 400 °C. Because the Y phase was not observed, it was ignored in their thermodynamic
modeling. However, the thermodynamic evaluation by Zhu and Pelton [23] only takes
into account experimental data from Drits et al. [17]. In their isothermal section at 300 °C,
phases X, Y and Z were interpreted as T3, 14+ and 15, but the composition of 14 is apparently
far from the Y phase. Therefore, the phase equilibria in the Mg-rich corner are still uncon-
firmed. It is necessary to study a detailed phase relationship in order to help develop the
novel Sm-containing Mg-Zn-based alloys.

The aim of the present work is to study the phase equilibria of the Mg-Zn-Sm system
in the Mg-rich corner. The compositions and crystal structure of the ternary compounds
are determined by TEM and XRD. Subsequently, combining the experimental data and
CALPHAD method, the thermodynamic description of the Mg-Zn-Sm system is pro-
vided, which is helpful for further alloy design.

2. Materials and Methods

Eight alloys were prepared by cold crucible levitation melting under a high-purity
argon atmosphere, using Mg (99.99%), Zn (99.99%) and Mg-28 wt.%Sm master alloy as
the raw materials. For the convenience of discussion, the alloys are numbered from #1 to
#8 according to their composition from Mg-Sm side to Mg-Zn side. Each alloy was re-
melted at least three times to ensure homogeneity. Samples cut from casting ingots were
individually wrapped with tantalum foil and sealed in an evacuated silica tube. Anneal-
ing was performed in muffle furnaces at 320 °C for 35 days and 56 days and at 400 °C for
18 days and 42 days, followed by water quenching. In order to protect the liquid phase
from heavy evaporation in a long-term heat treatment, the annealing time of alloys #6-#8
at 400 °C was reduced to 1 day.

The actual compositions of the alloys were measured by inductively coupled plasma
(ICP). Microstructures and phase compositions of the alloys were examined by scanning
electron microscopy (SEM, Hitachi-SU1510) equipped with energy-dispersive spectros-
copy (EDS). All the XRD patterns in this work were collected from the powder samples.
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The blocky alloys were crushed into powder and then sifted using a 200 mesh sieve. The
powder X-ray diffraction (XRD) measurement was performed on a D/MAX 2500 diffrac-
tometer with Cu-Ka radiation and scanning from 10 to 70° at a rate of 2°/min. The TEM
samples were prepared using a Helios G4UC FIB/SEM with thinning voltage of 2 kV. The
selected area electron diffraction (SAED) was conducted on a JEOL 2100F FEGTEM oper-
ating at 200 kV.

3. Results
3.1. Microstructures of the As-Cast Mg-Zn-Sm Alloys

The microstructures of as-cast alloys were examined to better understand the phase
transformation during solidification. The phase constitutions and compositions are sum-
marized in Table 2.

Table 2. The chemical compositions and phase constitutions of the alloys #1-#8.

Phase C iti
Alloy Composition ase --omposttion

No. Treatment Condition  Phases (at.%)
(at.%)

Mg Sm Zn
#1  Mg-5.7Sm-4.5Zn 320 °C/56 days Mg) 997 01 02
MguSms 88.6 10.5 0.9
MgsSm 50.0 217 283

400 °C/42 days Mg) 99.6 04 -
Mg«Sms 88.0 10.2 1.8
MgsSm 48.9 209 302

#2 Mg-5.0Sm-5.9Zn 320 °C/56 days (Mg) 100 - -
MgsSm 40.3 215 382

400 °C/42 days Mg) 100 - -
MgsSm 41.4 207 379
#3 Mg-4.75m-16.7Zn 320 °C/56 days (Mg) 98.8 - 1.2
MgsSm 28.9 224 487
L7 27.2 10.8  62.0
400 °C/42 days (Mg)  97.8 - 22
MgsSm 29.3 21.5 492
Z 25.2 11.8  63.0
#4 Mg-4.15m-19.3Zn 320 °C/56 days (Mg) 98.9 - 1.1
7 26.4 10.2 634
MgsSm 294 215 491
400 °C/42 days (Mg) 97.2 - 2.8
Z 26.6 10.1  63.3
#5 Mg-1.85m-12.8Zn 320 °C/56 days (Mg) 98.4 - 1.6
V4 334 6.6  60.0
400 °C/42 days (Mg) 97.0 - 3.0
Z 30.7 7.1 62.2
#6 Mg-1.25m-17.2Zn 320 °C/56 days (Mg) 97.2 - 2.8
Z 31.7 5.1 63.2
MgZn 48.6 - 51.4
400 °C/1 day Mg) 96.5 - 35
Z 29.5 6.6 63.9

Liquid - - -
#7 Mg-1.55m-28.1Zn 320 °C/56 days (Mg) 97.2 - 2.8
Z 32.3 6.1 61.6

MgZn 48.7 - 51.3
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400 °C/1 day (Mg) 9.3 Y
V4 29.3 6.6 64.1
Liquid - - -
#8 Mg-1.45m-50.2Zn 320 °C/56 days (Mg) 97.0 - 3.0
V4 29.5 54 65.1
MgZn 487 - 513
400 °C/1 day Mg2Zns 40.4 - 59.6
V4 27.9 5.9 66.2
Liquid - - -

The back-scatter electron (BSE) images of as-cast alloys #1 and #2 are shown in Figure
1la,b. The dark dendrites are Mg solid solution. The compositions of white particles are
measured to be Mges1Zni675mu92 in alloy #1 and Mge03Znss2Smo1s in alloy #2. The phase is
identified to be MgsSm by XRD results in Figure 1c. Accordingly, the massive eutectic
structure should be composed of Mg and MgsSm. A slight shift exists in the diffraction
peaks of the MgsSm phase, seen in Figure 1c, which could be ascribed to the difference in
Zn concentration. The atomic radius of Zn is smaller than that of Mg, and more Zn atoms
replacing Mg atoms will reduce the lattice parameters of Mgs:Sm phase, resulting in the
shift of diffraction peaks to a higher angle.
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Figure 1. The microstructure of as-cast alloys #1 and #2. (a,b) The BSE images and (c) XRD patterns.

Figure 2 gives the BSE images of as-cast alloys #3—#8. Four phases, Mg, MgsSm, Y and
T, are observed in both as-cast alloys #3 and #4 shown in Figure 2a,b. The solubility of Zn
in MgsSm phase is measured to be 49.6 at.%, which is significantly higher than that meas-
ured in as-cast alloys #1 and #2. The Sm content in the Y phase (MgeZn31Smy) is slightly
lower than that reported by Drits et al. [17]. A small particle phase, denoted as T here, is
found to be embedded in the Y phase. The composition of T is determined to be
MgssZnsoSmu, but its structure is still unknown. In addition, this newly found phase is no
longer detectable in subsequently annealed alloys. As displayed in Figure 2c,d, primary
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Mg dendrites and secondary coarse Y phase are located in the grain boundary in as-cast
alloys #5 and #6. The massive Y phase in alloy #7 (see Figure 2e) suggests that it is the
primary phase and is surrounded by subsequently formed Mg dendrites. The as-cast alloy
#8, shown in Figure 2f, is composed of primary Z phase, MgZn2, MgZn and Mg7Zns.

Figure 2. The BSE images of as-cast alloys #3—#8 (a—f) .

3.2. Phase Equilibria in Mg-Rich Corner at 400 and 320 °C

Figure 3 displays the microstructures of alloys #1-#2 annealed at 400 and 320 °C. Fig-
ure 3a,c are the BSE images of the annealed alloy #1, in which the blocky Mg«Sms is de-
tected. The Zn contents of MgsSm in the annealed alloy #1 increase up to 28.3-30.2 at.%,
much higher than that in the as-cast alloy. The alloy #1 should be within the (Mg) +
MguSms + MgsSm three-phase region. This result is also confirmed by the XRD results
shown in Figure 4. With regard to alloy #2 annealed at 400 and 320 °C, the phase consti-
tution is still (Mg) + MgsSm according to the XRD results displayed in Figure 4, the same
as that under the as-cast condition. However, the fine eutectic MgsSm is observed in as-
cast alloy #2 agglomerates together and grows into granules, as seen in Figure 3b. After
annealing at 400 °C for 42 days, the morphology of MgsSm in alloy #2 is like that in alloy
#1 shown in Figure 3a. Accordingly, it can be deduced that the phase equilibrium in alloy
#2 at 400 °C is (Mg) + MgsSm, and the composition of Zn in MgsSm is almost unchanged
after the heat treatment. Furthermore, the phase equilibrium of alloy #2 at 320 °C should
be in accordance with that at 400 °C.
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Figure 3. The BSE images of alloys #1-#2 annealed at (a,b) 400 °C for 42 days and (c,d) 320 °C for 56
days.
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Figure 4. The XRD patterns of alloys #1-#2 annealed at (a) 400 °C for 42 days and (b) 320 °C for 56
days.

As displayed in Figure 5a, MgsSm in white, Z phase in grey and (Mg) in dark coexist
in alloy #3 annealed at 400 °C for 42 days. Meanwhile, two-phase equilibrium (Mg) + Z in
alloy #4 is observed in Figure 5b and confirmed by the XRD patterns shown in Figure 6a.
However, hexagonal compound p, instead of Z phase, was detected by XRD seen in Fig-
ure 6b in alloys #3 and #4 annealed at 320 °C for 56 days. Note that the p7 phase is also
detected in alloy #4 annealed at 400 °C for 18 days, but it transforms into the Z phase when
the heat treatment is extended to 42 days, as shown in Figure 6a. The above results indicate
that the hexagonal compound 7 is unstable at 400 °C and alloys #3 and #4 annealed at 320
°C for 56 days (see Figure 5d,e) are still far from the equilibrium state. It is believed that
alloys #3 and #4 annealed at 320 °C could reach the equilibria of (Mg) + MgsSm + Z and
(Mg) + Z, respectively, if the heat treatment time is long enough. In addition, the residual
MgsSm in Figure 5e indicates that alloy #4 should be located in the (Mg) + MgsSm + Z
region but close to (Mg) + Z region. Figure 5c and f display the BSE images of alloy #5
annealed at 400 and 320 °C, in which only (Mg) and Z phase are observed. It is worth
noting that p7 is not detected during the heat treatment according to the XRD patterns
seen in Figure 6¢c and d. This suggests that compound pz is a transition phase that existed
in the alloys located in (Mg) + MgsSm + Z region. The equilibrium in alloy #5 should be
(Mg) + Z at both 400 and 320 °C.

Figure 5. The BSE images of alloys #3-#5 (a—c) annealed at 400 °C for 42 days and (d—f) annealed at
320 °C for 56 days.
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Figure 6. The XRD patterns of alloys #3—#8 (a—e) annealed at 400 °C and 320 °C.

The melting traces are observed on the surface of alloys #6—#8 after annealing at 400
°C, and the microstructures are significantly different from those under as-cast conditions.
As seen in Figure 7a—c, the liquid phase in the quenching samples has solidified into the
eutectic structure or the binary compound MgzZns. However, the MgzZns phase is only
stable at a narrow temperature range of 328-341 °C according to the Mg-Zn phase dia-
gram. Thus, it can be deduced that the phase equilibrium at 400 °C is (Mg) + Z + liquid in
alloys #6 and #7 while alloy #8 is within Mg2Zns + Z + liquid three-phase region. The XRD
patterns of alloys #6—#8 annealed at 320 °C for 56 days are shown in Figure 6e. It indicates
that these three alloys are within (Mg) + Z + MgZn three-phase region. As shown in Figure
7d—f, the phase fraction of MgZn in alloys from #6 to #8 gradually increases, correspond-
ing to the significant rise of the diffraction intensity of MgZn.



Metals 2022, 12, 1553

8 of 14

0.2 (1/49)
——

Figure 7. The BSE images of alloys #6—#8 annealed at (a—c) 400 °C for 1 day and (d-f) 320 °C for 56
days.

3.3. Crystal Structure of the Ternary Compounds

The ternary compound Y was firstly reported by Drits et al. [17], but the crystal struc-
ture is still unknown. In this study, the Y phase (MgsZns1Smy) is observed in the as-cast
alloys #3—-#7. The crystal structure of the Y phase was analyzed by TEM. The SAED pat-
terns (see Figure 8a—c) of the Y phase from three different directions could be indexed
according to an orthorhombic unit cell with lattice parameters of a=10.20 A, b=11.26 A
and ¢ =9.64 A. It should be noted that the Y phase is unstable because its composition is
located in the (Mg) + MgsSm + Z region and close to the tie line of (Mg) + Z. The Y phase
will transform into the stable Z phase (HCP, a=14.62 A, c=8.78 A [17]) after annealing at
400 and 320 °C. The p7 phase was detected in alloys #3 and #4 annealed at 320 for 56 days
by XRD. For further confirmation, the pr phase was identified by TEM. The SAED pattern
of ternary compound p, displayed in Figure 8d, gives a hexagonal structure with lattice
parameters of a = 34.62 A and c=8.94 A, which is close to the calculation result from the
XRD pattern (a =33.57 A, c=8.86 A) and agrees with the reports by Sugiyama et al. [20].

. (113)
@z3) *w(029)

23 T "® 5110

« B /piof | %2 (1/A) . B/ [332)

(d)o * v g, , .
(0111) (o001)* *
(0110) - . e

L ",'\\!‘:l ‘9ae . ¢ " (052)

0.5 (1/4) 0.5 (1/A)

A) — - -
—* ® WBy/gI2110] | B/ [111] | s " B/ 012

Figure 8. The SAED patterns of (a—c) Y phase in as-cast alloy #3, (d) y7 phase and (e,f) MgsSm in
alloy #3 annealed at 320 °C for 56 days.
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The MgsSm phase is observed in alloys #1-#4. The maximum solubility of Zn in
MgsSm is measured to be 49.2 at.% at 400 °C, which is significantly higher than that re-
ported in the literature [17,22]. In addition, the MgsSm (Mgas9Znis7Sm22.4) phase in alloy
#3 annealed at 320 °C for 56 days (see Figure 5d) maintains eutectic morphology like that
in as-cast condition, indicating that MgsSm owns outstanding thermal stability at 320 °C.
The SAED patterns in Figure 8e and f reveal that MgsSm phase has an FCC structure with
the lattice parameter of a = 6.696 A. It could be concluded that the MgsSm phase with Zn
dissolved maintains the same crystal structure compared with the binary MgsSm phase (a
=7.36 A), but the ternary MgsSm phase has a smaller lattice constant.

3.4. Thermodynamic Calculation of the Mg-Zn-Sm System

All the thermodynamic calculations in this work were performed on the Pandat soft-
ware [24]. The binary Mg-Sm [25], Mg-Zn [26] and Sm-Zn [27] were adopted to calculate
the ternary phase diagram. The thermodynamic database of Mg-Zn-Sm system was con-
structed with CALPHAD method [28].

The Gibbs energies of pure Mg, Zn and Sm were taken from the SGTE database [29].
The solution phases, including liquid, HCP, BCC and RHOMB_C19, are described with
the substitutional solution model, which is expressed as

Gh = Z x; G’ + RT Z x; Inx; + G7° (1)
L L

where G? is molar Gibbs energy of pure i with structure ¢ and G is the excess
Gibbs energy formulated with a Redlich—Kister polynomial [30,31].

MgsSm is treated as a linear compound considering the large solubility of Zn in it.
The Gibbs energy is expressed using the compound energy formalism (CEF) [32] with the
model of (Mg, Zn)oss(Mg)o2(Sm)oas, which can intuitively reflect the phase composition
and substitution of Mg by Zn. The corresponding Gibbs energy formula is described as

Mg3Sm ’ 0,Mg3Sm ’ 0,MgzSm ’ ’ ’ ’
Gmg3 = MgGMg;lg/[?'g;Sm + yZnGZn;l\%z;Sm + O'SSRT(yMglnyMg + yannyZn)

! 1 0yMgzSm 1 1 y17Mg3zSm
+ YmgVzn CLmg znmgsm T (Mg = Yzn) "Lyvig zn:Mg:sm)

)

where yy, and yz, are the site fractions of Mg and Zn on the first sublattice, respec-

tively. G,S[‘gﬁﬁ;nm and G;ﬂ%;:ssnl; are the Gibbs energy of the end-member phases.

G;;ﬁﬁg:ssnr; and the ternary interaction parameter of the liquid phase are carefully modified

based on the liquidus and solidus reported by Drits et al. [17]. Moreover, interaction pa-
rameters of MgisSm phase °Ly "\ < and LyEPM o are optimized considering the
alloy compositions and solubility of Zn in MgsSm.

Since the Y phase is observed in the as-cast alloys frequently, it was also added to the
thermodynamic database to help forecast the phase formation of the as-cast alloys. To
further simplify the modeling, both phases Y and Z are modeled with stoichiometric for-
mula according to their average compositions. The Gibbs energy is expressed as

Gy = Z %G + Gy )
i=1
where Gy is formation Gibbs energy in the form of a + bT. The parameters a and b are
optimized according to the invariant reactions of L + MgsSm—(Mg) + Y at 432 °Cand L +
Y—(Mg) + Z at 405 °C reported by Drits et al. [17].

A stoichiometric model for Mg«sSms [25] was adopted due to the relatively low solu-
bility of Zn determined in this work. Furthermore, the model parameters of HCP and
Mgs1Sms were re-optimized to fit the solubility data of Sm in Mg reported by Saccone et
al. [33]. All the models and parameters involved in this work are listed in Table 3.

Table 3. Optimized thermodynamic parameters of the Mg-Zn-Sm system in this work. Values are
given in SI units and correspond to 1 mol of formula units of the phases.
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Liquid: substitutional solution, (Mg, Zn, Sm):
Liquid
*Lya znsm=—85000
HCP: substitutional solution, (Mg, Zn, Sm):
oLk =2500-85T
N m =-5050
MguSms: stoichiometric, (Mg)o.so13(Sm)o.1087
Guotia™s = 0.8913 Gy P4% +0.1087 G OMB-C17 - 45224 +0.1076T
MgsSm: CEF, (Mg, Zn)oss(Mg)o2(Sm)o.s
0,Mg3S 0,HCP_A3 0,HCP_A3 0,RHOMB_C19
Grnmsm = 0-2 Gyig +0.55 G, +0.25 Ggny ~47707.79+25.26 T
Mg3S
L aMgsm = ~/535.79 +8.42 T
Mg3S
Ly nmgsm = 5583.889 +0.756 T
Y: stoichiometric, (Mg)o.c2(Zn)o31(Sm)o.oz
Grugznsm = 0.62 Gy T +0.31 Gy +0.07 G "OMP-C1? —16007.76 + 6.088 T
Z: stoichiometric, (Mg)o27(Zn)o.c+(Sm)o.09
Gligznsm =0.27 Gy T +0.64 G +0.09 Gon"OMPC1? - 24419.6 +7.63 T

The calculated isothermal sections of the Mg-Zn-Sm system in the Mg-rich corner at
400 and 320 °C are displayed in Figure 9a,b, respectively, and are generally in good agree-
ment with the experimental data. The compositions of alloys #1 and #2 are located in the
(Mg) + MguSms + MgsSm and (Mg) + MgsSm phase regions. Although the alloys #3 and
#4 annealed at 320 °C did not reach equilibrium during the limited time, they should be
within the equilibrium region of (Mg) + MgsSm + Z and (Mg) + Z, respectively, according
to the equilibrated phase constitution at 400 °C. Moreover, the miscibility gap between
MgsSm and 13 shown in the thermodynamic assessment work [23] is doubtful and needs
more powerful evidence. Thus, this miscibility gap is not accepted in this work. The cal-
culated composition of the Z phase is located in the center of the measured values in this
work and the literature [22]. The compositions of alloys #4 and #5 lie near the (Mg) + Z
two-phase region boundary. The three-phase equilibrium of (Mg) + Z + MgZn in alloys
#6—#8 annealed at 320 °C is consistent with the calculation.

30
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+Mg3Sm Mg+Mg3Sm+Z

This work

V (b) 30
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# Two-phase
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Figure 9. The calculated isothermal sections of the Mg-Zn-Sm system in the Mg-rich corner (a) at
400 °C and (b) at 320 °C.

Figure 10 provides two calculated vertical sections together with the phase transition
temperatures from the literature. Although a large difference in liquidus on the Mg-Sm
side is shown in Figure 10a, the calculated melting point at Mg-35 wt.% Sm coincides with
the thermal analysis data in the binary phase diagram [33]. Moreover, it can be seen that
the calculated phase boundary generally agrees well with the experimental data from
Drits et al. [17], particularly on the Mg-Zn side.
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Figure 10. The calculated vertical sections together with experimental points (a) from Mg-355m to
Mg-35Zn (wt.%) and (b) from Mg-30Zn to Mg-30Zn-30Sm (wt.%).

The liquidus projections without the Y phase and with the Y phase in the Mg-rich
corner are displayed in Figure 11. The compositions of alloys #1-#7 are marked on the
liquid surface with a gray dashed line pointing toward the apex, and thus the primary
and secondary phases can be easily read. It can be seen that the predicted primary Mg
solution and subsequent eutectic reaction of L—(Mg) + MgsSm agree well with the micro-
structure results of as-cast alloys #1 and #2. However, large discrepancies are found in the
region near the Mg-Zn side. Since the Y phase is not an equilibrium phase according to
our experimental results, the equilibrium phase diagram shown in Figure 11a disagrees
with the as-cast microstructures of alloys #3—#7. Therefore, the liquidus projection con-
taining the Y phase is calculated as shown in Figure 11b. Thermodynamic calculation of
Y phase formation has been conducted by suspending stable Z phase in a constrained
Scheil solidification simulation to interpret the as-cast microstructures. For instance, the
eutectic reaction of L—(Mg) + MgsSm and L—(Mg) + Y in the Scheil solidification simula-
tion of alloy #3, seen in Figure 11c, corresponds to the eutectic structure of (Mg) + MgsSm
and (Mg) + Y shown in Figure 2a. Nevertheless, the MgzZns formed at the end of the so-
lidification simulation was not observed in the as-cast microstructure of alloy #3. It is spec-
ulated that particle compound T (MgasZnsSmis) and supersaturated Mg solid solution
consumed a certain amount of Zn atoms, resulting in not enough Zn atoms for the for-
mation of MgrZns, or the MgzZns was formed but the fraction was too low to be detected.
With regard to the simulation result of alloy #7 shown in Figure 11d, the phase constitu-
tion (the primary Y phase, the secondary Mg solid solution and the final MgrZns matrix)
and the phase fractions are both consistent with the microstructure of the as-cast alloy #7
shown in Figure 2e. Table 4 provides the predicted invariant reactions of the Mg-Zn-Sm
system in the Mg-rich corner. It can be seen that the calculated invariant reaction temper-
atures are basically in accordance with the data from the literature.
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Figure 11. The calculated liquidus projection (a) without Y phase and (b) with Y phase. Solidification
paths of the as-cast alloys (c) #3 and (d) #7.

Table 4. The invariant reactions in the Mg-rich corner of the Mg-Zn-Sm system.

Composition (at.%)

Invariant Reactions T (°C) Notes/Reference
Mg Sm Zn
L—(Mg) + MguSms + MgsSm 497.1 this work 83.65 594 1041
515 exp. [17] 87.9 2.8 9.3
502.4 cal. [22] 8494 692 8.14
489 cal. [23] - - -
L + MgsSm—(Mg) + Z 406.4 this work 7139 2681 1.82
405 exp. [17] 734 248 1.8
419.54 cal. [22] 7416 2414 17
357 cal. [23] - - -
L+ Mg)—MgrZns +Z 340.8 this work 7091 29.06 0.03
340 exp. [17] 704 292 0.4
340.98 cal. [22] 71.03 2896 0.01
343 cal. [23] - - -
L + MgsSm—(Mg) +Y * 432.2 this work 71.61 2561 278
432 exp. [17] 73.6 221 4.3
434 cal. [23] - - -
L+ (Mg)—»MgrZns+Y * 340.7 this work 70.82 29.12 0.06

* The invariant reactions with Y phase were calculated by suspending stable Z phase.

4. Conclusions

The phase equilibria of the Mg-Zn-Sm system in the Mg-rich corner were studied by
experimental determination and thermodynamic calculation. The results are summarized
as follows:
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(1) The MgsSm phase is a linear compound, which can dissolve up to 49.2 at.% Zn at 400
°C. Ternary compounds Y (MgsZn:Smy) and t (MgssZnseSmis) are observed in the
as-cast alloys. The Y phase is determined to have an orthorhombic structure with
lattice parameters of a=10.20 A, b=11.26 A and c=9.64 A by TEM, yet the structure
of T is still unknown. The hexagonal compound pv is a transition phase and can only
be detected during the transformation of the Y phase to the stable Z phase in the
alloys located in the (Mg) + MgsSm + Z region.

(2) The phase equilibria (Mg) + MguSms + MgsSm, (Mg) + MgsSm + Z and (Mg) + Z +
liquid are confirmed at 400 °C in the Mg-rich corner, while the (Mg) + Z + MgZn
three-phase region exists in the Mg-Zn side at 320 °C. The calculated phase diagrams
agree well with the experimental data.

(3) The ternary compound Y was frequently observed in the as-cast alloys, even in the
alloy located in the primary crystal region of the Z phase. By suppressing the stale Z
phase, the calculated liquidus projection containing the Y phase and non-equilibrium
solidification simulation can reasonably explain the as-cast structure of alloys in the
Mg-rich corner.
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