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ABSTRACT 10 

The equilibrium intermetallic phase in Mg–Nd–Ag alloys has not been well understood. In this work, 11 

intermetallic particles in the solution-treated microstructure of commercial magnesium alloy QE22 12 

(Mg-2.5Ag-2.0Nd-0.7Zr, wt pct) have been investigated using scanning electron microscopy, electron 13 

diffraction, atomic-resolution imaging and mapping techniques of scanning transmission electron 14 

microscopy (STEM) and thermodynamic modelling. The intermetallic particles are distributed in the 15 

inter-dendritic regions. They have coarse irregular shape and share the same crystal structure. The 16 

intermetallic phase (designated δ) is determined to have an orthorhombic structure (space group 17 

Cmcm, a = 1.02 nm, b = 1.18 nm, c = 1.00 nm) and a composition of NdAgMg11, which are different 18 

from those reported previously. An atomic model is proposed for the δ phase based on atomic-19 

resolution STEM images and atomic-scale energy-dispersive X-ray spectroscopy maps. The δ lattice 20 

is structurally related to that of Mg12Nd phase in binary Mg–Nd alloys. The Gibbs energy of formation 21 

of NdAgMg11 is determined from the equilibrium study at 793 K (520 °C), including the entropy of 22 

formation using the present experimental phase analysis data obtained at lower temperature. 23 

Implications to the formation temperature range and thermal stability of this phase and alloy 24 

solidification are discussed based on the calculated Mg–Nd–Ag phase diagram and Scheil 25 

solidification paths of alloys. 26 
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I. INTRODUCTION 29 

Rare-earth (RE) containing magnesium alloys have received considerable attention due to their 30 

excellent age hardening response and creep resistance [1-4]. Nd is one of the most important RE 31 

elements and Mg–Nd binary alloys exhibit remarkable age hardening response during isothermal 32 

ageing process [5-7]. The decomposition of supersaturated solid solution of Mg–Nd alloys involves 33 

the formation of clusters, G.P. zones, β'' (Mg3Nd), β' (Mg7Nd), β1 (Mg3Nd), β (Mg12Nd) and βe 34 

(Mg41Nd5) [3, 6, 8]. The β phase, with a Mg12Nd composition and a tetragonal structure (I4/mmm, a 35 

= 1.031 nm, c = 0.593 nm), was initially accepted as an equilibrium phase in the Mg–Nd binary 36 

system [9]. But the subsequent work indicated the equilibrium intermetallic phase was Mg41Nd5 37 

(tetragonal, I4/m, a = 1.474 nm, c = 1.040 nm), with the β phase actually being a metastable phase 38 

[10-12]. 39 

The age hardening response and creep resistance of Mg–Nd binary alloys could be further 40 

improved by Zn or Ag addition [5, 13-15]. Instead of forming β series precipitates, the precipitation 41 

sequence in Mg-Nd-Zn ternary alloys involves the formation of G.P. zones, γ'' (Mg5(Nd,Zn)) and γ 42 

(Mg3(Nd,Zn)) [5, 16]. The G.P. zones and γ'' are both formed as plates on the basal plane of the Mg 43 

matrix. The equilibrium phase γ is reported to have a face-centered cubic structure, with lattice 44 

parameter a = 0.72 nm, which is isomorphous to Mg3Nd, although the lattice parameter is contracted 45 

from 0.74 nm to 0.72 nm with some Nd atoms replaced by Zn atoms [16]. 46 

Early in 1960s, Payne and Bailey found that the age hardening response of binary Mg–Nd alloys 47 

could be significantly improved by Ag addition, which subsequently led to the development of a 48 

commercial alloy designated QE22 (Mg-2.5Ag-2Nd-0.7Zr, wt pct) [14]. The addition of Ag to other 49 

Mg–RE based alloys, such as Mg–Gd–Zr alloys [17-21] and Mg–Y–Zn–Zr alloys [22-24], could also 50 

lead to a remarkable increase in age hardening response. QE22 alloy is well known for its good tensile 51 

properties at elevated temperature and creep resistance and has been used in the aircraft and aerospace 52 

industries [3, 4]. The precipitation sequence in this alloy has not been well established. Two 53 

independent precipitation processes have been reported, each process involves the formation of a 54 

metastable phase, and these two metastable phases (β and γ) ultimately transform to an equilibrium 55 

intermetallic phase [3, 4]. Due to the lack of information at the Mg-rich side of the ternary Mg–Nd–56 

Ag phase diagram, the equilibrium intermetallic phase in the Mg-rich side remains unclear. The 57 

equilibrium phase in QE22 alloy was originally determined to be Mg12Nd2Ag with a complex 58 

hexagonal structure [25]. Without enough evidence, several subsequent studies suggested that the 59 

equilibrium phase was isomorphous to the Mg12Nd tetragonal phase, with some magnesium atoms 60 

substituted by silver atoms and hence had a composition of (Mg, Ag)12Nd [15, 26-29]. To 61 

unambiguously establish the structure and composition and formation conditions of the equilibrium 62 

intermetallic phase in the QE22 alloy, it is necessary to use modern imaging and spectroscopy 63 

techniques such as atomic-resolution high-angle annular dark-field scanning transmission electron 64 

microscopy (HAADF-STEM) and atomic-resolution energy-dispersive X-ray spectroscopy (EDS-65 

STEM), and to conduct thermodynamic assessments of the ternary Mg–Nd–Ag system.  66 

The present work focuses on equilibrium intermetallic phases in solution-treated microstructures 67 

of QE22 alloy to accurately establish the crystal structure and thermodynamic data of the equilibrium 68 

intermetallic phases in this alloy. Atomic-resolution EDS-STEM maps, which are experimentally 69 

difficult to obtain in magnesium alloys due to beam damage, are successfully acquired in this work. 70 

These EDS maps provide information that is critically needed for precise determination of the atomic 71 

structure of the Mg–Nd–Ag ternary equilibrium phase. The structural relationship between the ternary 72 

equilibrium phase in the QE22 alloy and the Mg12Nd phase in binary Mg–Nd alloys is also discussed. 73 

This paper provides an in-depth understanding of the equilibrium phase in the QE22 alloy and phase 74 
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equilibria in the Mg–Nd–Ag system.  75 

 76 

II. EXPERIMENTAL PROCEDURES AND CALCULATION METHODS 77 

Cast bars of commercial alloy QE22, with a nominal composition of Mg-2.5Ag-2.0Nd-0.7Zr (wt 78 

pct), were used in the present investigation. The actual alloy composition was determined by 79 

inductively coupled plasma atomic emission spectroscopy to be Mg-3.01Ag-2.10Nd-0.34Zr (wt pct). 80 

Bulk samples were covered with MgO powder, solution treated at 793 K (520 °C) for 6 hours and 81 

then water quenched. Scanning electron microscopy (SEM) characterization was performed in a 82 

TESCAN VEGA 3 LMH SEM, equipped with an energy-dispersive X-ray spectrometer (EDS). 83 

Samples for transmission electron microscopy (TEM) were sliced to 500 μm thick, polished to 50-70 84 

μm, punched to discs with 3 mm in diameter, and then ion-beam milled using Gatan PIPS 695 at 85 

approximately 203 K (-70 °C). HAADF-STEM images and atomic-scale EDS-STEM maps were 86 

acquired from a FEI Titan G2 60-300 ChemiSTEM equipped with a Cs probe corrector and a Super-87 

X EDS with four windowless silicon-drift detectors. Accelerating voltages for HAADF-STEM and 88 

EDS-STEM were 300 and 120 kV, respectively. A convergence semi-angle of 15 mrad and collection 89 

semi-angle of 45-262 mrad were used. HAADF-STEM image simulations were conducted using 90 

xHREM software. The atomic-resolution HAADF-STEM images were Fourier filtered and the 91 

atomic-scale EDS maps were Wiener filtered using Gatan DigitalMicrograph software. 92 

All atomic-scale calculations based on density functional theory (DFT) were implemented in the 93 

Vienna Ab initio Simulation Package (VASP) code [30]. The projector augmented wave (PAW) [31] 94 

method was utilized to describe the ion-electron interaction. For the treatment of electron exchange 95 

and correlation, the generalized gradient approximation of Perdew-Burke-Ernzerhof (GGA-PBE) [32] 96 

was selected because it performed better in the prediction of structural properties of magnesium and 97 

its alloys. The core configuration of every element involved in our calculation was determined using 98 

the recommended settings by VASP. Particularly, the f-electrons of Nd were treated in the pseudo-99 

core, which has been found to work well in previous calculation studies [6, 33-34]. In our first-100 

principles calculations, 400 eV plane-wave cut-off energy was employed. For unit cell relaxation, 101 

11×11×11 k-point mesh generated with the Methfessel-Pack method was used in Brillouin zone 102 

sampling and a 5×5×3 setting was applied for supercell relaxation in Ag occupancy determination. 103 

The energy convergence criterion was set to be 0.1 meV for electronic self-consistency. The 104 

Methfessel-Paxton (MP) [35] smearing method was applied during structural relaxation with a 0.1 105 

eV smearing width, and the force on each atom was reduced within 0.01 eV/Å after relaxation. The 106 

formation energy (Ef) is calculated using the equation: 107 

Ef = (Etot(MgmNdnAgl) – mμMg – nμNd – lμAg)/(m + n + l),     (1)  108 

where Etot is the total energy of the MgmNdnAgl supercell, μMg, μNd and μAg are the energies per atom 109 

of Mg, Nd and Ag in their bulk materials, m, n and l are the number of Mg, Nd and Ag atoms in the 110 

calculation models, respectively. 111 

Thermodynamics of the ternary Mg–Nd–Ag system was assessed based on the three binary edge 112 

systems taken from the thermodynamic database PanMg [36]. All calculations were performed with 113 

the Pandat software [37]. To test the validity of the assessments, an additional alloy with a measured 114 

composition of Mg-1.63Ag-1.85Nd (wt pct) was made. The as-cast microstructure of this alloy was 115 

characterized using SEM, TEM and STEM. Some samples of QE22 alloy, solution treated at 793 K 116 

(520 °C) for 6 hours and water quenched, were also aged at 573 K (300 °C) for 4 hours. 117 

III. RESULTS 118 
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Figure 1 shows the microstructure of solution-treated samples. The microstructure had α-Mg 119 

grains (dark contrast) and coarse irregular-shape intermetallic particles (bright contrast) in grain 120 

boundaries. These particles formed directly from the melt during solidification and were retained after 121 

the solution treatment. They are referred to be primary intermetallic particles. The bright contrast of 122 

these intermetallic particles in the back-scattered electron (BSE) image in Figure 1(a) suggests that 123 

they contain a higher amount of Nd, Ag, or both of them, because their atomic numbers are much 124 

higher than that of Mg. While it is difficult to judge whether both Nd and Ag are present in these 125 

particles in the BSE images, examination of EDS maps recorded from the intermetallic particles 126 

indicated that the particles contained both Nd and Ag, Figures 1(b) and (c). In addition to the 127 

intermetallic particles in grain boundaries, patches of fine-scale Zr particles were also detected inside 128 

some magnesium grains. Zr was often added to Al-free magnesium alloys to refine the magnesium 129 

grain size in the as-cast microstructure [4]. It does not react with rare-earth (RE) or silver in Mg–RE 130 

and Mg–RE–Ag based alloys [4]. Standardless semi-quantitative analysis of the Mg matrix phase 131 

indicated that the concentrations of Nd, Ag and Zr in the matrix were approximately 1.2 wt pct, 2.9 132 

wt pct and 0.4 wt pct, respectively. 133 

 134 

Fig. 1⎯(a) BSE image showing  intermetallic phase in a solution-treated sample. (b, c) 135 

corresponding EDS maps of δ intermetallic phase, (b) Nd map, (c) Ag map. 136 

 137 

Fig. 2⎯(a) Low-magnification HAADF-STEM image showing morphology of  intermetallic 138 

phase in a solution-treated sample. (b) EDS spectrum recorded from a  particle. 139 

The intermetallic particles in the solution-treated samples were further examined by HAADF-140 

STEM. A low-magnification HAADF-STEM image and EDS spectrum of such a particle is provided 141 

in Figure 2. The presence of the characteristic peaks of Mg, Nd and Ag suggested that the particle 142 

was actually a ternary intermetallic phase. Standardless semi-quantitative analysis of 10 particles 143 

indicated that the intermetallic phase had an average composition of Mg-(7.7 ± 1.0) at. pct Nd-(8.6 ± 144 
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1.0) at. pct Ag. 145 

Figure 3 shows selected area electron diffraction (SAED) patterns taken from several zone axes 146 

of the intermetallic particles. Assuming that the lattice parameters of the surrounding magnesium 147 

phase are a = 0.321 nm, c = 0.521 nm, the SAED patterns in Figures 3(a) through (c) could be indexed 148 

according to three principal axes of an orthorhombic structure with lattice parameters of a = 1.02 nm, 149 

b = 1.18 nm, c = 1.00 nm (± 0.01 nm). The structure and lattice parameters were further supported by 150 

systematic large-angle tilting of a single particle, as shown in Figures 3(c) through (f). For the purpose 151 

of clarity, the intermetallic phase is designated δ phase, which is taken as the equilibrium intermetallic 152 

phase in the QE22 alloy. There are three possible crystal point groups for the orthorhombic structure, 153 

i.e. 222, mm2 and mmm. To determine the point group of the δ phase, convergent-beam electron 154 

diffraction (CBED) patterns recorded from [100] and [001] axes of the δ phase were obtained and are 155 

provided in Figure 4. The CBED patterns showed mirror symmetry on (100), (010) and (001) planes, 156 

indicating a diffraction group of 2mm1R. Of the five possible point groups permitting the diffraction 157 

group 2mm1R, only mmm is based on an orthorhombic Bravais lattice [38]. Thus, the point group of 158 

the δ phase was inferred to be mmm. The SAED patterns in Figure 3 also provide information needed 159 

to determine the reflection conditions of the δ structure, as shown in Table 1. For the 29 space groups 160 

that are based on the point group of mmm, only the space group Cmcm had the same reflection 161 

conditions with that shown in Table 1 [38]. Hence, the space group of the δ structure was deduced to 162 

be Cmcm. 163 

 164 

Fig. 3⎯(a) [100], (b) [001̅], (c) [01̅0], (d) [03̅2] and (e) [11̅0] SAED patterns recorded from  165 

intermetallic phase. (a-c) SAED patterns taken from three different  particles. (c-e) A set of SAED 166 

patterns recorded by tilting a single  particle. (f) Stereographic triangle showing measured and 167 

calculated (with brackets) tilting angles between axes in (c-e). 168 
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 169 

Fig. 4⎯(a) [100] and (b) [001] CBED patterns recorded from δ phase. 170 

Atomic-resolution HAADF-STEM images of the δ phase obtained along three different axes are 171 

shown in Figures 5(a) through (c). Since the brightness of individual atomic columns in HAADF-172 

STEM images is approximately proportional to the square of atomic number and that the atomic 173 

numbers of Mg, Ag and Nd are 12, 47 and 60, respectively, the brightest columns in each image in 174 

Figures 5(a) through (c) contain heavy atoms (Nd or Ag). Given that atomic numbers of Nd and Ag 175 

are both relatively large compared with Mg, it is difficult to deduce whether these brightest columns 176 

consist of Nd, Ag or both of them. Atomic-scale EDS maps provide critical information to solve this 177 

problem. EDS maps corresponding to the HAADF-STEM images in Figures 5(a) through (c) are 178 

shown in Figures 5(d) through (l). From Nd maps in Figures 5(d) through (f), it is clear that Nd atoms 179 

are all in the brightest columns in each image. According to the Nd maps obtained along these three 180 

different zone axes, the positions of Nd atoms in the unit cell could be unambiguously determined. 181 

There are only 4 Nd atoms in the unit cell. Ag maps in Figures 5(g) through (l) were not well resolved, 182 

but they still provided useful information to reveal the positions of Ag atoms in the unit cell. Most Ag 183 

atoms seemed to be located in regions between Nd-rich columns and had a zig-zag distribution when 184 

viewed along [100] (Figures 5(g) and (j)), between layers containing Nd-rich columns when projected 185 

along [001] (Figures 5(h) and (k)), and at the center of the square defined by four Nd-rich columns 186 

when viewed along [012̅] (Figures 5(i) and (l)). 187 

To further investigate the distribution of Ag atoms in the unit cell, atomic column intensity 188 

profiles of atomic-resolution HAADF-STEM images viewed along three principal axes are shown in 189 

Figure 6 for careful inspection. In Figure 6(a), the brightest columns have a triangular distribution. 190 

The column at the center of each triangle defined by three brightest columns exhibits the weakest 191 

contrast, indicating that these columns may not contain any Ag atoms. Apart from the brightest and 192 

weakest atomic columns, the third type of columns, located at the middle of two adjacent brightest 193 

columns, exhibits an intermediate contrast. The difference in contrast among the third type of columns 194 

could not be readily distinguished by naked eyes and hence their intensity profiles are shown in 195 

Figures 6(d) through (f). Along the A1-A2 and B1-B2 directions, a lower intensity column is followed 196 

by three higher intensity columns. But along the C1-C2 direction, the lower and the higher intensity 197 

columns are alternately distributed. Therefore, it is speculated that columns with higher intensities, 198 

enclosed by orange circles in Figure 6(a), probably contain Ag atoms. Note that these columns also 199 

have a zig-zag distribution, in good agreement with the atomic-scale EDS result in Figure 5(g). In 200 

Figure 6(b), columns located at the center of the square defined by four brightest columns, and 201 

columns at the middle of two adjacent brightest columns along the vertical direction, exhibit similar 202 
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intensities, as shown by the line D1-D2 in Figure 6(g). These columns are speculated to contain Ag 203 

atoms due to their higher intensities than the gray lines linking two adjacent brightest columns, which 204 

is considered as arising from unresolved Mg columns, as shown in E1-E2. Again, columns containing 205 

Ag atoms are enclosed by orange circles in Figure 6(b). In Figure 6(c), the columns of intermediate 206 

contrast could be picked up clearly, and they are enclosed by orange circles. The intensity profile of 207 

these columns along the line F1-F2 is shown in Figure 6(i). Again, these columns are speculated to 208 

be Ag-rich. 209 

 210 

Fig. 5⎯(a-c) Atomic-resolution HAADF-STEM images of δ phase. (d-l) Corresponding atomic-211 

scale EDS maps showing the distribution of Nd and Ag in HAADF-STEM images. Electron beam 212 

was parallel to [100] in (a, d, g, j), [001] in (b, e, h, k) and [012̅] in (c, f, i, l). 213 
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 214 

Fig. 6⎯(a-c) Atomic-resolution HAADF-STEM images of δ phase. (d-i) Atomic column 215 

intensity profiles measured along (d-f) A1-A2, B1-B2 and C1-C2 in (a), (g-h) D1-D2, E1-E2 in (b), 216 

and (i) F1-F2 in (c). Columns enclosed by orange circles were speculated to be Ag-rich according to 217 

intensity profiles analyses. Superimposition of the proposed unit cell (Fig. 7) and experimental 218 

images is also shown in the images (a-c). Blue-frame inserts in (a-c) are simulated HAADF-STEM 219 

images. 220 

According to the EDS Ag maps and analyses of columns with intermediate contrast along three 221 

principal axes, 16 atomic sites in the δ unit cell are speculated to contain Ag atoms. However, the 222 

Nd:Ag atomic ratio is close to 1:1 according to the semi-quantitative analysis of the δ intermetallic 223 

particles. Hence, the δ unit cell contains only 4 Ag atoms, in addition to the 4 Nd atoms. Therefore, 224 

these 16 atomic sites are considered as co-occupation by Mg and Ag atoms and the occupancy of Ag 225 

in each of these sites is speculated to be about 0.25. The proposed atomic model of the δ phase is 226 

shown in Figure 7. This model has Cmcm space group and 52 atoms in the unit cell (4 Nd atoms, 16 227 

Mg/Ag atoms and 32 Mg atoms) and a composition of Mg12-xAgxNd (if the occupancy of Ag in Mg/Ag 228 

sites is 0.25, then x equals to 1). The stability of this model was examined by DFT calculations. 229 

Atomic coordinates in the calculated δ unit cell are provided in Table 2. The superimposition of the 230 

proposed δ model with those experimental images in Figures 6(a) through (c) indicated a good 231 

agreement. According to the structural model shown in Figure 7, the atomic density of column C2 or 232 

C4 shown in Figure 6(c) is twice that of column C1 or C3. Hence, the column C2 has higher brightness 233 

than column C1 or C3 due to a higher atomic density of Ag along the column, although each column 234 

of C1, C2 or C3 contains Ag. Column C4 has similar brightness to column C1 or C3, although it 235 
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contains only Mg. HAADF-STEM image simulations were also performed in order to test the validity 236 

of the proposed structure model, and the simulated images are shown as inserts in Figures 6(a) through 237 

(c). It is clear that the simulated images match well with the contrast, confirming the validity of the 238 

proposed structure. 239 

 240 

Fig. 7⎯Schematic diagram showing the proposed model of  unit cell. 241 

IV. DISCUSSION 242 

A. Crystal structure 243 

Due to the lack of crystal data for the Mg–Nd–Ag system, only a few ternary Mg–Nd–Ag phases 244 

are available in the literature. Intermetallic Mg3-xAgxNd phases in range of 0 ≤ x ≤ 2 were studied in 245 

Reference [39]. In that work, it was reported that replacement of some of the Mg atoms by Ag in 246 

Mg3Nd (space group Fm3̅m, a = 0.741 nm) would not change the f.c.c. structure but only cause a 247 

small contraction of the unit cell (e.g. for MgAg2Nd, a = 0.710 nm) due to the smaller atomic radius 248 

of Ag. The equiatomic composition MgNdAg phase was reported to have a hexagonal structure (space 249 

group P6̅2m, a = 0.776 nm, c = 0.426 nm) [40]. In a relatively recent study [41], Mg10.9Nd3Ag5.1 250 

(space group P63/mmc, a = 0.976 nm, c = 1.041 nm) and Mg2.5Nd4Ag10.5 (space group Cmca, a = 251 

1.399 nm, b = 1.021 nm, c = 1.031 nm) were reported. These ternary phases, except MgAg2Nd [39], 252 

were reported to contain Mg/Ag mixed atomic sites, and Ag usually have a relatively low occupancy 253 

ranging from 0.035 to 0.23 in the Mg/Ag sites. 254 

The equilibrium intermetallic phase in the QE22 alloy was reported to be Mg12Nd2Ag with a 255 

complex hexagonal structure [25], or (Mg, Ag)12Nd with a Mg12Nd structure (I4/mmm, a = 1.031 nm, 256 

c = 0.593 nm) [15, 26-29]. The (Mg, Ag)12Nd was proposed [26, 27] based only on a SAED pattern 257 

recorded from one zone axis. The same SAED pattern was also obtained in the present work, as shown 258 

in Figure 3(c). This SAED pattern could be indexed according to [011̅] [26] or [001] [27] of the 259 

Mg12Nd structure, or [01̅0] of the δ structure in the present work. However, when a particle was tilted 260 

from this zone axis to the zone axis shown in Figure 3(e), the obtained SAED pattern could not be 261 

indexed as any of the zone axes of the Mg12Nd structure. Therefore, the equilibrium δ phase observed 262 

in this work does not have the tetragonal structure of the Mg12Nd phase, even though the composition 263 

Mg12-xAgxNd (x ≈ 1) is similar to (Mg, Ag)12Nd. 264 

The present work demonstrates that the equilibrium intermetallic phase has an orthorhombic 265 

structure (space group Cmcm, a = 1.02 nm, b = 1.18 nm, c = 1.00 nm) and a composition of Mg12-266 

xAgxNd (x ≈ 1). It further speculates that the occupancy for Ag in those Mg/Ag mixed sites of the δ 267 

phase is about 0.25, based on the semi-quantitative EDS results. The crystal structure proposed in the 268 

present work is not identical to any of the ternary intermetallic phases in the literature for Mg–Nd–269 

Ag alloys or other Mg–RE–Ag alloys. For the Mg–Y–Ag ternary intermetallic phase in a Mg–Y–Ag–270 
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Zn–Zr alloy [23], the ternary intermetallic phase in a Mg–Gd–Ag alloy [42], and the ternary 271 

equilibrium precipitate phase in a Mg–Gd–Ag–Zr alloy [19], they were all reported to have a 272 

diamond-cubic structure (space group Fd3̅m, a = 1.59 nm). 273 

 274 

Fig. 8⎯Schematic diagrams showing structural relationship between orthorhombic δ phase and 275 

tetragonal Mg12Nd phase. (a, b) Mg12Nd viewed along [010] and [001] axes, respectively. (c, d) 276 

Mg12Nd lattice after its atomic planes enclosed by the orange rectangular dashed frame are slid by 277 

a/2 along the [100] direction. Viewing direction is [010] in (a, c) and [001] in (b, d). 278 

The structure of the δ phase is closely related to that of the Mg12Nd phase. Figures 8(a) and (b) 279 

show [010] and [001] projections of the tetragonal Mg12Nd lattice, respectively, based on the reported 280 

atomic coordinates [43]. If some (001) atomic planes of the Mg12Nd lattice (indicated by orange dash 281 

frames in Figures 8(a) and (c)) slide by a/2 along the [100] direction, then the lattice such obtained 282 

becomes very similar to that of the δ phase. Figures 8(c) and (d) show the projections of the slid 283 

Mg12Nd lattice along the [010] and [001] directions. They are structurally similar to [001] and [010] 284 

projections of the δ phase, respectively. Since the sliding direction is parallel to [100], the sliding does 285 

not change the [100] projection of Mg12Nd. Hence, the [100] projection of the slid Mg12Nd lattice is 286 

identical to the projection in Figure 8(a), and also similar to the [100] projection of the δ phase (insert 287 

in Figure 6(a)). After sliding, a unit cell with lattice parameters of a = 1.031 nm, b = 1.031 nm, c = 288 

1.186 nm can be defined. Such lattice parameters are very similar to those of the δ phase (a = 1.02 289 

nm, b = 1.18 nm, c = 1.00 nm). The subtle difference in the lattice parameters might be associated 290 

with the replacement of some Mg atoms by smaller Ag atoms. 291 

B. DFT calculations 292 

For structural relaxation, the initial δ lattice is obtained by sliding Mg12Nd lattice (mentioned 293 

above), changing lattice parameters to the experimentally measured values (a = 1.02 nm, b = 1.18 nm, 294 

c = 1.00 nm) and defining the Mg/Ag co-occupation sites according to EDS Ag maps and analyses of 295 

intensity profiles in corresponding HAADF-STEM images. Ag occupancy in each of the Mg/Ag co-296 

occupation sites in the δ unit cell is speculated to be around 0.25, based on the semi-quantitative EDS 297 

results. First-principles calculations were employed to determine the Ag occupancy in Mg/Ag sites. 298 

Figure 9(a) shows the δ unit cell with Ag occupancy of 1. Some 1×1×4 supercells with a series of Ag 299 
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occupancies were constructed. These supercells are in an appropriate scale for formation energy 300 

comparison because they satisfy the requirement in setting specific Ag occupancies and save 301 

calculation resources as much as possible at the same time. Five Ag occupancies, namely 0, 0.25, 0.5, 302 

0.75 and 1, were considered in the present work. Figure 9(b) shows a supercell with Ag occupancy 303 

of 1, which clearly shows the Ag-containing columns along the [001] direction. Figures 9(c) through 304 

(e) show three subcases with Ag occupancy of 0.25, where Ag atoms distribute uniformly in the Ag-305 

containing columns lying along the [001] direction, forming ordered Ag occupied columns. One case, 306 

in which the two Ag atoms in each column were arranged to be next to each other in the column, was 307 

also examined, and it showed that the energy was increased. The distributions of Ag in other two 308 

cases, with Ag occupancies of 0.5 and 0.75, were set in a similar manner, which are not shown here. 309 

After structural relaxation, the lattice parameters obtained for the δ phase with different Ag 310 

occupancies are listed in Table 3. The lattice parameters obtained from the case with 0.25 Ag 311 

occupancy are closest to the experimental values. Four subcases were examined for 0.25 and 0.75 Ag 312 

occupancies, and two subcases were examined for 0.50 occupancy, and the subcase with the lowest 313 

formation energy was selected for each Ag occupancy and such energy values are listed in Table 3 314 

and plotted in Figure 10. According to Figure 10, partial occupation of Ag is energetically favorable 315 

because of relatively lower formation energy values. The formation energy values for the cases with 316 

Ag occupancy of 0.25, 0.5 and 0.75 are -95.30, -134.54 and -176.32 meV/atom, respectively. The 317 

formation energy deviation in Figure 10 is the difference between the calculated formation energy 318 

value and the value of the point on the line, at the same Ag occupancy, linking 0 and 1 occupancies. 319 

In Figure 10, the structure with 0.25 Ag occupancy is likely to be most stable because its formation 320 

energy deviation is -11.03 meV/atom, which is much lower than -8.35 meV/atom of 0.5 occupancy 321 

and -8.21 meV/atom of 0.75 occupancy. Hence, it is reasonable to set the Ag occupancy in the Mg/Ag 322 

co-occupation sites to be 0.25. The atomic coordinates of the δ unit cell are listed in Table 2. Each 323 

value of the coordinates is the average value of corresponding coordinates in the 1×1×4 supercell 324 

with 0.25 Ag occupancy. This calculation result agrees well with experimental data. 325 

 326 

Fig. 9⎯Schematic diagrams of δ lattices with different Ag occupancies. (a) A unit cell of δ with 327 

Ag occupancy of 1. (b) A δ supercell (1×1×4) with Ag occupancy of 1. (c-e) Three different 328 

subcases of δ supercells (1×1×4) with Ag occupancy of 0.25. 329 
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 330 

Fig. 10⎯Plots of calculated values of formation energy (black open circles) and formation 331 

energy difference (blue open circles) for different Ag occupancies. 332 

C. Thermodynamic assessment 333 

The Mg-rich side of the ternary Mg–Nd–Ag phase diagram has been incomplete due to the lack 334 

of information on the structure and composition of ternary intermetallic phases existing in this region. 335 

The calculated ternary Mg–Nd–Ag phase diagram by extrapolation from these binaries, without 336 

considering any ternary intermetallic phase, predicts that the QE22 alloy composition should be 337 

located in the single-phase region of Hcp (Mg) at 793 K (520 °C), opposing the experimental 338 

observation. To properly assess the phase equilibria in the Mg-rich side of the Mg–Nd–Ag phase, 339 

some samples of the solution treated (793 K (520 °C) for 6 hours) and water quenched QE22 alloy 340 

were further heat treated at 573 K (300 °C) for 4 hours. In addition, intermetallic particles in the as-341 

cast microstructure of another alloy, Mg-1.63Ag-1.85Nd (wt pct), were also characterized in detail 342 

using SEM, TEM and STEM. It was found that the δ phase persisted after 4-hour heat treatment at 343 

573 K (300 °C), and that the as-cast microstructure of the Mg-1.63Ag-1.85Nd (wt pct) alloy contained 344 

eutectic of α-Mg and δ phases whereas Nd5Mg41 was not observed. Therefore, the following ternary 345 

assessment is based on three key experimental findings of the present work: (i) the stoichiometry of 346 

the ternary phase is NdAgMg11, (ii) the two-phase structure of the QE22 alloy, equilibrated at 793 K 347 

(520 °C) for 6 hours, is α-Mg matrix + NdAgMg11, with the matrix composition of Mg-1.2Nd-2.9Ag-348 

0.4Zr (wt pct); (iii) the presence of the same two-phase structure α-Mg matrix + NdAgMg11 in all 349 

heat treated samples, including samples aged 4 hours at 573 K (300 °C), while the Nd5Mg41 phase is 350 

not present in the microstructure. 351 

The data at 793 K (520 °C) are sufficient to determine the Gibbs energy of formation of 352 

NdAgMg11, G, from the pure solid elements at 793 K (520 °C) to be: 353 

G(NdAgMg11, 793 K) = -126.79 kJ/mol       (2) 354 

The calculated Mg-rich part of the isothermal section of the Mg–Nd–Ag phase diagram is shown as 355 

an overview in Figure 11(a). The detail in Figure 11(b) shows the comparison to the present 356 

experimental data. A perfect match of the calculation with the measured composition of the Hcp α-357 

Mg matrix was achieved, shown by the solid symbol in Figure 11(b). This was given a higher weight 358 

compared to the measured alloy composition, shown by the open symbol, which is shifted a bit from 359 

the calculated Hcp + NdAgMg11 tie line. For this calculation in the ternary system, the Zr-content in 360 

Hcp of 0.4 wt pct was not considered because it is essentially identical with the measured composition 361 

in the alloy QE22, Mg-2.1Nd-3.01Ag-0.34Zr (wt pct). The impact of Zr will be discussed later. 362 
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 363 

Fig. 11⎯(a) Overview of the Mg-rich part of the Mg–Nd–Ag phase diagram at 793 K (520 °C), 364 

calculated from the present thermodynamic assessment showing the location of detected ternary 365 

phase NdAgMg11. (b) Details of the Mg-rich corner in (a), superimposed with the present 366 

experimental data. The α-Mg matrix is denoted as Hcp solution phase. 367 

For calculations at other temperatures an estimation of the entropy of formation of NdAgMg11, 368 

S, is done. A value of  369 

S = - 6 J K-1 (mol-atoms)-1= - 78 J K-1 (mol)-1        (3) 370 

was estimated, well below the typical limit of the gas constant, R. This choice determines the enthalpy 371 

of formation of NdAgMg11, H, from G = H - T S to be  372 

 H = - 14.51 kJ (mol-atoms)-1= - 188.64 kJ (mol)-1        (4) 373 

This value reproduces Eq. (2) and the calculated diagrams at 793 K (520 °C). The reason for this 374 

choice is explained in the following. 375 

Figure 12 shows the calculated molar equilibrium phase fractions of alloy QE22 without Zr 376 

addition. Primary solidification of Liquid → α-Mg matrix (Hcp) occurs from 914–810 K (641–377 

537 °C). The eutectic solidification Liquid → Hcp + NdAgMg11 at 810 K (537 °C) is an almost 378 

invariant reaction. Subsequently, the two-phase equilibrium Hcp + NdAgMg11, with growing amount 379 

of NdAgMg11, exists down to 627 K (354 °C). That is entirely consistent with the experimentally 380 

observed phases at 793 K (520 °C). The three-phase equilibrium Hcp + NdAgMg11 + AgMg4 exists 381 

from 627–444 K (354–171 °C). Below 444 K (171 °C) the phases Hcp + Nd5Mg41 + AgMg4 are in 382 

equilibrium. It is important to note that this transformation of NdAgMg11 to Nd5Mg41 involves also 383 

the other two phases in the invariant four-phase reaction  384 

     NdAgMg11 + Hcp = Nd5Mg41 + AgMg4   at 444 K (171 °C)  (5) 385 
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This invariant reaction/transformation temperature depends strongly on the choice of S. 386 

 387 
Fig. 12⎯Calculated equilibrium phase fractions of alloy Mg-3.01Ag-2.1Nd (wt pct), i.e. alloy 388 

QE22 without Zr addition. 389 

For a different choice of S = 0 the reaction temperature becomes as high as 638 K (365 °C) 390 

instead of 444 K (171 °C). Therefore, not NdAgMg11 but Nd5Mg41 would be stable at 573 K (300 °C) 391 

in contrast to the experimental observation. Moreover, Nd5Mg41 would also be stable above 638 K 392 

(365 °C), up to 663 K (390 °C), in contrast to the fact that it was not observed at any temperature in 393 

the QE22 samples. The reaction equation itself, Eq. (5), is not affected by this choice of S = 0, only 394 

its temperature. The temperature of the eutectic solidification Liquid → Hcp + NdAgMg11 is very 395 

slightly affected, being 815 K (542 °C) for S = 0 instead of 810 K (537 °C) for the final choice of 396 

S in Eq. (3). 397 

Considering different choices of S reveals that the invariant reaction temperature becomes 578 398 

K (305 °C) and 547 K (274 °C) for S = - 3 and - 4 J K-1 (mol-atoms)-1, respectively. The latter choice 399 

would be the limiting value to be consistent with the experimental findings. The final thermodynamic 400 

choice was set below that limit, also considering a reasonable ratio of S/H in Eqs. (3) and (4). 401 

The present thermodynamic description is also used to simulate the development of phase 402 

fractions during Scheil solidification (i.e. blocked diffusion in the solid phases) of alloy QE22, 403 

without Zr addition, as shown in Figure 13. The primary solidification of Liquid → α-Mg matrix 404 

(Hcp) from 914–810 K (641–537 °C) is virtually identical to the equilibrium case in Figure 12. 405 

However, the eutectic solidification Liquid → Hcp + NdAgMg11 stretches over a temperature range, 406 

810–746 K (537–473 °C). Solidification terminates in the ternary invariant eutectic reaction  407 

   Liquid → Hcp + NdAgMg11 + AgMg3    at 746 K (473 °C)    (6) 408 

As opposed to the equilibrium phases at solidus of 810 K (537 °C) (99.2 pct Hcp + 0.8 pct NdAgMg11), 409 

the Scheil simulation reveals a much larger fraction (4.4 pct) of NdAgMg11. That is qualitatively 410 

consistent with the experimentally observed as-cast microstructure. The very small fraction of 0.6 pct 411 

AgMg3 (not AgMg4 as in the equilibrium case) might have been not visible. Note that Nd5Mg41 does 412 

not occur at all in the Scheil simulation, again in agreement with experimental observation. 413 
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 414 

Fig. 13⎯Calculated phase fractions during Scheil solidification of Mg-2.1Nd-3.01Ag (wt pct) 415 

alloy. 416 

 417 

Fig. 14⎯(a) Calculated liquidus projection of the Mg–Nd–Ag system with liquidus isotherms. (b) 418 

Mg-rich part of (a), superimposed with the calculated solidification paths of Mg-2.1Nd-3.01Ag (wt 419 

pct) alloy during Scheil and equilibrium solidification. 420 
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The different solidification behavior is best understood by reviewing the calculated liquidus 421 

projection of the ternary phase diagram. Figure 14(a) shows an overview where the Mg-poor region, 422 

below 35 wt pct Mg, is due to extrapolation from the binary systems, not validated in the present 423 

study. Note that AgMg3 equilibrates with the liquid phase while AgMg4 forms in a binary peritectoid 424 

reaction. The primary crystallization field of NdAgMg11 extends from 35–67 wt pct Mg. The pure 425 

compound NdAgMg11, composition 51.4Mg-27.8Nd-20.8Ag (wt pct), is almost congruent melting at 426 

834 K (561 °C). It decomposes at 374 K (101 °C) into AgMg3 + Nd5Mg41 + NdMg3. 427 

The solidification paths of the Mg-2.1Nd-3.01Ag (wt pct) alloy, i.e. the variation of residual 428 

liquid composition, are superimposed in Figure 14(b). For the equilibrium case, corresponding to 429 

Figure 12, solidification terminates at 810 K (537 °C) with liquid composition Mg-18.2Nd-14.5Ag 430 

(wt pct), coincidentally at the maximum in the monovariant eutectic line Liquid → Hcp + NdAgMg11. 431 

Under Scheil conditions, the path for the same alloy hits the eutectic line to the left (Ag-rich) side of 432 

that maximum and, thus, follows this line down to the ternary eutectic reaction given in Eq. (6), where 433 

a small amount of AgMg3 precipitates. 434 

The solidification path under Scheil conditions also suggests that there must be a critical Nd:Ag 435 

ratio in the alloy deciding if the solidification terminates at the Ag-rich ternary eutectic, as above, Eq. 436 

(6), or at the Nd-rich ternary eutectic: 437 

   Liquid → Hcp + NdAgMg11 + Nd5Mg41    at 809 K (536 °C)   (7) 438 

Assuming the same total alloying amount of 5 wt pct (Nd+Ag), this critical limit is attained for the 439 

Mg-2.6Nd-2.4Ag (wt pct) alloy where the Scheil simulation shows that the residual liquid just hits 440 

the maximum in the eutectic line in Figure 14(b) at 810 K (537 °C). The path for an alloy with higher 441 

Nd:Ag ratio, such as Mg-3Nd-2Ag (wt pct), hits the eutectic line to the right (Nd-rich) side of that 442 

maximum and, thus, follows this line down to the Nd-rich ternary eutectic reaction given in Eq. (7), 443 

where a small amount of Nd5Mg41 (1 pct) precipitates. 444 

It is emphasized that all the calculations presented for the liquidus projection and the 445 

solidification of Mg-rich Mg–Nd–Ag alloys are well validated and only slightly affected by the less 446 

well established estimation of the entropy of formation of NdAgMg11 in Eq. (3). Virtually the same 447 

results are obtained for different values of S within a reasonable frame. 448 

The present thermodynamic assessment is also merged with the complete PanMg database [36], 449 

allowing calculations of alloys containing Zr, such as in the actual alloy QE22 with the measured 450 

composition of Mg-2.1Nd-3.01Ag-0.34Zr (wt pct). The results for these solidification calculations 451 

cannot be distinguished from the graphs in Figures 12 and 13. That is because all of Zr is dissolved 452 

in the liquid and (Mg) Hcp phases and no Zr-rich phase appears. That agrees with the experimental 453 

observation showing that the Zr content measured by EDS in the α-Mg matrix, 0.4 wt pct, is 454 

essentially identical with the Zr content measured in the alloy, 0.34Zr wt pct. Only the liquidus 455 

temperature is slightly higher with 0.34 wt pct Zr (916 K (643 °C)) compared to the Zr-free alloy 456 

(914 K (641 °C)), because the solubility of Zr in (Mg) is higher than in liquid. The Zr content needs 457 

to be higher, such as 0.5 wt pct Zr, to observe primary solidification of a small amount of the (Zr) 458 

phase, starting at 979 K (706 °C), before the (Mg) phase starts to solidify at 917 K (644 °C). 459 

 A major difference to the phase equilibria in the Mg–Gd–Ag system reported by Chen et al. [42] 460 

is that their ternary phase X is given as having a diamond cubic structure (similar to the structure of 461 

the equilibrium intermetallic phase in Mg–Y–Ag alloys [23])⎯instead of orthorhombic⎯even 462 

though its composition is approximately GdAgMg11, similar to NdAgMg11. A narrow stoichiometric 463 

range for X in a sub-lattice model (Ag, Gd)0.15(Mg)0.85 was reported, the stable composition at 673 464 

and 723 K (400 and 450 °C) measured by EPMA is near Gd7.5Ag7.5Mg85 [42]. Present calculations 465 

using the thermodynamic Mg–Gd–Ag database [42] reveal that the X phase may also form as the first 466 
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intermetallic phase during solidification of Mg-rich alloys in a mono-variant eutectic reaction, Liquid 467 

→ Hcp + X. Scheil solidification calculations were also performed, revealing that the range of RE/Ag 468 

weight ratios in the alloy resulting in the eutectic reaction differ significantly for Gd or Nd. 469 

Precipitation of the intermetallic phase after primary crystallization of the α-Mg matrix occurs in a 470 

narrow range from 0.36 to 1.0 for Gd/Ag whereas a much wider range of 0.03 to 2.7 for Nd/Ag is 471 

calculated for Mg–Nd–Ag alloys proceeding towards the eutectic reaction Liquid → Hcp + δ. 472 

V. CONCLUSIONS 473 

The intermetallic particles in commercial magnesium alloy QE22 have been characterized by 474 

combination of SAED, CBED, atomic-resolution HAADF-STEM imaging and atomic-scale EDS 475 

mapping. The major conclusions are: 476 

1. It proves possible to directly obtain atomic-scale EDS maps from magnesium alloys. These EDS 477 

maps are essential to characterize precipitates in the alloys containing multiple alloying elements. 478 

2. After solution-treatment for 6 hours at 793 K (520 °C), the retained intermetallic phase, δ, has an 479 

orthorhombic structure (space group Cmcm, a = 1.02 nm, b = 1.18 nm, c = 1.00 nm) and a 480 

composition of NdAgMg11. The structure of the δ phase is closely related to that of Mg12Nd phase 481 

in binary Mg–Nd alloys. 482 

3. The δ phase is stable between 834 K (561 °C, melting point) and 374 K (101 °C, predicted solid-483 

state decomposition). It forms from solidification of Mg-rich alloys with a wide range of Nd/Ag 484 

ratios in the α-Mg matrix as the first intermetallic phase along a mono-variant eutectic reaction 485 

Liquid → Hcp + δ. The Gibbs energy of formation of NdAgMg11 is determined as G = - 14510 486 

+ 6T J (mol-atoms)-1 with high accuracy from the equilibrium study at 793 K (520 °C), including 487 

a realistic estimation of the entropy of formation using the present experimental phase analysis 488 

data also at lower temperature.  489 
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Tables 553 

 554 

Table 1 Reflection conditions obtained from experimental SAED patterns in Figure 3 (n represents 555 

integers) 556 

hkl 0kl h0l hk0 h00 0k0 00l 

h+k=2n k=2n h, l=2n h+k=2n h=2n k=2n l=2n 

 557 

 558 

Table 2 Atomic coordinates of the proposed structure of  phase 559 

Atom Wyck off site x y z Occupancy 

Nd 4c 0 0.872 0.250 1.00 

(Ag+Mg)1* 8d 0.750 0.250 0 0.25Ag+0.75Mg 

(Ag+Mg)2* 8g 0.750 0.134 0.250 0.25Ag+0.75Mg 

Mg1 8e 0.785 0 0 1.00 

Mg2 8f 0 0.158 0.100 1.00 

Mg3 8f 0 0.612 0.075 1.00 

Mg4 8g 0.649 0.117 0.750 1.00 

*A slight deviation from these positions will occur when Ag atoms occupy these sites 560 

 561 

 562 

Table 3 Lattice parameters and formation energies of δ phase with a series of Ag occupancies. 563 

Ag 

occupancies 

Lattice parameters (nm) Formation energies 

(meV/atom) 

Formation energies 

deviation (meV/atom) a b c 

0 1.029 1.189 1.020 -42.44 0 

0.25 1.020 1.179 1.001 -95.30 -11.03 

0.50 1.010 1.166 0.992 -134.54 -8.35 

0.75 1.001 1.150 0.984 -176.32 -8.21 

1.00 0.988 1.133 0.985 -209.71 0 

  564 
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Figure captions 565 

 566 

Fig. 1⎯(a) BSE image showing  intermetallic phase in a solution-treated sample. (b, c) 567 

corresponding EDS maps of δ intermetallic phase, (b) Nd map, (c) Ag map.  568 

 569 

Fig. 2⎯(a) Low-magnification HAADF-STEM image showing morphology of  intermetallic phase 570 

in a solution-treated sample. (b) EDS spectrum recorded from a  particle. 571 

 572 

Fig. 3⎯(a) [100], (b) [001̅ ], (c) [01̅ 0], (d) [03̅ 2] and (e) [11̅ 0] SAED patterns recorded from  573 

intermetallic phase. (a-c) SAED patterns taken from three different  particles. (c-e) A set of SAED 574 

patterns recorded by tilting a single  particle. (f) Stereographic triangle showing measured and 575 

calculated (with brackets) tilting angles between axes in (c-e). 576 

 577 

Fig. 4⎯(a) [100] and (b) [001] CBED patterns recorded from δ phase. 578 

 579 

Fig. 5⎯(a-c) Atomic-resolution HAADF-STEM images of δ phase. (d-l) Corresponding atomic-scale 580 

EDS maps showing the distribution of Nd and Ag in HAADF-STEM images. Electron beam was 581 

parallel to [100] in (a, d, g, j), [001] in (b, e, h, k) and [012̅] in (c, f, i, l). 582 

 583 

Fig. 6⎯(a-c) Atomic-resolution HAADF-STEM images of δ phase. (d-i) Atomic column intensity 584 

profiles measured along (d-f) A1-A2, B1-B2 and C1-C2 in (a), (g-h) D1-D2, E1-E2 in (b), and (i) F1-585 

F2 in (c). Columns enclosed by orange circles were speculated to be Ag-rich according to intensity 586 

profiles analyses. Superimposition of the proposed unit cell (Fig. 7) and experimental images is also 587 

shown in the images (a-c). Blue-frame inserts in (a-c) are simulated HAADF-STEM images. 588 

 589 

Fig. 7⎯Schematic diagram showing the proposed model of  unit cell. 590 

 591 

Fig. 8⎯Schematic diagrams showing structural relationship between orthorhombic δ phase and 592 

tetragonal Mg12Nd phase. (a, b) Mg12Nd viewed along [010] and [001] axes, respectively. (c, d) 593 

Mg12Nd lattice after its atomic planes enclosed by the orange rectangular dashed frame are slid by 594 

a/2 along the [100] direction. Viewing direction is [010] in (a, c) and [001] in (b, d). 595 

 596 

Fig. 9⎯Schematic diagrams of δ lattices with different Ag occupancies. (a) A unit cell of δ with Ag 597 

occupancy of 1. (b) A δ supercell (1×1×4) with Ag occupancy of 1. (c-e) Three different subcases of 598 

δ supercells (1×1×4) with Ag occupancy of 0.25. 599 

 600 

Fig. 10⎯Plots of calculated values of formation energy (black open circles) and formation energy 601 

difference (blue open circles) for different Ag occupancies. 602 

 603 

Fig. 11⎯(a) Overview of the Mg-rich part of the Mg–Nd–Ag phase diagram at 793 K (520 °C), 604 

calculated from the present thermodynamic assessment showing the location of detected ternary 605 

phase NdAgMg11. (b) Details of the Mg-rich corner in (a), superimposed with the present 606 

experimental data. The α-Mg matrix is denoted as Hcp solution phase. 607 

 608 

Fig. 12⎯Calculated equilibrium phase fractions of alloy Mg-3.01Ag-2.1Nd (wt pct), i.e. alloy QE22 609 

without Zr addition. 610 
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 611 

Fig. 13⎯Calculated phase fractions during Scheil solidification of Mg-2.1Nd-3.01Ag (wt pct) alloy. 612 

 613 

Fig. 14⎯(a) Calculated liquidus projection of the Mg–Nd–Ag system with liquidus isotherms. (b) 614 

Mg-rich part of (a), superimposed with the calculated solidification paths of Mg-2.1Nd-3.01Ag (wt 615 

pct) alloy during Scheil and equilibrium solidification. 616 
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