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ABSTRACT 10 

As the building block of a honeycomb precipitate network, the triadic arrangement of β1 strengthening 11 

precipitates is technologically important for the potential development of highly tuneable nanostructure 12 

in rare-earth (RE) containing Mg alloys. In this work, we provide systematic experimental observations 13 

of those impinged β1 variants in a Mg–Nd alloy, which are directly related to the characteristic triadic 14 

configuration. It is found that the isolated α-Mg crystal in a β1 triad has a 10.5° rotation when it has a 15 

perfect equilateral-triangular shape. This rotation angle decreases to ~9.4° when the isolated α-Mg crystal 16 

exhibits a non-equilateral shape. In this case, one or two of its lateral interfaces include a step with a 17 

height of 0.56 nm to reduce the lattice mismatch. Furthermore, the pre-stage prior to the formation of β1 18 

triadic configuration is revealed for the first time. It originates from the implement of two β1 variants 19 

with the same sense of shear. The presence of such two variants, in the absence of the third variant, leads 20 

to a rotation of the α-Mg crystal in the small area close to the approaching ends of these two variants. A 21 

low-angle symmetrical tilt boundary around the [0001]α rotation axis is formed between the rotated and 22 

unrotated α-Mg crystals. Most of the tilt boundaries observed in this work have a tilt angle of ~4.7°. The 23 

atomic structure of such a tilt boundary is constructed using a crystallographic model and validated by 24 

molecular dynamics simulation. The unique distribution of Nd-rich solute clusters along the tilt boundary 25 

is qualitatively discussed based on crystallographic analysis.  26 

 27 

 28 

I. INTRODUCTION 29 

Because of the lightest weight of all commonly-used structural material, magnesium (Mg) alloys 30 

have received considerable attention in automotive, aerospace and electronics industries for weight 31 

reduction and energy-efficiency [1‒3]. However, Mg alloys typically have relatively low strength, which 32 

has inhibited their wide applications. Precipitation hardening has long been proved as an effective way 33 

to enhance the strength of materials [4]. The hardening response is mainly due to the formation of 34 

strengthening precipitates and therefore an appropriate control of the distribution of these strengthening 35 

precipitates is the key for the potential achievement of ultrahigh strength [5]. As a technologically 36 

important group of Mg alloys, the rare-earth (RE) containing Mg alloys are of great interest because most 37 

of them are precipitation hardenable [6‒22]. Therefore, an in-depth understanding of precipitation 38 

microstructures in these materials has been a critical part of the efforts to aid in accurately designing 39 

alloy compositions and heat treatment procedures for high-strength Mg alloys [23‒26]. 40 

As one of the typical Mg-RE alloys, the binary Mg–Nd alloys exhibit significant precipitation 41 

hardening response during isothermal aging heat treatment [18, 27]. The precipitation process involves 42 

the formation of a series of intermediate metastable phases [28‒42], among which the β1 phase has been 43 
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reported to contribute to the peak-aged hardness. The β1 has a face-centered cubic lattice with a lattice 44 

parameter a = 0.74nm and a composition of Mg3Nd [43]. The orientation relationship (OR) between the 45 

β1 and the α-Mg matrix was reported to be {1̅12}β1 // {11̅00}α and <110>β1 // [0001]α. The β1 existing in 46 

the α-Mg matrix has six variants. Apart from the isolated distribution of these variants, their 47 

impingements have led to a range of morphology patterns, such as a fly-bird pattern combined by two β1 48 

variants [30, 32], a “bamboo-like” pattern containing one to three β1 variants and strain-induced β2 phase 49 

[30], a triadic pattern formed by three β1 variants [46] and a honeycomb network of β1 variants [46]. All 50 

these morphology patterns made of β1 precipitate variants have also been observed in the aged 51 

microstructure of the WE54 alloy (based on the Mg–Y–Nd system) [44]. 52 

The triadic configuration in the microstructure of the WE54 alloy involves three β1 variants which 53 

are separated by 120° pointing outward, together with the α-Mg phase isolated in the triadic centre [44]. 54 

The isolated α-Mg phase has a 10.5° rotation about [0001]α compared with other α-Mg matrix. This 55 

rotation was found to be able to fully accommodate the shear strain and minimize the interfacial energy 56 

of the triadic precipitates. A further study using phase field modelling [45] predicted that such an 57 

arrangement originates from the elastic interactions of the edges of two approaching β1 variants with an 58 

angle of 120° but without mirror symmetry. The elastic interaction field of these two variants stimulates 59 

the nucleation and growth of the third variants, leading to an energy-favorable triadic configuration. To 60 

date, however, there is still a lack of any experimental evidence to support this prediction on the detailed 61 

formation process of the important β1 triad. It is to be noted that the β1 triad is the building block of a 62 

technologically important honeycomb precipitate network that can provide the most effective barrier to 63 

the motion of basal dislocations or propagation of deformation twins [46]. It is therefore the purpose of 64 

this work to use atomic-resolution high-angle annular dark-field scanning transmission electron 65 

microscopy (HAADF-STEM) to systematically investigate the morphology and structure of β1 triadic 66 

configuration in a Mg–Nd alloy. The fine structure is further discussed by the crystallographic model and 67 

verified by molecular dynamics (MD) simulation. The results will provide a basis for our better 68 

understanding of the β1 triad and its formation process, and eventually facilitate manipulation of a highly 69 

tunable nanostructure for high-performance Mg alloys.  70 

 71 

II. METHODS 72 

An alloy with a nominal composition of Mg–3wt.%Nd was used for the present investigations. It was 73 

cast from high-purity Mg and Nd by induction melting in a steel mould crucible under a protected argon 74 

atmosphere at 760 °C, and then pouring into a preheated mould coated by graphite. Bulk samples were 75 

covered by MgO powder, solution treated at 520 °C for 24 h followed by water quenching and then aged 76 

for 10 h at 250 °C. For HAADF-STEM imaging, the samples were cut into 0.5mm slices in thickness 77 

using the Struers Accutom 50. Discs with 3 mm in diameter were punched from these slices, ground to 78 

0.2 mm in thickness, then twin-jet electro-polished using a solution of 5.3 g lithium m chloride, 11.2 g 79 

magnesium perchlorate, 500 ml methanol and 100 ml 2-butoxy-ethanol, at –55 °C and 0.1 A. HAADF-80 

STEM images were obtained from a FEI Titan3 80–300 fitted with two CEOS aberration correctors, and 81 

a Fischione HAADF detector, operating at 300 kV. The convergence angle was set to 15.0 mrad leading 82 

to a diffraction-limited (Gaussian) probe diameter of ~0.12 nm. The camera length was set to give an 83 

inner collection semi-angle of 62 mrad. To improve the interpretability, parts of raw HAADF-STEM 84 

images were processed by masking diffraction spots in the fast-Fourier transforms of the original images 85 

and then back-transforming using the Gatan Digital Micrograph. 86 

The MD simulation was conducted by LAMMPS [47]. A simulation box with Born-von Karman 87 

periodic boundary conditions consisting of two grains, was used to obtain the equilibrium grain boundary 88 

structure and excess energy at 0 K. The bi-crystal box was constructed using the method described in 89 

Ref. [48] and relaxed using an embedded atom method potential for Mg reported by Sun et al. [49]. 90 

Specifically, a fine grid (about 0.05 nm  0.05 nm) was used for the in-plane relative translation of the 91 
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two grains, and a coarse minimization with etol=10‒4 and ftol=10‒4 was performed. The configurations 92 

with the lowest energy were then quenched from 300 K to 0 K and a high-precision minimization with 93 

etol=10‒25 and ftol=10‒25 was finally performed. 94 

 95 

III. RESULTS  96 

A. Triadic Configuration of β1 Variants 97 

Since the β1 precipitate has six variants in the α-Mg matrix, for the convenience of the following 98 

descriptions, these six β1 variants were expressed by ①+, ①-, ②+, ②-, ③+ and ③- based on their 99 

habit planes and shear directions [30, 44], as schematically shown in Figure 1(a). According to the 100 

definition, the shear direction (as shown by hollow arrows in the figure) of ①+, ②+ and ③+ β1 variants 101 

is clockwise while that of ①-, ②- and ③- β1 variants is anti-clockwise. Figure 1(b) provides an atomic-102 

scale HAADF-STEM image, taken along [0001]α, showing a typical triadic configuration in the 103 

microstructure observed in the experiment. The triad is made of three bright β1 precipitate variants and 104 

they are ①+, ②+ and ③+ according to the definition in Figure 1(a).  The three variants are related to 105 

each other by a rotation of 120° about [0001]α or 〈110〉β1
, and their habit planes parallel to {011̅0}α or 106 

{1̅12}β1
planes. Further, these three variants meet end-to-end to form a small dark triangular area that is 107 

isolated from other matrix regions.  108 

 109 

 110 

Fig. 1— (a) Schematic diagram showing six variants of β1 precipitates. They are expressed by ○1 +,○1 −, 111 

○2 +,○2 −, ○3 + and  ○3 − according to their shear directions and habit planes; (b) HAADF-STEM image 112 
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showing a typical β1 triadic configuration made of three β1 variants, i.e.○1  +, ○2  + and ○3  +, in the 113 

microstructure of the Mg–3wt.%Nd alloy that was solution treated at 520 °C for 24 h, water quenched 114 

and then aged for 10 h at 250 °C. 115 

 116 

The junction region is enlarged and shown in Figure 2(a). Inspection of the image indicates that the 117 

central α-Mg in region II is enclosed by three {1̅12̅}β1
planes of the ①+, ②+ and ③+ β1 variants. The 118 

trace lines of three {1̅12̅}β1
planes, indicated by dashed lines in the image, have an approximately equal 119 

length of ~8.5 nm.  Consequently, the isolated Mg phase exhibits an equilateral triangle shape. The α-Mg 120 

of regions I and II in Figure 2(a) are enlarged and shown in Figure 2(b) and 2(c) respectively. Examination 121 

of these two images reveals that the isolated α-Mg phase in region II rotates by 10.5° clockwise along 122 

[0001]α in comparison to the α-Mg matrix in region I. This rotation and its angle are consistent with the 123 

previous report on WE54 [44].  124 

 125 

 126 

Fig. 2—(a) Atomic-scale HAADF-STEM image showing the structure of the central part of the β1 triad 127 

in Fig. 1(b); Enlarged images from (b) region I and (c) region II from (a) displaying a 10.5° rotation 128 

between these two types of α-Mg crystals. 129 

 130 

 131 

Figure 3(a) provides a HAADF-STEM image taken from a different sample area containing five β1 132 

precipitate variants, i.e. one ①+ variant, two ②+ and two ③+ variants. The ends of these variants are 133 

linked to each other and thus two triads are formed by sharing the same ①+ variant. The triad containing 134 

region B in the image, has a Y-shape morphology, while the triad including region C, has an upside-down 135 

Y-shape. Also, in either Y-shape or upside-down Y-shape triad, the end interfaces of three β1 variants 136 

exhibit different widths within the range from 7 nm to 10 nm. Moreover, two relative wider lateral 137 

interfaces of three surrounding the isolated α-Mg in regions B or C contain one or two steps (as marked 138 

by yellow-color dashed lines). The α-Mg in the matrix region (region A) and in the isolated regions of 139 

the triads (regions B and C) are enlarged and shown in Figures 3(b-d), respectively. Inspection of these 140 
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images suggests a clockwise rotation of ~9.4° of α-Mg in regions B and C compared to the α-Mg in 141 

region A. It is noted that this rotation angle is smaller than that of the triad (10.5°) shown in Figure 2. 142 

 143 

 144 

Fig. 3—(a) HAADF-STEM image showing five β1 precipitate variants constituting two triads; (b-d) 145 

Enlarged images from regions A, B and C in (a) respectively. From the atomic structures in these images, 146 

both α-Mg crystals in regions B and C have a ~9.4° rotation clockwise compared to the α-Mg in region 147 

A. 148 

 149 

 150 

B. Pre-stage of β1 Triad 151 

In addition to the commonly observed triads made of three variants with the same shear direction, 152 

Figs. 1-3, we also observed the connection of two such variants but with the third one missing. Figure 153 

4(a) provides a low-magnification HAADF-STEM micrograph showing two β1 variants end-to-end with 154 

an angle of 120° in the microstructure. According to the habit planes and the shape, they are confirmed 155 

to be ①+ and ③+ variants with the shear in clockwise. Compared with Figures 1-3, the third variant, 156 

i.e. ②+, is absent in the image. Instead, a Nd-rich solute cluster appears in the middle part of the joint 157 

region of these two variants, as shown by the yellow-color hollow arrow in the image. The joint region 158 

associated with the single Nd-rich solute cluster is enlarged and shown in Figure 4(b). Close inspection 159 

of the image reveals that the α-Mg matrix region between the two β1 variants and the solute cluster (region 160 

R2 in the image), although very small, has already exhibited a rotation compared to the α-Mg matrix in 161 

region R1. As shown in the image, there is a rotation angle of ~7° between the {11̅00}α planes of the α-162 

Mg crystals in R1 and R2 regions.  163 
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 164 

 165 

Fig. 4—(a) A HAADF-STEM image showing the connection of two β1 variants, i.e. ○1 + and ○3 +, and a 166 

solute cluster appearing in the dark regions close to these two variants, as indicated by a yellow-color 167 

hollow arrow; (b) Enlarged image from (a) showing the a ~7° rotation of the central α-Mg in region R2 168 

relevant to α-Mg in region R1. 169 

 170 

 171 

This phenomenon is even popular when we examined different sample areas, Figures 5(a-b). In these 172 

two images, there are again two β1 variants, i.e. ①+ and ③+, connecting with each other, but the ②+ 173 

variant is absent. Different from Figure 4(a), two Nd-rich clusters are observed in the end region of the 174 

variants, as pointed by the hollow arrows in each image. Figure 6(a) provides an atomic-resolution 175 

HAAD-STEM image to display the details of such an end region of two variants associated with two Nd-176 

rich clusters. In the image, the width of the ③+ variant is much larger than that of the ①+ variant. In 177 
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addition, two separated clusters are evidenced by the bright-dot contrast (Z-contrast) in the image. It is 178 

even clearer from the enlarged image, Figure 6(b), that the top cluster is mainly made of three bright dots 179 

and they exhibit much higher intensity than those six constituting the bottom cluster. The separation 180 

distance of these two clusters was measured to be ~2 nm from the image. Inspection of the image also 181 

reveals a rotation angle of ~9.4° between the left and right parts of α-Mg crystals in R3 and R4 regions 182 

respectively. Further examination reveals an edge-on boundary plane separating these two regions. The 183 

trace line of the boundary plane, indicated by the red-color dot-dashed line in the image, goes through 184 

the two clusters. Since the {21̅1̅0}α plane of the left α-Mg crystal rotates ~4.7° anticlockwise and the 185 

counterpart in right crystal rotates ~4.7° clockwise away from the boundary plane, the boundary belongs 186 

to a low-angle symmetrical tilt boundary around [0001]α. 187 

 188 

 189 

Fig. 5—(a-b) HAADF-STEM images showing frequently observed configuration containing two 190 

connected β1 variants, i.e. ○1 + and ○3 +, and two separated solute clusters presenting in the dark region 191 

close to β1 variants, as pointed by the yellow-color hollow arrows. 192 

 193 

 194 

With further examinations, we found another local region containing ①+ and ③+ variants, together 195 

with a chain made of periodic arrangement of many solute clusters, Figure 7. In the image, the width of 196 

variant ③+ is nearly twice of the variant ①+. Also, one edges of these two variants are almost contacted 197 

while the chain connects the other edges, resulting in a nearly enclosed α-Mg region. Most of the clusters 198 

in the chain are made of three bright dots constituting a tapered shape, which is similar to the top cluster 199 

in Figure 6(b). This area is enlarged and shown in Figure 8(a) for further examination. In the image, the 200 

α-Mg in region R6 is surrounded by a {1̅12̅}β1
 plane of the ③+ variant, a stepped {1̅12̅}β1

 plane of the 201 

①+ variant and the chain of Nd-rich solute clusters. This enclosed α-Mg crystal exhibits a 9.4° rotation 202 

compared with the α-Mg crystal in R5, as evidenced by the enlarged images in Figures 8(b-c). Between 203 

them, the taper-shaped solute clusters distribute along a boundary separating the α-Mg crystals in R5 and 204 

R6. Close inspection indicates that the boundary plane includes four parallel terrace planes separated by 205 

three steps, as shown by the orange-color dashed line in the enlarged image of Figure 8(d). While the 206 

terrace planes are also the mirror planes of these taper-shape clusters, the second and third clusters from 207 

the top arrange along the same terrace plane. Their separation distance was measured to be ~2 nm. In 208 

addition, the height of the step corresponds to the interplanar spacing of the {11̅00}α (~0.16 nm). It is 209 

noted that both (112̅0) planes of the α-Mg crystals in R5 and R6 have an equal ~4.7° rotation away from 210 

the terrace plane and therefore it is a symmetrical tilt boundary plane with a rotation axis of [0001]α. Both 211 

the rotation angle and separation distance are identical to those in Figure 6(b).  212 
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 213 

 214 

Fig. 6—(a) An atomic-resolution HAADF-STEM image showing the local atomic structure of the β1 215 

configuration similar to those in Fig. 5; (b) Enlarged image from (a) showing the a ~9.4° rotation of α-216 

Mg crystal in region R4 relevant to α-Mg in region R3 and a symmetrical tilt boundary between them, 217 

marked by a dot-dashed line.  218 

 219 
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 220 

Fig. 7—An HAADF-STEM image showing the connection of two β1 variants, i.e. ○1 + and ○3 +, and a 221 

linear chain containing an array of solute clusters. 222 

 223 

 224 

Fig. 8—(a) Atomic-scale HAADF-STEM image showing the local structure at the end parts of two β1 225 

variants and the chain of clusters in Fig. 7; (b-c) Enlarged images from region R5 and R6 in (a) 226 

respectively demonstrating a ~9.4° rotation between these two parts of α-Mg; (d) Enlarged image from 227 

(a) indicating a stepped symmetrical tilt boundary between two α-Mg crystals, as marked by an orange-228 

color dashed line. 229 
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 230 

IV. DISCUSSION 231 

A. β1 Triad and Its Formation  232 

The perfect β1 triadic configuration has been previously observed in the WE54 alloy [44] and its 233 

stability was also studied based on elastic interaction energy calculations [45]. The results show that the 234 

β1 triadic arrangement is energetically favoured and the elastic strain at their impinged ends can be self-235 

accommodated. One typical feature associated with these previously reported β1 triadic configuration is 236 

that the isolated α-Mg enclosed by the three β1 variants exhibits an equilateral triangular shape and a 237 

perfect rotation of 10.5°compared to other α-Mg regions. As schematically shown in Figure 9, this 238 

rotation allows three {11̅00}α  boundary planes of isolated α-Mg to perfectly match with three 239 

corresponding {1̅12̅}β1
 end planes of the β1 precipitate variants, and therefore indicating the minimum 240 

state of interfacial energy. This perfect β1 triadic configuration has also been frequently observed in the 241 

Mg–Nd alloy, such as that shown in Figure 2 in this work. In addition to the perfect 10.5° rotation, 242 

another rotation angle of 9.4° associated with the enclosed α-Mg is observed in this work, Figure 3, which 243 

has not been previously reported. For such a rotation, the isolated α-Mg crystal exhibits a non-equilateral 244 

triangular shape. Also, one or two lateral interfaces of the isolated α-Mg crystal contain a step with the 245 

height of double {11̅00} interplanar spacing. Furthermore, the orientation relationship (OR) between the 246 

isolated α-Mg with a 9.4° rotation and β1 become <110>β1 // [0001]α and 1.1° angle deviation between 247 

{1̅12̅}β1 and {11̅00}α. In this OR, the habit plane between isolated α-Mg and β1 can be determined by the 248 

following equation [50] according to their lattice correspondence [43], i.e. (0001)α → ½< 11̅0>β1, 249 

2/3<112̅0>α → ½<1̅11̅> β1, 2<11̅00>α → ½<1̅13>β1, as shown in Figure 10(a) and the lattice matching 250 

requirement [43, 50‒52]:  251 

tan(𝛼) =  
sin (𝜃𝑚−𝜃𝑝+𝜑)

cos(𝜃𝑚−𝜃𝑝+𝜑)−𝜂𝑥𝑠𝑖𝑛𝜃𝑝/𝑠𝑖𝑛𝜃𝑚
 (1) 252 

where 𝛼 is the angle between the habit plane and {112̅0}α, 𝜃𝑚 is the angle between the {112̅0}α and 253 

{11̅00}α, i.e. 90⁰, 𝜃𝑝 is the angle between the {1̅12̅}β1 and {3̅32}β1, i.e. 80⁰, 𝜑 is the angle between 254 

{1̅12̅}β1 and {11̅00}α (1.1⁰), 𝜂𝑥 is the ratio of 2/3<112̅0>α over ½<1̅11̅> β1. According to the equation, 255 

the angle 𝛼 is calculated to be 88.96°. Therefore, the habit plane is irrational and has a 1.04° and 0.06° 256 

angle deviation from the {11̅00}α and {1̅12̅}β1 respectively. Based on previous theoretical studies [51‒257 

53], this irrational habit plane tends to dissociate into a stepped interface structure, as schematically 258 

shown in Figure 10(b), to reduce the structure mismatch along the habit plane. For the regularly-spaced 259 

steps having a height of double {11̅00}α interplanar spacing (0.56 nm), the terrace plane between them 260 

will exhibit a width of 31 nm, Figure 10(b), which is much wider than those experimentally observed 261 

interfaces in Figure 3 (less than 10 nm). Therefore, these observed interfaces can only contain one or no 262 

step in this width range. 263 

The formation process of the β1 triad has been previously predicted using the phase field simulations 264 

[45], which can be summarized as two steps: (1) two β1 variants with the same sense of shear approach 265 

and contact with each other end-to-end, and then (2) the third variant is immediately induced by the stress 266 

field of these two existing variants, as shown in Figure 13 in Ref. [45]. In comparison to the prediction, 267 

in this work, we have shown the evidence supporting the first-step formation that involves two contacted 268 

β1 variants having the same shear direction. Nevertheless, before the appearance of the third variant, the 269 

current experimental observations reveal for the first time that a local α-Mg region between the ends of 270 

these two variants has rotated to a degree due to the stress field of the two variants. This rotation produces 271 

a symmetrical tilt boundary between the rotated and unrotated α-Mg crystals. Also, unique Nd solute 272 

clusters distribute along this tilt boundary. Through these observations, the formation process of the 273 

triadic configuration becomes clearer. 274 

 275 
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 276 

Fig. 9—Structural model in [0001]α projection showing the atom distribution in a perfect β1 triad 277 

associated with a 10.5° rotation of central α-Mg crystal in comparison to α-Mg matrix in other regions. 278 

 279 

 280 

Fig. 10—Schematic diagrams showing (a) lattice correspondence between α-Mg and β1 (adapted from 281 

Ref. 43), and (b) their invariant habit plane dissociating into stepped interface for the reduction of 282 

interface energy. 283 

 284 

 285 

B. Strain-induced Symmetrical Tilt Boundary and Characteristic Solute Clusters 286 
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In the present study, a low-angle symmetrical tilt boundary has been observed. Its tilt axis is [0001]α 287 

and the tilt angle is approximately 4.7°. The boundary is produced due to the shear stress associated with 288 

the ends of two nearly contacted β1 variants. To construct the atomic structure of the tilt boundary, we 289 

first examine the interpenetrating lattices of two α-Mg crystals in the defined orientation relationship (tilt 290 

axis of [0001] and tilt angle of 4.7°). As schematically shown in Figure 11(a), there is a periodic 291 

distribution of O-lattice points in the figure. It is further found that the experimentally observed edge-on 292 

tilt boundary corresponds to that marked by dashed dot line in Figure 11(a), which contains a high number 293 

density of O-lattice points [54‒58]. After removing one lattice in each side of the boundary and 294 

considering the experimental observation, the structural model of the tilt boundary is constructed and 295 

shown in Figure 10(b). From the rigid-body atom model, one can find alternating array of kite-like core 296 

structures associated with the edge dislocations between O-lattice points along the tilt boundary. The 297 

Burgers vector of the dislocation is identified to be 1/3〈112̅0〉α. Given that the low-angle tilt boundary 298 

contains an array of such discrete edge dislocations, their separation distance, L, can be calculated using 299 

Frank’s formula [59‒61] 300 

 L = b/[2sin(ϕ)]  (2) 301 

where ϕ is the tilt angle and b is the perfect lattice Burgers length. Based on this equation, the separation 302 

distance between two neighboring dislocations is calculated to be 1.96 nm (for the lattice parameters of 303 

α-Mg: a = 0.321nm and c = 0.521 nm). It is interesting to note that the calculated value is consistent with 304 

the measured separation distance of two neighboring solute clusters (~2 nm) existing in the boundary 305 

plane in Figure 6 or the boundary terrace plane in Figure 8. To further verify the atomic structure of the 306 

constructed tilt boundary in Figure 11(b), we performed MD simulation, Figure 11(c). From the result, 307 

the relaxed interfacial structure of the tilt boundary includes the characteristic kite-like dislocation core 308 

structures, which is consistent with the atomic model in Figure 11(b) and that reported in a previous work 309 

[62].  310 

 311 

 312 

Fig. 11—(a) Structural model of two overlapped Mg crystals corresponding to the OR shown in Fig. 8(c). 313 

The trace line of the edge-on tilt boundary observed in the experiment corresponds to the line marked by 314 

the dashed dot line in the model, which contains a relatively high number density of O-lattice points. The 315 

interfacial structure of this boundary is shown in (b) after removing one crystal on each side. The 316 

corresponding positions of Nd-rich atom columns observed in the experiment are highlighted by red-317 

color circles in the model; (c) the relaxed interfacial structure of the tilt boundary from the MD simulation. 318 
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 319 

Our recent work [63] has presented a range of characteristic taper-shape solute clusters distributing 320 

in symmetrical tilt boundaries with 〈112̅0〉α  rotation axis. Nevertheless, related experimental 321 

observation for the tilt boundaries with [0001] tilt axis remains very limited. As for the Mg-Nd binary 322 

alloy, the atomic size of Nd is 1.811 Å in radius, which is larger than that of α-Mg (1.595 Å). Therefore, 323 

it is expected that the Nd atoms tend to occupy the dilatation atom sites associated with the [0001] tilt 324 

boundary to reduce its elastic strain energies. The atomic sites corresponding to taper-shape clusters in 325 

Figure 8(d) are highlighted by the red-color circles in Figure 11(b). They are located between O-lattice 326 

sites and under the edge dislocations in the boundary, which implies the large misfit associated with them. 327 

The local strain of these sites is examined by comparison of their nearest-neighbor atomic distances with 328 

their original equivalent ones in perfect crystals. It is found that the site distances of a1/a2‒b and a1/a2‒c 329 

are both larger than their original equivalent distance. Similarly, the site distances of d to the neighboring 330 

atoms are longer than their original equivalent ones shown in Figure 11(a). Therefore, the atomic sites 331 

denoted by a1, a2, and d in Figure 11(b) undergo a dilatation strain, which might be reduced if they are 332 

occupied by larger Nd atoms instead of smaller Mg atoms. While the segregation patterns associated with 333 

this [0001] tilt boundaries can be qualitatively explained based on the strain analysis from the rigid-body 334 

atomic model, their origin needs to be quantitatively studied by DFT calculations in future work.  335 

 336 

V. CONCLUSIONS 337 

The β1 triadic configuration in a Mg–Nd alloy has been systematically investigated by HAADF-338 

STEM imaging. Its formation process has been revealed and characterized for the first time. The main 339 

conclusions are summarized as follows: 340 

1. The isolated α-Mg crystal in the β1 triadic configuration is rotated by 10.5° when it has a perfect 341 

equilateral-triangular shape, corresponding to a perfect atom match between the β1 and Mg phases 342 

within each lateral interface. However, this rotation angle decreases to ~9.4° when the isolated α-343 

Mg crystal has a non-equilateral shape. In this case, one or two of its lateral interfaces includes a 344 

step with a height of 0.56 nm to reduce atom mismatch along the habit plane. 345 

2. The pre-stage prior to the formation of β1 triad is clearly revealed. It involves two β1 variants with 346 

the same sense of shear approaching to each other end by end. Before the appearance of the third 347 

variant, the α-Mg crystal in the region between the ends of these two variants begin to rotate, 348 

producing a low-angle symmetrical tilt boundary around [0001]α between rotated and unrotated α-349 

Mg crystals.  350 

3. Most of the low-angle symmetrical tilt boundary observed in this work have a tilt angle of ~4.7°. 351 

Based on the existing crystallographic model, the interfacial structure of such a tilt boundary contains 352 

an array of edge dislocations and their core structures are further verified by MD simulation. The 353 

larger size Nd atoms segregate preferentially to dilated atomic sites of tilt boundary to reduce local 354 

elastic strain. Consequently, the unique and chemically ordered taper-shape Nd-rich clusters are 355 

formed and regularly distributed along the tilt boundary.  356 
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