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Experimental alloy
The Mg–1.8Zn–0.2Ca alloys were prepared from high-purity Mg, Zn, and Ca by induction melting in a steel mold crucible under a gas mixture of 99.5% CO2 and 0.5% SF6 atmosphere. The billet was homogenized at 673 K and subsequently extruded at 653 K with an extrusion ratio of 25:1 to produce a plate with a cross-sectional area of 40 × 5 mm².
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Fig. S1 IPF map and pole figure of initial microstructure. Scale bar = 200 μm.
Supplementary for processing steps
[bookmark: OLE_LINK114]M denotes the parent matrix with Euler angles of (88°, 79°, 31°). During the first deformation step, the T1 twin variant, with Euler angles of (19°, 12°, 36°), is activated in M and is identified as the () variant with respect to the parent matrix. A secondary twin, denoted as T12, subsequently forms within T1. T12 has Euler angles of (150°, 83°, 26°) and corresponds to the () variant with T1 serving as its parent orientation. During the subsequent change in strain path, another twin variant, T3, is activated directly from M and is identified as the () variant relative to the parent matrix. The sequential formation of T1, T12 and T3 illustrates strain-path-dependent twin-variant selection during multidirectional cyclic deformation and provides the crystallographic basis for interactions and reactions among different twin variants.
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Fig. S2 Schematic drawing of the mechanical and thermal process, corresponding multi-directional strain induced twin-twin reaction and ageing induced solute segregation.
Fine-grained (FG) microstructure obtained via accumulative roll-bonding
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Fig. S3 IPF map and pole figure of FG microstructure via accumulative roll-bonding.
Supplementary for performance comparison
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Fig. S4 Comparison of the ultimate tensile strengths and uniform elongations between UBN structure in this work and typical wrought Mg alloys.
	The citation of Fig 2c is as follows:
[bookmark: _Hlk228728671]Mg–Zn1-7, Mg–Al8-11, Mg–Ca12-14, Mg–Sn15,16, Mg–Re17-21.
FIB-prepared lamellae for HAADF-STEM
	Under HAADF-STEM imaging conditions, obtaining atomic-resolution contrast on both sides of the special boundary requires precise alignment to the [] zone axis. To this end, TEM lamellae were prepared from the UBN by combining FIB milling and EBSD-assisted orientation control. The resulting specimens were subsequently characterised by TKD, as shown in Fig. S5.
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[bookmark: _Hlk223015066]Fig. S5 TKD map of the FIB-prepared TEM sample. a IPF map. b Morphology map of the lamella. c Boundary misorientation map. The blue lines represent SCCBs. The red lines represent {} twin boundaries.
The diffraction information of SCCBs
	The diffraction information for the two coherent symmetric boundaries shown in Fig. 3 is provided in Fig. S6.
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Fig. S6 Diffraction information corresponding to Fig. 3 of the main text.
Atomic-resolution EDS data
For lightweight alloys such as Mg, Al, and Ti, direct identification of atomic segregation remains particularly challenging, as segregated solute species are highly susceptible to electron-beam damage—especially the Zn and Ca examined in this work. By acquiring atomic-resolution EDS data at 120 kV (i.e. below the more commonly employed 300 kV), this issue was mitigated as far as practicable. For the {} special boundaries, the EDS maps of Zn and Ca (Fig. S7b) show that the signals of both elements coincide with the high-intensity atomic sites. In the main text, the corresponding Zn and Ca occupancy sites are further assigned on the basis of DFT calculations.
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[bookmark: OLE_LINK51]Fig. S7 The distribution of Zn and Ca atoms in the {} special boundary. a Atomic-resolution HAADF-STEM image. b Atomic-resolution EDS maps. Scale bar = 500 pm
	For the superstructure of the {} special boundary, clear elemental contrast was observed only for the atomic columns at the boundaries. As shown in Fig. S8b, one column exhibits a pronounced Ca signal, whereas the other shows a pronounced Zn signal, with no indication of signal overlap as observed for the {} special boundaries. On the basis of the EDS data, a structure search for the atomic configuration of the superstructure was carried out in the main text via DFT calculation.
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Fig. S8 The distribution of Zn and Ca atoms in boundary superstructure of the {} SCCBs. a Atomic-resolution HAADF-STEM image. b Atomic-resolution EDS maps. 
Crystallographic calculation of special reaction boundaries
[bookmark: OLE_LINK2]The special boundaries with [] ~60° misorientation can be generated through an impingement reaction between two ​non- co-zone {} twins. Following the deformation path graph proposed by Gao et al., a {} twin can be treated as the outcome of a single-step pathway. By using the lattice parameter of Mg, i.e., a = 3.209 Å and c = 5.211 Å, the deformation gradient matrix along this primary twinning path can be determined.

The deformation gradient matrix along this secondary path can be determined.

From these deformation-gradient matrices, two conjugated solutions can be obtained. One solution suggests a plane of {} with a misorientation of 56.9° about []. The other solution suggests a plane of {} with a misorientation of 63.3° about [].
FIB-prepared samples for APT
	To ensure accurate acquisition of APT data from the special boundary and the {} twin boundaries, region targeting was carried out by combining FIB preparation with EBSD data. The symmetry-related orientation relationship across each boundary was confirmed from the pole figures corresponding to the respective symmetry planes, as shown in Fig. S9.
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Fig. S9 Schematic diagram of FIB sampling for APT data. IPF maps for special boundaries and pole figures of the orientations on both sides of the special boundaries. Scale bar = 0.5 μm.
Analysis of the local stress state of atoms at the special boundaries
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Fig. S10 Local Atomic Stress State at the special boundaries. a {} special boundaries. b {} special boundaries.
APT data of {} twin boundaries
[bookmark: _Hlk223198784][image: ]
Fig. S11 APT data of {} twin boundary. a APT reconstruction of Mg, Zn and Ca atoms. b The distribution of Zn and Ca atoms in a. c Solute concentration near boundary. Scale bar = 10 μm.
[bookmark: OLE_LINK3]Microstructure of Mg-1.8Zn alloy under same cyclic process
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Fig. S12 a IPF map. b Boundary misorientation map. Scale bar = 5 μm.
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