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[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: _Hlk533254824][bookmark: OLE_LINK9]Supplementary Fig. S1 │ High-resolution SEM-BSE micrographs of different alloys heat treated to peak-aged state by isochronal heating. a-b, Binary Al-Zr alloy as-heated to 500 oC. c-d, Al-Zr-Sn and e-f, Al-Zr-Sn-Si alloys as-heated to 450 oC. All the images were taken at the two-beam condition and the bright dots are Al3Zr precipitates showing a higher Z-contrast than the Al matrix. The distribution of sparse Al3Zr in Al-Zr binary alloy, indicating a weaker precipitation kinetics and some local heterogeneous nucleation along dislocations. In contrast, Al-Zr-Sn and Al-Zr-Sn-Si alloy show much denser and finer Al3Zr precipitates homogeneously distributing across dendrite arms. 
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Supplementary Fig. S2 │ The montaged TEM dark-field (DF) images of the peak-aged (a) Al-Zr-Sn and (b) Al-Zr-Sn-Si alloys.
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[bookmark: _Ref532827734]Supplementary Fig. S3 │Evolution of Vickers microhardness and electrical conductivity of Al-Zr-Sn, Al-Zr-Sn-Si and binary Al-Zr alloys during isochronal aging. a, Hardness curves. b, Electrical conductivity curves. Both two Sn-bearing alloys show typical double-peak in hardness curves, while the binary alloy exhibits a negligible age-hardening effect until heating to 500 oC. The increase in EC is an indication of decomposition of supersaturated solid solution, forming Sn-rich precipitates in low temperature range and Zr-rich precipitates at higher temperatures.  A faster increase in EC for Al-Zr-Sn and Al-Zr-Sn-Si alloy in the temperature range of 350~ 450 o C than Al-Zr alloy indicates an enhanced precipitation kinetics of Al3Zr. 
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Supplementary Fig. S4 │Evolution of microhardness of the as-cast, 200 oC/24 h pre-aged and 300 oC/8 h pre-aged samples during isothermal aging at 400 oC, showing preaging has no effect on the precipitation kinetics of Al3Zr during 400 oC aging. 
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[bookmark: OLE_LINK48][bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK6][bookmark: OLE_LINK7]Supplementary Fig. S5 │ Solute atom complexes forming in Al-Zr-Sn-Si alloy after 200 oC, 24h pre-aging. a, Representative HAADF-STEM image showing the presence of fine Sn-rich nanoparticles, which is consistent with the result in Fig. 2b. b, Atomic-resolution HAADF-STEM image viewed along <001>Al reveals the tiny solute complexes of heavy atoms as indicated by the yellow arrows in the matrix. The fast Fourier transformation (FFT) pattern in b shows only diffraction spots of fcc Al matrix. c, Intensity profile of atom columns along P1-P2 line across one possible solute complex. The atom columns with higher intensities as marked by the black arrows are suggested to be enriched with heavy Sn and Zr atoms. d-g, Solute atom complexes enlarged from b, showing atom columns circled by dashed lines have significantly higher intensity than the surrounding ones.
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Supplementary Fig. S6 │ Coarsened Sn-rich particles in Al-Zr-Sn-Si alloy after 300 oC pre-aging. a, HAADF-STEM image shows bright elliptic particles with radius of 10-20 nm have formed. b, EDX mapping of a typical particle in a, showing the particle is a Sn-rich particle with a slight enrichment of Zr.  
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[bookmark: OLE_LINK14]Supplementary Fig. S7 │The nearest neighbor distribution data of Zr solute atoms in Al-Zr-Sn-Si exported from the APT datasets. a, 200 oC, 24h pre-aged sample. Zr atoms show a random distribution in the solid solution, indicating the clustering of Zr-Sn atoms is too weak to be distinguished by nearest neighbor distribution method. b, 300 oC, 8h pre-aged sample, showing a clear shifting from the random distribution of atoms, confirming a high density of Zr-rich atom clusters/complexes have formed in the solid solution. 
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Supplementary Fig. S8 │Calculated evolution of the radius, rt , of Zr-rich atom clusters with uniform Zr concentration of 1 at.% and 5 at.%, as a function of heating time during 300 oC pre-aging, in comparison to the experimental data after 300 oC/8h pre-aging (0.48 nm).  
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[bookmark: OLE_LINK3][bookmark: OLE_LINK18]Supplementary Fig. S9 │Normalized partial radial distribution function (PRDF) of atoms with respect to Zr (Zr2+-Zr2+, Zr2+-Si2+) and Sn (Sn-Zr2+, Sn-Si2+) within the whole reconstructed tips in Fig. 2. Herein, PRDF data in a distance from 0.2 to 4 nm is provided. a, 200 oC, 24h pre-aged sample. A strong Sn-Zr and Sn-Si clustering can be detected within the distance of ~3.5 nm, indicating the precipitation of nano-sized Sn clusters/precipitates with a significant enrichment of Zr and Si atoms. b, 300 oC, 8h pre-aged sample. The high normalized PRDF of Zr-Zr and Zr-Si confirms the formation of (Zr, Si)-rich atom clusters, in which a small content of Sn can also be detected. The lower PRDF values of Sn-Zr indicate that the Zr-rich atom clusters have a low concentration of Sn while most of the Sn atoms have formed coarse Sn particles during preaging.
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[bookmark: OLE_LINK45][bookmark: OLE_LINK44]Supplementary Fig. S10 │Typical atomic configurations of Zr-Sn-Si-Va tetramers with Zr and Va in 1NN and 2NN positions having high binding energies. As shown in Supplementary Table S4 and S5, 37 different configurations for 1NN and 17 configurations for 2NN of Zr-Sn-Si-Va tetramers were constructed and calculated.
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[bookmark: OLE_LINK43]Supplementary Fig. S11 │Detailed migration energy profile of Zr atoms exchanging position with 1NN vacancy in Al matrix and in different atom complexes shown in Fig. 4b. For each case, the energy barrier (Ebarrier) of migration, the energy state of initial and final constructions after exchange, and the corresponding total energy change (ΔE) are provided in the figures. With the presence of Si atoms, the formation of Zr-Si-Va trimers can slightly decrease the Ebarrier from 0.97 eV to 0.83 eV and obtain a reduced ΔE of -0.03 eV. In contrast, Zr-Sn-Va binding exerts much stronger effect in decreasing the Ebarrier and to 0.79 eV and -0.19 eV, respectively. Zr-Sn-Si-Va tetramers induce the lowest Ebarrier of 0.62 eV and a considerable reduction in ΔE of -0.18 eV, which provides the most favorable condition for Zr diffusion, enhancing the diffusivity. One should notice that after one-step exchange of Zr and Va, this process can be spontaneously repeated by the fast jump of Sn, Si and Va to form a new Zr-Sn-Si-Va complex with low formation energy, which facilitates the “amoeba” diffusion mechanism.  
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[bookmark: OLE_LINK15]Supplementary Fig. S12 │Comparison in impurity diffusivities and solubilities of different alloying elements in Al-X binary alloys. a, Diffusivities of elements contained in the present work as a function of the inverse temperature in Kelvin. The functions are plotted based on the data in Refs 1–4. b, The calculated maximum solubilities of various elements at 400 oC by Thermo-Calc TCAL8 database (www.thermocalc.com) as well as their diffusivities. Note the solubility of Sb is obtained in Ref 5. It can be found that the dataset of most selected elements, which could promote the Al3Zr precipitation, resides in the upper-left corner in b with much faster diffusivities than Zr and relatively low solubilities in the Al matrix.




[bookmark: OLE_LINK16]Supplementary Table S1 │ Comparison of the dispersion-hardening efficiency in reported Al-Zr(-RE) series alloys at different peak-aged states from literature data. Here the dispersion-hardening efficiency is denoted as the equivalent hardness increment (ΔHV) contributed from per 0.01 at. % addition of the L12-forming elements.
	Alloys composition (at.%)
	Heat-treatment regime
	L12 forming element content (at.%)
	ΔHV
	ΔHV per 0.01at.%
	Ref.

	Al–0.07Sc–0.02Yb–0.004Zr
	375 oC isothermal
	0.094
	19.4
	2.06
	6

	Al–0.06Sc–0.02Yb–0.02Zr
	375 oC isothermal
	0.1
	18.15
	1.815
	

	Al-0.005Er-0.02Sc-0.07Zr -0.06Si
	400 oC isothermal
	0.095
	23.4
	2.46
	7

	
	350 oC /16h+400 oC /8h
	0.095
	28.55
	3
	

	Al-0.005Er-0.02Sc-0.07Zr-0.08V-0.06Si
	400 oC isothermal
	0.095
	18.86
	1.98
	

	
	Isochronal
	0.095
	31.92
	3.36
	

	Al-0.10Zr-0.01Sc-0.007Er-0.10Si-0.40Mn-0.09Mo
	400 oC /24 h
	0.117
	33.04
	2.82
	8

	Al-0.08Zr-0.014Sc-0.008Er-0.10Si
	400 oC /24 h
	0.102
	33.1
	3.24
	

	Al–0.06Zr
	425 oC/3h  isochronal
	0.06
	9.17
	1.52
	9

	Al–0.06Sc–0.06Zr
	500 oC /3h  isochronal
	0.12
	38.54
	3.21
	

	Al–0.06 Zr–0.06 Sc
	300 oC /24h+400AA
	0.12
	37.22
	3.1
	10

	Al–0.06 Zr–0.05 Sc–0.01 Er
	300 oC /24h+400AA
	0.12
	30.59
	2.54
	

	Al–0.06 Zr–0.04 Sc–0.02 Er
	300 oC /24h+400AA
	0.12
	28.55
	2.37
	

	Al–0.1 Zr
	400 oC isothermal
	0.1
	20.39
	2.03
	11

	Al–0.1 Zr–0.1 Ti
	400 oC isothermal
	0.2
	18.86
	0.94
	

	Al–0.2 Zr
	400 oC isothermal
	0.2
	43.84
	2.192
	

	Al–0.07Sc–0.02Yb–0.004Zr
	375 oC isothermal
	0.094
	20.39
	2.16
	6

	Al–0.06Sc–0.02Yb–0.02Zr
	375 oC isothermal
	0.10
	21
	2.1
	

	Al–0.056Sc–0.007Er–0.021Zr–0.04Si
	400 oC isothermal/60h
	0.084
	28.55
	3.39
	12

	Al-0.085Zr-0.026Si
	[bookmark: OLE_LINK4]400 oC isothermal
	0.085
	19.17
	2.25
	13

	Al-0.14Zr- 0.005Er-0.03Si-0.09 Cr
	400 oC/260h
	0.145
	34.16
	2.35
	

	Al-0.11Zr- 0.005Er-0.02Si-1Zn
	400 oC/260h
	0.115
	33.14
	2.88
	

	Al-0.11Zr- 0.005Er-0.02Si
	400 oC/260h
	0.11
	32.6
	2.96
	

	Al-0.08Zr-0.08Hf-0.045Er-0.03Si-0.04Fe
	350 oC isothermal
	0.205
	39.87
	1.94
	14

	Al-0.1Zr-0.08Hf-0.047Er
	350 oC isothermal
	0.227
	28.55
	1.25
	

	Al-0.13Zr-0.026Si-0.0045Er-0.076 Ni-0.049Fe
	[bookmark: OLE_LINK5]400 oC isothermal
	0.1345
	29.57
	2.57
	9

	Al-0.12Zr-0.0046Er-0.027Si-0.005Fe
	Isochronal
	0.1246
	33.65
	2.7
	

	Al-0.12Zr-0.005Er-0.03W-0.02Si
	400 oC/100h
	0.125
	25.49
	2.03
	15

	Al-0.13Zr-0.005Er-0.02Si
	400 oC/100h
	0.135
	26.27
	1.94
	

	Al-0.13Zr-0.004Er-0.32Si
	400 oC/20h
	0.134
	35.9
	2.65
	

	Al-0.12Zr-0.005Er-0.03W-0.38Si
	400 oC/20h
	0.125
	35.91
	2.872
	

	Al-0.08Zr-0.014Sc-0.008Er-0.10Si
	400 oC isothermal
	0.102
	31.61
	3.09
	16

	
	375 oC isothermal
	0.102
	37.01
	3.62
	

	Al-0.07Zr
	400 oC isothermal
	0.07
	2.6
	0.37
	17

	Al-0.07Zr-0.007Y
	400 oC isothermal
	0.077
	6.5
	0.84
	

	Al-0.07Zr-0.019Y
	400 oC isothermal
	0.089
	5
	0.56
	

	Al–0.04Er–0.04Zr
	350 oC isothermal
	0.08
	14.28
	1.785
	18

	Al–0.04Er–0.08Zr
	350 oC isothermal
	0.12
	30.59
	2.549
	

	Al–0.03Yb–0.08Zr
	350 oC isothermal
	0.11
	15.8
	1.43
	19

	Al–0.15Si–0.08Zr
	350 oC isothermal
	0.08
	9.17
	1.14
	

	Al–0.03Yb–0.15Si–0.08Zr
	350 oC isothermal
	0.11
	24.06
	2.18
	

	
	isochronal
	0.11
	24.47
	2.22
	

	Al–0.045Er–0.1Hf–0.08Zr
	375 oC isothermal
	0.225
	36.71
	1.6
	20

	Al–0.06 Zr–0.03 Er
	400 oC isothermal
	0.09
	17.64
	1.96
	21

	Al–0.06 Zr–0.06 Er
	400 oC isothermal
	0.12
	19.68
	1.64
	

	Al-0.18%Zr-0.19%Fe-0.4%Si
	Electromagnetic Casting + rolling + isochronal
	0.18
	40.79
	2.26
	22

	Al-0.12%Zr-0.12%Fe-0.023%Si
	Aging + HPT + Annealing
	0.12
	7.8
	0.65
	23

	Al–0.1Sc–0.1Zr
	isochronal
	0.2
	50.4
	2.52
	24

	Al-0.06Sc-0.03Zr-0.008Er
	400 oC /24h
	0.098
	32.1
	3.27
	25

	Al-0.06Sc-0.06Zr-0.008Er
	400 oC /24h
	0.128
	28
	2.18
	

	[bookmark: _Hlk105268461]Al–0.07 Zr-0.065Si-0.06Fe
	400 oC isothermal
	0.07
	10.2
	1.45
	26





Supplementary Table S2 │Thermodynamic calculation of nucleation of Al3Zr in Al-Zr binary alloy at different temperatures.
	T (K)
	
(at.%)
	
(at.%)
	
(J/m2)
	
(m2/s)
	
(J/m3)
	
(J/ m3)
	
(J/ m3)
	
	
(nm)
	(s)
	
(s)


	473
	0,0801
	0.00015
	0.1
	1.34
	-6.17
	2.37
	4.79
	7.3
	0.34
	2.25
	9.56

	573
	0,0801
	0.00214
	0.1
	6.20
	-4.32
	2.37
	1.02
	12.8
	0.49
	1.16
	4.92

	673
	0,0801
	0.0138
	0.1
	1.18
	-2.46
	2.37
	3.44
	37.1
	0.91
	2.00
	8.49

	723
	0,0801
	0.0289
	0.1
	2.35
	-1.53
	2.37
	1.02
	103
	1.56
	2.40
	1.02






[bookmark: OLE_LINK46][bookmark: OLE_LINK17]Supplementary Table S3 │ Calculated energies of formation (eV/atom) of solute elements X = Sn, Sb, Bi and Si substituting into the lattices of Al3Zr and bulk Al.
	Substituting sites
	Sn
	Sb
	Bi
	Si

	Al sublattice in bulk Al3Zr
	0.23
	0.57
	0.85
	0.12

	Zr sublattice in bulk Al3Zr
	0.66
	0.85
	1.02
	0.20


 



Supplementary Table S4 │ Calculated binding energies (eV) in 1NN for Zr-Sn-Si-Va tetramers with 37 different configurations within the Al supercell. Herein, 1NN refers to the relative location for Zr-Va. Schematics of two atomic configurations with the 1st and 2nd maximum binding energy values are displayed in Fig. S9.
	Configurations
	Binding energy (eV)
	Detailed NN relationships between two constituents

	
	
	Zr-Va
	Zr-Si
	Zr-Sn
	Sn-Si
	Sn-Va
	Si-Va

	1
	0.11
	1
	2
	2
	4
	1
	1

	2
	0.32
	1
	1
	2
	1
	1
	1

	3
	0.17
	1
	3
	2
	3
	1
	1

	4
	0.29
	1
	1
	2
	3
	1
	1

	5
	0.16
	1
	3
	2
	1
	1
	1

	6
	0.18
	1
	1
	2
	5
	1
	2

	7
	0.26
	1
	1
	2
	1
	1
	2

	8
	0.19
	1
	1
	4
	3
	1
	1

	9
	0.09
	1
	1
	4
	5
	1
	2

	10
	0.08
	1
	2
	1
	1
	1
	1

	11
	0.02
	1
	2
	1
	3
	1
	1

	12
	0.03
	1
	4
	1
	3
	1
	1

	13
	0.15
	1
	1
	1
	2
	1
	1

	14
	0.03
	1
	3
	1
	2
	1
	1

	15
	0.05
	1
	3
	1
	4
	1
	1

	16
	0.14
	1
	1
	1
	1
	1
	1

	17
	0.18
	1
	1
	1
	3
	1
	1

	18
	0.05
	1
	3
	1
	1
	1
	1

	19
	0.05
	1
	3
	1
	3
	1
	1

	20
	0.00
	1
	3
	1
	1
	1
	2

	21
	0.01
	1
	3
	1
	5
	1
	2

	22
	0.10
	1
	1
	1
	3
	1
	2

	23
	0.00
	1
	5
	1
	3
	1
	2

	24
	0.07
	1
	1
	1
	1
	1
	2

	25
	0.00
	1
	5
	1
	5
	1
	2

	26
	0.01
	1
	2
	3
	3
	1
	1

	27
	0.02
	1
	2
	3
	1
	1
	1

	28
	0.03
	1
	4
	3
	1
	1
	1

	29
	0.17
	1
	1
	3
	2
	1
	1

	30
	0.18
	1
	1
	3
	4
	1
	1

	31
	0.03
	1
	3
	3
	2
	1
	1

	32
	0.18
	1
	1
	3
	1
	1
	1

	33
	0.18
	1
	1
	3
	3
	1
	1

	34
	0.05
	1
	3
	3
	1
	1
	1

	35
	0.05
	1
	3
	3
	3
	1
	1

	36
	0.08
	1
	1
	3
	3
	1
	2

	37
	0.08
	1
	1
	3
	5
	1
	2





Supplementary Table S5 │ Calculated binding energies (eV) in 2NN for Zr-Sn-Si-Va tetramers with 17 different configurations within the Al supercell. Herein, 2NN refers to the relative location for Zr-Va. Schematics of two atomic configurations with the 1st and 2nd maximum binding energy values are displayed in Fig. 4B.
	Configurations
	Binding energy (eV)
	Detailed NN relationships between two constituents

	
	
	Zr-Va
	Zr-Si
	Zr-Sn
	Sn-Si
	Sn-Va
	Si-Va

	1
	0.35
	2
	3
	3
	2
	1
	1

	2
	0.37
	2
	3
	3
	4
	1
	1

	3
	0.41
	2
	1
	3
	1
	1
	1

	4
	0.34
	2
	5
	3
	1
	1
	1

	5
	0.39
	2
	1
	3
	3
	1
	1

	6
	0.33
	2
	5
	3
	3
	1
	1

	7
	0.33
	2
	5
	1
	2
	1
	1

	8
	0.41
	2
	1
	1
	2
	1
	1

	9
	0.35
	2
	5
	1
	4
	1
	1

	10
	0.36
	2
	3
	1
	1
	1
	1

	11
	0.38
	2
	3
	1
	3
	1
	1

	12
	0.41
	2
	1
	1
	1
	1
	1

	13
	0.36
	2
	5
	1
	3
	1
	1

	14
	0.30
	2
	8
	1
	5
	1
	2

	15
	0.36
	2
	1
	5
	2
	1
	1

	16
	0.38
	2
	1
	5
	4
	1
	1

	17
	0.38
	2
	1
	5
	3
	1
	1
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