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Supplementary Note 1: Composition scenarios 7 

The three investigated alloys arise from a theoretically calculated composition that would 8 

arise from complete melting of the aluminium alloys of three different vehicle types. Their 9 

compositions and further a 6016 reference alloy are shown in Supplementary Table 1. 10 

The basic concept and the results for a low-iron containing last laboratory cooled (60 K/s)-11 

material was presented in our previous work [SR1]. 12 

Supplementary Table 1: Chemical composition of the investigated alloys oriented on 13 
three different vehicle types. The ELV-mixes are based on today´s average European 14 
vehicle (EU), a US pickup-truck (PU) and an electric car (EC) with aluminium representing 15 
the balance to 100 % (Bal.). 16 

Alloy Si [%] Fe [%] Cu [%] Mn [%] Mg [%] Zn [%] Al [%] 

EU 5.20 1.20 0.70 0.30 0.75 0.40 Bal. 

PU 4.75 1.30 1.30 0.30 0.70 0.50 Bal. 

EC 1.50 1.00 0.20 0.30 1.50 0.10 Bal. 

6016 Ref 1.06 0.19 0.05 0.06 0.33 0.01 Bal. 

 17 

Supplementary Note 2: Heat treatment and processing sequences 18 

For the three alloys, different sequences of heat treatment and processing were applied 19 

to the as-cast state (CS). This includes homogenizing (H), solution annealing, pre-ageing 20 

(PA), natural ageing (NA) and paint-baking (PB). A part of the samples was also pre-21 

strained (PS) to 2 and 5 % plastic deformation. Supplementary Table 2 gives an overview 22 

over the applied parameters, while Supplementary Figure 1 graphically illustrates the 23 

processing ways starting from solution annealing. 24 

 25 
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Supplementary Table 2: Summary of the applied heat treatments. 26 

Condition Homo-
genising 

Solution 
annealing 

Pre-
ageing 

Natural 
ageing 

Pre-
straining 

Paint-
baking 

CS - - - - - - 

H 10 h 
heating 
450 °C / 

10 h 
7 h 

heating 
520 °C / 

10 h 

- - - - - 

PA 
520 °C /  
10 min 
Water 

quenching 

100 °C / 
5 h - 

- 
- 

NAPB - 

25 °C /  
14 d 

- 

180 °C /  
20 min 

PANAPB 
100 °C / 

5 h 

- 

PANA2%PSPB 2 % 

PANA5%PSPB 5 % 

 27 

 28 

 29 

Supplementary Figure 1: Age hardening process. Schematic illustration of the heat 30 
treatment procedure with and without pre-deformation and symbols indicating the 31 
processing way in Supplementary Figure 2. 32 

  33 
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Supplementary Note 3: Results of tensile testing 34 

Tensile testing was conducted for all alloys in the conditions described in Supplementary 35 

Figure 1. A general overview of the performance of the alloys compared to common 36 

automotive wrought and cast alloys is given in Supplementary Figure 2. Supplementary 37 

Figure 3 thereby shows the results for the EU and EC-alloy in as-cast and homogenized 38 

conditions. Supplementary Figure 4 – Supplementary Figure 6 show the results of the 39 

tensile tests of the different alloys after processing and further determining the strain-40 

hardening potential on hand of Kocks-Mecking plots. 41 

 42 

Supplementary Figure 2: Strength-ductility plot comparing today’s commercial 43 
automotive alloys (wrought and cast alloys) from the literature to the investigated 44 
alloys. a Compares the yield-strengths to commercial alloys from literature [SR2]. b 45 
Compares the tensile strengths to commercial alloys. a and b include different cooling 46 
conditions (mimicking rapid solidification and direct chill casting) 47 

  48 
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 49 
Supplementary Figure 3: Results of tensile tests in as-cast and homogenized 50 
conditions a All cooling rates for alloy EU ND. b All cooling rates for alloy EC ND. 51 

 52 

 53 

Supplementary Figure 4: Influence of heat treatments and pre-deformation on alloy 54 
EU ND for all cooling rates a Results of the tensile tests for processing routes without 55 
pre-deformation in comparison to common automotive sheet alloy 6016. b Results of the 56 
tensile tests for processing routes including pre-deformation in comparison to common 57 
automotive sheet alloy 6016. c Kocks-Mecking-plots of the processing routes without pre-58 
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deformation showing higher strain-hardening potential than common automotive 59 
aluminium sheet alloy.  60 

 61 

 62 
Supplementary Figure 5: Influence of heat treatments and pre-deformation on the 63 
remaining conditions of alloy PU ND for all cooling rates a Results of the tensile tests 64 
for processing routes without pre-deformation in comparison to common automotive 65 
sheet alloy 6016. b Results of the tensile tests for processing routes including pre-66 
deformation in comparison to common automotive sheet alloy 6016. c Kocks-Mecking-67 
plots of the processing routes without pre-deformation showing higher strain-hardening 68 
potential than common automotive aluminium sheet alloy.  69 

 70 
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 71 

Supplementary Figure 6: Influence of heat treatments and pre-deformation on alloy 72 
EC ND for all cooling rate a Results of the tensile tests for processing routes without pre-73 
deformation in comparison to common automotive sheet alloy 6016. b Results of the 74 
tensile tests for processing routes including pre-deformation in comparison to common 75 
automotive sheet alloy 6016. c Kocks-Mecking-plots of the processing routes without pre-76 
deformation showing higher strain-hardening potential than common automotive 77 
aluminium sheet alloy.  78 

  79 
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Supplementary Note 4: Results of EBSD investigations 80 

The microscopic investigations included SEM-micrographs of the PU-alloy in all cooling 81 

conditions after 5 % pre-straining. The EBSD-mappings (Supplementary Figure 7a-c) 82 

were measured after paint-baking, whilst KAM-mappings (Supplementary Figure 7d-f) 83 

were taken after deformation to uniform elongation. At a cooling rate of 1 K/s, grains larger 84 

than 40 µm are prevalent, whereas at 3 K/s, fewer large grains are observed in the material 85 

(Supplementary Figure 7a–c). In contrast, no grains exceeding 30 µm appear in the 86 

60 K/s. 87 

 88 
Supplementary Figure 7: Scanning electron microscopic investigation of the PU-89 
alloy. a-c EBSD-mappings of the alloy PU alloy after pre-aging, natural aging and paint-90 
bake treatment (PANAPB) following different cooling rates upon casting measured before 91 
deformation. d-f KAM-overlay maps of the PU alloy after pre-aging, natural aging, 5 % pre-92 
straining and paint-bake treatment (PANA5%PSPB), following different cooling rates upon 93 
casting measured at the uniform elongation. Grain boundaries are marked in white, with 94 
Si-dominant IMPs in yellow, Fe-dominant IMPs in orange, and Mg-dominant IMPs in pink. 95 
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Supplementary Note 5: Results of APT analysis 97 

After PA, more than 70 % of the detected clusters contain less than 33 atoms. In PANAPB 98 

this share is 53 % and 38 % in PANA5%PSPB. In contrast, 15 % contain more than 50 99 

atoms after PA, while 36 % and 47 % do so for PANAPB and PANA5%PSPB respectively 100 

(see Supplementary Figure 8a). Regarding the Guinier-radius of the clusters and 101 

precipitates, 90 % are smaller than 2 nm in PA-condition, while for PANAPB and pre-102 

strained states, almost 90 % have a Guinier-radius of 1–3 nm. It is conspicuous that the 103 

share of clusters and precipitates over 2 nm is larger in PANAPB than for pre-strained state 104 

(29 vs. 26 %). While the share of clusters/precipitates of more than 5 nm Guinier-radius is 105 

neglectable in PANAPB-material, in pre-strained condition it is at 2.2 % (see 106 

Supplementary Figure 8b). The median Guinier radii range from 1.26 nm in the PA state 107 

to 1.61 nm after 5% pre-straining. Chemically, both the paint-baking and the pre-straining 108 

processes generate higher median magnesium concentrations (Mg/(Mg+Cu+Si+Zn) of 109 

0.38 and 0.37, respectively, compared to 0.31 in the PA condition) (Supplementary Fig. 110 

8c). An overview of the cluster chemistry in different processing conditions is given by 111 

Supplementary Table 3.  112 
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 113 
Supplementary Figure 8: Results of APT investigations for different processing 114 
conditions. a Number density of clusters and precipitates over their number of atoms for 115 
60 K/s PA, 3 K/s PANAPB and 3 K/s PANA5 %PSPB. b Number density of clusters and 116 
precipitates over the Guinier-radius for 60 K/s PA, 3 K/s PANAPB and 3 K/s PANA5 %PSPB. 117 
c Guinier-radius in dependence of the Mg-ratio in clusters and precipitates for 60 K/s PA, 118 
3 K/s PANAPB and 3 K/s PANA5 %PSPB. 119 

Supplementary Table 3: Chemical analysis of the clusters and precipitates for 120 
different processing conditions. 121 

Alloy Composition Mg Zn Cu Si 

PU 60 K/s PA 

Overall [at-%] 0.60 ± 0.03 0.40 ± 0.03 0.52 ± 0.03 1.12 ± 0.03 
Matrix [at-%] 0.49 ± 0.03 0.40 ± 0.03 0.46 ± 0.02 0.98 ± 0.02 

Cluster/Precipitates [at-%] 2.22 ± 0.10 0.44 ± 0.06 1.29 ± 0.06 3.10 ± 0.06 
Solute [%] 24.58 ± 0.40 7.28 ± 0.64 16.55 ± 0.48 18.41 ± 0.21 

Volume fraction [%] 1.48 

PU 3 K/s 
PANAPB 

Overall [at-%] 0.57 ± 0.02 0.37 ± 0.02 0.43 ± 0.02 1.01 ± 0.02 
Matrix [at-%] 0.37 ± 0.01 0.36 ± 0.02 0.37 ± 0.02 0.82 ± 0.01 

Cluster/Precipitates [at-%] 3.37 ± 0.06 0.43 ± 0.06 1.21 ± 0.06 3.65 ± 0.06 
Solute [%] 40.12 ± 0.24 8.01 ± 0.41 19.25 ± 0.30 24.69 ± 0.13 

Volume fraction [%] 2.34 

PU 3 K/s 
PANA5%PSPB 

Overall [at-%] 0.59 ± 0.04 0.33 ± 0.04 0.47 ± 0.04 1.12 ± 0.04 
Matrix [at-%] 0.19 ± 0.02 0.32 ± 0.04 0.32 ± 0.03 0.73 ± 0.03 

Cluster/Precipitates [at-%] 3.54 ± 0.10 0.41 ± 0.11 1.57 ± 0.10 3.92 ± 0.10 
Solute [%] 72.21 ± 0.46 14.95 ± 0.89 40.34 ± 0.64 42.35 ± 0.24 

Volume fraction [%] 4.63 

  122 
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Supplementary Note 6: TEM Investigation 123 

TEM-investigations reveal low dislocation density in the 60 K/s PA-sample 124 

(Supplementary Figure 9a), and 3 K/s PANAPB material in Supplementary Figure 9b 125 

compared to the pre-strained material in Fig. 3h.  126 

For the confirmation of the Q’-hardening precipitates, the diffraction pattern of the 127 

PANA5 %PSPB was analysed and reconstructed as shown in Supplementary Figure 9c 128 

and in literature [SR3]. 129 

 130 

Supplementary Figure 9: TEM images showing interactions of dislocations and 131 
particles. (a) In the 60 K/s PA-material with high-resolution-insert. (b) For the 3 K/s 132 
PANAPB-sample with high-resolution-image inserted. c Diffraction pattern and indexing 133 
of the hardening precipitates in PANA5 %PSPB-material for confirmation of Q’-phase 134 
according to literature [SR3]. 135 

  136 
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Supplementary Note 7: Simulation of vacancy concentration, dislocation density 137 
and diffusion ways during pre-straining  138 

According to Militzer et al.[SR4] and Robson[SR5] we calculate the initial (c0, equation (1)) 139 

and excess vacancy concentration cex with equation (2). With the diffusion constant D 140 

(calculated according to (3)) and a diffusion enhancement factor f (equation (4)), the 141 

diffusion paths can be determined by (5). Equations (2) and (5) were thereby solved 142 

iteratively with an explicit integration scheme. 143 

𝒄𝟎 = 𝟐. 𝟑 ∙ 𝐞𝐱𝐩 (−
𝑯𝑽
𝒇

𝑹𝑻
) (1) 144 

𝒅𝑪𝒆𝒙
𝒅𝒕

= 𝛘
𝝈𝛀𝟎

𝑯𝑽
𝒇 𝜺̇ − (

𝑫𝑽𝝆

𝜿𝟐
+

𝑫𝑽

𝑳𝟐
) 𝒄𝐞𝐱 (2) 145 

𝑫𝑴𝒈,𝑺𝒊,𝑪𝒖 = 𝑫𝑴𝒈,𝑺𝒊,𝑪𝒖
𝟎 ∙ 𝐞𝐱𝐩⁡ (−

𝑯𝑴𝒈,𝑺𝒊,𝑪𝒖
𝒅 −𝑯𝑽

𝒇

𝑹𝑻
) (3) 146 

𝒇 = 𝟏 +
𝒄𝒆𝒙

𝒄𝟎
 (4) 147 

𝒙𝑴𝒈,𝒁𝒏,𝑪𝒖
𝟐 = ∫𝟒 ∙ 𝒇 ∙ 𝑫𝑴𝒈,𝒁𝒏,𝑪𝒖 ∙ 𝒅𝒕 (5) 148 

The effective diffusion in dependence of vacancy concentration and pipe-diffusion along 149 

dislocation cores can be expressed by (6). For the pipe-diffusion-coefficient Dp the 150 

activation energy for diffusion was assumed to be 0.55·𝐻𝑗
𝑑 (activation energy for lattice 151 

diffusion)[SR5]. 152 

𝐃𝒆𝒇𝒇𝑴𝒈,𝑺𝒊,𝑪𝒖
= 𝑫𝑴𝒈,𝑺𝒊,𝑪𝒖 ∙ (𝟏 +⁡

𝒄𝒆𝒙

𝒄𝟎
+ 𝒈 ∙ ⁡

𝑫𝒑𝑴𝒈,𝑺𝒊,𝑪𝒖

𝑫𝑴𝒈,𝑺𝒊,𝑪𝒖
) (6) with 𝒈 = 𝟐 ∙ ⁡𝜴𝟎 ⁡ ∙ ⁡

𝝆

𝒃
 153 

The dislocation enhancement factor is defined as (𝟏 +⁡ 𝒄𝒆𝒙
𝒄𝟎
+ 𝒈 ∙ ⁡

𝑫𝒑𝑴𝒈,𝑺𝒊,𝑪𝒖

𝑫𝑴𝒈,𝑺𝒊,𝑪𝒖
). 154 

 155 
 156 

𝒄𝟎 = 2.3 ∙ 𝑒𝑥𝑝(−
64,000

𝐽
𝑚𝑜𝑙

8.314
𝐽

𝑚𝑜𝑙 ∙ 𝐾
∙ 373⁡𝐾

) = 2.51 ∙ 10−9 = 𝟐. 𝟓𝟏 ∙ 𝟏𝟎−𝟑⁡𝒑𝒑𝒎 157 

 158 
𝒄𝒆𝒙
𝒄𝟎

=⁡
2 ∙ 103⁡ppm

2.51 ∙ 10−3⁡ppm
= 𝟖⁡ ∙ 𝟏𝟎𝟓 159 

 160 

𝒈 = 2 ∙ ⁡1.66⁡ ∙ 10−29⁡m3 ∙ ⁡
3 ∙ 1014⁡m−2

2.86 ∙ 10−10⁡m
= 𝟑. 𝟒𝟖 ∙ 𝟏𝟎−𝟓 161 

 162 
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As 𝑐𝑒𝑥
𝑐0

 and g are constant for Mg, Si and Cu, only the dislocation enhancement by 163 

dislocations (pipe-diffusion) has to be determined separately:  164 
 165 

𝒈 ∙ ⁡
𝑫𝒑𝑴𝒈

𝑫𝑴𝒈
= ⁡3.48 ∙ 10−5 ∙ ⁡

D0Mg
∙ exp

−
0.55∙115,000

J
mol

8.314
J

mol∙⁡K
∙298⁡K

D0Mg
∙ exp

−
115,000

J
mol

8.314
J

mol∙⁡K
∙298⁡K

= 𝟒. 𝟎𝟗⁡ ∙ 𝟏𝟎𝟒 166 

 167 

𝒈 ∙ ⁡
𝑫𝒑𝑺𝒊

𝑫𝑆𝑖
= 𝟏. 𝟒𝟔 ∙ 𝟏𝟎𝟓 168 

 169 

𝒈 ∙ ⁡
𝑫𝒑𝑪𝒖

𝑫𝑪𝒖
= 𝟏. 𝟓𝟓 ∙ 𝟏𝟎𝟔 170 

 171 

The combined diffusion enhancement factor (excess vacancies and dislocations) 172 

results 8.41 · 105 for Mg, 9.46 · 105 for Si and 2.35 · 106 for Cu. 173 

 174 

The results for the calculations are shown in Supplementary Figure 10, for a summary of 175 

the applied parameters see Supplementary Table 4. 176 



 

13 
 

 177 
Supplementary Figure 10: Diffusion enhancement by pre-straining. a Introduction of 178 
excess vacancies during pre-deformation. b Increase of the dislocation density during 179 
pre-deformation resulting in more favourable nucleation places. c Extension of diffusion 180 
paths for Cu, Mg and Si through pre-straining.  181 

Supplementary Table 4: Summary of the applied parameters for vacancy, dislocation 182 
density and diffusion path calculations. 183 

Parameter Notation Value 

Grain size–3 K/s 𝑑3⁡𝐾/𝑠 ~ 16 µm 

Constant 𝛼 0.3 [SR6] 

Taylor factor 𝑀 3.06 [SR6] 

Shear modulus 𝐺 25.4 GPa [SR6] 

Burgers vector 𝑏 0.286∙10-9 m [SR6] 

Fraction of external work stored by producing vacancies  𝜒 0.1 [SR4, SR5] 

Atomic volume  Ω0 1.66∙10-29 m3 [SR5] 

Vacancy / self-diffusion enthalpy 𝐻𝑉
𝑠𝑑 129 kJ∙mol-1 [SR7] 

Vacancy formation enthalpy  𝐻𝑉
𝑓
 64 kJ∙mol-1 [SR7] 

Vacancy migration enthalpy  𝐻𝑉
𝑚 65 kJ∙mol-1 [SR5] 

Mg diffusion / Activation enthalpy 𝐻𝑀𝑔
𝑑  115 kJ∙mol-1 [SR8] 

Si diffusion / Activation enthalpy 𝐻𝑍𝑛
𝑑  122 kJ∙mol-1 [SR9] 

Cu diffusion / Activation enthalpy 𝐻𝐶𝑢
𝑑  135 kJ∙mol-1 [SR9] 

Pre-factor vacancy diffusion  𝐷𝑉
0 3∙10-5 m2∙s-1 [SR5] 
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Pre-factor Mg diffusion 𝐷𝑀𝑔
0  6.23∙10-6 m2∙s-1 [SR8] 

Pre-factor Si diffusion 𝐷𝑍𝑛
0  1.19∙10-5 m2∙s-1 [SR9] 

Pre-factor Cu diffusion 𝐷𝐶𝑢
0  6.47∙10-5 m2∙s-1 [SR9] 

Dislocation arrangement  𝜅 1.0 [SR4] 

Gas constant  𝑅 8.314 J∙mol-1∙K-1 [SR10] 

 184 
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