


—

—

–

safe reshaping envelope is defined: shallow prior deformation (≤6 mm) does 

not meaningfully compromise subsequent formability, while deep prior deformation (≥10 mm) 



—

—

—

—

—



—



notch die configuration (8 mm depth): 
20 mm outer pitch, 10 mm inner flat, and 135° transition angles.

notch die configuration (5 mm depth): 

–
D1DN1 vs. DN1 baseline: 15.2 pp additional thinning; corner spread ≈22× baseline due to 

–





—

Global Warming Potential (kg CO₂

₀



–

driven by vehicle lightweighting requirements and EU fleet CO₂ emission targets. A 

–

–

–

—

—



—

— —

• (i) Characterise thickness distribution profiles for single

• (ii) Quantify cumulative thinning when EoL blanks with documented 

• (iii) Identify which combinations of prior forming depth and second

• (iv) Provide interpretive guidance for industrial EoL reshaping process design based on the 



bound estimate of thinning severity. The blank has initial thickness t₀ = 2 mm and length L = 100 



—

–

million tonne annual CO₂ savings at European automotive scale.



primary aluminium production range from 8 to 17 kg CO₂

–6 kg CO₂/kg; coal

17 kg CO₂/kg; the global production weighted average is approximately 12 kg CO₂/kg. Secondary 

–1.0 kg CO₂ — –

—

–

–3 kg CO₂

—

— –

CO₂

—

—

—

—

—



– –

The precipitation sequence progresses from solid solution through GP zones, β″ (Mg₅Si₆ 

needles, primary strengthening phase), β′, to equilibrium Mg₂Si. The T4 temper (solution treated, 

– – —

–

– – —

—

–

–

–

—



— – —

–

—

–
– – – –

– – – –
– – – –

— —



The mechanics of sheet thinning are governed by plastic volume conservation: ε₁ + ε₂ + ε₃ 

= 0, where ε₁ is the major in plane strain (tensile), ε₂ the minor in plane strain, and ε₃ the thickness 

strain (always negative). Under plane strain conditions (ε₂ =

major stretching and thickness reduction: ε₁ = −ε₃. This maximises thinning rate for a given surface 

—

outer fibre bending strain is ε_b = t/(2r), where t is sheet thickness and r is tool radius. For the 

– –

–

–100 s⁻¹ even under nominally 

minimum (ε₂ = 0) falls at major strains of 0.15–

–

— —

— — is proportional to σ_y/E. For 

AA6xxx T6 (σ_y ≈ 250 MPa, E = 69 GPa), σ_y/E ≈ 0.0036, approximately 2.4× higher than mild 



μ ≈ 0.05–

finish) to μ ≈ 0.15–

—

For the present study, μ = 0.1 was selected as representative of a lubricated aluminium

– —

σ = ε^

–

σ̄ ε̄ⁿ)(1 + C ln(ε̄ࡆ ε̄₀ࡆ)). 



–

–

—

— –

– —

—

–

—

—

complex contact. The stable time increment is bounded by Δt ≤ L_min/c

smallest element dimension and c_d is the dilatational wave speed (for aluminium, c_d ≈ 5100 m/s). 

— —

–



— –

—

—

—



–

—

—

—

—



—

—

— —

—



—

—

— —

—

—

—

—
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—

— —

—

—





—

–

—

—

—

—



life. Initial sheet thickness t₀ = 2 mm; 

elastic properties: Young's modulus E = 69 GPa, Poisson's ratio ν = 0.33, density ρ = 2700 kg/m³.

σ̄ ε̄ⁿ)(1 + C ln(ε̄޸ ε̄₀޸
σ̄ ε̄ ε̄ࡆ

ε̄1.0 = ₀ࡆ s⁻¹ is the reference

—

—
—

ε̄₀ࡆ s⁻¹

ν —
ρ

explicitly, covering the 10⁻¹ to 10² s⁻¹ range encountered in punch



step EoL reshaping). All share blank geometry L = 100 mm, t₀ = 2 mm. The 

—

–

—

—

—

—
—

—

—

Deep prior → deep reshape



Deep prior → shallow 

Shallow prior → deep reshape
Shallow prior → shallow 

Y plane, with nominal thickness t₀ = 2 mm confirmed across all virgin

forming tool steel (E ≈ 200–210 GPa, σ_y ≈ 600–

radius r = 2 mm was applied to all corner vertices of both the DN1 and DN2 die wire geometries. 
e DN1 (8 mm depth) and DN2 (5 mm 

notch configurations, respectively, with 135° transition angles and 20 mm pitch. 
The 2 mm corner fillets applied at each bend vertex are defined in the model geometry but are not 

— notch die configuration (8 mm depth): 20 mm outer 
pitch, 10 mm inner flat, and 135° transition angles. A 2 mm corner fillet is specified in the model but not visually 



— notch die configuration (5 mm depth): same 20 mm 
pitch and 135° transition angles as DN1, with reduced notch depth. A 2 mm corner fillet is specified in the model but 

—



1 the punch reference point moves in the −Y direction to perform the forming 

—



isotropic Coulomb law with coefficient μ = 0.1, 

—

—

—

—

100 mm × 2 mm (L × t₀)

Friction coefficient μ

—



—

—

— —

–



index top and bottom nodes, t_i = |Y_top,i − Y_bot,i|. This is correct 

—

—

—

index Euclidean distance, t_i = √[(X_top,i 

− X_bot,i)² + (Y_top,i − Y_bot,i)²], pairing the i

—

—

surface node set, t_i = min_j √[(X_top,i − X_bot,j)² + (Y_top,i − Y_bot,j)²], evaluated 



— —

–

2.007 mm (within ±0.4% of t₀ = 2.0 mm) in flat, undeformed blank regions 

—

—

nodes (≤0.04 mm above nominal) attributable to mesh node spacing rather than a 

—

computed as 100 × (1 − t_min/t₀), expressing the minimum thickness as a percentage reduction from 

—

—

within a single configuration: spread = max(corner minima) − min(corner minima). This is a within



—

—

—

—

length profile, max_i |t_{i+1} − t_i|, reported in units of mm per node interval. 

—



—

—

—

thinning level is ε₃ = ln(1.620/2.000) ≈ −0.210, implying a major in plane strain ε₁ ≈ +0.210 under 

the plane strain assumption ε₁ = −ε₃. This places the D1 corner 

–

– —



—

—

—

—



—

—

The corresponding major strain estimate is ε₁ ≈ +0.226, marginally higher than D1 and 

—

—



—

—

— —

—

—



In FLC terms, DN1's minimum thickness corresponds to a major strain estimate of ε₁ ≈ 

2.000/1.633) ≈ +0.202, close to D1's estimate and, like D1, positioned at the upper edge of the 

– —

—
—

—



—

—

—

– —

— –

DN2's major strain estimate, ε₁ ≈ ln(2.000/1.622) ≈ +0.209, is essentially indistinguishable 

—



—
—

—



—

press operation (PEEQ ≈ 18–

—

– —

path estimate as Section 3.1.1, the critical corner's major strain is ε₁ ≈ 

ln(2.000/1.328) ≈ +0.410 if the full thinning were attributed to a single monotonic strain path from 

—

—

–

— —



— D1DN1 (green) vs. DN1 baseline (orange): 15.2 pp additional thinning; corner spread ≈22× baseline. 

—



—

—

—

—

—

The critical corner's major strain estimate for D1DN2 is ε₁ ≈ ln(2.000/1.442) ≈ +0.328, 

—



—

—



—

mm, PEEQ ≈ 10–

—

—

—

D2DN1's major strain estimate, ε₁ ≈ ln(2.000/1.611) ≈ +0.216, sits essentially on top of the 

—



—

—



—

The prior D2 first press is identical to D2DN1 (6 mm, PEEQ ≈ 10–

—

—

corner major strain estimate, ε₁ ≈ ln(2.000/1.433) ≈ +0.334, is close to 

—



—

—



—

—

— —
— —

—

—



—
–

—



—

–

—

—

–

—

• SAFE: Prior depth ≤6 mm, no geometric corner overlap — thinning ≤19.5% (D2DN1 class). 



• CONDITIONAL: Prior depth ≤10 mm with second press ≤5 mm, or any depth with no 
— –

• MARGINAL: Prior depth ≥10 mm with second press ≥8 mm (D1DN1 class), or any shallow 
— –

plane strain at the critical corner, using the plane strain relationship ε₁ ≈ ln(t₀/t_min) 

–

separating the configuration's estimated ε₁ from the upper edge of the FLC range (a positive margin 

—

ε₁ estimate



—



—

–

– —

–

–

–

— —



D1DN1 (33.6% thinning, corner spread ≈22× baseline) represents the extreme end of the 

parameter space. The D1 prior press (10 mm, PEEQ ≈ 18– –

–

–

—

—

—
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—

—

—

—

—

–

–

–

– –

— —
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–

Springback in AA6xxx T6 (σ_y/E ≈ 0.0036) is approximately 2.4× that of mild steel. For 

– –

— —

bending springback formula, K_s = R_f/R_i = 4(R_i/t · σ_y/E)³ − 3(R_i/t · σ_y/E) + 1, where R_i 

representative inner radius R_i ≈ 4 mm (consistent with the punch corner radius assumed in Section 

1.4.1) and t = 2 mm gives R_i/t = 2, and with σ_y/E ≈ 0.0036 for the

the bracketed term R_i/t · σ_y/E ≈ 0.0072 is small enough that the cubic term is negligible and K_s 

≈ 1 − 3(0.0072) ≈ 0.978, implying a springback

– —

–



–

condition ε₁ = −ε₃ derived in Section 1.4.1 mixes both contributions). Superimposed tensile 

—

–

—



—

—

—

—



–

–

The friction coefficient (μ = 0.1) and punch corner geometry were specified from typical 

±50% variation in friction (μ = 0.05 to 0.15) would produce approximately ±3–

—

—



history (≤6 mm equivalent depth: safe, no adaptation) and deep history (≥8 mm: requires reduced

— (t₀ = 2 mm, plane strain, no corner 

≤6 mm – ≤19.5%

≤10 mm ≤5 mm

≤6 mm

≥10 mm ≥8 mm



—

—



—

—

– –

—

≈ 10–

—

to 10 mm depth (D1, PEEQ ≈ 18–

— —

—

—

—



–

—

—

history (≤6 mm equivalent depth: safe, standard process) and deep history (≥8 mm: reduced 

—

—

point inspection is statistically unreliable given the up to ≈22

—

—
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–

–

–

—

—

—

—

–

—
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–

—

apply the reshaping framework to a real EoL component. Quantify LCA CO₂ reduction per 



–
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–

Deployable guidelines; CO₂ quantification
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