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Abstract

Residual stresses are inevitably introduced during plate manufacturing and pre-processing
(e.g., quenching and pre-stretching). However, springback prediction in creep age forming
(CAF) is still frequently carried out by assuming an initially stress-free blank, which may
lead to biased deformation–stress histories and tool compensation errors, hindering high-
accuracy forming. This study aimed to close this practical gap by quantifying how inherited
residual stresses affected the CAF springback of AA2219 double-curvature thin-walled
parts. In this study, a multi-step finite element (FE) process chain covering quenching,
pre-stretching, and creep age forming (CAF) was developed to investigate the evolution
of the initial residual stress field and its influence on CAF springback. Surface residual
stresses after quenching and after pre-stretching were measured by X-ray diffraction (XRD)
to validate the FE models. The results show that, after quenching, the through-thickness
residual stress exhibits a characteristic ‘compressive at the surfaces and tensile in the
core’ distribution, and pre-stretching markedly reduces the residual stress level. During
CAF, although the initial residual stress difference is largely equilibrated during loading,
it affects springback primarily through differences in accumulated creep deformation.
Incorporating the initial residual stress field reduces the springback error bandwidth from
9.59 mm to 3.51 mm (a 63.4% reduction) under the original die configuration. Additional
simulations under a modified die curvature (geometric deviation ≈ 6 mm) demonstrate
that the springback reduction remains at the millimeter scale, indicating that the proposed
FE framework maintains a consistent predictive improvement across different curvature
conditions. This work provides a theoretical basis and practical guidance for high-precision
creep age forming.

Keywords: aluminum alloy; creep age forming; initial residual stress; springback

1. Introduction
Creep age forming (CAF) is an advanced manufacturing technology that couples

creep deformation with age hardening, enabling the high-accuracy forming of large and
complex panels. It has been widely applied in aerospace structures such as wing skins and
fuselage panels [1–4]. However, because the internal stresses in loaded parts cannot be fully
relaxed during CAF, springback is unavoidable [5–7]. Therefore, the accurate prediction of
springback in CAF is a prerequisite for high-precision forming.

Over the past few decades, numerous studies have characterized creep ageing behav-
ior and established constitutive models, which have been implemented in finite element
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simulations to predict deformation and springback during CAF [8–10]. In addition, the
initial residual stresses introduced during pre-processing can also significantly affect spring-
back. It has been reported that machining-induced surface residual stresses alter the stress
superposition during CAF, thereby changing the final springback [11–13]. Beyond machin-
ing, the pre-processing steps before forming—such as quenching and pre-stretching—also
play an important role in determining residual stress distributions [14–17], yet systematic
studies on their effects on CAF springback remain limited.

More broadly, the coupling among surface integrity, residual stress states, and the
subsequent mechanical response has been widely recognized in adjacent manufacturing
and surface engineering processes. For instance, the green electrochemical polishing
of additively manufactured Ti6Al4V has been shown to reshape the surface condition
and to correlate strongly with the residual stress-sensitive fatigue response [18]. In cold-
spray processing, numerical studies of rebound phenomena emphasize that transient
stress evolution governs rebound/bonding outcomes, which provides a methodological
context for stress evolution-driven “springback-like” behaviors [19]. Moreover, surface laser
texturing prior to cold spraying can markedly influence deposition outcomes, highlighting
the general importance of the initial surface/near-surface states across processes [20]. These
cross-process findings further highlight the need to systematically account for inherited
residual stresses in CAF springback prediction.

Residual stress measurement provides the most direct means to obtain stress distribu-
tions. Mechanical methods (e.g., hole drilling and sectioning) evaluate residual stresses by
releasing strains but are destructive to the component [21–24]. Diffraction-based methods
(e.g., X-ray and neutron diffraction) infer stresses from diffraction peak shifts and are
non-destructive [25]. However, X-ray diffraction typically probes only the near-surface
region (in the order of micrometers) [25,26], whereas neutron diffraction can access deeper
regions but is costly and not widely available [27–29]. Therefore, a full-process-chain FE
simulation from quenching and pre-stretching to CAF is of great engineering value in
evaluating the overall residual stress field and its effects on springback.

In this work, a large AA2219-C10Z propellant tank panel (gore) is taken as the target
component. A multi-step FE process chain of quenching–pre-stretching–CAF is established
and validated by experiments. The residual stress distribution after quenching and pre-
stretching is analyzed, and the influence of the resulting initial residual stresses on the
forming accuracy of a doubly curved component is investigated. Section 2 describes the
residual stress measurements and CAF experiments. Section 3 introduces the multi-step FE
models. Section 4 presents and discusses the simulation results and experimental validation,
clarifying the residual stress characteristics and their mechanisms affecting springback.

2. Experiments
A full process chain was represented by coupling multiple FE models, as schemat-

ically shown in Figure 1. The residual stress field predicted by the quenching model
was imported as the initial stress state for the pre-stretching model; the resulting stress
field after pre-stretching was then used as the initial stress state for the CAF model. To
ensure reliability, surface residual stresses predicted at each stage were compared with
experimental measurements.
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Figure 1. Schematic showing the detailed modeling routes in this study.

2.1. Residual Stress Measurement

The material used was a hot-rolled AA2219 plate (chemical composition listed in
Table 1). The surface residual stresses of the solution-treated (quenched) and C10Z
(quenched + 10% pre-stretch) plates were measured by X-ray diffraction (XRD) using
a portable X-ray residual stress diffractometer (Proto iXRD, Proto Manufacturing Ltd.,
Windsor, ON, Canada), as shown in Figure 2a.

Table 1. Chemical composition of hot-rolled AA2219 plate (wt.%).

Cu Mg Mn Si Fe Ni Zr Ti Al

5.24 0.028 0.27 0.042 0.13 0.03 0.14 0.065 Bal.

To ensure measurement reliability, the measured areas were pre-treated prior to XRD
testing to minimize the influences of oxide layers and surface roughness on the diffraction
quality. The surface oxide layer was first removed by gentle mechanical polishing using
fine-grade abrasive paper. Subsequently, light polishing was performed to obtain a smooth
and uniform surface. During the preparation process, special care was taken to avoid
introducing additional mechanical deformation or residual stresses. After polishing, the
surfaces were cleaned with ethanol to remove debris and contaminants.
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Figure 2. Residual stress measurement: (a) XRD instrument; (b) quenched plate; (c) quenched and
pre-stretched plate. Surface residual stresses were measured by XRD for both conditions.

A 100 × 100 mm plate with a thickness of 12 mm was solution-treated at 535 ◦C
for 48 min and then water-quenched. Seven measurement points were selected at equal
spacing along the rolling direction. Each point was measured twice at two adjacent locations
separated by 15 mm, and the average value was used for comparison with the simulation
results (Figure 2b).

For the quenched-and-pre-stretched plate (AA2219-C10Z, i.e., 10% pre-stretch after
quenching), a 100 × 1200 mm specimen with a thickness of 12 mm was prepared. Ten
points were selected at 100 mm intervals along the rolling direction (Figure 2c), and surface
residual stresses were measured in both the rolling and transverse directions.

Residual stresses were determined using the standard sin2ψmethod, which evaluates
stress from the linear relationship between lattice strain and sin2ψ. A diffraction plane
appropriate for aluminum alloys was selected according to standard laboratory practice.
Multiple ψ tilt angles were applied to ensure reliable linear fitting of the diffraction peak
shifts. The scanning parameters, including the ψ range, angular step size, and counting
time, were chosen to provide sufficient peak resolution and statistical stability consistent
with conventional laboratory XRD residual stress measurements.

The XRD system was routinely calibrated using stress-free reference samples prior
to measurement. The repeatability of measurements was verified by repeated testing at
selected locations, and the variation between repeated measurements remained within
the typical uncertainty range of laboratory XRD residual stress analysis. These proce-
dures ensured the reliability of the experimental data used for the validation of the finite
element models.

2.2. Creep Age Forming Experiment

To validate the influence of the initial residual stress field on subsequent CAF spring-
back, a creep age forming experiment was performed on a doubly curved component.
The target part was an ellipsoidal shell panel (Figure 3a) and the blank was an isosceles
trapezoidal plate with the following dimensions: long side 1455 mm, short side 644 mm,
height 2497 mm, and thickness 12 mm (Figure 3b). The material was AA2219-C10Z.

Loading was applied at room temperature by pneumatic pressure. The procedure was
as follows: first, the plate was pre-loaded by vacuum-assisted sealing (0.1 MPa; Figure 4a);
then, the tooling assembly was transferred into an autoclave (Xi’an Longde Co., Ltd., Xi’an,
China) (Figure 4b) and pressurized to 1 MPa; next, ageing under pressure was conducted
at 165 ◦C for 8 h; finally, the pressure was released to obtain the springback component
(Figure 4c).
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Figure 3. Dimensions: (a) target part, (b) blank.

 

Figure 4. Creep age forming experiment: (a) vacuum sealing; (b) autoclave; (c) formed component
after unloading; (d) surface profile scanner.

The surface profile of the formed component was measured using a non-contact
three-dimensional surface scanning system (ATOS 3D optical scanner, GOM GmbH, Braun-
schweig, Germany) (Figure 4d). Prior to scanning, the specimen was placed on a stable
reference platform to minimize rigid-body movement. Multiple scans were performed and
merged to ensure full-field coverage of the doubly curved surface. The point cloud data
were processed using GOM Inspect 2018 software (GOM GmbH, Braunschweig, Germany).

To evaluate springback, the measured surface was aligned with the target CAD geom-
etry using a best fit algorithm based on least squares minimization. Rigid-body translations
and rotations were removed during the alignment process to eliminate positioning errors.
The geometric deviation between the scanned surface and the target shape was then cal-
culated in the normal direction of the reference surface. The same alignment procedure
was applied to both experimental and FE-predicted geometries to ensure consistency and
reduce systematic errors.
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3. Finite Element Modeling Considering Residual Stress
A multi-step thermomechanical finite element (FE) process chain was established to

simulate quenching, pre-stretching, and subsequent creep age forming (CAF). All simu-
lations were performed using MSC.Marc 2020 (MSC Software LLC, Newport Beach, CA,
USA), which allows fully coupled thermomechanical analysis and user-defined mate-
rial subroutines.

Three sequential FE models were constructed: (i) a quenching model, (ii) a pre-
stretching model, and (iii) a creep age forming (CAF) model. The residual stress field
obtained at the end of each stage was transferred as the initial stress state to the subsequent
model to maintain process continuity.

3.1. Quenching and Pre-Stretching Model

Finite element simulations of solution quenching and subsequent pre-stretching were
performed for the AA2219 plate to investigate the residual stress distribution induced by
quenching (Figure 5). The model size was 100 mm × 100 mm × 12 mm. A hexahedral
mesh was used, with an element size of 2 mm through the thickness and 5 mm in the length
and width directions. The initial temperature was set to 535 ◦C and the quenching medium
temperature to 20 ◦C.

Figure 5. Finite element models for residual stress evaluation: (a) quenching; (b) pre-stretching.
Arrows indicate heat convection in (a) and pre-stretching direction in (b); triangles in (b) denote
fixed boundaries.

The mechanical properties were obtained from repeated tensile tests, as shown in
Figure 6.
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Figure 6. Stress–strain curve of AA2219 at room temperature.

In the thermomechanical coupled quenching simulation, the key thermophysical
parameters of AA2219 included the thermal conductivity, specific heat capacity, Young’s
modulus, Poisson’s ratio, and convective heat transfer coefficient. Their temperature
dependencies are shown in Figure 7. The effect of the quench medium temperature rise
on the heat transfer coefficient was neglected. Quenching heat transfer was treated as
forced convection with a convective coefficient of 20 mW·mm−2·◦C−1, and the remaining
parameters were taken from the literature [22].

(a) (b) 

Figure 7. Temperature-dependent material properties: (a) elastic modulus E, Poisson’s ratio ν, and
coefficient of linear thermal expansion α; (b) thermal conductivity and specific heat capacity.

The residual stress field at the end of quenching was imported as the initial stress
state for the pre-stretching simulation. Nodes at one end of the plate were fixed, and
displacement corresponding to 10% tensile strain was applied at the opposite end to
simulate pre-stretching (Figure 5b).

3.2. Creep Age Forming Model
3.2.1. Geometry and Mesh

Figure 8 shows the FE model for the creep age forming of a doubly curved thin-walled
AA2219 component. To accurately capture the through-thickness stress/strain gradients,
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an 8-node hexahedral mesh was adopted. The in-plane mesh size was 10 mm × 10 mm,
while six elements were assigned through the thickness (2 mm per layer), resulting in total
thickness discretization of 12 mm. The die surface was modeled as a rigid body, and the
friction coefficient between the plate and die was set to 0.3.

Figure 8. FE model for creep age forming of a doubly curved thin-walled component.

The initial residual stress field obtained from the quenching and pre-stretching simu-
lations was imported into the CAF model using the user subroutine UINSTR, which allows
pre-defined stress initialization at the start of the simulation step; this model is referred to
as the RS model. For comparison, a model without initial residual stress was used, referred
to as the NRS model.

The CAF simulation consisted of three stages. In the loading stage (static step), the
pneumatic pressure was represented by uniformly distributed normal compressive stress
on the plate surface, ramped linearly from 0 to 1 MPa within 1 h. The creep ageing stage
then maintained the pressure for 8 h. Finally, the pressure was released to obtain the
springback configuration.

To evaluate the robustness of the FE model with respect to the tooling curvature,
an additional simulation was conducted using a shallower die surface. The maximum
geometric deviation between the shallow die and the experimental die surface was 6 mm.

3.2.2. Creep Constitutive Model

Based on creep ageing tests of AA2219-C10Z and the unified constitutive framework,
a macro–micro constitutive model was established to predict springback deformation and
the ageing response, as follows:

.
εc = A·sinh

{
B·(σ − σ0)·(1 + k1ρ)

σy

}m1

(1)

σy = σi + σss + σppt + σdis (2)

σss = Css·
(

1 − fv

)2/3
(3)

σppt = cppt· fv
1/2·qn1 (4)

σdis = Cdis·ρn2 (5)

.
fv =

C1·l3·
.
l

q

(
1 − fv

)m2 ·(1 + k2·ρn3) (6)

.
l = C2·(a + b·σ− l)m3 ·(1 + k3·ρn4) (7)
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q = C3·
(

exp
[
−k4(t − t∗)2

]
− σn5

)
·tn6 + 1 (8)

.
ρ = −C4·ρ·

∣∣ .
εc
∣∣ (9)

where the symbols (e.g., ξ) are the material parameters of the constitutive model, as listed
in Table 2. The constitutive equations were implemented in MSC.Marc 2020 through the
user material subroutine CRPLAW, which enables user-defined creep laws and internal
variable evolution.

Table 2. Constitutive parameters for creep ageing of AA2219-C10Z.

Parameter Value Parameter Value Parameter Value

A/h−1 0.9533 C3 141.9358 n4 4.6796
B/MPa−1 0.1420 C4 271.8296 n5 0.1744
σ0/MPa 15.3682 k1 1.6252 n6 0.1
σi/MPa 111.2442 k2 0.3753 m1 3.1997

Css/MPa 70.3445 k3 0.5569 m2 0.5459
Cppt/MPa 79.0815 k4 0.0102 m3 0.6015
Cdis/MPa 125.0606 n1 0.2217 a 94.05

C1 3.701 × 10−6 n2 0.0497 b −0.115
C2 1.0000 n3 4.9997 t∗ 11

3.2.3. Mesh Convergence Analysis

To verify the numerical stability and reliability of the finite element model, a mesh
convergence study was carried out for the creep age forming simulation. Particular atten-
tion was given to through-thickness discretization, as it is essential in accurately capturing
the stress and strain gradients that govern springback behavior.

Three mesh configurations were examined, employing 4, 6, and 8 solid elements
through the thickness while maintaining an identical in-plane mesh density. The predicted
springback values for the three discretization cases are summarized in Table 3.

Table 3. Mesh convergence study for springback prediction.

Through-Thickness Elements 4 6 8

Springback (mm) 85.56 88.30 88.28

The results show that increasing the number of through-thickness elements from six to
eight leads to a negligible change in springback (88.30 mm vs. 88.28 mm), indicating numer-
ical convergence. Although the four-layer mesh yields a slightly lower value (85.56 mm),
the difference between the six- and eight-layer models is minimal relative to the overall
deformation magnitude.

Considering a balance between computational efficiency and numerical accuracy, the
discretization of six elements through the thickness was selected for all subsequent simulations.

4. Results and Discussion
4.1. Surface Residual Stress

Figure 9 compares the measured and simulated surface residual stresses after quench-
ing. Along the rolling direction, the measured average residual stress was −138.7 MPa; the
maximum deviation between the simulation and experiment was 13 MPa, corresponding
to a 9.1% difference. Along the transverse direction, the measured average was 140.1 MPa;
the maximum deviation was 9 MPa, corresponding to a 6.7% difference. Therefore, the
quenching FE model can be considered to capture the thermo-stress evolution during
quenching with good accuracy.
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Figure 9. Simulated and measured surface residual stresses after quenching: (a) rolling direction;
(b) transverse direction.

Figure 10 compares the simulated and measured surface residual stresses after pre-
stretching. The simulated average residual stress was −36.6 MPa in the rolling direction
and −33.4 MPa in the transverse direction. The measured averages were −32.3 MPa
(rolling) and −30.6 MPa (transverse), with maximum deviations of 7.8 MPa and 5.1 MPa,
respectively. These results indicate that the pre-stretching FE model is reliable.

 

Figure 10. Simulated and measured surface residual stresses after quenching and pre-stretching:
(a) rolling direction; (b) transverse direction.

4.2. Through-Thickness Residual Stress

Figure 11 shows the simulated through-thickness residual stress distributions after
quenching and after pre-stretching. The residual stress is symmetric about the mid-plane
and exhibits a characteristic ‘compressive at the surfaces and tensile in the core’ pattern.
Unlike machining-induced residual stresses that are typically confined to a shallow surface
layer, quenching involves rapid cooling at the surfaces via intense heat transfer, while heat
in the interior is removed more slowly by conduction to the surface. This temporal sequence
creates a non-uniform temperature field and, owing to thermal expansion/contraction, a
non-uniform thermal strain field that leads to the observed residual stress distribution.
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Figure 11. Through-thickness residual stress distributions after quenching and after pre-stretching.

After pre-stretching, the residual stress level decreases markedly, with the maximum
compressive stress reduced from approximately −152 MPa to −48 MPa. This indicates that
pre-stretching is effective in relieving residual stresses, consistent with previous findings.

4.3. Springback Prediction Accuracy Under Different Die Curvatures

Figure 12 compares the springback prediction errors of the NRS and RS models
against experimental measurements for the original die configuration. The full-field error
contour maps clearly show that the NRS model exhibits a wider deviation range (−1.69
to 7.90 mm), whereas the RS model significantly reduces the overall error distribution to
−1.56 to 1.95 mm. Compared with the NRS model, the maximum deviation decreases
by 6.08 mm. In terms of the error interval width, the prediction accuracy improves by
approximately 63%, demonstrating the critical role of incorporating the initial residual
stress field in CAF simulations.

(a) (b) 

Figure 12. Springback prediction errors of the FE simulations compared with experimental measure-
ments under the original die configuration: (a) NRS model; (b) RS model.
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To further evaluate the robustness of the proposed modeling strategy, an additional
die configuration with a shallower curvature was analyzed. The maximum geometric
deviation between the shallow die and the original die was approximately 6 mm. For this
configuration, the springback difference between the NRS and RS models, defined as

∆springback = springback (NRS) – springback (RS),

is illustrated in Figure 13.

Figure 13. Distribution of springback difference (∆springback = springback (NRS) – springback (RS))
under the shallower die configuration.

The ∆springback distribution under the shallower die condition ranges from 0.13 to
6.52 mm. For comparison, under the deeper (original) die configuration, the corresponding
∆springback range is −0.13 to 5.95 mm. Although minor local variations are observed due
to geometric differences, the magnitude of springback reduction remains at the millimeter
scale for both die curvatures.

https://doi.org/10.3390/met16030269

https://doi.org/10.3390/met16030269


Metals 2026, 16, 269 13 of 18

A quantitative comparison of the error metrics under different die curvatures is
summarized in Table 4. The results indicate that the improvement achieved by considering
the initial residual stress field is consistent across different curvature levels.

Table 4. Quantitative comparison of springback prediction under different die curvatures.

Die Configuration Error Range (NRS vs.
Exp.) (mm)

Error Range (RS vs.
Exp.) (mm)

∆Springback Deviation (mm)
(∆ = Springback (NRS) – Springback (RS))

Experimental die 9.59 (−1.69 to 7.90) 3.51 (−1.56 to 1.95) 6.08 (−0.13 to 5.95)
Shallower die

(deviation = 6 mm) — — 6.43 (0.09 to 6.52)

These findings demonstrate that the influence of the initial residual stress field on
springback is not limited to a single die geometry. The proposed multi-step FE process
chain maintains a stable predictive enhancement under varying curvature conditions,
suggesting a certain degree of generality for practical CAF applications.

4.4. Stress and Strain Evolution

Figures 14–16 show the principal stress distributions on the mid-plane at different
stages of CAF. Due to structural equilibrium, the stress difference caused by the initial resid-
ual stress field (≈40 MPa) decreases to within 10 MPa after the loading stage. After creep
ageing, the stress distributions become almost identical. After springback, the principal
stress on the mid-plane in the RS model is slightly higher than that in the NRS model.

Figure 14. Principal stress distribution after loading: (a) NRS; (b) RS.
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Figure 15. Principal stress distribution after creep ageing: (a) NRS; (b) RS.

Figure 16. Principal stress distribution after springback: (a) NRS; (b) RS.

Figure 17 presents the stress distribution along Path A-A. After the loading stage,
the stress in the RS model is significantly higher than that in the NRS model, whereas,
after ageing and after springback, the stress values are nearly the same. This suggests
that the springback difference may originate from two contributions: (1) differences in
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plastic deformation during loading and (2) differences in accumulated creep deformation
during ageing.

Figure 17. Stress distribution along Path A-A: (a) location of Path A-A; (b) principal stress distribution
along the path. The dashed lines in (b) indicate the turning point of Path A-A shown in (a).

Figure 18a shows the distributions of plastic strain and creep strain along Path A-
A. The plastic strain difference between the RS and NRS models is negligible. This is
because the initial residual stress difference (≈40 MPa; Figure 11) is largely reduced during
stress equilibration in the loading stage (Figure 14) and thus does not lead to an obvious
plastic strain discrepancy. However, creep deformation accumulates iteratively over time.
Even a small initial stress difference can result in an appreciable difference in creep strain
(Figure 17b), leading to stabilized creep strains of ~0.15% (RS) and ~0.12% (NRS), which
directly contributes to the difference in springback prediction accuracy.

Figure 18. Inelastic deformation: (a) plastic and creep strains along Path A-A; (b) creep strain
evolution at Node 7614. The dashed line in (a) indicates the turning point of Path A-A, while the
dashed line in (b) marks the beginning of the creep stage.

The stress evolution characteristics observed above were also found to be consistent
under the shallower die configuration. Although the absolute stress magnitude varies
slightly due to geometric differences, the overall trend remains unchanged: the initial resid-
ual stress difference is largely equilibrated during loading, while the accumulated creep
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strain difference persists and ultimately governs the springback discrepancy. This consis-
tency further supports the notion that the effect of the initial residual stress is governed by
creep strain accumulation rather than the die geometry.

5. Conclusions
A multi-step FE process chain (quenching–pre-stretching–CAF) was established for

an AA2219-C10Z propellant tank panel and validated by experiments. The residual stress
distributions after quenching and pre-stretching were analyzed, and the influence of the
resulting initial residual stress field on the springback of a doubly curved component was
investigated. The following conclusions can be drawn.

(1) After quenching, the through-thickness residual stress exhibits a ‘compressive at
the surfaces and tensile in the core’ distribution, with maximum tensile stress of
about 154 MPa on the mid-plane. Pre-stretching effectively reduces the residual
stress level; the maximum mid-plane tensile stress decreases to about 40 MPa. The
multi-step FE model successfully captures the residual stress evolution during the
pre-processing stages.

(2) During the creep age forming of doubly curved components, the initial residual
stress field influences springback primarily through its effect on accumulated creep
deformation rather than plastic deformation during loading. Although the initial
stress difference is largely equilibrated in the loading stage, small differences persist in
creep strain accumulation, which ultimately govern the final springback discrepancy.

(3) Incorporating the initial residual stress field into the CAF simulation improves the
springback prediction accuracy by approximately 63% under the original die config-
uration. Additional simulations conducted under a shallower die curvature (with a
geometric deviation of about 6 mm) show that the springback reduction remains at the
millimeter scale (0.09–6.52 mm), indicating that the proposed modeling framework
maintains a consistent predictive improvement under different curvature conditions.

(4) The results demonstrate that accounting for pre-processing-induced residual stresses
is essential for high-accuracy springback prediction in CAF. The established multi-
step FE process chain provides a physically consistent and transferable approach to
analyzing residual stress effects in thin-walled aluminum alloy components.

Future work will extend the proposed framework to more complex geometries and
explore its applicability to other aluminum alloy systems and thickness levels.
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