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ABSTRACT

A simulation model is developed to predict residual stresses in aluminum castings during immersion
quenching. To describe the cooling conditions, a simplified approach is used, in which the heat transfer
coefficient is defined as a function of the surface temperature of the component. Two geometries are used in
this study: a simple plate to verify the thermal boundary conditions and a stress lattice to evaluate the residual
stress distribution. The heat transfer coefficient, which is experimentally validated using the plate geometry,
is implemented in a finite element simulation and then applied to the stress lattice. The mechanical behaviour
during quenching is characterized using dilatometer experiments. The simulated stress profile in the stress
lattice is verified by X-ray diffraction measurements.
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INTRODUCTION

In modern production technology, the demand for lightweight components and materials is
growing [1,2]. These lightweight components are needed in various applications in the
automotive and aerospace industries to further reduce energy consumption and carbon
emissions. Several strategies can be used to incorporate lightweight engineering. These
include the use of lightweight materials such as aluminum, lightweight construction such as
topology-optimized or thin-walled components, and the associated manufacturing process,
like forming, casting, welding, heat treatment, and machining.

Traditional manufacturing strategies are often insufficient to meet component requirements
such as tolerance and strength. Precise knowledge of the initial residual stresses in these
components and the ability to model and simulate them are essential to optimize entire process
chains. A concept for a holistic view and optimization of the process chain for the production
of aluminum cast components is presented in [3]. Often, the heat treatments have the greatest
influence on residual stress-related distortions during machining. There are numerous methods
for simulating residual stresses during different heat treatments that describe the material
behavior and cooling conditions during quenching with varying degrees of complexity [4].

The heat treatment of aluminum alloys is thoroughly investigated [5-9]. The classical route
for aluminum cast parts consists of solution annealing followed by quenching and subsequent
ageing to create a T6 temper [5]. The same heat treatment can be applied to aluminum welds
as a post-weld treatment. During solution annealing, alloying elements like Mg, Si, and Cu
are dissolved in the aluminum lattice. Fast quenching to room temperature then creates a
supersaturated solid solution. In the subsequent ageing process, the elements in solid solution
form metastable precipitates, which increase the strength of the material through precipitation
hardening.

Most of the cast-induced residual stresses are relaxed during the solution heat treatment due
to the high annealing temperatures. In contrast, the high temperature gradients during
subsequent quenching induce high residual stresses [10-13], which can be partially relaxed
during the subsequent ageing treatment [14,15]. Robinson et al. [16] give a good overview of
the evolution of residual stresses in heat-treatable aluminum alloys during their heat treatment.

For a reliable simulation of residual stresses during water quenching, an accurate
description of the cooling conditions is essential. During immersion quenching of aluminum
castings, the heat transfer coefficient aimm passes through three different boiling regimes: film
boiling, nucleate boiling, and the convective phase. Initially, when the sample is still at a
relatively high temperature, film boiling occurs. During film boiling, the surface of the sample
is surrounded by a vapor blanket, resulting in a low aimm. As the part cools and the Leidenfrost
temperature is reached, the vapor blanket collapses and the regime transitions to nucleate
boiling. The heat transfer coefficient peaks at this stage. When the heat transfer from the
sample to the water is no longer sufficient to maintain boiling, the convective stage begins,
and aimm decreases accordingly [5]. Maniruzzaman and Sisson [17] observe the same effects
and additionally a regime of partial film boiling, resulting in fluctuating surface temperatures
due to unstable vapor formation. Xiao et al. [18] use an aluminum test casting to demonstrate
the influence of surface orientation relative to the water surface and conclude that oimm is lower
for surfaces facing the water surface compared to surfaces in other orientations. The influence
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of both the quench medium and sample geometry is documented for wrought and cast
aluminum alloys, with corresponding temperature-dependent heat transfer coefficients
provided [19-21]. Bamberger et al. [22] investigate the heat transfer coefficients for Al, Cu,
and Ni during both spray and immersion quenching with different quenching media, including
water and water mixed with organic agents.

The cooling conditions during immersion quenching can also be simulated using
computational fluid dynamics (CFD). The immersion quenching process of aluminum
castings is studied in this context by [23-27]. CFD enables a more detailed description of all
boiling regimes. However, the use of CFD involves a significant additional computational
effort and is beyond the scope of this work.

The present work presents an efficient and convenient method for the simulation of residual
stresses during water quenching of aluminum castings to improve the process chain. The
temperature-dependent mechanical properties of the material are determined experimentally
and used to model the material behavior. To model the cooling conditions, a surface
temperature-dependent heat transfer coefficient is applied to capture the different boiling
regimes during water quenching.

MATERIALS AND EXPERIMENTAL METHODS

GEOMETRIES

In the present work, we focus on two different geometries. The first geometry is a simple plate,
which is primarily utilized to determine the heat transfer coefficient during the immersion
guenching process. Three type K thermocouples (TCs) are mounted on the plate geometry.
TCL1 is cast in the center of the body, TC2 and TC3 are fixed on the surface centers. All three
TCs are mounted at the same height. The second geometry is a stress lattice, consisting of a
thick bar that is connected to a slim bar by two connection bars. The stress lattice is
intentionally designed to induce residual stresses. Fig. 1 shows sketches of both geometries
and the positioning of the TCs on the plate. The corresponding dimensions are given in Table
1. Stress lattices are often used for stress analysis in cast iron [28-33]. The geometry of stress
lattices can vary, but they are usually symmetrical and consist of a thick bar in the center
connected to two slim bars on the outside. In contrast, the stress lattice used in this study is
asymmetric, similar to a geometry used by Godlewski et al. [15].
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Fig. 1 Sketches of the two geometries used with their main dimensions. On the left is the plate
denoted by the subscript ‘P1” with the location of the TCs indicated. On the right is the stress
lattice, denoted by the subscript ‘SL’. The stress lattice consists of a thick bar (1), that is
connected to a slim bar (ts) by two connection bars (te).

Table 1 Main dimensions of the plate and stress lattice geometry

Plate: Lp 100 mm Stress Lattice: Lst 136 mm
Hp 110 mm Hs 106 mm

Spi 30 mm SsL 30 mm

Lsb 86 mm

tsh 8 mm

ti 58 mm

teb 25 mm

MATERIAL

Two different materials are used in this study:

o Plate material: A commercial EN AC-42100 aluminum cast alloy is used for the plate
geometry. The plate is produced via gravity casting into a sand mould.

e  Stress lattice material: The stress lattice is manufactured from a commercial EN AW-
6016 alloy, with an as-cast etching slice provided by AMAG Rolling GmbH. The
stress lattice is cut from the slice using a water jet cutter and subsequently milled to
its final geometry.

The main chemical composition of both alloys, measured via optical emission spectroscopy
(OES), is provided in Table 2.

Due to the high Si content, the cast alloy EN AC-42100 exhibits a microstructure containing
eutectic Si. While the eutectic Si influences the mechanical properties of the material, it
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remains a challenge to study its isolated effects. To evaluate the matrix behavior
independently, we selected a wrought alloy EN AW-6016 in its as-cast state. This alloy has a
similar composition to the matrix composition of EN AC-42100 without the eutectic Si.
Although the two alloys differ in microstructure and properties [5], they exhibit a comparable
precipitation sequence [9], allowing the same traditional heat treatment to be applied. This
ensures comparability while eliminating the effects of eutectic Si.

Table 2 Alloy composition of EN AC-42100 and EN AW-6016 measured by OES in wt.%

Si Mg Fe Cu Mn Zn Ti Al other
EN AC-42100 7.42 0.36 0.10 <0.01 0.03 0.02 0.14 91.80 0.13
EN AW-6016 1.07 0.41 0.21 0.07 0.08 <0.01 0.02 98.10 0.04

DETERMINATION OF COOLING CURVES

To determine the temperature history of the plate geometry during water quenching, we use
the three mounted TCs. As indicated in Fig. 1, the water direction relative to the part is in the
positive y-direction.

The plate is fixed in a stainless-steel basket and brought up to the solution annealing
temperature Tso Of 540 °C under ambient atmosphere in a resistance-heated chamber furnace.
After reaching an equilibrated temperature at Tsq for all three TCs, the basket is removed from
the furnace and lowered into a water tank by a winch at a constant immersion velocity Vimm of
65 mms™. This procedure is repeated five times to improve reliability. The initial water
temperature Ty, is 15 °C. Measuring the water temperature after the quenching process is
difficult because the water temperature is not homogeneous throughout the whole water tank.
However, Totten and MacKenzie [5] provide a guideline for industrial applications regarding
the minimum tank volume for immersion quenching of aluminum. The maximum acceptable
temperature increase of the quenchant is 5.5 °C, and based on this limit, the minimum required
tank volume is calculated to be 0.027 m2. For the quench experiments, a tank with a volume
of 0.04 m® is used, and a water temperature increase of 3.5 °C can be expected. The
temperature data is recorded at 10 Hz using a multi-channel recorder.
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DETERMINATION OF MECHANICAL MATERIAL PROPERTIES DURING QUENCHING

Tt 540 °C, 5 min 30 s hold
\

deformation
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t

Fig. 2 Thermomechanical treatment in the dilatometer. The pre-solutionized sample is
annealed at Tso for 5 min and quenched to Teer at 25 Ks™. After a 30 s isothermal hold, the
compression test is carried out isothermally at Tger.

The mechanical behavior of the EN AW-6016 alloy during quenching is characterized by
compression tests using a Baehr DIL 805 D dilatometer. All samples are pre-solution annealed
in batches for 2 hours at Tso and water quenched prior to dilatometer testing. A schematic
diagram of the thermomechanical treatment in the dilatometer is shown in Fig. 2. To ensure
reproducibility and avoid any effects caused by natural ageing, each sample is again heated to
Tsol at a rate of 10 Ks* and shortly solution annealed for 5 min. Using He as the quenching
medium, the sample is directly quenched to the deformation temperature Tqges at a cooling rate
of 25 Ks™. This is followed by an isothermal step at Tqer for 30 s to ensure thermal stability
during the deformation segment.

The isothermal compression test is performed at a strain rate of 0.1 s* and deformation
temperatures ranging from 500 °C to 100 °C in 100 °C increments, plus one test at room
temperature (Trr = 22 °C).

RESIDUAL STRESS MEASUREMENTS

The stress measurements are carried out on an Empyrean from Panalytical, equipped with an
Eulerian cradle. On the primary side, the beam is filtered with a parallel mirror to separate the
Cu K, 2 radiation, a divergent slit of 2°, a 0.04 rad Soller slit, and a 4 mm mask are used.
Detection is made with a parallel plate collimator and a scintillation detector.

For the stress evaluation, the sin?(y) method is used, which relies on measuring lattice strain
variations as a function of the tilt angle y. The peaks are measured from 75° to 82° 26, and
the tilt angle is varied from 0° to 63.43°. By tilting the sample, the diffraction peak shifts and
the surface-near biaxial stress state oo [34]
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can be calculated from the resulting slope in the d-spacing over sin?(y) plot [35]. For the stress
evaluation, we use the (131) Al peak. The Poisson’s ratio is 0.33, and the directional Young’s
Modulus Ejny is calculated according to

— = S11 = [2(S11 — S12) — Saal(@®B? + a?y? + B2y?) (2)

Elnkn)

Si11, S12, and Sa4 are the elastic compliances; values are taken from Rosler et al. [34]. , 8, and
y are dependent on the directions [hKI]. The resulting directional Young’s Modulus in the [131]
direction Ej3y is 69.61 GPa.

SIMULATION

THERMAL SIMULATION AND THE COOLING CONDITIONS FOR WATER QUENCHING

To simulate the immersion process, we use the commercial finite element (FE) software Ansys
2024 R1. The mesh for the plate geometry consists of 22880 SOLID278 elements with a
quadratic element order, resulting in 100271 nodes, and the element shape is HEX8. No
symmetry condition is applied to the model.

The first law of thermodynamics postulates the conservation of energy, which is the basis
for the heat flow used in transient thermal simulations, taking into account all relevant heat
transfer mechanisms to simulate the temperature distribution over time in the part. The thermal
boundary condition is a specified heat flux acting on the surface of the part, which significantly
influences the thermal history during quenching. This is described by the convective heat flux

qa
4 = Ximm Tsurt — Tp) (3)

where aimm is the heat transfer coefficient, Tsyr is the surface temperature of the part, and Ty is
the temperature of the quenching medium. Radiative heat transfer is neglected in this proposed
model, but can be incorporated into the heat transfer modeling approach described in the
following section if desired.

Surface temperature-dependent heat transfer coefficient oimm

To model the heat transfer coefficient aimm during immersion quenching, we follow the
approach of Bamberger et al. [22], which proposes that the heat transfer coefficient

Tsur _Te
Cimm = 14/ApC exp (0.32 Tb—jT) + @y + Arag 4)
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depends on the surface temperature of the part Tsur, and the temperature-dependent
thermophysical material properties of the metal. Ty, is the initial bulk water temperature, and
Te is the evaporation temperature of the quench medium. The required material parameters are
the thermal conductivity 4, density p, and specific heat C.

This concept is valid only for surface temperatures Tsur in the range of 900-250 °C. The
heat transfer coefficient for stable film evaporation at high surface temperatures ay is proposed
to have a constant value of 750 Wm2K-?, and the heat transfer coefficient for radiation oaq is
neglected. For temperatures out of the validity range of Eq. 4 (from 250°C down to room
temperature), the heat transfer coefficient is fitted to match the experimentally determined
cooling curves.

Implementation of cimm in the FE application

The heat transfer coefficient proposed by Bamberger et al. [22] is dependent on the surface
temperature of the specimen, hence it is important for the implementation to use “thermal
solid” elements, which allow the film coefficient to be controlled by the surface temperature
of the element. Suitable element types include SOLID70, SOLID87, and SOLID278. Note
that these types of elements can be used for thermal analysis exclusively.

The initial condition is a homogeneous body temperature of 540 °C, which marks the end
of the solution treatment. The immersion process can be divided into three distinct phases.
Fig. 3 shows the x-component of the heat flux @qx and temperature Ts along a surface path s
at certain points in time, representing the three phases during the immersion process. During
the first phase, all surfaces are exposed to convection against air, with a constant ambient
temperature Tamp 0f 25 °C and a convection coefficient aamp 0f 35 Wm K- applied. This phase
corresponds to the removal of the part from the furnace and lowering it into the water tank.
The second phase corresponds to the immersion process and begins when the first surface
comes into contact with the water. During this phase, two distinct boundary conditions are
present. Surface areas that are above the waterline are still subject to convective heat transfer
against air. In contrast, surfaces that are already submerged experience convection against
water and, therefore, significantly higher heat transfer rates. The surface temperature-
dependent heat transfer coefficient aimm is applied to the surface parts that are already
submerged. To capture this behavior in the simulation, surface nodes are reselected based on
their position relative to the water level. This reselection process corresponds to the immersion
velocity vimm Used in the experiments. Phase three begins when the part is fully submerged
and all surfaces experience convection against the water. aimm is applied to all surfaces during
this phase.
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Fig. 3 The sketch on the left shows the plate geometry during immersion quenching. As
indicated, the path s is located in the middle of the surface of the plate and is oriented in the
positive y-direction. The plots on the right show simulation results of the temperature profile
Ts and the x-component of the heat flux @,y at different points in time over the path s. The
points in time are chosen to represent the different stages during immersion quenching. After
1 second, the part has not yet come into contact with the water. At 3.8 seconds, the plate is
partially submerged, and after 8 seconds, the plate is completely submerged.

This method is applied to the plate geometry, and the results of the thermal analysis are
compared to experimental data to determine aimm accordingly, see Fig. 5. The calibrated
cooling conditions are then applied to the geometry of the stress lattice. The stress lattice
model consists of 101649 SOLID87 elements with quadratic order, resulting in 144896 nodes.
The elements have a TET10 shape. No symmetry conditions are applied to the model.

THERMOPHYSICAL PROPERTIES

To describe the temperature distribution of the material during the quenching process, a user-
defined material is created in Ansys. The values for the thermophysical properties as a function
of temperature, see Fig. 4, are taken from the literature. Overfelt et al. [36] provide specific
data for the alloy EN AC-42100 on the density pma and the thermal conductivity xi. The
isotropic instantaneous coefficient of thermal expansion o [37] is also specific for the alloy
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EN AC-42100. The values for the specific heat at constant pressure c, [38] refer to pure
aluminum.
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Fig. 4 Thermophysical properties as a function of temperature. The left diagram shows the
density pmat [36] and the thermal conductivity xi [36]. The coefficient of thermal expansion
are [37] and the specific heat at constant pressure ¢, [38] are displayed in the right plot.

MECHANICAL SIMULATION

Since the element types used in the thermal simulation are not suitable for structural analysis,
and there is no need for a fully thermal-mechanical coupled simulation, the mechanical
simulation is performed separately. This is done by applying a unidirectional coupling of the
thermal and mechanical analysis. The results of the thermal analysis are used as an imported
load in the mechanical model. The temperature history of the part is then mapped onto a mesh
that is suitable for structural analysis.

The mechanical simulation is only carried out for the geometry of the stress lattice. The
mesh of the mechanical model consists of 40245 SOLID186 elements with quadratic order,
resulting in 177395 nodes. No symmetry conditions are applied. As a mechanical boundary
condition, the weak springs option is used with a default spring stiffness in the solver controls
to prevent rigid body motion. Due to their low stiffness compared to the model stiffness, it can
be assumed that they do not have an effect on the stress state during the quenching simulation.

The mapped temperature history is used in the mechanical model to calculate the thermal
strain em according to

&th = Qe (T)(T — Trer) )

with the thermal expansion coefficient ae and the reference temperature Tt lISotropic
elasticity via Hooke’s law with a temperature-dependent Young’s modulus E(T) and a
Poisson’s ratio v = 0.33 leads to the description of the elastic strain component &.. The
temperature-dependent Young’s Modulus E(T)

E(T) = (69220 Pa — 40.1 == T) - 10° ©
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is calculated using the default values of MatCalc [39].

The ‘Multilinear Isotropic Hardening’ model is employed to describe the plastic behaviour.
This model assumes isotropic material behaviour and that plasticity is independent of the strain
rate. In addition, the Von Mises yield criterion with associative flow rule is applied, which can
be described as

f(o,0,) =0(6) —0, <0 (7)

with the Von Mises equivalent stress & and the yield stress oy(T, &) according to the
temperature-dependent flow curves as measured in the compression tests. The experimentally
determined flow curves, see Fig. 7, are discretized and given as tabular data for the hardening
model.

RESULTS AND DISCUSSION

TEMPERATURE PROFILES DURING WATER QUENCHING

The calibrated heat transfer coefficient applied to the plate geometry (dashed line) and the
calculated values according to Bamberger et al. [22] (solid line) are shown in Fig. 5. In the
temperature range (900-250 °C) valid for Eq. 4, aimm closely follows the calculated values.
aimm increases steadily with decreasing surface temperature Tsuf Of the part. After reaching a
maximum value of 23000 Wm-2K-! at a temperature of 200 °C, aimm decreases significantly.
This abrupt decrease of aimm corresponds to the end of the nucleate boiling phase and the
transition to the convective stage of cooling.

Fig. 6 shows the simulation results after applying the calibrated heat transfer coefficient
(dashed lines) compared to the experimentally determined mean temperatures (solid lines),
surrounded by the minimum and maximum values (shaded areas). During the first phase
(about 3 seconds), the temperature drops only slightly. This phase corresponds to pure
convection against the air when the part has not yet come into contact with the water. Once
the part is immersed in the water, the heat flux increases drastically, resulting in rapid cooling
to a temperature of about 200 °C. As the heat transfer coefficient decreases at this temperature
due to the transition to the convection phase of cooling, the cooling rate also decreases. The
simulated initial cooling rate of TC3 is slightly too fast compared to the experiment, but
overall, the simulation allows reproduction of the experimentally determined cooling curves
of all three TCs with good accuracy.
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MECHANICAL BEHAVIOUR DURING WATER QUENCHING

The flow curves of the EN AW-6016 alloy from the isothermal compression tests and the
corresponding initial yield strength Rpo2 as a function of the deformation temperature are
shown in Fig. 7. At room temperature, Rpo is approximately 53 MPa and slightly increases
between 100 and 300 °C to a plateau value of approximately 60 MPa. Above 300 °C, the initial
yield strength decreases significantly.

—— Rpo2

0 | L
001 2 3 4 5 6 7 8 9 10 11 12 13 14 15 o 100 200 300
£ (%) Toer [°C

Fig. 7 The left plot shows the experimental data for the yield stress oy over true plastic strain &p
for different deformation temperatures. All flow curves are recorded at a strain rate of 0.1 s. On
the right, the initial yield strength Ry as a function of T is displayed.

The plateau observed in the Ryo.2 Over Tqer CUrve may seem counterintuitive, as the common
expressions for the temperature dependency of the yield strength predict a steady decrease
with increasing temperature [40]. A possible explanation for this behaviour is the cross-core
diffusion effect (CCD) formulated by Curtin et al. [41]. This model describes the contributions
of solutes to dynamic strain ageing (DSA) and negative strain rate sensitivity (nNSRS), resulting
in an increase in the yield strength at elevated temperatures. The underlying mechanism is that
solute atoms (e.g., Mg or Si) diffuse to energetically favourable positions within the stress
fields around dislocations, thereby hindering dislocation movement. This interaction becomes
significant at elevated temperatures, where the diffusivity of the solute atoms is sufficient to
enable single-atom jumps through the dislocation core [41]. The effect of CCD on the flow
curves is well investigated for Al-Mg alloys [40,42-47]. Since the material in the present work
is in a solution-annealed state before quenching, it seems plausible that most Mg and Si atoms
are in solid solution and thus contribute to the CCD effect.

In addition to this effect, precipitates can form in the solution-annealed supersaturated
condition before and during the compression test, which will also impact the strength of the
material. At lower temperatures, this effect will be weak because the time to form the
precipitates in larger amounts is insufficient. At medium temperatures, the precipitation
strengthening effect under these conditions reaches its maximum effect, until it decreases
again at higher temperatures. In the material, both effects will interact with each other and,
therefore, lead to a rather complex strengthening behaviour.
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The strain rate-dependence is not considered in this analysis, since the flow curves are
implemented in tabular form within the multilinear isotropic hardening model. Consequently,
the modelled mechanical behaviour is temperature-dependent but not strain rate-dependent. A
possible way to take strain rate effects into account in future work is the implementation of
the user-defined subroutine ‘simple MicroStructure Evolution’ (sMSE) [48,49]. SMSE allows
for a more detailed material description, including temperature- and strain rate-dependent
mechanical properties.

RESIDUAL STRESS AFTER WATER QUENCHING

The simulation results for the residual stress component in the ¢ = 45° direction are shown in
Fig. 8. XRD measurements are taken along the surface path sae, and compared with the
simulation results. The simulation predicts a symmetrical stress profile along this path, with a
relatively constant value of o,-45> at -65 MPa, which decreases toward the edges. The
measurements show good qualitative agreement with the simulation between the 0 mm and
28 mm marks; however, they deviate somehow beyond this point. Specifically, an
asymmetrical stress profile is observed, with a peak value of -103 £ 10 MPa detected at
approximately 40 mm. Overall, the simulation consistently underestimates the absolute stress
values when compared to the measured data.

The measured peak value of about -100 MPa would imply a plastic strain of approximately
2.5 %, based on the flow curves obtained from compression tests (see Fig. 7). This level of
strain appears unrealistic for the quenching process. In contrast, the simulated strain at the
same location is about one order of magnitude lower, resulting in a much lower predicted
stress value of about -65 MPa.
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Fig. 8 The Figure shows a cross-section of the stress lattice model with the surface path sae

indicated. The simulation results for o,-45- are compared to XRD measurements.

While the simulation captures the general trend of the residual stress distribution along the
path sag, notable discrepancies remain compared to the XRD measurements. Several factors
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may contribute to these discrepancies. One possible explanation is that the calibration of the
heat transfer coefficient aimm, based on a simple plate geometry, may not be directly applicable
to the more complex stress lattice. To address this issue, further experimental verification is
needed. This could be achieved by equipping the stress lattice with thermocouples and
comparing simulated cooling curves with data obtained from immersion quenching.

Another potential reason for the discrepancies lies in the limitations of the material
description. The hardening model used in the analysis does not account for strain rate-
sensitivity, which could affect the accuracy of stress predictions. Furthermore, the
thermomechanical treatment applied in the dilatometer for compression tests may not fully
represent the material’s behaviour under immersion quenching conditions.

SUMMARY

In the present work, we introduce a simulation approach for predicting residual stresses in
aluminum cast parts during immersion quenching. A temperature-dependent heat transfer
coefficient aimm is developed and implemented in an FE simulation using ANSYS. aimm is
experimentally calibrated using a simple plate geometry and subsequently applied to the more
complex stress lattice to simulate the generated residual stresses. The mechanical behavior
during quenching is experimentally determined using compression tests, and the resulting
stress profiles of the stress lattice are validated by XRD measurements.
The following three key statements can be made:

e The applied model accurately reproduces the experimentally determined cooling
curves for the plate geometry. The heat transfer coefficient values closely match those
reported by Bamberger et al. [22] within their valid temperature range.

e Compression tests show that the initial yield strength Rpo.2 of EN AW-6016 exhibits
a plateau between 100 °C and 300 °C, which might be explained by the effect of
CCD. Additionally, precipitation can occur during isothermal holding, resulting in a
complex temperature-dependent behavior.

e Thesimulation predicts a symmetrical residual stress profile along the examined path.
In contrast, the XRD measurements show a slightly asymmetrical profile with a local
peak. Overall, the absolute values tend to be underestimated by the simulation. While
most areas along the surface path show good qualitative agreement between the
simulation and measurements, there are still discrepancies that need to be addressed.
To enhance the accuracy of the simulation, further refinement of the cooling
conditions and the material description is necessary.
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