Materials & Design 257 (2025) 114530

terials

BESEN

Contents lists available at ScienceDirect

Materials & Design

FI. SEVIER

journal homepage: www.elsevier.com/locate/matdes

Prediction of recrystallization behavior during aluminum extrusion using
physics-based modeling

Oliver Schulz ™ @, Lukas Kertsch °, Johannes Gebhard *®, Yannis P. Korkolis *®,
A. Erman Tekkaya *®, Maksim Zapara "

& Institute of Forming Technology and Lightweight Components (IUL), TU Dortmund University, Baroper Strafe 303, 44227 Dortmund, Germarny
® Fraunhofer Institute for Mechanics of Materials IWM, Wohlerstrae 11, 79108 Freiburg, Germany

ARTICLE INFO ABSTRACT

Keywords:

Hot extrusion
Microstructural prediction
6xxx alloys

Mean-field model

The mechanical properties of extruded aluminum profiles depend on the microstructure after extrusion. Pre-
diction of the microstructure is therefore necessary, especially for the design of crash-relevant lightweight
components. In this paper, the physics-based mean-field model developed by Fraunhofer IWM is originally
introduced to aluminum extrusion to predict the recrystallization behavior during the hot extrusion of the
aluminum alloys AA6060 and AA6082. A workflow consisting of material characterization, metallography,
process simulation, and microstructural prediction for hot extrusion is established. The robustness and predictive
capabilities of the calibrated model are validated on a double-chamber hollow profile extruded under standard
industrial conditions. The mean-field model effectively predicts recrystallization based on plastic strain, strain-
rate, and temperature evolution. The recrystallized areas of the hot extruded profiles could be predicted accu-
rately. The grain size prediction of the directly quenched outer surfaces of the profile is relatively accurate (7 %),
the maximum deviation of prediction and experimental observation is up to 52 %, depending on the location in
the profile cross-section. With the successful calibration and validation for both alloys, the framework’s versa-
tility and the proposed workflow is demonstrated. Nonetheless, the results indicate that further investigations

into input data sensitivity is necessary to further improve the model.

1. Introduction

Lightweighting strategies have been contributing to the reduction of
material and energy requirements in various industrial sectors for many
years. Extrusion is used as a particularly economical manufacturing
process for the cost-efficient production of complex aluminum profiles.
The mechanical properties of safety-relevant extruded components are
particularly important. These profiles should have a continuously-
controlled, high quality of microstructure (including spatial homoge-
neity of the microstructure, grain and subgrain size, recrystallized pro-
portion of grains) in order to achieve consistent mechanical properties.

Plastic strain, strain-rate, and temperature across the cross-section of
an extruded product are not uniform due to frictional effects and self-
heating caused by plastic deformation as well as thermal and mechan-
ical boundary conditions [1]. This results in microstructural variations
both within the cross-section and in the longitudinal direction. A chal-
lenge is the formation of coarse grains in the areas near the surface of an
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extruded product due to the different local strain at the edge and in the
center of the extrudate [2]. When the temperature, extrusion speed, and
extrusion ratio are increased, dynamic recrystallization is promoted,
resulting in a decrease of the grain size [3].

The kinetics of microstructural formation due to dynamic and static
recovery as well as dynamic and static recrystallization are strongly
influenced by the type and concentration of the alloying and accompa-
nying elements dissolved in the solid solution, as well as by the distri-
bution and type of primary and secondary precipitates [4].

To ensure satisfactory predictions of the microstructure, a precise
characterization of the recrystallization phenomena is necessary to
achieve suitable model parameters. However, no standard procedure for
characterizing recrystallization under simplified conditions for different
aluminum alloys is known in the literature. For AA7075 [5] and AA2024
[6], the achievable strains and strain-rates in a hot upsetting test were
sufficient to achieve a recrystallized microstructure. Additionally,
AA7050 could be characterized by hot tensile tests [7]. McQueen et al.
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[8] investigated the microstructural evolution of AA1070 under
torsional load to achieve strains of up to 60. Giizel et al. [9] proposed a
miniature extrusion press to characterize the dynamic recrystallization
behavior of AA6082 under similar conditions as industrial extrusion.
However, no dynamic recrystallization was observed for the investi-
gated alloy composition and process parameters. It is understood that
the alloying elements also influence the recrystallization behavior of a
material [10,11]. For this reason, the limited strain-rates achievable
under simplified conditions may not be sufficient to trigger recrystalli-
zation for some aluminum alloys.

There are currently different approaches to modeling the resulting
microstructure, which can be referred to as empirical/phenomenolog-
ical and physics-based models. For phenomenological approaches, the
kinetics of recrystallization are described for example by the Johnson-
Mehl-Avrami-Kolmogorov (JMAK) relationship, which calculates the
volume fraction of the recrystallized material as a function of the hot
forming conditions [12]. Pari and Misiolek [13] were able to include
continuous and geometric dynamic recrystallization behavior in a
combined model for a hot rolling process. This combination resulted in a
good prediction of the recrystallization of AA6061. Furthermore, Foydl
et al. [14] showed that a phenomenological model can be used to
reproduce dynamic recrystallization in a good approximation to the
experimental results. However, the determination of the material-
specific set of model parameters requires a very large amount of data
due to the high level of abstraction, which is why the prediction accu-
racy and the transferability of the calibrated models to changed process
parameters or geometries is severely limited.

In recent years, new numerical approaches coupling crystal plasticity
and recrystallization models were proposed. These approaches update
grain population, crystal orientations, and dislocation densities in a
crystal plasticity (CP) model, based on the microstructural evolution
from a recrystallization model [15]. Manik et al. [16] were able to
couple a crystal plasticity model with FEM for the prediction of the
texture after extrusion of 6xxx alloys and achieved a good fit with the
experimental results in the lower temperature regime. Another approach
is the use of a viscoplastic self-consistent (VPSC) formulation coupled
with finite element simulations (FE-VPSC). These models are able to
predict the evolution of the texture in a spatially-varying strain field, as
well as the anisotropy due to the microstructural evolution [17,18]. An
adaptation of the field fluctuations viscoplastic self-consistent crystal
plasticity model coupled with implicit finite element simulations (FE-FF-
VPSC) was done, which was further able to predict the grain size dis-
tribution as well as including recrystallization by allowing the splitting
of grains after reaching a critical value of the misorientation spread
[19]. Traditionally, VPSC models did not explicitly account for grain size
effects, although recent and more complex formulations [15] and [20]
have been successfully developed to incorporate dynamic recrystalli-
zation phenomena. However, the industrial use of these models would
require more extensive characterization than what is reported here, and
longer computational times, both of which are oftentimes not desired.

Using the CALPHAD approach (Calculation of Phase Diagrams), two
different types of physics-based and thermodynamically-consistent
models have been developed for several years [21]. The first type are
mean-field-based models which are used to predict the evolution of
precipitates, combining hardening, recovery and recrystallization ef-
fects [22], as well as predicting the grain size distributions [23]. Tzini
and Haidemenopoulos included additional models to also consider the
interaction of strain-induced precipitations and static recrystallization
[24]. The second type are full-field-based models, such as cellular au-
tomaton models [25], level set and multi-phase-field method [26], or
Monte Carlo models [27]. Due to their physical basis, these models
require comparatively few model parameters [28] and are better suited
for predictions over a large range of temperature and load (including
extrapolation).

A mean-field modeling approach, utilizing thermodynamic princi-
ples to capture the coupling between the thermo-mechanical material
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behavior and the microstructural evolution, was initially developed by
Kertsch and Helm [29] and subsequently finalized in Kertsch’s PhD
thesis [30]. The model enables the physical description and prediction of
the behavior of precipitation-hardenable metals and alloys during cold
and hot forming, as well as heat treatment. It captures phenomena such
as work hardening, recovery, recrystallization and precipitation, as well
as various coupling phenomena in a thermodynamically consistent
manner, while offering rapid predictions due to its computationally-
efficient mean-field approach.

Table 1 presents a comparison of the aforementioned microstructure
modeling methods, while Table 2 compares the Kertsch-Helm approach
with other core mean-field approaches. Due to its physical consistency,
predictive power, and computational efficiency for industrial process
simulations, the Kertsch-Helm mean-field modeling framework [29,30]
is used in this paper and is applied to aluminum extrusion for the first
time to calculate the recrystallization behavior during the forming
process. The suitability and accuracy of the prediction is determined by
industrial extrusion trials. To achieve this goal, sequential tasks have to
be solved: initially the microstructural as well as the mechanical
behavior of the investigated alloys are characterized by hot upsetting
tests with a full factorial plan. The suitability of this test to achieve
recrystallization under different conditions and alloys is further inves-
tigated. The model parameters are identified using a global stochastic
optimization algorithm. To predict the microstructural changes during
extrusion, the non-measurable state variables (strain-rate, temperature,
pressure, stress) are calculated via FEM simulations and particle tracing.
Lastly, the prediction results of the calibrated model are validated with
laboratory- and industrial-scale extrusion trials.

2. Materials and methods
2.1. Workflow

The proposed workflow to achieve a satisfying microstructural pre-
diction is shown in Fig. 1. The material flow curves as well as micro-
structural data (MS data), average grain size and recrystallization
fraction, for different temperatures and strain-rates are determined with
hot upsetting tests as an easy-to-control test method, and the material-
dependent model parameters are calibrated. With the introduction of
miniature extrusion trials, a first validation of the predicted average
grain size and recrystallized fraction is performed with a minimized
need for material. To fully predict the microstructure in extrusion pro-
cesses, the evolution of the non-measurable state variables (e.g., tem-
perature, pressure, strain-rate, and stress as functions of time) are
calculated with finite element simulations (FEM). Finally, the precision
and robustness are tested on an industry-relevant profile geometry and
under industry standard conditions.

The microstructure model developed by Kertsch and Helm [29] and
Kertsch [30] is used to calculate the evolution of the grain size distri-
bution, the recrystallized fraction, and the yield stress from the history
of temperature and plastic strain. All evolution equations are physics-
based and derived from thermodynamic principles. A key strength of
this model is its unified framework, where different recrystallization
modes such as static, dynamic, and post-dynamic are not modeled
separately but emerge naturally from a single set of physics-based
equations depending on the thermomechanical history. For complete-
ness, the model is reviewed below.

At each material point, the microstructure is described by a set of N
spherical grains with radii Ry, ---,Ry. The hardening of grain i is modeled
using the internal variables g} and q? describing the energy storage due
to dislocations. Their definition and the corresponding evolution are
motivated by a combination of dislocation density based and phenom-
enological plasticity models [30]. According to the Taylor assumption,
all grains at a material point are subjected to the same deformation and
temperature and the interaction of the grains is modeled using a mean-
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Table 1
Comparison of numerical modelling methods to predict the microstructure.
Method Computational Cost Physical Detail Industrial Applicability Advantages Limitations
Mean-field Low Moderate Good — Thermodynamic consistency — Averaged spatial effects
— Fast computation — Spherical grain assumption
— Multi-physics coupling
Crystal Plasticity FEM Very High Very High Limited — Full spatial resolution — Computationally prohibitive
— Complex geometries — Limited volume sizes
— Detailed mechanics
Advanced VPSC Moderate High Good — Texture evolution — Complex parametrization
— Crystal mechanics — Still homogenization-based
— Size sensitivity
Cellular Automata High Moderate Poor — Spatial microstructure — Mesh dependency
— Topological effects — Phenomenological rules
Monte Carlo Very High Very High Poor — Fundamental physics — Statistical convergence issues

— Stochastic effects — Extreme computational cost

Table 2

Comparison of the Kertsch-Helm modelling framework with other core mean-field approaches.

Aspect Kertsch-Helm Hillert [31] Fischer-Svoboda [32] Cram et al. [33] Bernard et al. [34] Riedel-Svoboda [22]
[29,30]
Thermodynamic Miiller-Liu Energy-based Onsager extremal Energy-based Energy + grain Chaboche-type
Foundation consistent only principle boundary terms phenomenological
Energy Conservation Rigorous Approximate Extremal principle Not enforced Partial Not addressed
enforcement based
Parameter Physics Physically Simple Thermodynamic + Mixed physical/ Mixed physical/ Largely empirical
meaningful geometric kinetic empirical empirical
Multi-physics Coupling Native unified Grain growth Precipitation focus Mechanical only Mechanical + thermal Limited coupling
framework only
Computational High High Moderate High Moderate Low
Efficiency
Mean Field Model
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Fig. 1. Workflow for the prediction of the microstructure
field approach. The grain sizes evolve according to

o= M (vt G A) (= 1,) W
1

where My, (T) denotes the temperature-dependent grain boundary

mobility following Arrhenius kinetics for thermally activated processes

with My the pre-exponential factor, Qg the grain boundary migration

activation energy, R the gas constant (8.314 J/(mol-K)) and T the ab-

solute temperature.

with a mean-field-model (MS: Microstructural data).

_ng
R-T
The terms in the parenthesis of Eq (1) are the driving pressures with
units of energy density [J/m>] with ogp the grain boundary energy per

unit area, y,,; the stored energy due to plastic deformation of the i-th
grain and A the Lagrange multiplier. This energy storage is expressed by

=38 (d) 2

with the temperature-dependent shear modulus x#(T) and constant pa-

Mg (T) = M0~exp( (2

3
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rameters &, which in turn are functions of the two internal variables q’l
The Lagrange multiplier A in Eq. (1) ensures volume conservation and is
calculated from the condition

N .
Zi:1RiZRi =0 @

Recrystallization is modelled by the fact that a grain i produces new

recrystallized grains with the nucleation rate
3 P2
. &
N=A|l + ¢ i Ri2<l//p,i - Wp.cr) (5)

In Eq. (5), y,, (T) represents the critical plastic energy. Nucleation oc-
curs only in grains whose plastic energy exceeds this threshold. This
behavior is modeled by the Macauley brackets () defined by (x) =
(x+|x|)/2. The variables A(T), ¢, (T), ¢(T), and é, = 157! are further
model parameters, and &, denotes the equivalent plastic strain-rate.
Recrystallized grains initially have the very small size Ry and can
grow according to Eq. (1). The evolution of the hardening variables is
described by the equation

—x

i-[1-7(2) dla-dd-3di-1-Ni-12  ©

where the parameters #/(T) and % control dynamic recovery and @/(T)
controls static recovery. The last term in Eq. (6) is related to the soft-
ening due to the growth of recrystallized grains. Finally, the yield stress
is calculated by

oy = ko +”lezi |:Z]21 ‘f’qi:| ™

where ko(T) denotes the temperature-dependent intrinsic strength and
2 =R}/ Zjli 1R} the volume fraction of the i-th grain on the poly-
crystalline ensemble. However, the calculated yield stress is not used in
the FEM, since the calculation is only run as a post processing tool to
save computational cost.

2.2. Materials and specimen preparation

The two aluminum alloys AA6060 and AA6082 are selected due to
their high technological and economic importance for extrusion pro-
cesses. The alloys are produced according to the European standard for
wrought aluminum (EN AW) and are obtained as billets with a diameter
of 203.2 mm in a homogenized state. Their chemical composition is
provided by the manufacturer by spectral analysis and is listed in
Table 3. The composition of the AA6082 alloy show a rather low amount
of silicon (0.7 — 1.3), manganese (0.4 — 1.0) and magnesium (0.6 — 1.2)
compared to the range of such an alloy. Especially due to the rather low
amount of magnesium, a more pronounced recrystallization behavior is
to be expected compared to a more average 6082 alloy.

The specimens for the hot upsetting tests and miniature extrusion
trials are cut with a water jet to avoid heating effects and any change in
the initial microstructure. The specimens for hot upsetting have a
diameter of 10 mm and a height of 15 mm, whereas the miniature
extrusion billets have a diameter of 19 mm and a height of 25 mm. The
cylindrical specimens are cut out in a grid across the cross section of the
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billet. Due to the homogenized state, in which the billets arrived, a
homogeneous average grain size is observed over the initial cross sec-
tion. Therefore, the position of the specimen does not influence the
initial grain size for further investigations.

2.3. Hot upsetting

The isothermal hot upsetting tests to determine the flow curves,
model parameters and microstructural evolution are carried out on a
Gleeble 3150 thermomechanical testing machine under closed-loop
control to maintain isothermal conditions and constant true strain-
rates until barreling of the sample. In this work, the samples are
loaded further to investigate the recrystallization behavior. The tem-
perature was consistently measured and remained constant due to the
relatively short process time. The setup (Fig. 2) includes a pneumatic
ejector and a water quench for targeted and immediate quenching of the
deformed samples. To reduce friction and ensure good electrical con-
ductivity, both ends of the samples are prepared with nickel paste and
graphite foil. A camera setup and several thermocouples are also used to
monitor the deformation behavior and temperature of the samples. For
the calibration of the material parameters, only data from the stable
deformation regime of the upsetting tests were used.

2.4. Miniature extrusion
A self-developed miniature extrusion press [9] is used to perform the

extrusion trials for initial validation of the predicted microstructure, as
well as the characterization of the recrystallization behavior of AA6082.

Fig. 2. a) experimental setup for the hot upsetting tests on the Gleeble 3150
with an additional water quench below the clamping jaws (not pictured here),
b) thermocouple on the specimen to monitor the temperature during testing.

Table 3
Chemical composition of the used aluminum alloys.
Si Fe Cu Mn Mg Cr Ni Zn Ti Ga \% B Zr
AA6060 0.524 0.217 0.003 0.046 0.472 0.002 0.016 0.011 - — — —
AA6082 0.870 0.120 0.018 0.420 0.730 0.010 0.004 0.012 0.028 0.008 0.007 0.001 0.002
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The setup is shown in Fig. 3, which includes additional thermocouples in
the die and the punch to measure the temperature evolution in these
areas and investigate the influence on the recrystallization and recovery
mechanisms. The recipient, die, and billet are heated to the desired
temperature in an external furnace, which ensures that all three have the
same temperature at the beginning of the test. A water-filled tube below
the recipient is integrated to immediately quench the extruded profile
and freeze the microstructure in the state after forming. The discard, die,
and recipient can be quenched in an additional water bath in front of the
test setup, which allows analyzing the highly inhomogeneous micro-
structure in the discard. The water in both containers is replaced after
each test to avoid heating. The parameters for the extrusion trials are
given in Table 4.

2.5. Microstructure analysis

For the analysis of the microstructure, the specimens are cold
mounted, electrolytically etched using the Barker’s reagent, and inves-
tigated with optical microscopy under polarized light. Due to the large
number of different investigated specimens and the possibility to time-
efficiently analyze the complete cross-section, light microscopy was
chosen as a reasonable method to assure quantification of the micro-
structure analysis. The grain size is determined as an average grain
length I,; with the mean linear intercept method in accordance with ISO
643. To compare the measured grain sizes with the predictions of the
microstructure model, an equivalent three-dimensional grain diameter
D is calculated by D = 1.5:I,4 [35].

2.6. Numerical determination of non-measurable process parameters

To expand the experimental database with the non-measurable state
variables such as pressure, stress, temperature and strain-rate, numerical
process simulation of the miniature extrusion trials are conducted with
the FEM program Inspire Extrude Metal from Altair. The steady-state
regime based on the Euler approach is modeled with the flow volume
extracted from the die and container model of the experimental setup.
With the definition of the bearing zone on the die, the resulting profile is
also generated. The complete model is discretized with 1st order tetra-
hedral elements with 4 nodes TET4 in Inspire Extrude by Altair with a
total element count of 67,432 (R = 25), 72,898 (R = 44) and 1,126,811
(AA6082) for the simulation of miniature extrusion and 2,754,763 while
using symmetry and only modeling a quarter of the process for the in-
dustrial extrusion. Due to the Eulerian conditions of the mesh, for a
minimum element length in the bearing area of 0.35 mm, 0.175 mm or

Insulating
panel

Ram

Billet Heating
/ sleeve

Thermo-

couple

Die

Container

Insulating
panel

Quench

Container

Fig. 3. Setup of the miniature extrusion press [9].
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Table 4
Parameters for the miniature extrusion trials.

Extrusion ratio R Ram speed Vyay (mm/s) Temperature T (°C)

11.11 5 420 (only for AA6060)
25 9 450 (only for AA6082)
44.44 550

600

0.05 mm the maximum calculated strain, strain-rate and temperature
did not change. However, the relatively fine discretization is necessary
to distinguish between multiple particle traces. The plastic behavior of
the workpiece was modelled with the Zener and Hollomon model [36]
modified by Sellars and Tegart [37], with parameters obtained from the
program’s database. The present model for AA6060 is in good agree-
ment with the flow curves presented in the next section (see A.1). The
investigated flow curves of AA6082 (Section 3.1) show in average an
11 % higher flow stress compared to the ones found in the program’s
database. Therefore, the predefined material model was scaled accord-
ingly: o =10/9 e ot Model- Additionally, two different friction models are
used. On the container and die wall, sticking friction is assumed. Along
the bearing zone both sticking and slipping conditions apply [38].
Therefore a viscoplastic friction model, which includes the shear stress
as a function of pressure and flow stress, with a friction coefficient of y =
0.3 is used, which resulted in a similar maximum ram force compared to
the experimental trials as well as providing good results in the literature
[39]. The process parameters are set according to the values of the
investigated experiments. The numerical calculated stationary ram force
represents the maximum force in the respective force-displacement
curves from the experiments which are used for validation, see A.2.

In order to understand the evolution of the microstructure, the state
variables are computed along selected paths (Fig. 4). For this purpose,
individual material points, referred to as particles, are defined on the
cross section of the extruded profile and followed backwards throughout
the extrusion process.

3. Results and analysis
3.1. Flow curves

Hot upsetting tests, as described in Section 2.3, are conducted to
determine the material flow curves under strain-rates of 0.1 to 3 s~ ™.
Plastic strains up to 1.5 are successfully tested and isothermal conditions
are ensured during the test. Each test condition is repeated to ensure
reliability. With a standard deviation for the measured flow stress in the
range of 1-3 MPa, or approximately +2-6 % of the absolute stress value,
the experimental scatter between the repeated tests is low, reflecting the
high fidelity of the Gleeble equipment. The curves shown in Fig. 5 and
Fig. 6 represent arithmetic mean values of the floe stresses measured in
the repeated tests.

The flow curves determined for AA6060 show a clear strain-rate
dependence (Fig. 5), i.e., the yield stress increases with increasing
strain-rate. In contrast, the stresses at 550 °C are considerably lower

Particle

Strain  frace \ Billet
F20 particie 2 \‘\‘
7.0 \ \\_fﬁ’@

50

30
Fo

78

Extrusion _____, 5 mm
direction

Fig. 4. Exemplary 3D process simulation with particle trace calculation to
determine the evolution of the state variables. A symmetric cut is introduced to
visualize the particle paths inside the die.
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Fig. 5. Temperature and strain-rate dependent flow curves determined by hot upsetting tests of AA6060.
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Fig. 6. Temperature and strain-rate dependent flow curves determined by hot upsetting tests of AA6082.

than at 420 °C. After a steep initial increase, all flow curves are very flat.
It should be noted that at higher deformation speeds, the specified
strain-rate was only achieved at higher strain. Corrected for this effect,
these flow curves would be even flatter. This shows that, as a result of
pronounced dynamic recovery, the material exhibits only weak work-
hardening. The flow curves show no softening behavior and therefore
no signs of dynamic recrystallization.

Similar temperature and strain-rate dependencies like for AA6060
can be seen in the flow curves of AA6082 (Fig. 6). This alloy also shows a
pronounced dynamic recovery and no signs of dynamic recrystallization.
The fact that the flow stress at 450 °C and a nominal strain-rate of 3 s~
seems to drop after a strain of 0.5 can be explained by a drop of the
actual strain-rate. In general, friction effects and other perturbations
increase at higher strains, such that the flow curves should not be
interpreted at strains of more than approx. 1.

3.2. Microstructural evolution during hot upsetting experiments

The microstructural evolution during hot upsetting is investigated
for different combinations of the process parameters billet temperature
Tp, strain-rate &, total strain &, and holding time t after deformation.
However, since a strain-rate of more than 3 s~! cannot be controlled
constantly due to the acceleration process of the machine crosshead,
only strain-rates up to 1 s~* are considered. To investigate the static and
dynamic recrystallization behavior, the samples are either quenched
immediately, or kept at the test temperature for a defined additional
period of maximum t = 30 s after forming. The temperature range
investigated corresponds to the usual temperatures during extrusion,
ranging from 420 °C to 550 °C.

Using the optical microscopy, no dynamic recrystallization can be
determined for either alloy (Fig. 7a, b), which is consistent with the
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AAB082

b) 7=450°C,t=0s,6=1.5¢=1.0s"

| 2 mm |

d)T=550°C,t=30s,¢6=15,=1.0s"

| 2 mm |

Fig. 7. Resulting exemplary microstructures after the hot upsetting with direct quenching, showing no recrystallization for both alloys (a and b), and delayed
quenching resulting in recrystallization only for AA6060 (c) and not AA6082 (d). The blue box in the schematic is of the same size as the micrographs.

observed flow curves. A completely statically recrystallized micro-
structure of AA6060 could only be achieved by increasing the time be-
tween upsetting and quenching of the specimen (Fig. 7c). For AA6082,
no nucleation or recrystallization is observed for any of the parameters
tested, even with a delay between upsetting and quenching (Fig. 7d). As
already analyzed in the literature [10,11], the significantly higher
manganese content (0.42 wt% compared to <0.1 wt% for AA6060)
hinders grain boundary motion and causes the formation of dispersoids,
which actively hinder recrystallization of the microstructure due to the
increased Zener drag [10], and would therefore need higher strains to
achieve the onset of recrystallization.

The resulting average grain length of the recrystallized microstruc-
ture of AA6060 could be varied via the process parameters and is be-
tween 105.2 um (T = 460 °C, &t = 1.5, t = 30 s) and 217.11 um (T =
550 °C, &t = 0.8, t = 30 s) (Fig. 8). Below a block temperature of 460 °C,
only a compression of the grain structure is observed, but no nucleation.
For comparison, in the initial homogenized state, the average grain
length is 97.34 ym and 93.40 um for AA6060 and AA6082, respectively.

Due to the absence of recrystallization in the upsetting tests of
AA6082, additional test methods to achieve recrystallization are needed
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Fig. 8. Average grain size after hot upsetting of AA6060 for an exemplary se-
lection of process parameters.

for the calibration of the microstructure model; however, for AA6060
the hot upsetting tests are sufficient for the calibration.

3.3. Calibration of the microstructural evolution model for AA6060 using
hot upsetting

The parameters of the microstructural evolution model are cali-
brated using a two-step procedure. At first, the parameters controlling
the intrinsic strength, hardening, and recovery phenomena, i.e., those
from the equations (6) and (7), are identified based on the flow curves
from the hot upsetting tests using a global stochastic optimization al-
gorithm, specifically the differential evolution algorithm. As Fig. 9
shows that for AA6060, the measured and calculated flow curves match
very well and the temperature and strain-rate dependencies are accu-
rately reproduced.

Equation (3) shows that the hardening serves furthermore as a
driving force for recrystallization. Therefore, the model parameters from
the equations (1) and (5) describing the recrystallization behavior are
identified in a second step, using the already calibrated plasticity pa-
rameters. Due to the interaction of the model equations, this part of the
parameter identification is performed with a heuristic approach using
the observed microstructural evolution in the upsetting tests. The cali-
brated model parameters for AA6060 are given in Table 5. It should be
noted that the grain boundary energy oy, has been set to zero. This was
necessary, because the calculated driving forces for recrystallization are
relatively low compared to the capillarity forces resulting from the more
realistic value of g, = 0.324 J/m? [40]. Since the parameter cg;, has no
influence on the static recrystallization behavior and is mainly relevant
in grain coarsening when no deformation is involved, this choice may be
acceptable in this application, where recrystallization is driven by the
stored energy due to plastic deformation. However, a more realistic
value of o4, should be used in future work. For this, it may be necessary
to adjust the parameters related to work hardening in order to achieve a
more suitable plastic energy level compared to the grain boundary
energy.

Fig. 10 shows exemplarily the calculated recrystallization behavior
(solid line) and experimental results (square symbol) at 550 °C in terms
of the recrystallized fraction (Fig. 10a and c) and average grain size
(Fig. 10b and d) for total strains of & = 0.8 and 1.5, as well as two
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Fig. 9. Temperature and strain-rate dependent flow curves of AA6060 calculated with the mean-field microstructure model and compared with the experimentally

determined flow curves using hot upsetting test.

Table 5
Parameters of the microstructural evolution model for AA6060. Rg,s denotes the
gas constant and T the absolute temperature.

AA6060
4 in GPa T— 300K
26(1-02———
6< 0-27 500K
a 0.0167
p 5 < 25 kJ/mol-K)
622.75exp| — —————
i Ryas T
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52 0.9087
»” 24625.9ex ( - 19ki/malK mOI‘K)
Jexp Reas T
x2 0.2243
a' =a*ins7! 25kJ/mol-K
0.5 -
o =t )
m* 65kJ/mol-K
in — 1.5.10°° -
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Vper i 5 2.3-108 <1 1 tanh (20.32 ~0.0343 E) ) 14110
Rp in pm 1
ko in MPa T— 693K
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holding times t = 15 s and 30 s. As expected, increasing the strain results
in a faster recrystallization, as the higher dislocation density leads to a
higher driving force. As recrystallization sets in, the calculated average
grain size drops due to the formation of new small grains. As the nuclei

grow and hence consume the deformed grains, the average grain size
increases again. The calculated final grain sizes are in good agreement
with the measured values. Also at lower temperatures, the model re-
produces the observed recrystallization behavior. At 420 °C, the model
predicts that no recrystallization occurs in the upsetting tests, which is in
accordance with the experimental observation as shown in Section 3.2.

Even though the mean-field model does not directly incorporate the
influence of the different alloying elements on the effect of recrystalli-
zation, such as Manganese (as stated in Section 3.2), the model implic-
itly accounts for compositional differences through the calibration of
material-specific parameters, such as the grain boundary mobility Mgy,
and the critical energy for nucleation ., which are fitted to the
macroscopic behavior of each specific alloy.

3.4. Lab-scale validation and analysis of the model behavior for AA6060

Miniature extrusion trials are performed on AA6060, in order to
validate the predicted microstructure of the calibrated model. To further
investigate the robustness of the model, multiple combinations of
different process parameters (extrusion ratio R, billet temperature T and
ram speed Vyay) are tested out to achieve different resulting micro-
structures. The same temperature as for the upsetting tests, with an
additional homogenization of the billets for 30 min before extrusion,
and standard extrusion ratios for the industry between R = 11.11 and R
= 44.44 are investigated.

In contrast to the hot upsetting test, the miniature extrusion trials
show a recrystallization of the microstructure for all inspected param-
eter combinations of AA6060 due to the higher plastic strain-rates é e,
especially on the profile outer edges (up to & ¢q = 500 s71). The extruded
microstructure on three positions along the extruded length is shown in
Fig. 11. The beginning of the profiles show a homogeneous micro-
structure along the extrusion axis (b-c and e-f). With decreasing distance



O. Schulz et al.

Materials & Design 257 (2025) 114530

T=550°C,¢=1.0s"

a) 10 1 b)
' —:=08,1=30s ._%400 —¢=08,1=30s
.508 —g=151=15s £ —¢=151=15s
g P l=e=15t=30s lE —¢=15,1=30s [
= = Simulation 2 300 [= Simulation
§ 0.6 (m Experiment 2 M Experiment
N ©
© L)
% 0.4
:’a; _g 200
So2 =
8 100
0.0 =
0 50 100 0 50 100
Timeins Timeins
T=550°C,é=3.0s"
c) - d)
1.0
—2=08,:=30s € 400 [~4=08:=30s
& —¢=15,1=15s £ —:=15¢t=15s
508 |—:=15/=30s Q —5=151=30s
= = Simulation 2 300 [= Simulation
E 0.6 |m Experiment % B Experiment
= S
04 £ 200
¢ 0.2 =
()]
. S 100
) 50 100 0 50 100
Timeins Timeins

Fig. 10. Exemplary evolution of recrystallized fraction (a, c) and average grain size (b, d) calculated with the mean-field microstructure model for hot upsetting of

AA6060 at 550 °C for ¢ = 1.0 57! (a, b) and ¢ = 3.0 5! (c, d).
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Fig. 11. Resulting microstructure of AA6060 (d-f) and AA6082 (a-c) depending on the position along the extrusion axis over the complete profile width.

towards the die, a more inhomogeneous microstructure regarding the
grain size as well as the recrystallized fraction can be observed. This is
due to the heat flux from the die and container into the profile. There-
fore, the evaluation of the microstructure is done at a fixed distance of

100 mm from the beginning of the profile. A similar observation applies
to small extrusion ratios. The lower achievable profile lengths of 220
mm for extrusion ratios of R = 11.11, compared to 500 mm at R = 25
and 880 mm at R = 44.44, prevents the development of steady-state
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conditions in the extrusion process, and are therefore not used for the
modeling or validation.

The extruded specimens of AA6060 show a strong tendency to
recrystallize. Even at lower billet temperatures (in comparison to the
upsetting tests) of 420 °C (R = 25, Vya, = 5 mm/s), recrystallized grains
with an increase in size towards the center of the profile cross section
can be observed. Increasing the billet temperature to 550 °C, or the
extrusion ratio to R = 44.44, achieves complete recrystallization across
the profile cross section. Moreover, a finer grain size is observed in the
edge area, whereas the grain size is coarser in the center of the profile.
The average grain length l,; and resulting microstructure for different
parameters are shown in Fig. 12.

As before, the predicted microstructures based on the strain and
temperature histories of selected material points in the profiles obtained
as described in Section 2.6 are compared to the experimentally-observed
microstructures. As an example, Fig. 13 shows the results for two tests at
550 °C with a ram speed of 9 mm/s with two different extrusion ratios.
Similar dependencies of the resulting microstructure on the position in
the cross-section and process parameters like in the experiments are
predicted by the recrystallization model. In particular, the conditions
under which recrystallization does or does not occur are predicted
accurately for all experimentally tested process parameter combinations
(Fig. 13a and c). However, the contrast between the calculated grain
sizes in the profile center and at its surface is not as strong as experi-
mentally observed, as Fig. 13b and d illustrate. This indicates that the
prediction of the final grain size is more sensitive to the input data than
the prediction of the recrystallization state. Therefore, both the micro-
structure model and the input data from the process simulation may
need further improvement. Despite these limitations, the prediction of
the recrystallization state is highly accurate and the most robust output
of the model. Consequently, the microstructure model for AA6060 can
be regarded as satisfactorily validated.

With the calibrated and validated model, fictitious trials were
calculated to further analyze the model behavior for AA6060. A total of
46,046 synthetic trials are calculated varying temperature
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(420 °C-600 °C and constant during the test), plastic strain (0.01-10),
and strain-rate (1 s~ 121000 s_l). As a key result of this data set, com-
binations of process parameters that lead to recrystallization during the
holding time after deformation can be separated from those combina-
tions that do not induce recrystallization, as shown in Fig. 14. For
various temperatures, a line highlights the strain-rate- and strain-
dependent border between the recrystallization regime (top right
portion) and the non-recrystallization regime (bottom left portion). As
expected, a minimum strain-rate and minimum total strain is needed for
recrystallization to set in. Up to approx. 500 °C, the strain-rate and total
strain required for recrystallization decrease with increasing tempera-
ture. Above 500 °C, this trend is reverted due to the increasing impor-
tance of recovery effects, such that with further increasing temperature,
increasing strain-rate and total strain are required for recrystallization to
set in. With the information of Fig. 14 the recrystallization behavior of
extrusion processes can be evaluated. By comparing the strain, strain-
rate and temperature history of a material point with the depicted
recrystallisation limits, the recrystallizing locations can be determined.
Furthermore, to assure the occurrence of recrystallization either a
variation of the temperature or the strain-rate in form of the ram speed
can be enough to achieve a complete recrystallization.

3.5. Microstructural evolution model calibration for AA6082 with
miniature extrusion

Since the hot upsetting tests of the alloy AA6082 show no signs of
recrystallization of the microstructure (as seen in Section 3.2) due to the
relatively low achievable strains (¢; = 1.5) and strain-rates of not more
than ¢ = 3 571, the calibration of the recrystallization parameters of the
microstructure model is not possible in this way. The aforementioned
miniature extrusion trials achieved comparable critical thermo-
mechanical conditions as in industrial extrusion to reach a recrystalli-
zation regime due to the higher total strain (maximum plastic strain of
6.7 — 9 for the investigated extrusion ratios R = 25 — 44.44) and strain-
rates (locally exceeding 100 s~!). In agreement to the results of the
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Fig. 12. Exemplary resulting recrystallized microstructures and average grain sizes of AA6060 after miniature extrusion at 550 °C with different extrusion ratios and
ram velocities. The blue box in the schematic shows the plane of the microstructure images and is of the same size as the micrographs.
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upsetting tests (Section 3.2), the lower tendency of AA6082 to recrys-
tallize could also been seen during miniature extrusion. For this alloy,
the resulting microstructural evolution can be divided into two cases:

e No recrystallization or nucleation of the microstructure. Only a
strong elongation of the grains, leading to a fibrous microstructure.

e Recrystallization in the outer edge area of the profile. A fibrous
microstructure, without recrystallization, remains at the core of the
profile.

Fig. 15 shows the microstructure and the recrystallized fractions
across the profile cross section for different parameter combinations. An
extrusion ratio of R = 25 resulting in a total maximum plastic strain of
6.7 at T = 450 °C (Fig. 15a) is enough to achieve a fine recrystallized
edge area with a thickness of 13.43 um. With the increase of the tem-
perature to 550 °C (Fig. 15b) the thickness of the recrystallized edge area
can be increased by 373 % to 63.59 um. A further growth of the edge
area thickness of up to 95.14 ym (+50 %) and 80.58 um (+27 %),
respectively Fig. 15¢ and Fig. 15d, can be observed by increasing the
extrusion ratio to 44.44. The smaller edge area for the higher ram speed
of 9 mm/s can be explained by the resulting time between tool and
quench. At a speed of 5 mm/s the extrudates remains at a high tem-
perature for 0.32 s before it reaches the quench. At a ram speed of 9 mm/
s, the time interval for grain growth is only 0.18 s before the resulting
microstructure is frozen by the quench. Additional extrusion trials with a
billet temperature of 600 °C did not cause any recrystallization or
nucleation of the microstructure comparable to the results of the ficti-
tious trials of AA6060, needing a higher amount of total strain and/or
strain-rate to achieve a recrystallization regime.

The calibration of the material parameters for the microstructure
model for AA6082 is done in accordance to Section 3.3 and results in a
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Fig. 15. Exemplary resulting microstructures of miniature extruded AA6082 showing no recrystallization in the investigated material point “surface” at lower
temperature (a) or a recrystallized edge zone (b-d) with varying thickness due to the different process parameters listed in the micrographs.

similar predictive accuracy as for AA6060. For the recrystallization
parameters, the strain and temperature histories of the miniature
extrusion trials are calculated on five positions along the radius of the
profiles as described in Section 2.6 and are used as input to the model.
The predicted microstructures are compared to the experimentally ob-
tained ones from the miniature extrusion trials. The model parameters
are iteratively adapted in order to achieve the best possible agreement

Table 6
Parameters of the microstructural evolution model for AA6082. Rg,s denotes the
gas constant and T the absolute temperature.

AA6082
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between experiment and simulation (Table 6). Since this calibration is
conducted through experimental and numerical extrusion trials, it had
to be calibrated with significantly more assumptions or under consid-
eration of complex boundary conditions. As a result, the prediction ac-
curacy is lower compared to that of AA6060, which was calibrated with
hot upsetting tests. Nonetheless, the validation in Section 3.6 demon-
strates the robustness of the calibrated model in predicting whether a
material point ends up in a recrystallized state and suggest that minia-
ture extrusion trials are a suitable alternative for calibration.

3.6. Validation with industrially-scaled trials for AA6082

For the validation of the calibrated microstructure model for AA6082
industrially-scaled extrusion trials are conducted. A typical double-
chamber profile (Fig. 16a) in a parallel 2-profile set up (Fig. 16b) with
an extrusion ratio R = 20 and industrial process parameters used for
production (T = 480 °C, Vyam = 4.51 mm/s, water spray mist quench)
are chosen.

With the different wall thicknesses and an inner profile bridge
without direct contact to the quenching medium, different conditions
with regard to the resulting microstructure across the profile cross sec-
tion can be observed (Fig. 17). The observed microstructure is compa-
rable to the microstructure after miniature extrusion, showing a
completely recrystallized edge area of one to two grains in thickness and
a fibrous, non-recrystallized center structure.

The four shown areas of the profile cross section (inner and outer
longitudinal weld seam area, upper and middle bridge) are chosen and
the material model is applied to five material points equally distributed
through the wall thickness (as discussed in Section 2.6). For the calcu-
lation of the input data for the material model, a numerical simulation of
the industrial extrusion trial was set up in agreement to Section 2.6 and
was also validated with the ram force (maximum ram force in experi-
ment: 21.6 MN, in simulation: 20.3 MN). The model is able to success-
fully predict whether a particle path ends in a recrystallized
microstructure or not for all these investigated material points.
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Fig. 16. a) cross section of the industrial profile b) flow volume inside the die
and two-profile setup of the industrial profile for validation of the micro-
structural evolution model.

Considering the complex process of hot extrusion of hollow profiles, the
experimental and predicted average grain sizes in the recrystallized
areas are generally in good agreement (Fig. 18). Depending on the
location of the points along the profile cross-section, the agreement
ranges from excellent to average. For example, in the recrystallized edge
area on the outside of the upper bridge the average grain size measures
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146 pm and the model prediction is 137 um, resulting in a deviation of
6.1 %. Overall, the average grain size is predicted within 20 % of the
measured value in recrystallized areas on the outside of the profile (blue
bars in Fig. 18).

On the other hand, the predicted grain sizes of the inner edges of the
profile tend to be underestimated in the simulations by up to 100 pym.
For example, on the inner side of the outer longitudinal weld seam the
average grain size after extrusion is 196 pm, where as the model predicts
93 um. This can be partially attributed to the incomplete modeling of the
quenching process after forming, since the extensive spray mist quench
cannot be fully represented numerically. Instead, exemplary expected
cooling rates from the industry between 20-180 K/s are used in the
microstructural model, i.e., 180 K/s for material points at the outside of
the profile and 20 K/s for material points on the inside of the middle
bridge. The cooling rate is an average value determined by the measured
temperature difference of the extrudate between entering and leaving
the quench and was given by the industrial consortium of this project. In
the industrial trial, this could not be validated for different positions,
especially on the inside of the profile. The investigated results suggest
that for a more precise prediction of the recrystallized grain size,
detailed data of the quenching process is needed. An exception from the
overall underestimation of the predicted average grain size is the outside
area of the inner longitudinal weld seam. A possible explanation could
be the radiative heat transfer from the second profile extruded parallel
to each other, which is overestimated in the simulations.

4. Summary and Conclusions
A workflow to numerically predict the recrystallization behavior

during hot extrusion was implemented as a post-processing method with
a mean-field microstructure model newly introduced to the process of
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Fig. 17. a) investigated areas of the industry profile in regards to the position of the two strand extrusion. b) beginning of the profile with visible positions of the
weld seams. d-g) resulting microstructure of the extruded industry profile of AA6082 at 480 °C and ram speed 4.51 mm/s after quenching. The blue circle in the
schematic c) indicates the plane of the microstructure images in regards to the extrusion direction.
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Fig. 18. Comparison of the calculated and measured average grain sizes at different position of the profile cross section where recrystallization could be observed at a
billet temperature of 480 °C and ram speed of 4.51 mm/s for AA6082. The average grain size in the as-received billet is 93.4 um.

aluminum profile extrusion. Furthermore, a new setup for calibration
and parameter identification was introduced. The model was calibrated
for the aluminum alloys AA6060 and AA6082. The key findings are
summarized as follows:

e The mean-field model can reliably predict the profile areas in which
recrystallization will occur for AA6060 and AA6082 and was vali-
dated by both the miniature/laboratory- and industrial-scale trials.
The predicted grain size is in reasonable agreement with the exper-
imental results. For the directly quenched outer areas of the profile,
the predicted average grain size deviates from the experiments be-
tween 7-20 %. The investigated outside area between the two profile
strands show a deviation of 11 %. Whereas, the predicted grain size
in the recrystallized edge area on the inside of profile deviates be-
tween 8-52 % from the experimental results. Further analysis of the
needed accuracy of the input data and the influence of small de-
viations of those are required, as well as a more detailed analysis of
the local cooling rates.

The average grain size was used to determine the accuracy of the
prediction. However, with the mean-field model it is possible to
further calculate the grain size distribution, which is planned for
further investigations.

The presented workflow and the underlying physics-based modelling
framework are fundamentally applicable to other aluminum alloy
systems, such as the 2xxx or 7xxx series. The material-specific pa-
rameters (e.g. for plasticity, recovery and nucleation) would need to
be completely re-characterized and re-calibrated for each new alloy,
and a more complex precipitation model (e.g. for multiple phases)
may also be required.
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