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Enhancing the mechanical properties of aluminium extrusions has been a subject of industrial interest for many
years. Conventional approaches focused on tuning the extrusion parameters and have established correlations
with the final microstructure, but a mechanistic understanding of how microstructures evolve during extrusion
remains limited. To address this, a physical simulation methodology was developed for flat-strip extrusion,
allowing detailed examination of microstructural evolution and providing a pathway for future microstructure
and texture design. Currently, this work focuses on physically reproducing the microstructure and texture of the
central region of an industrially extruded Al-Mg-Si-Cu flat strip by replicating its strain path. The microstructures
and textures simulated using a Gleeble thermomechanical simulator were compared with industrial extrusion to
assess the fidelity of the approach. The results demonstrate that the simulation at 580 °C reproduced elongated
grain shape, dominant < 112>//ED texture and morphology of the intermetallics which are the key features of
strip extrusion. Quantitative comparisons revealed close agreement in microstructure and texture, with limited
differences. Overall, the study confirms that this method provides a reliable framework for capturing the
deformation conditions of flat-strip extrusion. Beyond validation, the present approach provides a versatile
platform for future studies aimed at investigating the onset and progression of recrystallisation, second-phase
particle evolution, and strain path effects through systematic characterisation of microstructure at intermedi-
ate strain levels.

1. Introduction

Extrusion is one of the most important forming processes used
extensively to produce structural components especially in the auto-
motive sector applications including chassis, crash management sys-
tems, body structures and heat exchangers [1,2]. Amongst the various
aluminium alloys, 6xxx series (Al-Mg-Si) alloys are extensively used in
extruded form due to their excellent formability and high specific
strength. The final performance of extruded products is strongly gov-
erned by the end microstructure which develops dynamically during hot
extrusion. This includes elongation and distortion of grains, fragmen-
tation of intermetallics, substructure formation, recrystallisation, and
crystallographic reorientation. These transformations are strongly
influenced by the interplay of strain, strain rate, temperature and
deformation mode along the material flow path. While many studies
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have linked extrusion parameters to microstructure and properties
[3-6], a clear mechanistic understanding of how microstructures evolve
dynamically throughout the entire extrusion process remains incom-
plete. The need to understand microstructure evolution in real time is
essential not only for understanding extrusion but also for controlling it
for achieving better mechanical properties.

Industrial extrusion provides little opportunity to observe micro-
structural transitions inside the die, as extracting partially extruded
billets from large-scale setup is challenging. To overcome this limitation,
laboratory-scale extrusion setups have been developed, which allow
investigations of material flow and microstructure evolution by
sectioning partially extruded billets. For instance, number of studies
[7-9] have examined the formation of surface microstructures in bar
extrudates, where shear and strain are highest, while [10] focused on
dynamic grain flow and the influence of extrusion parameters on the
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Fig. 1. (a) Standard plane strain sample geometry and corresponding loading conditions (b) modified sample geometry to achieve industrial strain and loading
conditions (c¢) Schematic representation of the stress states experienced during central portion of billet during extrusion (d) Schematic of deformation simulated using

Gleeble and sampling method similar to industrial extrusion.

microstructure and texture of A6NO1 (equivalent to alloy 6005A) alloy
bar geometries. In addition, Araki et al. [11] investigated the effect of
alloy composition on recrystallisation texture formation in porthole die
extrusions. Although these laboratory setups provide valuable insights,
they are constrained by fixed die geometries and offer limited flexibility
to systematically vary strain paths. Numerical approaches, including
finite element modelling (FEM) which is constitutive equations based,
have advanced significantly and provide useful predictions at various
stress-strain states during processing. For example, [12] combined
laboratory-scale extrusion trials with FEM to predict recrystallised grain
size distributions in AA6060, while [13] developed phenomenological
models for grain thinning, elongation, and pinch-off in AA6082 and
AA7020. Furthermore, several other studies [14-21] have employed
crystal plasticity-based FEM to track macro-texture evolution during
extrusion.

Previous FEM studies and experimental observations provide valu-
able guidance on the deformation mode experienced by a material flow
path. Fylkesnes et al. [15] and Manik et al. [16] predicted the defor-
mation mode of the flat strip extrusion at 350 °C reported that, in the
centre region of extrudate the grains are compressed along the normal
direction (ND), stretched along the extrusion direction (ED) and con-
strained along the transverse direction (TD). Both the authors conclude
that deformation mode transitions from stretching before die exit to
plane strain compression at the exit, with minimal shear contribution in
the central region of the flat strip. Similarly, Aukrust et al.[19] also
observed plane strain deformation at 520 °C for a material path flowing
along the centre. In contrast, Zhou et al.[22] has predicted that, shear
deformation dominates in the centre region rather than the stretching/
compression above 500 °C, as the friction stress increases with the in-
crease in temperature. A relevant comparison can be drawn from hot
rolling, where the mid-plane is widely recognised to undergo plane
strain compression, producing grains with a p-fibre texture [23-25]

which is similar to that observed in flat strip extrusions [16,26]. More-
over, the pancake-shaped grains observed in rolled and post-extrusion
microstructures [3] further support the presence of plane strain
compression rather than simple shear. Chen et al. [7] physically simu-
lated the surface texture of the AA3003 flat strip at 350C using the
torsion test. Although quantitative comparisons have not been discussed
but the qualitative comparisons seem to agree.

In summary, most numerical simulation studies provide evolution of
macro textures and lacked detailed microstructural models. Dynamic
recovery and recrystallisation are inherently complex metallurgical
phenomena that cannot be fully or accurately captured using numerical
models. Experimental investigations using laboratory-scale extrusion
setups have addressed some of these limitations, but studying alterna-
tive strain paths requires frequent changes of dies, which reduces flex-
ibility. For instance, hot rolling research have already advanced their
potential by replicating industrial strain paths and thermal histories by
using thermomechanical simulators [27,28]. Extending this concept to
extrusion could provide a pathway to systematically investigate and
even tailor microstructure development. While most extrusion studies
have focused on bar geometries and shear-dominated regions (surface),
the microstructure development of flat-strip extrudates has remained
largely unexplored. This region not only experiences distinct deforma-
tion modes but also constitutes most of the load-bearing volume, making
it critical to understand the microstructural evolution for better me-
chanical performance.

To address this gap, the present study aims to develop a physical
simulation methodology using Gleeble thermomechanical simulator to
physically replicate the strain path of flat-strip extrusion, focusing spe-
cifically on the centre region of the extrudate. In this study, industrial
strain, strain rate, and thermal conditions are reproduced in small-
volume samples, and the methodology is validated against microstruc-
tures observed in industrial extrudates using electron backscatter
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Fig. 2. Thermal cycle diagram used in the physical simulation.

diffraction (EBSD) and scanning electron microscopy (SEM). This
methodology in future provides a potential pathway for understanding
the dynamic sequence of grain shape change, recovery, recrystallisation,
and texture development under extrusion-relevant conditions by inter-
rupting experiment at selected strain levels. Moreover, it offers the
flexibility to deliberately modify strain paths, enabling systematic
tailoring of microstructure and texture during extrusion to optimise
material performance.

2. Materials and Methods

The industrial reference material used in this work is extruded flat
strip of an Al-Mg-Si-Cu alloy, supplied by Constellium and processed at
the Advanced Metal Casting Centre, Brunel University of London. The
alloy was first cast as a DC billet and subsequently homogenised ac-
cording to the standard industrial procedure prior to hot working. The
extrusion is conducted at a total equivalent strain of 3 at a temperature
range between 520 and 560 °C and strain rate range of 3-5 s~ .

For the thermo-mechanical simulation, billets with the same alloy
chemistry and homogenisation treatment were obtained. This ensured
comparable initial grain size, second phase particles size and distribu-
tion for simulation and industrial extrusion. Only the inner 50% of the
billet radius is considered for machining the samples in this simulation,
as this region primarily contributes to the central portion of the
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extrudate [16].

The thermo-mechanical simulation of the flat strip extrusion was
conducted using a Gleeble-3800 GTC system equipped with a Hydra-
wedge module to replicate the extrusion strain path. In plane strain
compression achieving the industrial-scale strain of 3 is not achievable
using the standard method as shown in Fig. 1a. To execute the required
strain, the sample length was extended to 25 mm with loading applied
along this axis. To ensure deformation constraint along the lateral axis
(TD), the thickness and width of the specimen are also increased to 15
mm and 20 mm, respectively (Fig. 1b).

The industrial extrusion parameters are used as a baseline in the
physical simulation, as represented in the thermal cycle diagram
(Fig. 2). Simulation conducted at industrial parameters either at 560 °C
or strain rate of 3/s resulted in a deformation dominated texture and
absence of main recrystallisation components (see supplementary sec-
tion for more information). Direct application of these parameters in the
Gleeble is not feasible due to the reduced sample size, which limits
adiabatic heating and alters the effective thermomechanical response.
Therefore, the deformation conditions were adjusted to achieve ther-
momechanical similarity with industrial extrusion. The simulation is
conducted using a preheating duration of 180 s followed by deformation
at three different temperatures (560, 570 and 580 °C) at a lower strain
rate of 0.5/s that industrial rate. The slightly elevated deformation
temperatures were selected to compensate for the absence of adiabatic
heating in the smaller Gleeble samples. In addition to thermal effects,
the strain-rate history in industrial extrusion is inherently non-uniform,
evolving continuously from relatively low values in the container to
peak values near the die exit. In the Gleeble, this complex strain-rate
path must be simplified to a single constant value. Using a constant
high industrial strain rate under such simplified conditions over-
emphasises severe deformation, promotes excessive work hardening,
and suppresses recovery controlled recrystallisation mechanisms.
Consequently, a reduced constant strain rate was selected to approxi-
mate the effective average strain-rate history experienced by the billet
core rather than the peak industrial value.

The extruded samples were characterised through the thickness
along the ND-ED plane. For the physically simulated samples when
compressed axially (ND) the material was forced to flow vertically (ED),

Fig. 3. IPF maps of homogenised billet at centre (a) and half radius (b), along with SEM images (c, d) illustrating second phase particles.
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Fig. 4. IPF map, inverse pole figure and ODF component observed in the industrially extruded flat strip.

and lateral direction (TD) is highly constrained with only minimal
lateral material flow (limited to approximately 2 mm). The sample
orientation and sectioning plane used in the simulation were carefully
aligned to replicate the industrial extrusion orientation, as illustrated in
Fig. 1.

Sample preparation involved standard mechanical grinding and
polishing, followed by final polishing with colloidal silica. For optical
microscopy the sample is anodised using Barker’s reagent at 20 V for 2
mins to reveal the grain boundaries. For SEM analysis, the samples are
electropolished using 30% nitric-methanol solution at 16 V and —30 °C
for 60 s. Microstructural characterisation was carried out using a
ThermoFisher Apreo 2 SEM under an accelerating voltage of 10 kV and
a beam current of 1 nA. The EBSD were acquired (step size- 0.15 to 0.5
um) using the Symmetry S2 detector at an accelerating voltage of 20 kV,
beam current of 6.4 nA and processed using AZtecCrystal software. The
data points have been cleaned no more than 5% to maintain originality.
The texture map in this study is represented in the ED-TD plane and
grain boundaries with misorientation angles between 5 * and 15 * were
classified as Low Angle Grain Boundaries (LAGBs), while boundaries
with misorientations greater than 15 ° were considered High Angle
Grain Boundaries (HAGBs).

For analysis of intermetallic particles, SEM images used were ac-
quired from the central region of the samples and processed using
MATLAB to quantify particle area and aspect ratio. For each condition,
three micrographs were analysed to ensure statistical reliability. Seg-
mentation was performed by converting the images to binary format

using a fixed global intensity threshold of 0.65. Intermetallics touching
the image borders and features smaller than 8 pixels (attributed to noise
from dispersoids) were removed. Particle morphology was quantified
using the normalized aspect ratio, defined as the ratio of the minor axis
to the major axis. The same parameters were applied to maintain con-
sistency for all the analysis.

3. Results and Discussion
3.1. Initial microstructure

3.1.1. Homogenised billet

Fig. 3 shows the microstructures at the centre and half-radius of the
billet in the homogenised condition. EBSD analysis confirms that the
grains are largely equiaxed, with an average grain diameter of 157 + 60
um at the centre and 109 + 44 pm at the half-radius. The variation in
grain size reflects the thermal gradient during homogenisation, leading
to slightly coarser grains in the centre. The pole figures further indicate
that the texture is completely random, confirming the absence of any
crystallographic orientation preference in the homogenised state. SEM
imaging reveals the presence of Fe-rich intermetallics, predominantly
located along grain boundaries along with Mg,Si particles. Finely
dispersed thermally stable dispersoids are distributed within the grains,
which will contribute to microstructural stability during subsequent
deformation. Overall, the homogenised billet exhibits a uniform and
well-equiaxed grain morphology with evenly distributed secondary
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Fig. 5. Etched longitudinal cross-section of the sample simulated at 560 °C, imaged using an optical microscope.

phases, providing the initial state for both physical simulation and extrusion.
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Fig. 7. (a)Evolution of the principal texture fibre (b) corresponding texture components derived from ODF and (c) grain boundary fractions (LAGB = 5 °-15 °,

HAGB= >15 °) in the simulated and extruded samples.

3.1.2. Reference sample- Extruded

To enable comparison with the physical simulation, EBSD was car-
ried out on an industrially extruded flat-strip sample. Since the purpose
of this study is to replicate only the centre region of the strip, the EBSD
analysis was also restricted to this location. This ensures a direct and
meaningful comparison between the industrial and simulated condi-
tions. The inverse pole figure (IPF) map in Fig. 4 represents the micro-
structure in the T4 state. The initially globular grains have been severely
compressed along the normal direction (ND) and elongated along the
extrusion direction (ED), reflecting the intense material flow imposed
during extrusion. The average grain thickness of 2.69 + 1.48 um along
ND indicates this flattening effect, highlighting the severity of
compression in the central zone.

The elongated grains form a pronounced dual-fibre texture domi-
nated by < 112>//ED and < 100>//ED components, while < 111>//
ED orientations are weak. The corresponding orientation distribution
function (ODF) confirms the presence of typical plane-strain deforma-
tion components such as Brass {110} < 112>, S {123} < 634>, and
Copper {112} < 111 > . Among these, Brass and S are most intense,
consistent with the strong < 112 > fibre, whereas the Copper component
is weaker due to the limited < 111>//ED fibre. In addition to elongated
grains, a fraction of fragmented grains is observed, signifying the
operation of multiple dynamic recrystallisation (DRX) mechanisms. The
recrystallisation texture is primarily dominated by the Cube component
{001} < 100>, accompanied by a minor presence of the CG 26.5
component {021} < 100 > . Grain boundary misorientation analysis
reveals 39.7% LAGB and 60.3% HAGB, reflecting a combination of
substructure development and recrystallised grain formation.

3.2. Microstructure evolution during physical simulation

The homogenised billet samples were subjected to plane strain
compression to replicate the strain path of flat-strip extrusion. For this
study, only the material directly deformed in contact with the anvils was

considered, as shown in Fig. 5. The etched cross-section reveals a het-
erogeneous strain distribution across the sample thickness. Such het-
erogeneity is consistent with previous study [29] and originates
primarily from interfacial friction at the specimen-anvil contact surfaces
as well as local temperature gradients. Despite the heterogeneous strain
distribution, the extended sample length (25 mm) along the loading axis
produces additional elongation along the perpendicular direction, while
deformation remains constrained along the lateral direction. This flow
condition closely mimics the material behaviour in flat-strip extrusion,
where the billet is compressed in thickness, stretched in the extrusion
direction, and restricted laterally by die walls. As a result, the centre
zone in simulation develops a clear grain flow pattern perpendicular to
ND. Huang et al. [30]and Poletti at al [31] has shown that the centre
region of the sample experiences homogeneous strain distribution with
FEM simulation. In this study, the central region is therefore taken as the
most reliable representation of extrusion-induced microstructural evo-
lution and was selected for further EBSD analysis.

Fig. 6 presents the IPF maps and ODFs taken from the centre region
for the samples simulated at various temperatures with constant strain
rate of 0.5/s. At all investigated temperatures the microstructure shows
very elongated grains aligned along the flow direction. This appearance
further complements the predominant compression acting along the
central portion of the sample and the grains elongate along the
perpendicular direction as macroscopically observed in Fig. 5. Addi-
tionally, small and fragmented grains are also distributed heteroge-
neously throughout the microstructure like in extruded sample.

The crystallographic texture at all investigated temperatures is
strongly dominated by the < 112>//ED fibre, which accounts for
75-79% of the total fraction (Fig. 6). The < 111>//ED component re-
mains consistently weak at 5% across all temperatures, while the <
100>//ED fibre shows a notable temperature dependence. At 560 °C (T-
560) and 570 °C (T-570), <100>//ED is limited to 12% of the texture
and increases to 17% at 580 °C (T-580). The ODF analysis (Fig. 6)
confirms the presence of typical plane-strain deformation components
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(Brass, S, and Copper) across all conditions. Brass exhibits a steady
decrease in volume fraction from 41% at 560 °C to 32% at 580 °C, while
the S component strengthens significantly, increasing from 26% to 36%.
The Copper component remains nearly unchanged at 6%, consistent
with the stability of the < 111>//ED fibre.

Importantly, recrystallisation-related components show a strong
temperature dependence (Fig. 6 and Fig. 7). At 560 °C, the < 100>//ED
fibre primarily contributes to Goss and CG 26.5 orientations. However,
as the deformation temperature increases to 570 °C, the Goss orientation
disappears, and the Cube component begins to form. At 580 °C, the <
100>//ED fibre fraction intensifies further, accompanied by an increase
in the cube component, while CG 26.5 remains stable across all tem-
peratures. This progression highlights a clear transition from Goss
dominated texture at 560 °C to Cube dominated texture at 580 °C.

Fig. 7 illustrates the changes in the grain boundary fractions with
varying temperatures. It can be observed that the fraction of LAGB and
HAGB largely remains consistent. This indicates that the deformation
temperature has limited influence on grain boundary character. Overall,
these results show that while the deformation texture (<112>//ED-
Brass and S components) remains predominant across all conditions, the
balance between Goss and Cube strongly depends on temperature in this
simulation.

3.3. Comparison between extrusion and physical simulation

For a physical simulation to be a reliable predictive tool, the results
are validated against real-world industrial extrusion. The physical
simulation results exhibit a strong qualitative agreement with the
deformation microstructure and texture observed in the extruded sam-
ple. The main difference appears in the recrystallisation textures, as cube
is the primary component formed in extrusion followed by the CG 26.5.
As shown in the Supplementary Information, simulations performed
using industrial deformation temperatures and strain rates (560 °C-3/s
strain rate) did not yield Cube component, despite increasing the tem-
perature (580 °C-3/s strain rate) compared to industrial condition. This
indicates that direct replication of industrial parameters in the Gleeble
does not adequately capture the recrystallisation behaviour.

In contrast, simulations at lower deformation temperatures and
reduced strain rate (560 °C-0.5/s strain rate) produce a dominant Goss
component, with the transition towards cube orientation occurring
above 570 °C. The simulation at 580 °C yields a cube fraction most
comparable to industrial extrusion, highlighting the sensitivity of

recrystallisation textures to deformation temperature. This difference
originates from the thermal environment of industrial extrusion, where
the local billet temperatures exceed the nominal input due to adiabatic
heating from plastic work inside a closed container. This has been
experimentally studied by Sheppard et al. [32,33] and Lefstad et al.
[34]. In Gleeble simulations, the much smaller sample volume signifi-
cantly reduces adiabatic heating, leading to lower effective deformation
temperatures. Thus, employing higher nominal temperatures in simu-
lation provides a realistic approximation of the thermal state in the billet
core during industrial extrusion. The comparison also highlights the
inherent limitation of exit temperature measurements in industrial
practice, which reflect surface conditions rather than the core. In addi-
tion to thermal effects, the strain-rate history in industrial extrusion is
inherently non-uniform, evolving continuously along the deformation
path [17] and the size effect also plays a role in laboratory scale simu-
lations. In the present study, effective average value of 0.5/s agrees well
with the texture comparisons in ODF (Fig. 6f and Fig. 4). Hence, the
following sections will present a quantitative and detailed comparison
between the industrially extruded sample and the physically simulated
sample at 580 °C (T-580).

The microstructural analysis (Fig. 4 and Fig. 6) reveals a close cor-
relation with both the samples. This supports the findings of Fylkesnes
et al. [15] and Manik et al. [16] that the central region of a flat strip
extrusion undergoes elongation along ED and thickness reduction along
ND. The average grain thickness for the T-580 and extruded sample are
measured out to be 2.41 + 1.43 ym and 2.69 + 1.48 pm. The volume
fractions of LAGB and HAGB are presented in Fig. 7. The results shows
that the T-580 sample has reduced LAGB fraction and higher HAGB
fraction by a value of 13%. To further examine whether the elevated
deformation temperature used in the physical simulation alters the
deformation kinetics, a grain orientation spread (GOS) map comparison
is performed and shown in Fig. 8. The fraction of recrystallised grains is
comparable for both conditions, with the simulated sample showing
only a marginal increase of approximately 1%. Instead, the T-580 con-
dition exhibits a higher fraction of sub-structured grains by approxi-
mately 8% and a corresponding reduction in highly deformed grains
relative to the industrial extrusion, indicating a modest enhancement of
dynamic recovery. Both simulated and extruded microstructure shows
the evidence of DRX grains which lead to the higher standard deviation
values in the grain thickness. But nevertheless, the comparison reveals a
good correlation.

The quantitative comparison of fibre textures and specific
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Table 1
Quantitative measurement on the morphology and distribution of Fe based in-
termetallics for the extruded and the T-580 simulated sample.

Extruded T-580
Avg. Area (pm?) 1.81 + 0.30 1.90 + 0.17
Number Density 3.7+0.4 4.2+0.1
(x1073 particles/pm?)
Mean Aspect Ratio 0.46 + 0.013 0.45 £+ 0.010

orientation components further strengthens this validation (Fig. 7). The
comparison reveals a strong correlation in the fibre texture distribution
between the two samples. The dominant < 112>//ED fibre exhibits only
a slight deviation showing a 8% higher volume fraction compared to the
extruded sample. The < 111 > fibre remains consistent across both
conditions, while the < 100 > fibre shows a reduction of approximately
8% in the simulated sample. The corresponding orientation components
shown in Fig. 7 clarifies this observation. The Brass, S and cube com-
ponents exhibit small differences of 5% in volume fraction with S
component being a bit higher in the simulated sample and Cube, Brass
component is slightly lower. Copper orientation stays almost consistent.
The Goss component is minimal in both samples, and the CG 26.5
orientation shows good correlation. The texture index (J) of the T-580
sample is slightly higher than that of the industrially extruded reference,
indicating a marginally strong overall texture intensity in simulation.
Despite this difference, the dominant texture observed in industrial
sample is well reproduced in the simulation.

The behaviour of Fe-based intermetallics provides an additional
metric of validation. Fig. 8 compares the Fe-intermetallic particle size
and shape distributions for both the extruded and the T-580 sample,
with the corresponding quantitative values shown in Table 1. For
transparency, one representative SEM image from each condition
(Fig. 9a and b), along with its MATLAB based particle segmentation
(Fig. 9¢,d) and the resulting distributions is shown as an example. In
both the conditions, the intermetallics are clearly fragmented from their
original morphology (Fig. 3) and have become aligned along the ED with
narrow aspect ratios (Fig. 9a). This indicates significant deformation and
flow induced redistribution along the ED. A close agreement is observed,

Histogram of Particle Areas istogram Particle Aspect Ratios
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both in terms of intermetallic area distribution chart and the average
area. In both cases the distributions are skewed towards the smaller sizes
below 1 pm indicating extensive fragmentation. The aspect ratio dis-
tributions for both conditions exhibit a broad spread centred around
similar mean values. The close agreement in the distribution spread and
the quantitative measurements in the thermo-mechanical simulation
with the industrial extrusion proves that the flow induced redistribution
of Fe intermetallics along ED is accurately captured in the simulation.

To conclude, the thermo-mechanically simulated sample shows a
close match with the industrial sample across all parameters. The close
agreement in grain shape evolution between thermo-mechanical simu-
lation and industrial extrusion confirms that the imposed strain path in
the Gleeble test accurately reproduces the hot deformation mode of flat-
strip extrusion. The plastic flow is accommodated by temperature-
dependent slip activity and lattice reorientation, both of which govern
texture development [35]. The successful replication of deformation and
recrystallisation texture validates that the underlying mechanisms are
realistically captured in the thermo-mechanical simulation. The
observed minor quantitative differences in texture intensities between
the simulated and industrial conditions may reasonably arise from the
post deformation thermal exposure in the industrial extrusion (while
travelling from die exit to quench tank) whereas in thermo-mechanical
simulation, the sample is quenched immediately after deformation.
Furthermore, the behaviour of second-phase particles provides an in-
dependent metric of deformation fidelity, since their fragmentation,
alignment, and redistribution occur directly in response to material
flow.

4. Summary

In the present work, a Gleeble based physical simulation methodol-
ogy was developed to physically simulate the deformation conditions
experienced in the central region of flat strip extrusion of an Al-Mg-Si-Cu
alloy.

e The strain path in the billet core is identified as predominant
compression along ND and elongation along ED from the literature
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Fig. 9. SEM backscattered images of Fe based intermetallic particles in extruded (a) and T-580 (b).
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and executed on small samples with the help of Gleeble under three

different temperatures.

The simulation necessitates 20 °C higher than actual industrial exit

temperature range to accommodate industrial conditions. The

executed strain path captured the key features of the process,

including elongated, pancaked grains and the texture components

characteristic of flat-strip extrusion.

Despite a slight variation in grain boundary fractions (13%), the

overall microstructural and texture agrees with industrial flat strip

extrusion confirming the robustness of the thermo-mechanical

simulation.

e Additionally, the consistent distribution and morphology of Fe
intermetallic phases further confirm the reliability of the strain path
used in the simulation.

The validation confirms that this modified plane strain method is a
reliable tool for capturing the true deformation state of flat-strip
extrusion. Beyond replication, it offers a versatile tool for exploring
new alloy compositions, strain path effects, recrystallisation behaviour,
and second-phase evolution. The methodology therefore enables
extrusion to be approached not only as a shaping process but also as a
route for deliberate microstructural design and process optimisation.
Importantly, the ability to simulate extrusion conditions in a laboratory
setting provides a cost-effective pathway for accelerating alloy devel-
opment and optimising industrial extrusion processes.
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