
Connecting texture development to die design in extruded flat products

Fabian Esterl a,*, Maria Nienaber b, Jan Bohlen b, Noomane Ben Khalifa a,b

a Institute for Production Technology and Systems, Leuphana Universität Lüneburg, Lüneburg, Germany
b Institute of Material and Process Design, Helmholtz-Zentrum Hereon, Geesthacht, Germany

A R T I C L E  I N F O

Keywords:
Die design
Texture development
Finite element analysis
Magnesium
Aluminum
Extrusion

A B S T R A C T

This study investigates the local texture modification of two magnesium alloys (AZ31 and ZX10) and an 
aluminum alloy (AA6082) based on changes in the die design. For this purpose, a conventional flat die and a 
modified die, which has been additively manufactured to allow for a significant modification of the material 
flow, are investigated. Extrusion tests are carried out, followed by a comprehensive examination of the micro
structure and local texture development. These experimental results are complemented by finite element analysis 
of the state variable distribution in the cross section of the extruded band. The results demonstrate that the 
texture change is connected to the strain path and can therefore be controlled based on the die design. This 
equally applies to all of the investigated alloys, despite their differences in crystallographic deformation and 
recrystallization behavior. Accordingly, a rotation of the dominant texture components about ND at the edge of 
the band of approximately 40◦, 45◦, and 20◦ is observed for AZ31, ZX10, and AA6082, respectively. These 
findings correlate well with the difference in rotation around ND between the dies of 39◦, which is calculated 
numerically based on the deformation gradient tensor. Furthermore, AZ31 and ZX10 demonstrate a broadening 
of the basal planes in the TD when extruded with the modified die, which can be related to the increased shear 
strains in the ED/TD plane over the entire width of the band. For ZX10 specifically, a completely different texture 
is generated due to the combination of the broadened basal planes in TD, the rotation of the dominant texture 
component around ND, and its tilt in ED, characteristic of extruded Ca-containing Mg-alloys. The investigation 
on AA6082 further illustrates the importance of the effective temperature and strain rate in the forming zone for 
its texture development. While no significant change in the microstructure is evident, the increased heat dissi
pation and smoothed introduction of dislocations during extrusion with the modified die correlates with a 
transition from Cube to Goss as the dominant texture component.

1. Introduction

As the demand for improved energy efficiency and reduced emissions 
in the automotive and aerospace industries increases, the need for 
lightweight components meeting the required mechanical properties is 
becoming increasingly apparent [1,2]. Magnesium and aluminum alloys 
offer low density while maintaining sufficient strength properties and 
are therefore of growing interest for application as structural compo
nents [3,4]. Extrusion enables the production of profiles with continuous 
cross sections in a single step, reducing the production costs of such 
components significantly. However, the presence of high strains 
accompanied by unidirectional material flow during extrusion leads to 
the occurrence of distinct anisotropic mechanical properties [5,6]. These 
anisotropic properties are disadvantageous for further processing such 
as bending or deep drawing. To address the mechanical anisotropy, 

additional processing is required, consequently increasing the costs for 
these products.

Magnesium and aluminum significantly differ in deformation 
behavior and texture development during extrusion. Magnesium is 
characterized by a hexagonal close-packed (hcp) crystal structure. The 
activability of only three independent slip systems accounts for limited 
formability. Further, basal slip and extension twinning are dominant 
during forming, ultimately leading to a preferred orientation of the basal 
planes parallel to the stress direction or the forming of a predominant 
〈10−10〉 −prismatic fiber [7]. Additionally, its low stacking fault energy 
promotes dynamic recrystallization to dominate microstructure and 
texture development [8]. Here, increased process temperatures signifi
cantly favor grain growth. In contrast, aluminum features a face- 
centered cubic (fcc) crystal structure. Due to its high symmetry, 
twelve independent slip systems grant enhanced formability. Typical 
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deformation textures after extrusion of aluminum consist of 〈111〉/ 
〈100〉 −double fibers [9]. Furthermore, the high stacking fault energy 
promotes the dominant influence of dynamic recovery for microstruc
ture and texture development [10]. Apart from these differences in 
deformation behavior and texture development, extruded magnesium 
and aluminum typically exhibit pronounced textures, generally associ
ated with anisotropic mechanical properties [11].

Different strategies are described within the literature that target to 
influence microstructure and texture development in extrusion. For 
magnesium, one prominent approach is using rare earth (RE) or calcium 
as alloying elements [12]. The introduction of RE changes the texture 
and leads to the formation of a so-called “RE component” [13] which 
exhibits basal split peaks tilted towards the extrusion direction (ED) in 
the case of flat band extrudates [14]. Thereby, the mechanical properties 
of the extrudates can be modified. However, the addition of such RE is 
costly and may still result in anisotropic mechanical properties after 
extrusion based on non-symmetric distribution of grain orientations.

Alternatively, the die design can change the texture development 
within the extrusion process as changes in material flow also alter the 
strain state introduced into the material. In equal channel angular 
pressing (ECAP), the material is steered through a predetermined angle, 
which leads to advanced shear. Thereby, pronounced grain refinement 
and a modification of the texture occur. The integration of ECAP into 
extrusion illustrates that the type and strength of the textures of pure 
aluminum vary according to the deformation path [15]. The extrusion of 
AZ31 through ECAP confirms that the degree of grain refinement and 
the characteristics of the textures depend on the shear angle geometri
cally introduced by the die [16]. It is further stated that the anisotropy of 
the mechanical properties is significantly lower when compared to 
conventionally extruded profiles. Comparably, a turned-bearing extru
sion die has been proposed [17]. Here, the channel of the bearing in
troduces additional shear strains as the material is displaced in the 
normal direction (ND), resulting in a change of texture, i.e. the align
ment of basal planes received some tilting towards the ED. As a result, 
the tensile yield strength of the produced AZ31 band is increased 
compared to the conventionally extruded band. An alternative approach 
is to create an asymmetry on the choke angle or bearing length of the 
die, thereby introducing shear deformation in the ND [18,19]. The 
extrusion of AZ31 results in a weakening of the basal texture and a tilt 
towards the ED. This ultimately improves formability and reduces the 
planar anisotropy of the produced band. Similarly, die designs for 
transverse gradient extrusion have been proposed [20,21]. In this 
instance, the material flow exhibits displacement parallel to the trans
verse direction (TD). In the resulting AZ31 bands, the basal planes are 
also tilted towards the ED in an apparent change of the texture, and 
further texture components are produced in the TD, ultimately 
improving the formability of the band. Alternatively, a spiral die has 
been proposed to allow adjustment of the basal texture of AZ31 in 
extruded rods [22]. This design introduces circumferential shear 
deformation, which serves to suppress the activation of basal slip. In 
conjunction with the axial shear deformation, this leads to repeated 
transitions between basal and prismatic slip.

In the case of aluminum alloy extrusion, recent studies have focused 
on optimizing porthole die designs to achieve uniform metal flow and 
improved welding quality [23,24]. Nevertheless, it has been shown that 
modifications to the bridge geometry result in significant modification 
of the microstructure and texture development of extruded AA6082 
bands [25]. The numerical investigation indicates that the strain, ve
locity, and temperature distribution in the cross section of the profiles 
differ when a flat bridge die is used as opposed to a streamlined bridge 
die. This leads to the formation of Cube, Goss, and CubeRD textures 
rather than Copper components near the weld line, consistent with 
increased recrystallization due to a higher local strain rate. Similarly, it 
has been demonstrated that alterations to the bridge geometry can 
markedly influence the mechanical properties of the resulting AA6063 
profiles [26]. Equivalently, the incorporation of baffle-blocks into the 

die has been proposed to enhance the local strain amount and improve 
the uniformity in the cross section of the profile [27].

In summary, several studies have investigated the potential of the die 
design to alter the microstructure and texture development in extruded 
profiles. Consequently, alternative die designs have been proposed that 
facilitate the modification of the strain history experienced by the ma
terial during extrusion. While the majority of the studies employ finite 
element (FE) models to reveal the mechanisms responsible for the 
texture modification, the knowledge of beneficial state variables for 
specific texture control based on deformation remains scarce. It is 
noteworthy that none of the studies make use of additive manufacturing 
to significantly alter the geometry of the press channel with the inten
tion of controlling the material flow and associated strains. However, 
selective laser melting enables additive manufacturing of extrusion dies 
with structures that would otherwise be unattainable, such as complex 
internal cooling channels [28], while achieving comparable mechanical 
properties that can withstand the high pressure and temperature of the 
extrusion process [29].

In a previous study, a new concept of extrusion dies based on addi
tive manufacturing has been developed, which allows control over the 
material flow [30]. It has been demonstrated that material-dependent 
changes in the microstructure and thus the mechanical properties are 
achievable. The present study directly links the microstructure and 
texture development to the local state variables (strain, strain rate, 
temperature) generated by the die design. Due to the differences in 
crystallographic deformation and recrystallization behavior, two mag
nesium alloys, AZ31 and ZX10, and an aluminum alloy, AA6082, are 
experimentally investigated. An FE model is set up to identify the flow 
characteristics and state variables in the cross section of the extruded 
band and validated against experimental results.

2. Materials and methods

The study is divided into an experimental setup, including 
manufacturing of the extrusion billets, extrusion, characterization of the 
billets and the extruded bands, and a numerical setup, including the 
material modeling, setup of an FE model and the post-processing of the 
simulation results. The procedure of this study is summarized in Fig. 1.

2.1. Experimental setup

The magnesium alloys, AZ31 and ZX10, were manufactured using a 
modified gravity casting process with directional solidification within a 
crucible. A comprehensive description of this process can be found in 
[31]. Subsequently, the extrusion billets were machined to achieve a 
diameter of 49 mm and a length of 75 mm. Both magnesium alloys were 
subjected to a heat treatment at 400 ◦C for 16 h. These parameters were 
repeated from earlier work [12] to maintain homogeneity and solid 
solution of alloying elements in the alloys. In addition, the aluminum 
alloy AA6082 was maintained in the supplied extruded and T6511 
temper condition for the present study and then turned into the required 
dimensions. The chemical compositions of the two magnesium alloys 
and the aluminum alloy are summarized in Tables 1 and 2.

Fig. 2 illustrates the initial microstructure of the extrusion billets. For 
AZ31 and ZX10, a representative microstructure is depicted in the as- 
cast condition, characterized by the presence of large globular grains. 
In contrast, AA6082 exhibits a fine-grained extruded microstructure, 
with grains aligned in the direction of deformation.

The extrusion experiments were conducted using a 2.5 MN automatic 
extrusion press (Müller Engineering, Sand/ Todtenweis, Germany). The 
direct extrusion tests were performed under constant conditions, with a 
consistent extrusion ratio of 1:33 and ram speed of 1 mm/s. Both 
magnesium alloys were extruded at an initial temperature of 350 ◦C, 
reflecting on the differences in recrystallization behavior between the 
alloys [32]. In the case of AA6082, the initial billet temperature was set 
at 450 ◦C in order to maintain the fine grain structure and high 
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mechanical properties of the supplied extruded condition while 
respecting the typical extrusion temperature of the alloy. The billets 
were preheated for 30 min to the extrusion temperature. The extrusion 
involved the utilization of two different flat dies: a conventional flat die 
with an inlet angle of 90◦ (referred to as the conventional die) and a die 
with an additively manufactured inlet (referred to as modified die), 
described in detail in [30]. This modified die was produced by the 

Fraunhofer Research Institution for Additive Manufacturing Technologies. In 
this regard, selective laser melting (PBF-LB/M) was performed on a 
TruPrint 1000 (TRUMPF), employing a single laser beam with 200 W 
and a diameter of 55 μm. Subsequently, the inlet was solution heat 
treated and artificially aged in a vacuum to achieve a minimum hardness 
of 50 HRC, after which it was abrasive and shot blasted. However, no 
adjustment was made to the internal press channel. It is therefore 
evident that further attention must be paid to the surface quality of the 
extrudates.

The surface characterization of the extruded bands was performed 
using a confocal laser-scanning microscope VK-1000 (Keyence, Osaka, 
Japan). The surface roughness, as the mean arithmetic height Sa, was 
measured following the standard DIN EN ISO 25178-2.

A comprehensive examination of the texture along the sheet thick
ness (in ND) was conducted using a scanning electron microscope (ZEISS 
Crossbeam 550 L) with electron backscattered diffraction (EBSD). The 
analysis was performed with an accelerating voltage of 15 kV and a step 
size of 4 μm. The samples for the microstructure analyses were taken 
along the ED at the center of the band and measured with a step size of 
0.6 μm. The preparation of the specimen followed established metallo
graphic procedures, involving grinding and polishing. Additionally, an 
electropolishing step was carried out for 20 s at a voltage of 22 V, uti
lizing Struers AC2 solution maintained at a temperature of −20 ◦C.

M
an

uf
ac

tu
rin

g
C

ha
ra

ct
er

iz
at

io
n

N
um

er
ic

al
 s

et
up

Start

End

Material modeling
QForm UK

Finite Element 
modeling
QForm UK

Point tracking and 
state variable 

calculation 
QForm UK

Validated?

No

Yes

Thermo-Calc 
2022b
TCMG6:

Mg-Alloys v6.3

Calculation of 
rotation
MATLAB

Flow curve 
measurements
ZwickRoell HB250

Micrograph of
billet material
Olympus GX53

Surface roughness 
measurements
Keyance VK-1000

Microstructure and 
texture analysis

ZEISS Crossbeam 550 L

Extrusion
2.5 MN press

by Müller Engineering

Supply of as-
extruded 

AA6082-T6

Modified gravity 
casting of

AZ31 and ZX10
Heat treatmentMachining to 

extrusion billets

Turning to
extrusion billets 

Fig. 1. Flow chart illustrating the procedure of the study, categorized into the phases of manufacturing, characterization, and numerical setup.

Table 1 
Chemical composition of the investigated magnesium alloys (in wt.-%, Mg in 
balance).

Alloy Al Zn Mn Ca

AZ31 2.88 0.90 0.21 –
ZX10 – 1.01 – 0.14

Table 2 
Chemical composition of the investigated aluminum alloy (in wt.-%, Al in 
balance).

Alloy Si Mn Mg Zn

AA6082 0.80 0.50 1.10 0.12
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2.2. Numerical setup

An FE model was set up using the simulation software QForm UK. 
Here, Lagrangian formulation is applied, and an explicit integration 
method is selected. A three-dimensional quarter model was constructed 
utilizing the General Forming module, acknowledging the distinct 
geometrical features of the dies in TD and ND. The imported conven
tional and modified die designs are shown in Fig. 3a and Fig. 3b, 
respectively.

To accurately reproduce the entire process, the assembly includes the 
billet, container, ram, and the investigated die. Here, the reference co
ordinate system is placed at the entrance of the die. Notably, the die and 
container were kept stationary, while the ram was subjected to a con
stant speed of 1 mm/s. To reduce the complexity of the simulation 
process, all tools are modeled as rigid bodies. The thermodynamic 
properties of the tool steel are sourced from the built-in material library 
in QForm UK. Accordingly, the heat transfer between the billet and the 
tools is considered.

In order to incorporate the elasto-viscoplastic behavior of the ma
terials into the material models employed in QForm UK, a series of flow 
curves were achieved using a hydraulic universal testing setup (Zwick
Roell HB250) for compression tests within a temperature range of 
250–450 ◦C and a strain rate range of 0.001–4 1/s. The remaining 
properties such as Young’s modulus are taken from the built-in material 
library. As for the thermal conductivity and specific heat of the mag
nesium alloys, simulations were carried out using the software Thermo- 
Calc 2022b and the database TCMG6: Mg-Alloys v6.3.

The friction between the billet and the tools was incorporated by 
applying Levanov’s friction law [33]: 

τ = m
(

σF

/ ̅̅̅
3

√ )
(1 − exp( − 1.25 σN/σF) ) (1) 

with τ as the friction stress, m = 1 as the friction factor, σF as the flow 
stress of the workpiece material and σN as the normal contact pressure. 

This model was chosen to prevent overestimating frictional stresses in 
case of low or high contact pressures.

All tools and the billet are discretized using three-dimensional 
tetrahedra as building blocks, with a minimum element edge length of 
0.3 mm, a maximum element edge length of 2.0 mm, and an acceleration 
coefficient of 1.5. To correctly reproduce the contact of the billet with 
the press channel, the die’s minimum and maximum element edge 
lengths are reduced using local adaptation to 0.1 mm and 0.5 mm, 
respectively. Based on steadily refined element edge length, this setup is 
considered adequate. To validate the numerical results, the ram load 
respective to the ram displacement is compared with the experimental 
results, see Fig. 4.

The numerical results demonstrate a high degree of correlation with 
the physical response of the system. The average relative error between 
numerical and experimental maximum ram load is 3 %. It should be 
noted that the experimental procedure requires the attachment of a 
puller after the beginning of material flow which results in a load drop 
and a new starting procedure which is not included in the simulation. 
However, it is observed that the simulation model systematically un
derestimates the ram displacement at which the maximum ram load is 
reached due to the rigid body assumption applied to the container and 
die.

To evaluate the flow characteristics and the resulting state variable 
distribution in the cross section of the band, QForm UK’s post-processing 
is used. To this end, three paths are created using point-tracking. Then, 
the strain tensor ε ∈ ℝ3×3, strain rate ε̇, and temperature T are calculated 
for each path. To account for the local differences across the width 
(edge, quarter, and center) of the specimen, the final positions of the 
points are shifted along TD as represented in Fig. 5.

For the calculation of deformation-based rotation, four additional 
points are introduced around P1, P2, and P3. Three of these points are 
shifted by 0.1 mm along one of the principal axes, while the fourth is 
shifted by 0.1 mm along all axes. This methodology generates a cell 
representative of the area under investigation around P1-P3, with each 
cell consisting of a total of five points. Based on the initial position A ∈

ℝ5×3 and final position B ∈ ℝ5×3 of this cell, the affine transformation 
matrix Faff is calculated for each time step. As Faff also includes trans
lation, it should be noted that Faff ∈ ℝ4×3. Therefore, cartesian co
ordinates of initial position A are converted to homogeneous coordinates 
by appending a column of ones to A, thereby creating Aʹ ∈ ℝ5×4. To 
obtain a unique Faff based on Aʹ and B, least squares is applied (see Eq. 
(2)). 

Aʹ Faff = B (2) 

Transforming Faff to a square matrix by removing the last row 

F = Ĩ Faff (3) 

AA6082 AZ31 ZX10

400 µm 400 µm 400 µm

Fig. 2. Initial microstructure in the longitudinal direction of the extrusion billets of as-cast AZ31 and ZX10 and as-extruded AA6082.

Fig. 3. Quarter model of a) the conventional and b) the modified die imported 
into QForm UK simulation software including the coordinate system and the 
workpiece mesh setup.

F. Esterl et al.                                                                                                                                                                                                                                    Journal of Manufacturing Processes 134 (2025) 891–903 

894 



with Ĩ ∈ ℝ3×4 as a truncated identity matrix, the deformation gradient 
tensor F ∈ ℝ3×3 is determined. F then only incorporates rotation and 
stretching. 

F = R U (4) 

Using polar decomposition, the deformation gradient tensor is then 
split into unitary rotational matrix R and Hermitian stretch matrix U (see 
Eqs. (5) and (6)). 

U = +
̅̅̅̅̅̅̅̅̅
FT F

√
(5) 

R = F U−1 (6) 

The rotational matrix R incorporates the rotation around each axis 
TD, ND, and ED (see Eq. (7)). 

R = RED(ΦED) RND(ΦND) RTD(ΦTD) =

⎛

⎝
R11 ⋯ R13
⋮ ⋱ ⋮

R31 ⋯ R33

⎞

⎠ (7) 

Lastly, the angles of rotation ΦTD, ΦND, and ΦED are obtained by Euler 

angle extraction from the rotational matrix R (see Eqs. (8)–(10)). 

ΦTD = tan−1(R32/R33) (8) 

ΦND = tan−1
(

− R31

/ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

R32
2 + R33

2
√ )

(9) 

ΦED = tan−1(R21/R11) (10) 

3. Results

3.1. Surface quality

As a consequence of the additive manufacturing process employed in 
the production of the modified die, the surface of the modified die’s 
press channel exhibits a markedly increased level of roughness. 
Following the extrusion tests, the press channel was cleaned and 
inspected. However, no evidence of wear was identified, consistent with 
existing work [29]. As for the surface quality of the extruded flat bands 
of the conventional die, only minor defects are observed, see Fig. 6a. 
Also, the surface topography shows a mostly homogeneous surface 
height over the width of the band, see Fig. 6b. However, when using the 
modified die, streaking defects are visible. Consistently, the surface 
topography shows abrupt changes in the measured surface height when 
moving in TD, most notably for ZX10. This is also reflected by the 
increased average surface height Sa of all bands extruded with the 
modified die, ranging from 7.9 μm – 12.9 μm as compared to 3.0 μm – 
4.1 μm when using the conventional die.

3.2. Microstructure and texture development

Fig. 7 illustrates the microstructures in the ED/ND plane of the bands 
extruded with the conventional and the modified die, observed at the 
center of the band of each material. These are presented using inverse 
pole figure (IPF) maps with an orientation-dependent color code, 
alongside the characteristic average grain size (GS). While a color 
gradient within a grain displays a variation in crystallographic orien
tation and is therefore linked to deformed grains, a recrystallized grain 
shows no discernible difference in color.

The conventionally extruded AZ31 band exhibits a bimodal grain 
structure, comprising globular fully recrystallized grains and partially 
recrystallized grains straightened in ED. This is a typical result for an 
extruded band of this material [34]. In the band extruded with the 
modified die, these elongated grains are no longer present. Further, 
there is a slight increase in average grain size (13 μm and 15 μm).

The conventionally extruded ZX10 band exhibits a fully recrystal
lized globular microstructure. While also generating a fully recrystal
lized globular microstructure, extrusion with the modified die results in 
a markedly more pronounced grain growth (approximately doubling the 
average grain size from 16 μm to 28 μm), in comparison to the average 
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Fig. 4. Comparison of experimental (exp.) and numerical (num.) ram load-displacement curve for the conventional (conv.) and the modified (mod.) die.

Fig. 5. Representation of the evaluation points P1 (edge), P2 (quarter), and P3 
(center) in the TD/ND cross section for the numerical point tracking.
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grain size of the conventionally extruded ZX10 band. It has been 
demonstrated in previous work [35] that the coarsening of the micro
structure of this alloy is associated with a heightened thermal impact, 
which can be attributed to an increase in temperature or strain rate.

The microstructure of AA6082 exhibits notable differences 
compared to that of the two magnesium alloys. However, the use of the 
conventional and the modified die results in only slight deviations in the 
extruded microstructures. In both cases, the microstructure displays 
partial recrystallization with elongated grains in ED. Additionally, the 
average grain size is comparable in the two bands (~11 μm).

The texture, i.e. the crystallographic orientation distribution of the 
microstructure, was measured using EBSD across the band thickness at 
three locations surrounding the evaluation points (P1, P2, and P3), that 
are shown in Fig. 5. At each location, a measuring area of about 2.8 mm 
in TD and 1.4 mm in ND was defined. In the case of magnesium alloys, 
the (0001) pole figure is used to identify the orientation of the basal 

planes, while the (10−10) pole figure is employed to indicate the 
orientation of the prismatic planes. With regard to aluminum, the (111) 
pole figure is utilized to illustrate the orientation of the close-packed 
planes, whereas the (100) pole figure is used to indicate the orienta
tion of the fcc main plane [36]. The orientation of the crystallographic 
structure in the extruded bands and the ideal texture components for the 
materials examined in this study are illustrated in Fig. 8.

For AZ31 extruded with the conventional die (Fig. 9a), the typical 
texture consists of a distinct alignment of basal planes in the form of a 
basal (0001) 〈10−10〉 component which also correlates with six weak 
peak maxima in the (10–10) pole figure [37], as shown in Fig. 8. 
Furthermore, there is a pronounced (0001) basal fiber parallel to ND. At 
the edge of the band (P1), this component appears with a slight split 
peak tilt of basal planes towards ED. Additionally, most pronounced at 
the edge of the band (P1), a weak prismatic fiber parallel to ED is visible 
[34]. The distribution of basal planes in TD decreases towards the center 
of the band (P3). Furthermore, a slightly weakened texture is observed 
at P1 when compared to P2 and P3. Overall, these textures stem from the 
activation of deformation mechanisms including dominant basal slip 
[38] as well as concurrent dynamic recrystallization which is known to 
not alter the deformation textures distinctly in this alloy. Details can be 
found in [34,39].

In the texture development for the AZ31 bands extruded using the 
modified die (Fig. 9b), a clear change can be seen. At the edge of the 
band (P1), there is a distinct tilt of the basal planes out of the sheet plane 
towards ED of around 20◦ and rotation about ND of approximately 40◦

of the {0001} component as well as the related fiber. For P2, this tilt of 
basal planes out of the sheet plane is not as pronounced (~10◦), but the 
rotation of the basal component (around ND) is still clearly recognizable 
with around 20◦. In the center of the band (P3), no visible splitting of the 
basal component compared to the results obtained from extrusion with 
the conventional die can be found. However, it shows a more pro
nounced broadening of basal planes to TD rather than to ED. It should be 
noted that the prismatic fiber is less developed for all these points 
compared to the extrudates of the conventional die. In terms of texture 
intensity, the band extruded with the modified die shows the highest 
intensity at the edge (P1), contrary to the location after extrusion with 
the conventional die.

For the conventionally extruded ZX10 (Fig. 10a), the above- 
mentioned (0001) 〈11−20〉 component is degenerated and tilted ~30◦

from ND to ± ED at all positions. This texture component is typical for 
Ca-containing Mg-alloys as a result of the underlying recrystallization 

Fig. 6. Surface quality indicated by a) the macrograph of the surface of the extruded flat bands and b) the measured surface topography including the mean 
arithmetic height Sa.

Fig. 7. Microstructure at the center of the extruded flat bands with the average 
grain size (GS) using inverse pole figure maps for a) the conventional and b) the 
modified die.
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behavior [12]. Furthermore, a weak fiber of the tilted basal component 
parallel to the ND is visible at all positions.

The bands extruded with the modified die (Fig. 10b) show the 
splitting of the basal planes out of the normal direction (tilting to ED). 
Comparing the tilt with results from the conventional die, the tilt angle 
varies according to the position. While P1 shows an increase in tilt of 
approximately 10◦, P2 and P3 show a reduction of about 20◦. The 
rotation around the ND is still clearly pronounced for ZX10 at around 

45◦ for P1. For P2 and P3 the rotation of the basal component is less 
distinct. In contrast, these positions show a very clear broadening of the 
basal planes towards TD. This is more pronounced in P2 than in P3, 
ultimately leading to the weakest texture intensity. It is noticeable that 
P2 and P3 show characteristics described as a “donut” shape texture as 
fiber. In recent literature, this type of texture is associated with low 
mechanical anisotropy and enhanced formability [40].

To analyze the texture of the aluminum alloy (AA6082), the (111) 

Fig. 8. Ideal crystallographic texture components observed in extruded bands of a) hexagonal and b) cubic materials.

Fig. 9. (0001) and (10–10) pole figures at three different positions (edge, quarter, and center) in the ED/TD plane for AZ31 extruded with a) the conventional and b) 
the modified die.

Fig. 10. (0001) and (10–10) pole figures at three different positions (edge, quarter, and center) in the ED/TD plane for ZX10 extruded with a) the conventional and 
b) the modified die.
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and (100) pole figures are shown in Fig. 11. Due to the multiplicity of 
aluminum textures, only the main components (with the highest in
tensities) are considered in the following, see Fig. 8.

For the extrudates of the conventional die, all positions show a 
dominant Cube component as texture. However, the presence of a Brass 
component is visible. These kinds of textures are typical for extruded 
AA6082 [41] and associated with the recrystallization of the material 
[42]. The variation of the textures as well as their strength is insignifi
cant with respect to the three different positions.

The extrusion with the modified die leads to a major change in the 
texture. Now a Goss component dominates all positions. However, there 
is a variation in the orientation of the component depending on the 
analyzed position. As with AZ31 and ZX10, the rotation around ND 
seems to depend strongly on the position in the band. Again, P1 shows 
the strongest rotation around ND with approximately 20◦ from the 
original Goss position, while P3 shows no significant rotation around 
ND.

3.3. Flow characteristics

To investigate the influence of the altered channel on the material 
flow and the state variables in the TD/ND cross section, the three paths 
(P1-P3) are evaluated using point-tracking. In Fig. 12, the material flow 
lines in the ED/TD and ED/ND cross sections are shown. The position of 
the die exit for the conventional die is located at 2 mm as the coordinate 
in ED, whereas the press channel of the modified die ranges up to 14 mm 
in ED.

The simulation results for the conventional die demonstrate that the 
flow lines are largely consistent across all paths in both the ED/TD and 
ED/ND cross sections (Fig. 12a). Upon entering the die, the flow paths 
become parallel, indicating no further change in the flow direction. In 
the case of the modified die (Fig. 12b), the flow lines demonstrate more 
pronounced bending near the entrance reflecting the increased initial 
compression in the TD relative to the conventional die. Furthermore, 
upon entering the modified die, there is a noticeable change in the 
material flow as the modified die directs the material in the TD.

In Fig. 13, the strain paths experienced by the material as it passes 
through the conventional and the modified die are shown. In general, 
significant strains in ED and compression in the TD and ND throughout 
the entire cross section of the band extruded with the conventional die 
are calculated (Fig. 13a). However, the compression in TD is more 
pronounced near the edge of the band (P1), following the bending of the 
flow line just before entry of the die. In the case of the modified die, 
significantly reduced strains in ED, especially at the edge of the band, 
are calculated (Fig. 13b). Here, positive strains in TD are introduced, due 
to the displacement in TD. However, the compression in ND remains 
comparable with that of the conventionally extruded band for all paths.

Similarly, the shear strain paths experienced by the material as it 

passes through the conventional and the modified die are shown in 
Fig. 14. While no significant shear strain in TD/ND is calculated, sig
nificant shear strains in ND/ED plane occur throughout the entire cross 
section of the band when the conventional die is used (Fig. 14a). It is 
noteworthy, that the shear strain in ED/TD is less pronounced in the 
center of the band (P3), while minor negative shear strain in ED/TD is 
observed at the edge of the band. The application of the modified die 
results in a notable increase in shear strains in TD/ND and ED/TD, 
particularly at the edge of the band (Fig. 14b). Furthermore, the shear 
strain in ND/ED is also significantly reduced, while in the center it re
mains comparable to that of the conventionally extruded band. A 
detailed comparison of the final strain states for each respective point 
and both die designs is presented in Table 3. Here, the difference be
tween the two dies in the final strain state Δε is also provided.

In Fig. 15, the results of calculated rotational angles Φ around each 
axis for all of the paths are shown. The final rotation states and the 
difference ΔΦ between the two die designs are summarized in Table 4. 
In agreement with the results of the shear strains, the absolute rotation 
around each axis is highest at the edge (P1) and decreases towards the 
center of the band for both dies. However, comparing the rotational 
values between the dies, the absolute rotation around ND is significantly 
higher for the modified die at all positions. The increase in rotation is 
most pronounced at the edge of the band, thereby increasing the in- 
plane rotation gradient around ND. Regarding P2 and P3, the rotation 
around TD is decreased, ultimately steepening the difference in rotation 
in the cross section of the band extruded with the modified die. In 
contrast, only slight changes to the final rotation states are generated 
concerning the rotation around ED.

The changes in the material flow also lead to deviations in the strain 
rate when passing through the die, as shown in Fig. 16. For the con
ventional die, the maximum strain rate is reached at the die entrance, 
where the material is compressed to the final geometry. Here, the strain 
rate is homogenous and reaches a maximum of approximately 12 s−1. 
The deformation ceases once the material passes the entrance, causing 
the strain rate to decline rapidly.

In contrast, the modified die design reaches its maximum strain rate 
at the die exit, coinciding with the attainment of the final geometry. At 
the periphery (P1), the maximum is about 8 s−1, while at the center (P3), 
it reaches only about 4 s−1. Notably, due to the continuous change of 
shape, the strain rate remains elevated throughout the entire die length.

Regarding the temperature development, there are only minor dif
ferences in the cross section of the bands. However, as the deformation 
leads to heat generation in the forming zone, the temperature devel
opment of the conventional and modified die differ significantly. 
Further, as the investigated alloys show distinct thermal behavior, 
noticeable differences for the varying alloys are found. However, the 
temperature development across all alloys follows a similar pattern, as 
shown in Fig. 17. Upon entering the die, the temperature remains close 

Fig. 11. (111) and (100) pole figures at three different positions (edge, quarter, and center) in the ED/TD plane for AA6082 extruded with a) the conventional and b) 
the modified die.
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Fig. 12. Material flow lines in the ED/TD and ED/ND cross sections of P1-P3 while passing through a) the conventional and b) the modified die.

Fig. 13. Strain paths of P1-P3 while passing through a) the conventional and b) the modified die.

Fig. 14. Shear strain paths of P1-P3 while passing through for a) the conventional and b) the modified die.
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to the initial value (350 ◦C for AZ31 and ZX10, and 450 ◦C for AA6082). 
Within the die, the deformation increases the temperature to a 
maximum, steadily decreasing as the material exits the die. In the case of 
the conventional die, the temperature peaks at 421 ◦C for AZ31, 428 ◦C 
for ZX10, and 483 ◦C for AA6082 (Fig. 17a). Consequently, the absolute 
temperature increase due to deformation is 71 ◦C for AZ31, 78 ◦C for 
ZX10, and 33 ◦C for AA6082.

Due to higher deformation in the modified die, a considerably higher 
temperature development in the forming zone is calculated (Fig. 17b). 
The temperatures of the magnesium alloys increase from 350 ◦C initial 
temperature up to 475 ◦C for AZ31 and 492 ◦C for ZX10. Here, for 
AA6082, the temperature increases to about 521 ◦C from initially 
450 ◦C. Therefore, the modified die leads to heat generation in the 
forming zone significantly higher than that of the conventional die, with 
increases of 125 ◦C for AZ31, 142 ◦C for ZX10, and 71 ◦C for AA6082.

4. Discussion

The numerical results highlight significant changes in the flow 
characteristics and the associated state variables, especially in the 
forming zone. Here, noticeable changes to the strain states, the strain 
rate, and the temperature development are emphasized, granting dis
cussion of changes in microstructure and texture development. 
Furthermore, the local differences in state variables are also reflected in 
the texture developed in the extruded bands, thereby enabling the 
connection of locally generated textures and state variables.

In terms of microstructure evolution, both magnesium alloys show 
grain coarsening, which is only slight for AZ31 and more pronounced for 
ZX10 when extruded with the modified die. As the modified die leads to 
a smooth introduction of dislocations and increased temperatures in the 
forming zone (see Fig. 16 and Fig. 17), grain growth especially for ZX10 
is plausible due to a higher thermal impact in terms of the recrystalli
zation kinetics for the modified die, see Fig. 17. Unlike AZ31, ZX10 alloy 
also exhibits a pronounced tendency for grain growth due to a distinct 
difference in the recrystallization mechanisms. Related work [12] has 
investigated this difference, including an alloy-specific alteration in the 
character of the dynamic recrystallization mechanism. Instead of a 
dominant mechanism of grain nucleation and growth, a continuous 
mode of recrystallization by rearrangement and rotation of low-angle 
grain boundaries towards high-angle boundaries has been proposed 
[43]. For AA6082, no visible change in the resulting grain structure is 
achieved. The change of effective temperature in the forming zone from 
about 483 ◦C for the conventional die to 521 ◦C when extruded with the 
modified die on the microstructure development of AA6082 is therefore 
only marginal.

As the local textures differ, the connection towards the state vari
ables at the corresponding location is sensible. At the periphery (P1) of 
the conventionally extruded AZ31 band, a distinct split peak and a slight 
tilt of the basal planes towards ED are observed. This is accompanied by 
a weak prismatic fiber aligned with ED. A similar texture is documented 
by Yang et al. [18], who state, that due to the increase of shear, the basal 
planes tilt towards the imposed shear direction. The numerical analysis 
supports this statement, as higher shear strains in ED/TD can be found 
close to the dead metal zone, decreasing towards the center.

As for the modified die, the texture of AZ31 is significantly altered, 
distinctively tilting the basal planes out of the sheet plane to ED and 
rotating the {0001} component as well as the related fiber around ND. 
This is most dominant at the edge of the band (20◦ and 40◦ around ED 
and ND, respectively) while less tilt and rotation can be found at P2 (10◦

and 20◦, respectively), and no visible change in tilt or rotation is found at 
the center. Xu et al. [44] describes a comparable texture modification in 
AZ31 sheets. They report that the velocity along TD and the velocity 
gradient along ED cause the gradient of texture rotation around ND 
present in the cross section. In agreement, the numerical analysis of the 
modified die design highlights the introduction of positive strains in TD 
(corresponding to the velocity component in TD) and significantly Ta
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reduced strains in ED at the edge of the band. However, the rotation of 
the dominant texture component around ND can also be interpreted 
using the numerically calculated rotation based on the deformation 
gradient tensor. When comparing the rotation of conventional and 
modified die, the difference is in good agreement with the experimen
tally observed rotation of dominant texture components. Therefore, at 
the edge of the band, about 39◦ of difference in rotation around ND is 
calculated while in the center, the difference is only about 4◦. Lastly, the 
presence of broadened basal planes even in the center can be related to 
the increased shear strains in ED/TD plane when extruded with the 
modified die, akin to the conventionally extruded band at the edge.

When extruded with the conventional die, ZX10 obtains a degen
erated and tilted texture component throughout the whole width of the 
band. This texture is typical for Ca or RE-containing Mg–Zn alloys and 
is known as “RE-texture” [12]. The addition of Ca changes the dynamic 
recrystallization, randomizing the crystallographic orientation of the 
components as described in [45].

Using the modified die, the split texture component of ZX10 is not 
only tilted in ED like with the conventional die but the basal component 
is rotated around ND at about 45◦ near the edge of the band, which 
corresponds well with the rotation found in AZ31 and numerically 
assessed rotation based on deformation gradient tensor. Consistently, at 
P2 and P3, this rotation around ND is not as pronounced. However, the 
basal planes broaden towards TD, thereby generating a completely 
different texture as fiber. Victoria-Hernández et al. [40] report, that 
these textures can be associated with enhanced formability and reduced 
mechanical anisotropy. Thereby, the importance of increased shear 
strains in ED/TD as well as slight rotation about ND and tilt about TD for 
beneficial texture modification of ZX10 is highlighted.

For AA6082, the texture obtained with the conventional die is 
consistent with the existing literature as a dominant Cube component 

Fig. 15. Rotation of P1-P3 while passing through a) the conventional and b) the modified die.

Table 4 
Comparison of the rotational angles of paths P1 (edge), P2 (quarter), and P3 (center) introduced by the conventional (conv.) and modified (mod.) die.

ΦTD [
◦ ] ΦND [

◦ ] ΦED [
◦ ]

conv. mod. ΔΦTD conv. mod. ΔΦND conv. mod. ΔΦED

P1 38 40 2 −40 −79 −39 −26 −24 2
P2 27 15 −12 −15 −24 −9 −8 −4 4
P3 25 14 −11 −5 −9 −4 −1 −1 0

Fig. 16. Strain rate of P1-P3 while passing through a) the conventional and b) 
the modified die.

Fig. 17. Temperature development of AZ31, ZX10, and AA6082 while passing 
through a) the conventional and b) the modified die.
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results. However, extrusion with the modified die shifts the dominant 
texture component from Cube to Goss in the whole width of the band. 
This type of texture transformation for aluminum from Cube to Goss 
component has also been documented by Chen et al. [46], who 
emphasize that the presence of Goss is attributed to the recrystallization. 
Wang et al. [26] demonstrate a comparable transition from Cube to 
Goss, related to a die geometry that introduces reduced strain rates. In 
agreement, the numerical analysis shows reduced strain rates at all 
positions, see Fig. 16. Further, an increased heat generation in the 
modified die is calculated, raising the effective forming temperature of 
AA6082 to 521 ◦C, compared to 483 ◦C when extruded with the con
ventional die as shown in Fig. 17. Due to the shift in dominant texture 
component over the entire width of the band, it is hypothesized that 
predominantly the decrease in strain rate and increase in temperature 
facilitates the texture shift from a Cube to a Goss component although no 
visible impact on the underlying grain structure is obtained, see Fig. 7. 
Therefore, control over the strain rate and the effective temperature in 
the forming zone for specific texture formation and orientation is inte
gral. As for the die design, the strain rate can be influenced by changing 
the magnitude of deformation introduced over the length of the die. 
Furthermore, the effective deformation temperature can separately be 
altered based on changes in the initial billet and tool temperatures. 
Nevertheless, the dominant texture components are yet again locally 
rotated. At the edge of the band (P1), a rotation of the Goss component 
of about 20◦ is identified when compared to the conventional orienta
tion of the Goss component. This rotation decreases towards the center 
of the band, following the previous results of the magnesium alloys, and 
the numerically calculated rotation around ND.

5. Conclusions

As mechanical properties are known to be texture-dependent, the 
plastic anisotropy of extrudates is linked to texture development. In this 
study, the connection between changed state variables in the forming 
zone dictated by the die design and the subsequent microstructure and 
texture development is examined. Therefore, direct extrusion of flat 
bands has been carried out on AZ31, ZX10, and AA6082. The numerical 
data on strain states and rotation allows for the description of local 
changes in the crystallographic orientation, thus enabling the derivation 
of favorable state variables for each specific alloy characteristic. The key 
findings of the study can be summarized as follows: 

1. The texture change is connected to the strain path and can therefore 
be controlled based on the die design. This applies equally to 
AA6082, an alloy that tends to demonstrate a recovery-dominated 
texture evolution; AZ31, an Mg alloy whose texture evolution due 
to recrystallization differs only slightly from the forming texture; and 
ZX10, an alloy whose recrystallization texture is distinctly altered 
compared to the pure forming texture.

2. All alloys under investigation show a rotation around the ND of the 
dominant texture components, which is most pronounced at the edge 
of the band (40◦, 45◦, and 20◦ for AZ31, ZX10, and AA6082, 
respectively) and decreasing towards the center where no significant 
rotation can be detected. These findings correlate well with the dif
ference in rotation around ND between the dies of 39◦, which is 
numerically calculated based on the deformation gradient tensor.

3. AZ31 and ZX10 show a slight broadening of basal planes in TD even 
in the center of the band when extruded with the modified die. These 
changes can be attributed to the increased shear strains in ED/TD 
generated by the modified die. For ZX10 specifically, due to the 
combination of these broadened basal planes in TD, rotation around 
ND, and the tilt in ED, characteristic of extruded Ca-containing Mg- 
alloys, a completely different texture is generated.

4. The investigation on AA6082 illustrates the significance of the strain 
rate and the effective temperature in the forming zone for its texture 
development. The modified die results in higher deformation, which 

in turn causes a significantly increased heat dissipation when 
compared to the conventional die while simultaneously reducing the 
strain rates. Accordingly, the dominant texture component is 
observed to transition from Cube to Goss. It is therefore evident that 
alterations to the die design and the processing conditions enable 
control over the dominant texture component in AA6082 while, 
separately, a mechanically caused rotation of the texture component 
about ND remains achievable by changing the material flow.

5. As a consequence of additive manufacturing, the surface topography 
of the extruded bands demonstrates abrupt changes in the surface 
height along the TD, resulting in visible streaking defects. It is 
therefore necessary to undertake additional post-processing of the 
surfaces of the press channel of the additively manufactured die.

Overall, this study underscores the potential of texture modification 
in materials based on the die design, as deformation-based texture 
change has been demonstrated for materials with different crystallo
graphic deformation and recrystallization behavior. Therefore, reverse 
engineering approaches can be used to identify die designs beneficial for 
distinct texture formation in specific alloys, ultimately enabling control 
over the mechanical properties and their directionality. In this regard, 
the potential of additive manufacturing for the realization of these new 
die concepts is highlighted. Future research will explore a broader range 
of such complex die designs and processing conditions, to enhance the 
comprehension of how state variables facilitate particular texture 
modification and, ultimately, the reduction of mechanical anisotropy. 
Furthermore, additional research is required to determine the optimal 
post-processing techniques for additively manufactured extrusion dies, 
intending to achieve an enhanced surface quality of the press channel.
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