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Abstract
This study employs a finite element thermo-mechanical model, using a Lagrangian incremental setting to investigate friction
extrusion (FE) under varying process conditions. The incorporation of rotation in FE generates substantial frictional heat,
leading to significantly reduced process forces in comparison to conventional extrusion (CE). The model reveals the interplay
between temperature, strain, and strain rate across different microstructural zones of the resulting wire. Specifically, the
sticking friction condition in FE enhances initial shear deformation, aligning with a homogeneous spatial strain distribution
and predicting complete grain refinement in the extruded wire, as per Zener-Hollomon calculations. On the other hand, under
the sliding friction condition in FE, the shear deformation is reduced which results in an inhomogeneous microstructure in
the extruded wire. The analysis of material flow in the workpiece reveals distinct transitions from the base material to the
thermo-mechanically affected zones. The simulated process force, thermal history, and microstructure during sliding friction
conditions align well with the findings from performed friction extrusion experiments.

Keywords Process simulation · Friction condition · Thermo-mechanical condition · Material flow behavior · Dynamic
recrystallization · Microstructure zones

Introduction

In recent times, there has been a notable research interest in
friction extrusion (FE) due to its capability to produce extru-
dates with microstructural refinement, which correlates to
improvedmechanical properties of extrudedwire and rods [1,
2]. In terms of advanced processing techniques, FE can be
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seen as a paradigm shift from the conventional extrusion (CE)
process due to the addition of die rotation. The localized
thermo-mechanical conditions created at the process zone in
FE contribute towards reducing energy consumption while
enhancing crucial mechanical properties, including strength,
fatigue resistance, and ductility [3].

The operational principle of FE compared to CE allows
for a reduction in the process steps and maintains hot work-
ing conditions while processing below melting temperature.
This prevents solidification defects such as alloy segregation,
shrinkage, or gas porosity [4]. In FE, hot working condition
is achieved through relative rotation and translation of the
die against the feedstock, leading to heat generation. Since a
non-consumable rotating tool is used as a die, the feedstock
in the container can be in various conditions, such as chips,
powder, or bulk material [5–7]. The friction applied at the
die-feedstock interface and die rotation, leads to frictional
heating and severe plastic deformation, as feedstocks are
extruded to produce rods, wires or tubes [8, 9]. The extruded
wires from FE can be used as feedstockmaterials for additive
manufacturing [10]. The prevailing thermo-mechanical con-
dition in FE needs to be explored for a better understanding
of the material deformation and flow behavior.
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Numerical models are useful to understand and even pre-
dict the complex conditions in FE. Finite element method
(FEM) has been popular for modeling different friction-
based processes due to its ability to capture the macro-
mechanical process dynamics [6, 11–13]. Using the FEM
simulation package DEFORM, a 3D Lagrangian method
coupled with visco-plastic material behavior was imple-
mented to investigate the extrusion of metal chips [6]. Since
FE operates on a process mechanism similar to friction
stir welding/processing (FSW/P), understanding the princi-
ples of FSW/P can provide valuable insights for modeling
FE [6]. Numerical modeling of the FSSW process based
on the Coupled Eulerian-Lagrangian technique was devel-
oped in ABAQUS to investigate the material flow [14]. The
modeling and experimental observations provide a consis-
tent interpretation of the circumferential material flowwhich
has some inward radial flow at the top surface. An Arbi-
trary Lagrangian Eulerian (ALE) formulation implemented
in Forge3was used to studymaterial and interface behavior in
FSW [15]. The model used reproduced a temperature profile
that agrees with the experiment. The ALE framework within
ABAQUS was deployed to model FE in 2D to investigate
the metallurgical transformation of magnesium chips [16].
The model framework showcases its remarkable capabil-
ity to predict the deformation process and its consequential
microstructural attributes to grain size and microhardness.
However, within the FEM framework, the effects of friction
conditions leading to material flow behavior in FE are not
fully investigated.

Friction plays a significant role in friction-based pro-
cesses, and its accurate representation is essential for obtain-
ing realistic material flow simulation results. The commonly
adopted friction models which captures the friction con-
ditions in FEM are Shear and Coulomb friction models.
The Shear friction model has been used to model mate-
rial flow in FSW [17]. But also Coulomb friction model
with temperature-dependent friction coefficient has been
used, for instance, to simulate refill FSSW [13], which led
to accurate process prediction of thermal history in refill
FSSW. In FEM, applying an adaptivemesh in the Lagrangian
domain at the contact region enhances the resolution of
the nonlinear friction condition between the die and the
feedstock without increasing the computational demand [6,
18]. The interplay between frictional heat generation and
(temperature-dependent) material response to deformation
establishes a crucial connection between the friction condi-
tions and the material model within the FEM.

The numerical models have shed light on the influence of
contact conditions on thermo-mechanical features to some
extent. However, a comprehensive understanding of the fric-
tion conditions leading to shear deformation, material flow
against the die-face and the formation of microstructural
zones in the extruded wire is still an under-explored domain

in FE. The main aim of this work is to understand the rela-
tionship between applied friction conditions and the resultant
thermo-mechanical conditions leading to variousmicrostruc-
tural zones during FE. A finite element thermo-mechanical
model based on a 3D Lagrangian incremental setting is used.
Sticking and sliding friction conditions based on the shear
andCoulombmodel, respectively are applied inFE to address
the deformation mechanism. Furthermore, CE is simulated
as well to understand the significance of rotation in FE.

This work is organized as follows: the model description
comprising of the experimental setup, process model, mate-
rial, heat, and friction conditions are presented in “Model
description”. In “Results and discussion”, numerical val-
idation with experiments and other results are discussed.
“Conclusion” enlists the key conclusions of the study.

Model description

The setup of the experiment is elucidated in “Experimental
setup”. The process geometries with mesh specifications are
illustrated in “Process model”. In “Material response, heat
generation, and friction conditions”, the constitutive model
and heat generation as well as the friction conditions are
discussed. In the final subsection “Process simulation input
parameters”, simulation inputs corresponding to the FE
experiment, literature-deduced values, and applied thermal
conditions are reported.

Experimental setup

FE was performed using the FE100 (Bond Technologies, IN,
USA), a dedicated FE machine, where a detailed illustration
can be found in [19]. The tooling setup consists of a rotat-
ing 42CrMo4 steel container of 50 mm inner diameter and
X40CrMoV5-1 flat die (90◦ die angle edge) with a 14 mm
bore, leading to an extrusion ratio of 12.76. In addition, a
constant force of 300 kN and spindle rotation at 90 rpm were
applied during the process. Thedie position, temperature, and
spindle torqueweremeasured. The temperaturewas recorded
via a K-type thermocouple at two-third of the die radius
within the die, located 1 mm from the die face. The feed-
stock material AA7075 in as-cast condition was machined
to 50 mm length and 49.50 mm diameter and locked against
rotation towards the container. To start the FE process, a pro-
gram step with higher rotation and lower force (300 rpm, 50
kN) was used to ensure a defined contact between the die and
feedstock, thereby avoiding torque overload.

For microstructural analysis, the samples underwent stan-
dard metallographic sample preparation, involving section-
ing, grinding, and polishing with 0.25 μm colloidal silica-
suspension. Subsequently, electro-polishing for 90 s at 20 V
with Barker’s reagent was performed. The microstructures
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Fig. 1 Schematic of (a) FE and CE setup illustrating dimensions; (b) FE setup depicting die rotation and translation (c) CE setup showing die
translation; and (d) workpiece showing Lagrangian domain with mesh density

were then examined and results captured using a Keyence
VHX-600 digital microscope with polarized light.

A detailed microstructural analysis was conducted using
an FEI Quanta 650 field emission gun scanning electron
microscope (SEM). The instrument is outfitted with a TSL
OIM electron backscatter diffraction (EBSD) system and
an EDAX energy dispersive X-ray spectroscopy (EDS) sys-
tem. The EBSD analyses were performed for characteristic
microstructral zones via a step size of 0.2 μm at a voltage of
15 kV.

Process model

The simulation setup in DEFORM 3D for both CE and
FE processes have the same object dimensions as shown
in Fig. 1(a). The illustration in Fig. 1(b) and (c) shows the
applied die rotation1 and translation w.r.t. workpiece in FE
and die translation without rotation in CE, respectively. The
boundary conditions are applied in terms of velocities. The
cylindrical workpiece, measuring 49.50 mm × 50 mm, is
discretized using a mesh of around 50,000 tetrahedral ele-
ments of variable size, as shown in Fig. 1(d). The variable
element size aids in re-meshing steps and forms a mesh den-
sity window at one end of the workpiece, which is in contact
with the die. The re-meshing steps based on the ratio of pen-
etration distance of the die in the element is set to 0.7. Hence,
at the contact region, the re-meshing step ensures a higher
quality of the newmesh by conserving the calculated thermo-
mechanical state of the workpiece during simulation [20].
The refined mesh density follows the die movement, and
the size is about 10 times smaller than the largest mesh size

1 The die rotation led to the same results as container rotation in the
simulation.

in the workpiece. Although the extrusion die and container
are modeled as rigid bodies, heat transfer is considered to
account for the thermal properties of H13 steel. Therefore,
the extrusion die and the container are meshed using 20,000
tetrahedral elements.

Material response, heat generation, and friction
conditions

The workpiece material used is AA7075, which is modelled
as rigid visco-plastic.Ahyperbolic-sine constitutive equation
based on an Arrhenius-type relationship is applied to predict
the flow stress as follows,

˙̄ε = A
[
sinh(ασ̄ )

]n exp
(

− �H

RT

)
, (1)

where ˙̄ε is the strain rate, σ̄ is theflowstress,�H is the activa-
tion energy, R is the universal gas constant, T is the absolute
temperature, and A, n and α are material constants [21, 22].

The contribution of friction and plastic deformation, at
the workpiece-die interface in FE is simplified as q̇ = q̇ f +
q̇p where q̇ is the rate of total heat generated during the
process, q̇ f is the rate of frictional heat generated, and q̇p is
the rate of heat generated due to plastic deformation of the
material. In DEFORM 3D, the expression of heat generation
due to plastic deformation which incorporates the inelastic
heat fraction reads [18] q̇p = ησ̄ × ˙̄ε where η is the inelastic
heat fraction or amount of mechanical work converted to
heat.

The Coulomb friction model is applied to capture the slid-
ing between the die and the workpiece, as established by
Shen [23]. The sliding friction condition is expressed in terms
of contact shear stress as τcontact = μτ f r ic = μP , where
P is the contact pressure of a sliding die during rotation, and
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the friction coefficient μ is considered to be temperature-
dependent in this study. On the other hand, to model the
sticking friction condition at the contact region, the Shear
friction model is adopted. In this case, the yield strength of
the material is the limiting condition of contact shear stress
at the interface [18], and expressed as τcontact = mτyield ,
where τyield is the shear yield strength of the material and m
is a shear friction factor.

Process simulation input parameters

Flow stress data of AA7075 alloy is deduced from hot
compression tests conducted at deformation temperatures
between 300 ◦C and 500 ◦C under strain rates of 0.001-
10 s−1 [24, 25]. The values used in the simulation are
provided in Table 1. Figure 2 shows the die velocity-time
curve obtained from the force-controlled FE experiment
(described in “Experimental setup”), which is used as
boundary condition for the die in the FE simulations. The
temperature-dependent friction coefficient used for the slid-
ing condition, i.e. Coulomb model is given in Table 2. To
ensure comparability with FE, for CE case, a constant plunge
speed of 0.35 mm s−1 is applied at room temperature; and
the other parameters remain the same as FE with sticking
condition. The initial temperature of all parts is assumed to
be at room temperature, i.e. no preheating is performed.

Results and discussion

The thermo-mechanical processmodel of FE is first validated
with experimental data in “Numerical validation of FE”. The
influence of die rotation and friction condition on the force

Fig. 2 Evolution of die velocity during the force-controlled FE exper-
iment

and thermal history are reported in “Effect of die rotation and
friction conditions on the process history”. The description of
microstructural zones observed during the FE experiment is
presented in “Microstructural zones in the workpiece”. The
contribution of sticking condition to material deformation
and flow is detailed in “Thermo-mechanical conditions and
characteristics of sticking friction condition in FE”. Finally,
in “Material flowandmicrostructure zones due to sliding fric-
tion condition in FE”, the resulting microstructure evolution
under sliding friction conditions is discussed.

Table 1 Material parameters for
AA7075 and further simulation
parameters employed in the
extrusion process simulations

Parameters Symbols Magnitude Units

Material constant [24, 25] A 1.0×109 s−1

Material constant [24, 25] n 5.4 −
Stress exponent [24, 25] α 0.014 MPa−1

Activation energy [24, 25] �H 129 kJ mol−1

Poisson’s ratio of Al [18] νAl 0.33 −
Density of Al ρAl 2.67×10−6 kg mm−3

Thermal conductivity of Al [18] κAl 125 N s−1 ◦C−1

Heat convection coefficient [18] hconvection 0.02 N s−1 mm−1 ◦C−1

Heat conduction coefficient [18] hconduction 11 N s−1 mm−1 ◦C−1

Reference temperature T room 20 ◦C
Die rotational speed ωspeed 90 rpm

Total process time tprocess 50 s

Simulation time step t step 0.4 −
Shear friction factor [27] m 0.7 −
Inelastic heat fraction [28] η 0.9 −
Extrusion ratio ER 12.76 −
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Table 2 Coulomb friction coefficient as a function of temperature [26,
29, 30]

μ 0.5 0.5 0.5 0.26 0.2 0.1 0.08

T (◦C) 20 160 200 300 400 500 600

Numerical validation of FE

The die force obtained during the process simulation agrees
well with the experimental input force of approximately
300 kN as shown in Fig. 3(a). The high peak force in the
velocity-controlled simulation of FE can be attributed to the
extrusion speedwhich is themain parameter that is controlled
contrary to the force-control in experiment. Furthermore, the
temperature-time profile deduced from the location of the
thermocouple (TC) (see Fig. 3(b)) on the die is compared
with the experimental measurement. The observed result in
Fig. 3(b) shows good agreement with the experiment. In con-
clusion, the processmodel representswell the process history
from the experiment.

Effect of die rotation and friction conditions
on the process history

To examine the impact of die rotation, a comparison is pre-
sented with the force profiles of both FE and CE. In CE, a
higher die force is obtained compared to FE because of the
absence of rotation or preheating. The decrease in force in FE
also affirms the energy efficiency of the process compared to
CE. Furthermore, within FE for different friction conditions
i.e sticking and sliding condition, Fig. 4(a), a variation in the
initial force history between the two friction conditions is
observed.

Figure 4(b) illustrates the predicted force history in FE
with sticking friction condition. The force history is catego-

rized into two stages, namely: initial shear deformation (stage
I) and extrusion (stage II). The main difference between the
stages is that in stage I no extrusion is achieved, while stage II
marks the onset of extrusion. In stage I, as the extrusion
die makes contact with the workpiece, the force increases
rapidly. The decrease in force at 0.5 s and increase at 2 s
can be referred to an outcome of the initial material shear-
ing. After 2 s, the extrusion starts and gradually proceeds
to a quasi-steady-state [31–33]. These stages align with the
extrusion transient and steady-states, respectively as reported
by Baffari et al. [34].

In addition to the force history, the thermal history dur-
ing FE for both friction conditions are investigated. For both
FE simulations, the temperature increases rapidly at initial
contact between the die and the workpiece. The rotation
applied in FE results in heat generation at the extrusion
die-workpiece interface. As the extrusion progresses, the
temperature depicts a gradual increase correlated with the
decrease in the force. In the case of sticking conditions dur-
ing FE, there is no relative motion between the material and
the die,whichminimizes frictional heating, resulting in lower
heat generation. In sliding friction condition, a higher tem-
perature profile but lower force are predicted compared to
the sticking case.

Microstructural zones in the workpiece

Figure 5(a) illustrates distinct zones identified in the work-
piece after performing the FE experiments. The typical
microstructural zones in FE include two thermo-mechanically
affected zones (TMAZ 1 and 2) and the base material
(BM) [35]. The BM is shown in Fig. 5(b), representing
the feedstock material still unaffected by the FE process.
TMAZ 2, representing the transition region between BM
and TMAZ 1, as shown in Fig. 5(c), experienced significant

Fig. 3 FE process history validation; (a) force; and (b) thermal history
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Fig. 4 Process histories: (a) force during CE and FE; (b) force during FE with sticking condition, elucidating deformation stages; and (c) thermal
history during FE

temperature and deformation, but not sufficient to induce
dynamic recrystallization (DRX). This zone represents also
the core part of the wire. However, the main deformed
area comprises of the TMAZ 1, which underwent signif-
icant plastic deformation at elevated temperature, leading
to a fine-grained microstructure, see Fig. 5(d). This zone is
mostly already formed in front of the die orifice in the feed-
stock material as shown via kind-of stop-action experiments
by Suhuddin et al. [35]. It has been shown by the authors
that for sticking conditions a fully homogenized wire can be
achieved due to the introduction of severe shear strains.

Figure 6(a) shows the microstructural zones and the
related grain sizes obtained in the experiment. Figure 6(b)
depicts grain structures in the BM with considerable align-
ment in the vertical (ED) direction. TheBMconsists of coarse
and elongated grain. Figure 6(c) shows a tilted grain structure
in the TMAZ 2, with grain sizes of 5.38μm. The grains have
mainly undergone deformation but no significant DRX. The
TMAZ 1 in Fig. 6(d), depicts a refined grain structure due
to DRX, where Suhuddin et al. [35] identified continuous
dynamic recrystallization (CDRX) and geometric dynamic
recrystallization (GDRX) as the main mechanism with only

limited discontinuous dynamic recrystallization (DDRX).
The grain size was determined as 2.56 μm. Understanding
themicrostructural evolution in these zones is crucial to tailor
the mechanical properties of the extruded wire.

Thermo-mechanical conditions and characteristics
of sticking friction condition in FE

To reveal the evolution of the initial thermo-mechanical con-
ditions during FE, the material flow velocity maps are shown
at three different process times in Fig. 7. Based on these,
the in-plane shear evolution on the workpiece due to sticking
condition within the initial shear deformation stage (stage I)
can be estimated. The radial die velocity is calculated as
v = ωspeed×r , whereωspeed is rotational speed in radians per
second and r is the die radius. Sticking at the interface ensures
equal velocity between thedie and theworkpiece. InFig. 7(a),
initial shearing is observed at 0.05 s around the die orifice
with aminimum relative velocity of 65.8mm s−1. This is fol-
lowed by an increase in radial velocity distribution affirming
continuous material shearing as depicted in Fig. 7(b). After
2 s of processing time, a complete material shearing is
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Fig. 5 (a) Micrograph from the FE experiment showing characteristic microstructural zones; (b) BM; (c) TMAZ 2; and (d) TMAZ 1

observed in the workpiece as shown in Fig. 7(c) with a maxi-
mumrelative velocity of 234mms−1. TheFEsimulationwith
sticking condition shows that complete material shearing at
the contact interface occurs within stage I, corresponding to
the illustration in the process history in Fig. 4(b). Following
the velocity analysis, the workpiece material sticking to the
radial surface of the die rotates at the same velocity as the die.
This assertion agreeswith the investigation of sticking behav-
ior in SPH model of FE [7] and CFD model of FSW [36].
Figure 8(a-b) illustrates the spatial temperature and strain at
50 s. The maximum temperature is observed at the contact
region with the die-face at 478 ◦C. The strain evolution can
be traced and attributed to shear deformation at the contact
region. In the extruded wire, strains are redistributed due to
rotation leading finally to a homogeneous spatial strain dis-
tribution. The contribution of the initial shear deformation
and the strain in the extrusion direction assists in the shear
plane alignment which characterizes the FE process.

The corresponding microstructure zones i.e. TMAZ 1, 2,
and BM, due to sticking condition are depicted in Fig. 8(a-b).
The spatial thermo-mechanical distribution results in differ-
ent degrees of softening across the workpiece and extruded
wire in FE. Based on the thermo-mechanical conditions,
the grain size evolution is determined through the Zener-
Hollomon parameter Z, which is given by the expression,
Z = ˙̄ε exp(�H/RT ) [37]. The average grain size (d) is
expressed as d = (a + b × lnZ)−1, (a = −2.44, b = 0.1)
for AA7075 as suggested by Cerri et al. [38]. Figure 8(c) and
(d) confirm the different regions in the workpiece in terms of
the corresponding Z parameters and grain size, respectively.
TMAZ 1 in the wire exhibits a high Z value and a small grain
size (see Fig. 8(c) and (d)) compared to the other regions in
the workpiece, due to the occurrence of DRX driven by the
contribution of temperature and strain. The grain size in the
TMAZ1, determined to be around 2 - 3μm within thewire in
the simulation, alignswellwith the experimentally calculated
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Fig. 6 (a) FE extruded sample
with corresponding EBSD maps
for different microstructural
zones; (b) BM; (c) TMAZ 2;
and (d) TMAZ 1

Fig. 7 The velocity maps at the contact region which is perpendicular to the extrusion direction (in-plane) during FE, depicting the evolution of
material shearing due to rotation at process time; (a) tprocess = 0.05 s (b) tprocess = 0.5 s; and (c) tprocess = 2 s
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Fig. 8 Spatial distribution of (a) temperature; (b) strain; (c) Zener-Hollomon parameter; and (d) grain size in the workpiece with sticking friction
condition applied at the die-workpiece interface in FE at tprocess = 50 s

of 2.56 μm (see TMAZ 1 in Fig. 6(d)). The occurrence of
CDRX was reported in the TMAZ 1 for a fully refined wire.
The occurrence of CDRX was reported in the TMAZ 1 for a
fully refined wire [35]. As shown in Fig. 8(c), the obtained
Z values are below 28.6, which was reported as the transition
value from CDRX to DDRX by Sun et al. [39], inferring that
CDRX occurs in this case.

This implies that high strain values cause dislocation den-
sity to increase and consequently lead to an increase in
misorientation. The increase in grain boundary misorien-
tation transforms LAGBs into HAGBs through sub-grain
rotation. In TMAZ 1 of the wire, high strain is observed
which promotes the transition of LAGBs to HAGBs, leading
to fragments of sub-grains and the occurrence of complete
DRX in this region as depicted with small grain sizes. From
TMAZ 1 to TMAZ 2 as parameter Z decreases to 14.5, cor-
responding to increase in grain size to 5.5 μm is captured.
The spatial thermo-mechanical distribution in the workpiece
and the extruded wire, show a clear correlation with the grain
size and Z parameter. It is crucial to highlight that the type
of DRX obtained, as defined by the Z parameter, may vary
depending on alloying elements [40, 41] and stacking fault
energies [42]. Overall, the applied sticking conditions lead
to a fully refined microstructure, which agrees with observa-
tion in the literature [35]. However, in the current experiment
illustrated in Fig. 5, a partially refined microstructure was
observed within the wire. This indicates the occurrence of
distinct friction condition, i.e. sliding, which is investigated
in the following.

Material flow andmicrostructure zones due
to sliding friction condition in FE

Figure 9 illustrates the spatial temperature and strain distribu-
tion obtained which aligns with the experimentally deduced
microstructural zones in the workpiece. The maximum tem-
perature obtained in the sliding friction condition is 41 ◦C
higher than sticking condition. The temperature difference
implies that in sliding friction condition the nodes of the die
andworkpiece slide against each other, hence the die rotation
leads to more heat generation due to friction than material
shearing. In Fig. 9(b), it is evident that the sliding friction
condition results in less material shearing as depicted with
a decrease in the maximum strain contribution to 16.5 com-
pared to the strain of 28 reported in the sticking condition. In
the extrudedwire, the effects of sliding friction conditions are
pronounced. In this context, an inhomogeneous strain distri-
bution is observed and lack of sustained homogeneous plastic
deformation in the wire. This inhomogeneous strain distri-
bution results in the simultaneous introduction of TMAZ 1
and TMAZ 2 in the extruded wire.

Furthermore, with sliding friction condition, the strain
distribution in TMAZ 1 and TMAZ 2 as inferred with the
micrograph is correlated to the Z parameter and grain size
calculated. Figure 9(c) and (d) show the spatial distribution
of the Z parameter and grain size respectively on the work-
piece, with characteristic inhomogeneous distribution in the
extruded wire. Correspondingly in Fig. 9(c-d), the outer
region TMAZ 1 of the extruded wire with high Z param-
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Fig. 9 Spatial distribution of (a) temperature; (b) strain; (c) Zener-Hollomon parameter; and (d) grain size in the workpiece with sliding friction
condition applied at the die-workpiece interface in FE at tprocess = 50 s

eter and low grain size respectively, depicts DRX grains in
the microstructure. On the other hand, the center region cor-
responding to TMAZ 2 of the extruded wire shows low Z
parameter and high grain size, which is consistent with
partially recrystallized grains in the microstructure. This
observation suggests that the transition from sticking to slid-
ing condition leads to a significant decrease in the degree
of DRX and a shift towards microstructural inhomogeneity
within the extruded wire.

Finally, significant material flow transition is observed
within the microstructural zones formed in the workpiece
due to sliding friction conditions. Figure 10(a) captures the
material flow transition regions A and B in the velocity maps
in the TMAZ 1 and 2 zones, respectively. Region A is the
origin of the material flow and shows a diversion of the

material flow from BM to plasticized material in TMAZ 2
flowing towards the die orifice. The plasticized material in
TMAZ 1 experiences another transition from a low to high
material flow velocity as depicted by region B. This results
from high frictional work occurring at the die edge, which is
affirmed by high temperature and strain. Figure 10(b) shows
the material flow pattern resulting from the flow behavior
in different microstructural zones. The partially deformed
pattern (straight lines) within region A corresponds to the
BM while the deformed pattern (curved lines) depicts the
TMAZ 2. The part of TMAZ 2 close to the die orifice as
shown in Fig. 10(b) with a long flow pattern hints at elon-
gated grains formed in the extrusion direction in the wire.
This observation reveals the significance and interpretation
of material flow behavior in the examined microstructural

Fig. 10 Spatial distribution of material flow (a) velocity; and (b) pattern in the workpiece during FE with sliding friction condition at tprocess =
50 s, with region A showing a transition from BM to TMAZ 2
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zones. Notably, the identified microstructure zones such as
TMAZ 1, TMAZ 2, and BM correspond to heavy deforma-
tion zone (HDZ), shear zone (SZ), and deformation zone
(DZ), respectively in CE [43] with unique characteristics due
to additional aspect of rotation induced friction in FE.

Conclusion

In this work, FEM is presented for the extrusion processes
of CE and FE respectively. Based on the results, the effect of
rotation and different friction conditions lead to the following
conclusions:

• The FEM accurately captures the process history, rota-
tion, thermo-mechanical conditions, and friction condi-
tions prevalent in extrusion.

• The additional aspect of die rotation in FE is instrumental
in reducing the required process force compared to CE
without pre-heating.

• The sticking condition in FE reveals the characteristic
deformation mechanism through an in-plane shear lead-
ing to homogeneous grain refinement in the full extruded
wire.

• The temperature and strain distribution validate the
occurrence of CDRX as the dominant mechanism of
refinementwith a Z parameter of 28 and grain size around
2 - 3 μm in the TMAZ 1 in the case of sticking fric-
tion condition, which aligns well with the experimentally
determined grain size.

• For sliding friction condition, inhomogeneous spatial
strain distribution leads to inhomogeneous grain refine-
ment across the extruded wire.

• A comparison between the sticking and sliding condi-
tions indicates that transitioning from sticking to sliding
conditions results in a decrease in the Z parameter and
an increase in grain size.
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