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This study presents a comprehensive investigation into the deformation behavior and microstructural
characteristics of pure aluminum during off-axis twist extrusion with variable helix angle. To accurately
predict the material’s deformation characteristics, a combined finite element and modified ETMB (Estrin—
Toth—Molinari-Brechet) dislocation-based constitutive model is employed. The modified ETMB model is
rigorously validated against experimental observations, demonstrating its reliability and relevance in
capturing the complex deformation mechanisms. Moreover, the effects of extrusion conditions and die
geometry on the deformation characteristics, dislocation distribution, cell structure, and material strength
are analyzed. The results show that the die geometry parameters, such as twist angle, off-axis parameter,
and twist zone length, significantly influence the material’s deformation behavior. Increasing the twist angle
and off-axis parameter leads to a higher extrusion load and mean equivalent plastic strain while increasing
the twist zone length reduces the extrusion load and plastic strain. The study also highlights the role of
backward pressure in achieving better die filling and eliminating gaps between the workpiece and the die.
The increase in backward pressure leads to a higher extrusion load and mean equivalent plastic strain. The
findings enhance the understanding of the TE process and pave the way for optimizing material processing

to achieve desired microstructural properties.
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1. Introduction

In polycrystalline materials, grain size and morphology affect
the various aspects of physical and mechanical properties as well
as chemical behaviors and corrosion resistances (Ref 1, 2). In
recent years, nanostructured and ultrafine grain (UFG) materials
have attracted significant interest due to their proper properties
(Ref 3). One of the most effective processing approaches to
produce contamination- and porosity-free UFG metallic materi-
als is the severe plastic deformation (SPD) technique (Ref 3-5).
From the 1950s until today, several SPD methods have been
developed, e.g., equal-channel angular pressing/extrusion
(ECAP/ECAE) (Ref 6-9), high-pressure torsion (HPT) (Ref 10,
11), multi-directional forging (MDF) (Ref 12), twist extrusion
(TE) (Ref 13-17), hydrostatic extrusion (HE) (Ref 18, 19),
constrained groove pressing and rolling (CGP and CGR) (Ref 20,
21), accumulative roll bonding (ARB) (Ref 22), continuous
conshearing ECAP (CC-ECAP) (Ref 23), cyclic extrusion
compression (CEC) (Ref 24), simple shear extrusion (SSE)
(Ref 25) and tube channel pressing (TCP) (Ref 26). In these
methods, the grain refinement depends on the deformation
regime during the SPD and the initial microstructure (Ref27, 28).

Moeen Barkhordari and Majid Seyed-Salehi, Faculty of Materials
Science and Engineering, K. N. Toosi University of Technology,
Tehran 1969764499, Iran. Contact e-mail: seyedsalehi@kntu.ac.ir.

Journal of Materials Engineering and Performance

Published online: 30 April 2024

It is generally accepted that the mechanisms of grain refinement
include the formation of dislocation cells, followed by the
transformation of cell walls into low-angle grain boundaries, and
subsequently conversion to large-angle grain boundaries by
increasing the misorientations angle of boundaries. In this
phenomenon, the dislocation cell structure acts as a precursor
of the final grain structure after SPD processes (Ref 29).

The TE technique has been proposed by Beygelzimer et al.
(Ref 13) for grain refinement of metals. In this method, the twist
die can be easily installed on the extrusion equipment (Ref 30,
31), and the specimen twists around the extrusion axis to a given
angle, whereas the shape and dimensions of the specimen after
the process are similar to the initial ones. So, the process can be
repeated and consequently apply a severe shear plastic strain on
the specimen to achieve a UFG material (Ref 16). Theoretically,
the conventional TE method is suitable for processing prismatic
samples with a non-circular profile. It seems that the round bars
cannot be extruded with the TE technique. Wang et al. (Ref 32,
33) proposed a hybrid TE technique named elliptical cross-
section spiral equal-channel extrusion (ECSEE) to impose severe
plastic shear strains on the round bars. In this method, the
extrusion die consists of a round-ellipse cross-section transitional
channel at the inlet followed by a twist extrusion channel with an
elliptical profile and an ellipse-round cross-section transitional
channel at the exit. In 2003, Beygelzimer et al. (Ref 34) proposed
the concept of the off-axis twist extrusion (OTE) technique for
processing the round bars. They later conducted a detailed
analysis of the OTE process in 2015 (Ref 35). In this technique,
the twist axis is parallel with and displaced from the central axis
of the round bar. The experimental and numerical analysis of
deformation in OTE with constant helix angle shows the simple
shear deformation during the process at the inlet and exit planes of
the die channel.
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The use of FE simulations and dislocation-based modeling
has gained significance in investigating metal forming pro-
cesses. In dislocation density models, the total density of
dislocations is considered as an internal variable of the material,
and the dislocation evolution is supposed to be a function of the
deformation states and history. These models can be used to
predict the flow stress and microstructural characteristics
(dislocations and cell structures, grain and sub-grain morphol-
ogy) of materials during plastic deformation (Ref 36, 37).
Estrin et al. (Ref 36) proposed a general dislocation-based
model known as the ETMB (Estrin—Toth—Molinari—Brechet)
model for large strain deformations. In this model, the
deformed single-phase material is assumed to be composed of
cells and cell walls. The model describes the evolution of
dislocation density within cell walls and cell interiors, consid-
ering dislocation multiplication, annihilation, and migration
mechanisms. Toth et al. (Ref 37) extended a 3D ETMB model
and implemented a viscoplastic self-consistent polycrystal
model to predict flow curves in different loading paths. Parvin
et al. (Ref 38) further improved the ETMB model by
incorporating the effects of stacking fault energy on dislocation
annihilation. The ETMB model was employed to predict the
dislocation structure in different SPD processes. The evolution
of dislocation structure and mechanical properties of copper
(Ref 39, 40), aluminum (Ref 39, 41), and tantalum (Ref 42)
during the ECAP process were modeled using a hybrid
approach based on the flow function and the ETMB model.
Also, a kinematically admissible streamline was coupled with
the ETMB model to predict the dislocation cell structure during
the ECAE process (Ref 43). Romanov et al. (Ref 44) used a
combination of the ETMB model and a statistical crystal
plasticity constitutive model to simulate the grain refinement of
copper during ECAP at room temperature. The study suggests
that explicitly considering cell rotation in the model is crucial
for accurately describing the grain fragmentation mechanism.
Also, the cell/grain refinement during the severe shot peening
process of a high-strength low-alloy steel was simulated using a
combination of FE and ETMB models (Ref 45). Sheikh et al.
(Ref 25) employed a combination of crystal plasticity FE and a
modified ETMB models to simulate the effects of strain
reversal on the evolution of texture and microstructure in SSE
processing.

In this study, the material deformation of fully annealed pure
aluminum in an OTE die with an off-centric circular cross
section with a variable helix angle has been investigated. In this
method, the circular die cross section remains unchanged along
the twist axis of the die, as schematically illustrated in Fig. 1.
Moreover, the effects of geometric variables of the OTE die,
and the extrusion process conditions (backward pressure) have
been studied. The modified ETMB model has been employed
to investigate the evolution of the dislocation density inside
cells and cell walls and finally to predict the total dislocation
density and the material flow stress.

2. Modeling

This paper presents a simulation of the OTE with a circular
die cross section using a combined FE and ETMB model,
which is discussed in section 2.1. Additionally, the extrusion
die design and surface meshing were based on the model
described in section 2.2. As plastic strain and dislocation
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Fig. 1 Three-quarter section view of the OTE die with off-centric
circular die cross section

structure are distributed non-homogenously in severe plastic
deformation (SPD) processes (Ref 25-27), a dislocation-based
constitutive model was employed to simulate the deformation
behavior and cell refinement of the material during the OTE
process. This model considers different mechanisms for
dislocation accumulation and annihilation inside the cells and
cell walls, considering the stacking fault energy and the
temperature effect (section 2.3).

2.1 FE Modeling

In this study, a nonlinear three-dimensional explicit FE
method is employed to simulate the deformation of fully annealed
pure aluminum during the OTE process. The workpiece, a
cylinder with a cross-section radius of 15 mm and a height of 90
mm, was subjected to forward and backward pressures using two
rigid plates as punches. The workpiece was discretized using
three-dimensional 8-node hexahedral elements with the reduced
integration formulation (element type C3D8R in the Abaqus
package). Also, three-dimensional 4-node rigid elements (ele-
ment type R3D4 in the Abaqus package) were used for the rigid
plates and die surface. The simulation included separable
tangential contact between the workpiece and the die, as well
as the workpiece and the punches. The effects of the geometrical
characteristics of the OTE die (including twist angle, off-axis
parameter, and twist zone length) and process parameters
(backward pressure) on the deformation behavior of the work-
pieces, dislocation density, and cell size distribution during the
OTE process were investigated.
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2.2 Extrusion Die

The extrusion die is composed of three zones, namely the
inlet, twist, and outlet zones, as illustrated in Fig. 1. The inlet
and outlet die zones are two cylindrical cavities with the same
cross-sectional diameter. The die surface in the twist zone is
formed by moving along and simultaneously rotating an off-
center circular cross section around the die axis perpendicular
to the cross section. The off-center circular cross section is
shown schematically in Fig. 2(a), where the full-line circle
denotes the die cross section at the inlet, and the dashed circle
represents the die cross section rotated by an angle of 0 relative
to the inlet cross section along the extrusion axis (the vector
perpendicular to the plane of paper passes through origin “0”).
In this figure, the parameter ““ a” denotes the off-axis.

In the twist zone, each point on the die cross section rotates
slightly around the z-axis by an angle 60 as it moves along the
extrusion axis (z-axis) by a distance of 0z, as illustrated in
Fig. 2(b). Accordingly, the following Eq. can be written:

Ro0
tan f = =
where f is the helix angle and R is the distance between point “
A” and the extrusion axis (z). The twist angle (0) can be
obtained by integrating Eq. 1 along the extrusion axis (z) from
0 to z, as shown in Eq. 2:

(Eq 1)

z

0(z) = /#dé

0

(Eq 2)

The helix angle f can be constant or vary along the
extrusion axis. In this study, a linear relationship between  and
z is assumed, as given by Eq. 3.

, ﬂo_'_ﬁz;ﬁo iy )
- BL— B z>1 d
B+ 11 (z—1)

where L is the length of the twist zone and f, and f5; are the
helix angles at the inlet and outlet of the twist zone,
respectively. In this equation, f3; is the maximum helix angle
at / from the inlet zone. Fig. 3 schematically shows the helix
and twist angles as functions of z (in this figure for instance
Bo = 15°, B, = 80°andfs; = 30°).
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Fig. 2 Schematic illustration of (a) rotation of the circular off-
centric cross section (The dashed circle shows the die cross section
rotated by 6 along the extrusion axis) and (b) moving and rotating a
surface point on the die cross section along the extrusion axis
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By substituting Eq. 3 into Eq. 2, the twist angle can be
expressed as a function of die length as follows:

-1 N cos(f) .
R — o) (cos(ﬁ(») =

0(z) = . (Eq 4)
6 - L—1 ln(cos(ﬁ))z>l
R(B. — B1)  \cos(B)
where 0; can be determined by the following equation:
—! COS(ﬁz))
0, =
: R(B; — Bo) . (cos(ﬁo) (Eq3)

The die surface meshes were generated using a MATLAB
subroutine based on the above equations. This method provides
precise meshing with consistent shapes and sizes, even in the
twist zone. In this study, it is assumed that the helix angles in
the inlet and outlet of the twist zone are zero. As a result, the
workpiece enters and exits the die smoothly, and shear
deformation is gradually applied to the material along the twist
zone by changing the helix angle.

2.3 Dislocation Model

Experimental studies have demonstrated that the density and
the structure of dislocations significantly change during SPD
processes (Ref 6, 24, 26, 42, 46). To model the evolution of
dislocations during SPD, it is generally assumed that the
dislocation structure in large strains comprises two parts: the
cell interior and cell walls (Ref 47, 48). The competition
between work hardening and dynamic recovery determines the
dislocation structures inside the cells and cell walls. The
mechanisms i.e., dislocation multiplication, dislocation migra-
tion between the cell interior and the walls, and dislocation
annihilation due to recovery change the dislocation density in
cells or walls (Ref 36). By applying a shear strain increment “
dy”, dislocations migrate from the cell walls toward the cell
interior (Ref 37). As a result, the dislocation density in the cell
interior is increased as follows (Ref 38)

Angle (Degree)

Fig. 3 Schematic graph of helix (f) and twist (0) angles as
functions of z (f, = 15°, 5, = 80° and ff;, = 30°)
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(Eq 6)

where p,, and p, are the dislocation density in the cell walls and
cell interior, respectively. b is the length of the Burgers vector,
and o represents the fraction of dislocations migrated from the
cell walls toward the cell interior. On the other hand, the
migration of dislocations from the cell interiors toward the
walls and the annihilation of dislocations due to dynamic
recovery decrease the dislocation density of the cell interiors.
By applying plastic shear strain, a fraction of dislocations inside
the cells leave the cells and join the cell walls. This
phenomenon can increase the dislocation density on the walls
and, conversely, decrease the dislocation density inside the
cells. The loss rate of cell dislocations is given by the first term
in Eq. 7, where 8* is the fraction of cell dislocation that leaves
the cell interior (Ref 37). The second term represents the loss
rate of cell interior dislocations due to the dislocation
annihilation by dynamic recovery, mainly controlled by the
cross-slip of dislocations at low temperatures (Ref 38, 49).

dp.” 6" 1 (Gb*p.vp Gb*vp o/pV
4 " od(1 ) *«;( sary P\ AN ) TR
(Eq 7)

where d is the average cell size, 7 is the applied shear strain
rate, G is the shear elastic modulus, vy is Debye frequency, I is
the stacking fault energy, V is the activation volume for cross-
slip, and 4 and o are material constants. In this equation, f
denotes the volume fraction of cell walls, which is a function of
applied resolved shear strain y (Ref 37)

S = I+ (fo — foo)exp(—ny) (Eq 8)

where fy and f, are the initial and the saturation volume
fraction of cell walls, respectively, and 7 is the model constant.
Eq. 9 presents the increase in the dislocation density of cell
walls. The first term of Eq. 9 represents the rate of dislocation
generation on the cell walls due to the activation of Frank-Read
sources. The second term shows the rate of dislocation
aggregation due to dislocation migration from cell interiors to
cell walls during deformation (Ref 37, 38).

dp," _ V3B ~f)pu , 65°(1L—f)"
dy bf bdf

(Eq9)

It is important to note that the cell wall dislocations can be
subdivided into statistically stored (SSDs) and geometrically
necessary dislocations (GNDs). The geometrically necessary
dislocations contribute to Burgers vector imbalance in cell walls
and lead to boundary misorientation across cell walls (Ref 50).
The evolution of the density of GNDs in cell walls can be derived
by considering a fraction (;) of dislocation generated by Frank-
Read mechanisms and a fraction (£,) of migrated dislocation
from cell interiors to the walls (Ref 51, 52). Therefore, the density
of GNDs in the cell walls is increased as follows
dp wG+

5 VU —S)p | 68011
! bf 2 bdf

(Eq 10)

where p,; is the density of GNDs in cell walls. The wall
misorientation ® can be derived from the following equation.

© =tan ' (by/pyg) (Eq 11)

The recovery phenomenon by dislocation climb mecha-
nisms on the walls causes a decrease in the dislocation density
(Ref 53, 54), which is demonstrated by Eq. 12 (Ref 38) as
follows:

dp,~  Savpn. (24n(1 —v)[ 2ex “O\ oo (25 11,2
& 90 \ G2+t PART ) |"P\lsT Pw

(Eq 12)

where 7, is the coordination number for atomic diffusion, v is
the Poisson’s ratio, U is the activation energy of self-diffusion,
Q is the atomic volume, t* is the stress acting on the dislocation
pile-up, and kp is Boltzmann constant. Accordingly, the
evolution of the dislocation density of the cells and cell walls
can be derived by subtracting Eq. 7 from Egs. 6 and 12 from
Eq. 9, respectively.

dp,, _dp," dp,”
dy  dy dy

(Eq 13)

dp. _dp." dp.”
d  dy dy

The dislocation density during the deformation can be obtained
by integrating the above equations along the strain path. Using
Euler’s explicit integration method, the dislocation density in the
cells and the cell walls can be calculated by applying the shear
strain increment Jy at each time step as follows:

+ -\ ®
(1430  pf0) 4 (dﬁ _dpy ) 5

d d
oY (Eq 14)
v _ 0 4 (S0 _de\"

The total dislocation density, denoted as p,, can be estimated
using Eq. 15.

P =fpw+ (1 =1)p, (Eq 15)

Considering the dislocation density in the cells and the cell
walls, the average cell size can be derived, as shown in Eq. 16
(Ref 38, 53).

_ Ko+ Kiexp(—y/x)
VP

In the above equation, Ky, K, and k are the model
constants. Using the Taylor model (Ref 36, 38), the flow stress
can then be calculated as follows:

o = MaGb\/p,

where M is the Taylor factor. The model constants and
variables for pure aluminum are presented in Table 1.

d (Eq 16)

(Eq 17)

3. Results and Discussion

3.1 Dislocation Modeling

Based on the presented dislocation model, the change of
total dislocation density relative to plastic strain, strain rate, and
temperature for pure aluminum is illustrated in Fig. 4. As can
be seen, the accumulation rate of total dislocation density is
highest at low strains, but it decreases continuously with
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increasing strains. The rate of dislocation annihilation is
directly related to the dislocation density, as can be seen in
Eqs 7 and 12. By applying plastic strain, the dislocation density
in cell interiors and the walls increases, which leads to an
increase in the driving force for recovery mechanisms, such as
climb and cross-slip of dislocations (Ref 55). Consequently, the
increase in the work-softening rate slows down the accumu-
lation rate of the dislocations at severe strains. Also, the effect
of deformation temperature on dislocation density is shown in
Fig. 4(a). As can be seen, the rate of dislocation accumulation

Table 1 The model parameters and the material
constants of the dislocation model (Ref 38, 51)

Parameter Value
o 24 x 1073
B 54 x 1073
b(m) 2.86 x 10710
B 0.33

M 3.06

T, J/m? 0.166

Q »

ne 11

[ 0.06

So 0.25

n 0.46

5 5

o 0.25

A 1.05

Ko 16.5

K, 25

K 3.85

14 300 b

G, GPa 25

vp, Hz 103
p.(Initial value), m/m* 10"
p,,(Initial value), m/m? 10"

U, kJ/mol 120

& 0.1

& 0.05

0 4 Plastic strain

decreases by increasing the temperature. Dislocation climb is a
thermally activated phenomenon (Ref 55) (consider Eq. 12),
and it controls the dynamic recovery in the cell walls.
Increasing the deformation temperature speeds up the disloca-
tion climb and consequently results in a decrease in the
dislocation density. The effect of strain rate on the evolution of
the dislocation density is presented in Fig. 4(b). Dislocation
annihilation is inversely proportional to the shear strain rate
(Eq. 7 and 12). Increasing the strain rate decreases the rate of
dislocation annihilation in the cell interiors and walls.

The evolution of dislocation cells during the plastic
deformation is depicted in Fig. 5. As can be seen, at the early
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70 & A CGP - Kumar et al. [46]
O ECAP - Estrin et al. [6]
6o 1 X TCP - Zangiabadi et al. [26]
<O CGP - Hosseini et al. [42]
so O CEC - Esmaeili et al. [24]
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N
o

3.0
20 f
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Fig. 5 Evolution of dislocation cell during the plastic deformation
compared with the experimental results of pure aluminum (Ref 6,
24, 26, 42, 46)
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Fig. 4 The total dislocation density in pure aluminum as a function of (a) deformation temperature and plastic strain at the strain rate of 0.2

s~ and (b) strain rate and plastic strain at 298 K
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stages of deformation, there is a rapid decrease in cell size,
followed by a slower reduction until a plateau at higher strains.
By applying the plastic strain, the dislocation density increases,
causing a decrease in cell size (see Eq. 12, which shows the
dependency of cell size on the dislocation density in cells and
cell walls). This behavior is in agreement with previous studies
(Ref 38, 54) and the reported experimental data (Ref 6, 24, 26,

160

140 f +

120

Yield Stress (MPa)
)
S

60
40 ¢ —DModel Prediction
O ECAP - Estrin et al. [6]
20 © © CGP - Hosseini et al. [42]
Z + ECAP - Raab et al. [56]
0o
0 1 2 3 4 5

Plastic Strain

Fig. 6 The flow stress of pure aluminum severely deformed in
298 K and strain rate of 0.2 s~' compared with the experimental
results (Ref 6, 42, 56)

Outlet of Extrusion Zone % Extrusion Zone

Mid. Section

42, 46), which can be seen in Fig. 5. In this figure, the model
predictions compared to the experimental results from studies
on a high purity (Ref 6, 24, 46) and a commercial purity
aluminum (Ref 26, 42) severely deformed by CGP (Ref 42, 46),
ECAP (Ref 6), CEC (Ref 24) and TCP (Ref 26) processes. In
these studies, the grain refinement was evaluated using
transmission electron microscope (TEM) (Ref 6, 42) and x-
ray diffraction analysis employing Williamson—Hall method
(Ref 24, 26, 42, 46). The quantitative comparison between
experimental data and model predictions shows a reasonable
agreement.

The variation of flow stress as a function of the cumulative
plastic strain is presented in Fig. 6. The predicted results show
reasonable consistency compared with the experimental data
reported in previous studies using CGP (Ref 42) and ECAP
(Ref 6, 56) processes. The observed variation in flow stress
among experimental studies may be attributed to differences in
the SPD methods, chemical compositions, and initial states of
materials employed by different researchers.

3.2 Deformation Analysis

Fig. 7 illustrates the material flow and velocity distribution
at different cross sections of the die (i.e., at the inlet, 1/4,
middle, %, and outlet of the twist zone) during TE. By pushing
the workpiece into the twist zone, the material spirally twists in
the die cavity, as shown in the figure. During extrusion, surface
tractions and contact pressure in the opposite moving direction
increase the internal pressure in the twist zone. However,
during the OTE process, as the material moves forward through
the die cavity, it resists rotating along with the die surface cross
section, resulting in the formation of a gap between the die
surface and the material. In this figure, the space between the
material and the red circle at each cross section indicates the

Relative tangential velocity (V”/Vz)

0 01 02 03 04 05 06 0.7 08

Inlet of Extrusion Zone

Y4 Extrusion Zone

Fig. 7 The material flow and velocity distribution at the inlet, 1/4, middle, %, and outlet of the twist zone during OTE, with a twist angle of
180° and no backward pressure. The colorful contour represents the relative tangential velocity ((Vy/Vz), Vo, and V are the tangential velocity

at each cross section and extrusion velocity, respectively)
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Fig. 8 (a) Distribution of equivalent plastic strain in outlet zone after OTE with different backward pressure with a twist angle of 180° and (b)
variation of mean, deviation, and range of equivalent plastic strain with backward pressure (The candlestick at each point demonstrates the

standard deviation and data range)

workpiece-die gap (where the red circle represents the die
surface cross section). The separation between the die and
workpiece depends on the die geometry and backward pressure,
which will be discussed in the following sections.

Keeping the original shape of the workpiece after the
process and a complete fill of the die cavity during extrusion are
both desired characteristics of the OTE process. Backward
pressure is an effective variable for eliminating the gap between
the die and the workpiece. Applying the backward pressure
increases the radial forces acting on the material, enhancing its
lateral movement and ultimately leading to improved die filling.
The modeling results presented in Fig. 8 demonstrate the effect
of backward pressure on the geometry of the deformed
workpiece, die filling, and the plastic strain distribution after
SPD. The workpiece-die gap can be observed when backward
pressure is less than SOMPa. It is noteworthy that increasing the
backward pressure leads to an increase in mean equivalent
plastic strain (Fig. 8b). Furthermore, it was found that the
standard deviation and the range of the plastic strain were not
significantly impacted by the backward pressure. Moreover, the
plastic strain distribution pattern changes by changing the
backward pressure. While the plastic strain in internal zones
increases with backward pressure, it seems that the strains in
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surface zones are slightly affected. Backward pressure and
resultant radial forces push the material radially toward the
unfilled gaps, leading to higher strains.

Figure 9 shows the effect of the backward pressure on the
extrusion load. As can be seen, by increasing the backward
pressure, the extrusion loading curve moves up due to the
changes in stress distribution and contact conditions in the die
cavity. To gain a deeper insight, the contact pressure distribu-
tion on the specimen surface with different backward pressures
is presented in Fig. 10. The extrusion in higher backward
pressure shows higher contact pressure on the workpiece
surface. Notably, the contact pressure in the inlet and twist
zones is higher than in the outlet zone. During the extrusion
process, the normal pressure and contact traction between the
die surface and the workpiece are gradually changed, causing
variations in the reverse resistance pressure. As the material
enters the twist zone, the applied load increases, and then the
load gradually decreases by passing the workpiece through the
twist zone (Fig. 9).

The mechanical work in plastic deformation is the sum of
ideal work, frictional work, and redundant work (Ref 57). The
increase in backward pressure enhances die filling, leading to a
larger contact surface, and increased friction traction and work.



Redundant work is mainly attributed to the internal distortion
caused by shear deformation and surface friction by twisting in
the die. The effects of backward pressure on the extrusion load
are not only related to the friction work but also to variations of
the internal and redundant works that indirectly contribute to
the load. Increasing the plastic strain by increasing the

250

| ——BP=0Mpa -0-BP=25Mpa
[ =—BP=75Mpa —BP =100 Mpa

——BP =50 Mpa

200

—
i
o

Extrusion Load (MPa)
S
(=]

50

Relative Extrusion Strock (%)

Fig. 9 Calculated extrusion load vs. relative extrusion stroke with
different backward pressure (twist angle = 180°)

backward pressure leads to a corresponding increase in the
internal and redundant works, which ultimately increases the
extrusion load.

In the OTE process, the die geometry (i.e., twist zone length,
off-axis parameter, and twist angle) plays a crucial role in the
deformation behavior of the material during SPD. The effects
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Fig. 11 Effect of twist zone length (L/D) on the maximum
extrusion load (friction coefficient = 0.07, without BP, twist
angle = 180°, length of twist zone = 40mm, and off-center = 3mm)
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contact pressure (MPa)

s 1 e

0 50 100 150 200 250 300 350 400 450 500 550

Fig. 10 Distribution of contact pressure on the workpiece surfaces during OTE with different backward (friction coefficient = 0.07, twist

angle = 180°, length of twist zone = 40mm, and off-center = 3 mm)
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Fig. 12 The velocity distribution at the middle of the twist zone with different off-axis parameters (friction coefficient = 0.07, BP = 100 MPa,
twist angle = 180°, length of twist zone = 40mm, cross-section diameter = 15 mm)
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extrusion load (friction coefficient = 0.07, BP = 100 MPa, twist
angle = 180°, length of twist zone = 40mm, and cross-section
diameter = 15mm)

of the twist zone length on extrusion load and applied
equivalent plastic strain are illustrated in Fig. 11. It is observed
that an increase in L/D ratio (where L and D represent the twist
zone length and the diameter of the extrusion channel,
respectively) leads to a reduction in the helix angle and,
consequently, a decrease in the intensity of the plastic strain
applied to the workpiece. As depicted in this figure, an increase
in the L/D ratio leads to a decrease in the mean, standard
deviation, and range of the equivalent plastic strain, ultimately
resulting in a reduction in the extrusion load.

Furthermore, the effect of the off-axis parameter (a/D where
a and D are the off-axis and the diameter of the extrusion
channel, respectively) on the velocity distribution in the middle
of the twist zone is shown in Fig. 12. As can be seen, increasing
the off-axis parameter results in an increase in the gradient of
the twisting velocity during OTE and consequently an increase
in the applied plastic strain (Fig. 15).

The effect of this variable on the maximum extrusion load is
presented in Fig. 13. In this figure, the horizontal axis is the
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Fig. 14 Effect of the twist angle on the maximum extrusion load
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zone = 40 mm, cross-section diameter = 15mm, and off-center = 3
mm)

ratio of the off-axis parameter (a) to the die diameter (D). As
can be seen, an increase in the off-axis parameter results in a
rise in the maximum extrusion load. As explained above, an
increase in the off-axis parameter leads to an increase in plastic
deformation, particularly shear deformation. Therefore, the
total power required for extruding the specimen increases,
which leads to an increase in the extrusion force.

The effects of twist angle on extrusion load and deformation
regime were examined by modeling the OTE process with four
different twist angles (90, 180, 270, and 360°). The effect of the
twist angle on the extrusion load and the applied plastic strain is
presented in Fig. 14. The results in this figure demonstrate a
clear correlation between the increase in twist angle and the
maximum extrusion load. Increasing the twist angle produces a
concomitant rise in the magnitude of plastic strain (Fig. 15) and
leads to an increase in the extrusion load.
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Fig. 15 The distribution of equivalent plastic strain after extrusion with different die geometries

3.3 Microstructural Changes and the Flow Stress During
Deformation

In this study, a combined FE and dislocation model is
employed to investigate the microstructural characteristics, such
as dislocation density and cell sizes, during the OTE process.
Figure 16 illustrates the distribution of total dislocation density at
the lateral cross section and the cross sections perpendicular to
extrusion in the inlet, twist, and outlet zones. Notably, the total
dislocation density is significantly increased by passing through
the twist zone, and eventually, the dislocation density reaches a
constant level in the outlet zone. Furthermore, the surface shear
deformation due to frictional surface traction in the inlet zone
contributes to an increase in the dislocation density on the surface
of the material, which is shown in Fig 16.

Plastic deformation during the movement of the material
inside the extrusion die has a significant impact on its
microstructural characteristics. To assess the evolution of
dislocation cell size and cell wall misorientation angle, the
mean and standard deviation of their respective distributions are
calculated for a material slice passing through the die. Fig. 17
presents the temporal evolution in the distribution of equivalent
plastic strain, cell size, and cell wall misorientation angle
during extrusion. The gradual movement and deformation of
the material in the die channel lead to an increase in dislocation
density, resulting in the formation and refinement of cell
structures in the microstructure. As observed, the cell size
undergoes a rapid decrease during the initial stages of
deformation. Then, it tends to a specific value through the
deformation of the material in the twist zone. At higher plastic
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Fig. 16 The distribution of total dislocation density (m~2) at the lateral cross section and the cross sections perpendicular to extrusion in the
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Fig. 17 The temporal evolution in distribution of cell size and cell
wall misorientation during extrusion

strains, the cell structures reach a dynamic equilibrium state
characterized by almost steady-state cell sizes, as demonstrated
in Fig. 5. Also, the misorientation angle of cell walls is
increased by increasing the strain applied to the material. The
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results show that the deformation of the material during
extrusion leads to an increase in the standard deviation of the
cell wall misorientation angle, indicating a wider distribution of
the wall misorientation angle.

By applying the shear plastic deformation, which is
followed by decreasing the cell size and increasing the
dislocation density, the flow stress of the material is increased.
The direct relationship between flow stress and dislocation
density is revealed in Eq. 17. Additionally, considering Eq. 12,
which displays an inverse correlation between total dislocation
density and cell size, it can be concluded that plastic
deformation in the OTE process results in work hardening
and an increase in material strength. The flow stress distribution
at the lateral cross section and cross sections perpendicular to
extrusion in the inlet, twist, and outlet zone are presented in
Fig. 18. It can be seen that The flow stress increases
significantly due to strain hardening as the material is deformed
in the twist zone and gradually approaches saturation stress in
the outlet zone. Comparing the flow stress distributions in the
inlet and the outlet cross sections in Fig. 18 indicates the
increase in the yield strength after the OTE processing.
Furthermore, the flow stress contour in the inlet cross section
in this figure indicates strain hardening in the surface zone of
the billet in the inlet container due to frictional deformation.
Also, the flow stress is almost homogeneous in the whole
middle and outlet cross sections.
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As discussed in the previous section, both die geometry and
extrusion conditions have significant effects on deformation
characteristics, the deformation regime, and the dislocation
distribution. The influence of twist zone length, the off-axis
parameter, the twist angle, and the backward pressure on the
distribution of the total dislocation density at the outlet cross
section is presented in Fig. 19. As can be seen, the dislocation
density decreases by increasing the twist zone length. The
increase in twist zone length leads to a decrease in the plastic
strain (Fig. 11) and consequently the dislocation density.
Another parameter that affects the plastic strain and the
dislocation density is the off-axis parameter. An increase in
the off-axis parameter leads to an increase in plastic strain
(Fig. 12) and the dislocation density. The twist angle also
affects the dislocation density. As shown in Fig. 19, increasing
the twist angle results in higher plastic strain and dislocation
density. Backward pressure also affects the plastic strain
distribution and the dislocation density. The dislocation density
is increased with increasing the backward pressure.

4. Conclusions

In this study, a combined finite element and dislocation
model is used to investigate the microstructural characteristics
of pure aluminum during the off-axis twist extrusion process. It
is shown that extrusion conditions and die geometry play
significant roles in the deformation characteristics, dislocation

distribution, cell structure, and material strength. The following
concluding remarks can be drawn.

e Backward pressure is a critical variable in eliminating
gaps between the workpiece and the die. Increasing the
backward pressure enhances the die filling and increases
the extrusion load and the mean of equivalent plastic
strain.

e The die geometry, twist zone length, off-axis parameter,
and twist angle also influence the deformation behavior of
the material during TE. Increasing the twist angle and off-
axis parameter results in a rise in maximum extrusion load
and mean of equivalent plastic strain. However, increasing
the L/D ratio results in a decrease in the extrusion load
and plastic strain.

¢ As the material passes through the extrusion die, surface
shear deformation caused by severe friction traction con-
tributes to the increase in dislocation density on the sur-
face of the material, even in the inlet zone.

* During initial deformation, cell size rapidly decreases and
then stabilizes at higher plastic strains. Increasing the
strain leads to an increased misorientation angle of cell
walls with a broader distribution.

¢ The plastic deformation in the OTE process leads to a de-
crease in cell size and an increase in dislocation density,
which increases the flow stress of the material. The flow
stress of the material increases significantly due to strain
hardening in the twist zone and gradually approaches satu-
ration stress in the outlet zone.
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The dislocation density decreases with an increase in the
twist zone length, whereas an increase in the backward
pressure, off-axis parameter, and twist angle results in an
increase in dislocation density.
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