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Abstract Twist extrusion is one of the common methods in
the area of severe plastic deformation. By passing the sample
through a twist channel grain refinement will occur. In this
article, the twist extrusion process is modeled by ABAQUS
finite element software. Three different approaches are used
for prediction of strain field distribution for higher passes of
TE. The FE results are compared with the experimental results
of twist extruded AA6063 aluminum alloy specimens. A sen-
sitivity analysis has been implemented to choose the proper
element size and friction coefficient during simulation. The
microstructures of TE samples have been observed by SEM
microscopy and analyzed by Pixcaviator software. Comparing
the results of the microstructure study and FE shows that
importing the material properties and deformation field from
the previous pass to the current pass is the best way to simulate
a multi-pass twist extrusion process. The plastic strain distri-
butions show that the effective plastic strain is higher at the
corner of the samples than at the center of it. The FE results
show that the maximum Von-Mises stress increases at the
corner elements by increasing the extrusion passes from
42MPa at pass #1 to 110MPa at pass #7. Most of this increase
occurs in the first three passes.
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Introduction

Severe plastic deformation (SPD) processes are metal forming
processes which impose a high strain field through extensive
hydrostatic pressure into a bulk solid without significant
changes in the overall dimension of a sample. The main ad-
vantage of such processes is generating exceptional grain re-
finement [1]. SPD processes can be divided into two catego-
ries: top-down methods and bottom-up methods. In top-down
methods the sample is processed so that grain refinement oc-
curs and the sample becomes strengthened. Some of the top-
down SPD processes introduced by researchers include high-
pressure torsion (HPT) [2], equal channel angular pressing
(ECAP) [3], multi-directional forging (MDF) [4], accumula-
tive roll-bonding (ARB) [5], repetitive corrugation and
strengthening (RCS) [6], and twist extrusion (TE) [7, 8]. In
bottom-up methods firstly refined grains are produced, then
they are combine to manufacture an external sample. This
method uses hot isostatic pressing (HIP) and spark plasma
sintering (SPS) for packing of grains. Dynamic Severe
Plastic Deformation (DSPD) is a secondary process after
HIP that was introduced by Abdul-Latif et al. [9–11].

The twist extrusion process has been successfully
employed for different materials, such as copper [8], titanium
[12, 13], and aluminum [14–19]. The process manufactures
long, straight semi-finished parts in the form of solid and
hollow cross sections and various complexities. In the pro-
cess, the billet is extruded through a die by applying hydro-
static pressure at the bottom of the sample. The die consists of
a twisted channel by rotation angle α and slope angle β. The
billet cross section remains constant after finishing the process
[20]. There are different SPD extrusion based processes, such
as twist extrusion, twist channel angular pressing [21], and
planar twist extrusion [22]. In these types of processes com-
plicated boundary conditions and complex plastic
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deformation fields exist. Use of finite element analysis is a
mandatory tool for prediction of stress and strain field distri-
bution. The microstructure evolution and mechanical proper-
ties of the deformed sample are directly related to the extent of
plastic deformation. Therefore, determination of stress and
strain changes due to different passes of TE will help to un-
derstand the process and better predict the properties. Several
studies have been carried out covering plastic deformation
analyses in a twist extrusion process [8–13]. Most of them
have investigated the process experimentally and detailed the-
oretical investigation has not been implemented until now,
especially in conjunction with stress, strain, and strain rate
distributions of a specimen. Varyukhin et al. [7] expressed
an equation for prediction of strain in rectangular cross sec-
tions. The equation states that a square cross section will ex-
perience smaller strains that rectangular cross section with
aspect ratio 1.3–1.5. Also, higher twist angle induces larger
strains in each pass.

In this article, the finite element software ABAQUS is used
to investigate the plastic deformation behavior of materials
during twist extrusion by considering the processing condi-
tions, such as mesh size and friction. The finite element anal-
ysis is verified by the results of experimental tests carried out
by Zendehdel and Hassani [18] on AA-6063 aluminum alloy.

Materials and methods

In this section firstly the finite element modeling approach
will be described then the experimental sample specifications
will be introduced.

Finite element modeling

The finite element model involved extruding a billet
through a die. The TE die inlet was a 15 × 15 mm2 cross
section. The sample was twisted 90° clockwise. The die
twisting region had 30° slope. The twist extrusion process
was modeled in 3D space of Abaqus/Explicit finite ele-
ment software. The dies, ram and guides were modeled as
rigid parts and the billet was deformable. Analysis was
carried out by the dynamic temperature–displacement
(explicit) solver of the software. The nonlinear geometry
was enabled to consider large deformation.

The billet and die contact surfaces were modeled with a
surface to surface finite sliding contact pair algorithm. The
frictional form of this algorithm was also used to model the
contact surfaces between the ram and the billet. A separable
contact algorithmwas used for describing the die and the billet
contact surfaces. A non-separable contact algorithm was used
for describing the ram and the billet contact surfaces.

The applied boundary conditions were similar to the exper-
imental tests. Therefore, the six degrees of freedom of dies

were foreclosed and the ram could move only parallel to the
billet axis during the deformation. Instead of applying load or
pressure into ram, the ram was forced to move 0.11 m down-
ward to quit the billet from the die. The ram speed was equal
to 6 mm/s. In this way, the force of extrusion could be pre-
dicted independent of the experimental procedure. In addition,
the initial temperature of the billet was set to be equal to 298 K
as the thermal boundary condition. The billet was meshed by a
C3D8RT element type. This element type was a 3D, 8-node
thermally coupled brick continuum element with reduced in-
tegration calculation. The die was meshed by an R3D4 ele-
ment type, a 4-node 3D bilinear rigid quadrilateral element. A
mesh sensitivity analysis and friction coefficient were carried
out. Themesh size changed from 0.25 to 2mm and the friction
coefficient between the die and sample surface varied from 0
to 0.15. After the mesh sensitivity analysis, the mesh size
0.5 mm was selected for final simulation of different passes
of TE. With this mesh size, the billet had a total of 109,330
elements and 117,900 nodes. Also, the die had 35,400 ele-
ments and 35,521 nodes.

The mechanical properties used to simulate the TE process
are shown in Table 1. The elastic-plastic behavior of the sam-
ple is defined according to the tension test results. The results
of the tension test have been modified to enter true stress and
plastic strain as inputs of plastic behavior. After submitting the
solution, the computation time varies from 4.5 h for a mesh
size of 2 mm to 70 h for a 0.25 mmmesh size for each pass of
extrusion. Figure 1 shows the finite element model of the TE
process before and after completing the analysis.

After doing the mesh and friction coefficient sensitivity
analysis, three different methods were selected for simulating
the higher passes of the twisted extrusion process, as follows:

1- Transferring the deformation resulting from the first pass
and no changes in the mechanical properties at the next
pass;

2- Transferring changes of mechanical properties and defor-
mation results from the previous pass to the next pass;

3- Transferring changes of mechanical properties without
considering the deformation caused by previous pass.

In the first method the results of the tension test for the
annealed sample were defined as a material property and there

Table 1 Mechanical properties of AA 6063 defined in FE software

Elastic Modulus (GPa) 70

Poisson Ratio 0.3

Density (kg/m3) 2730

Yield Strength (MPa) 48.7

Ultimate Tensile Strength (MPa) 94.7

Maximum Strain (%) 16.8
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was no change in subsequent passes. However, in the second
and third methods the plastic behavior was changed by corre-
sponding tension test results. The results of the pass #1 tension
test were entered into the property module of the software for
simulating pass #2 TE. These three methods were applied in a
finite element model and a proper method which is consistent
with the experimental results was selected.

Materials and sample preparation

The material used in [18] was AA6063 aluminum alloy. The
initial billet was in the form of extruded billet (90 mm diam-
eter and 700 mm length). The chemical composition of the
initial billet is showed in Table 2. The billet was directly ex-
truded at 400 °C. The final form of the billet was a square rod
(8.4 m length and 14.6 × 14.6 mm2 cross section) [18].

The samples were cut perpendicular to the cross section
and prepared for metallographic investigations. After
polishing, the microstructural evolution was observed in the
center and lateral edges using scanning electron microscopy
(SEM). The true strain values were calculated using eq. 1.

The microstructural evolution was studied in the center and
lateral edges of the TE sample’s cross section by scanning
electron microscopy (SEM). The strain could be calculated
according to the average grain diameter. Equation 1 shows
the definition of strain according to grain diameter:

ε ¼ ln
d0
d1

� �2

ð1Þ

Where d0 and d1 are the average diameters of grains
before and after the twist extrusion process. Beygelzimer
et al. [23] derived eq. 2 for prediction of strain distribution
in the TE process.

ε rð Þ ¼ 2ffiffiffi
3

p r
R
tanγ ð2Þ

Where r is the radial distance to the center of the die, R is
the maximum distance from the die center and γ is the twist
angle of the die. The strain varies from the center to the lateral
edge of the sample so grain refinement is different at the sur-
face and the center of the sample. The process of grain refine-
ment in polycrystalline materials have been studied by
Beygelzimer [24].

Based on this approach, the scanned images (150 dpi) of
the longitudinal cross section were analyzed by Pixcavator IA
4.3 image analysis software to determine the average grain
area (μm2) and consequently mean true strain. Pixcavator IA
4.3 software calculated the average of the grain area and then
the average diameter was calculated. In the case of twinning
and detwinning, this method is not appropriate. However, in
the SEM images twinning or detwinning was not observed (as
will be shown in Fig. 2).

Results and discussion

In this section firstly the SEMobservations will be shown then
the finite element modeling results will be presented, followed
by a comprehensive discussion of the results.

Microstructure observations

Figure 2 shows the SEM observations of the sample cross
section before twist extrusion. The grains are distinctly
coarse [18]. Figure 3 shows the SEM images of the sample
after pass #1 of TE [18]. The microstructure of the twisted
sample is different at the center and lateral edges. The

Fig. 1 Finite element model of
twist extrusion process

Table 2 Chemical composition
of the 6063 aluminum alloy
used [20]

Element Mg Si Fe Cu Mn Cr Zn Ti

Weight percent 0.707 0.585 0.350 0.084 0.100 0.020 0.110 0.038
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lateral edges experience higher shear strains compared to
the center of the sample, as reported previously by [25].

The strain value increases in a radial direction from the
center of the cross section towards the edges. The true
strain values can be calculated using Eq. 1 over SEM im-
age analysis before and after the TE process. Table 3 shows
the results of the image analysis for the initial sample and
sample pass #1 TE. The experimental results will be used
to verify the finite element analysis of the TE process.

Sensitivity analysis results

The plastic strain distributions have been used to investigate
the effect of mesh size on the accuracy of results. The plastic
strain distributions were extracted for the mesh sizes of 0.25,
0.5, 1, and 2 mm and compared with each other. Figure 4
shows the finite element results of the TE process for different
mesh sizes.

Comparing the plastic strain distribution identifies that
the mesh size of 0.5 mm provides good accuracy for the
model. The simulation run time for the mesh sizes of 0.5
and 0.25 mm was 18 and 70 h (found using a 4- core
computer system) respectively. Running the FE model
by a mesh size of 0.5 mm is more cost effective and leads
to almost the same results. Comparing the mesh sizes for

Fig. 2 SEM image of AA 6063
microstructure of annealed
sample [18]

Fig. 3 SEM image of AA 6063 microstructure after pass #1 of TE (a)
center of the sample, (b) lateral edge of the sample [18]

Table 3 Results of image analysis of the annealed and TE sample at the
end of the pass #1

Average area
of grains (μm2)

Generated strain

Before TE 13.143 (NA)

Center of the sample 12.433 0.0555

Lateral edge of the sample 7.951 0.5025
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the TE process and other forming analysis [26–28] shows
that a mesh size of 0.5 mm is small enough to obtain
accurate results.

Figure 5 shows the plastic strain distribution for the
friction coefficients of 0, 0.1, and 0.15. An increase of
friction coefficient from 0 to 0.1 had no considerable effect
on the strain distribution of the TE sample. Nagasekhar
et al. [29] also reported that an increase in the friction
coefficient leads to increasing the required load of forming.
Also, Latypov et al. [30] indicated that friction plays a
minor role in the die filling. Comparing the FE results for
friction coefficients 0.1 to 0.15 shows a 2% increase in the
strain value of the TE samples. So, changing the friction
coefficient had no considerable effect on the FE results.
The friction coefficient can be assumed to be constant
and equal to 0.1.

Figure 6 shows the variation of VonMises stress and plastic
strain in different sections while forming the sample by the
pass #1 TE process. The results are illustrated for a mesh size
of 0.5 mm and friction coefficient of 0.1. The stress value was
higher for the deformation region, which shows that a

considerable shear strain was produced in the sample due to
the twisting in the mold. This shear stress caused about a
42 MPa increase in Von Mises stresses at the corners and
consequently an increase in flow stress of the sample after
pass #1 TE, as well as sample wrap at the corners.

The results of the image analysis (Table 3) determined
that the plastic strain was equal to 0.5 for the lateral
edges. The results of the equivalent plastic strain distribu-
tion by FE analysis (Fig. 4) predicted a similar value for
pass #1 TE. The error between the experimental and FE
results equals 5%. Comparing the results shows good ac-
curacy between experimental and numerical model.

FE results for multi-pass TE

Three different methods have been introduced for multi-pass
simulation of the TE process. Figure 7 shows the FE results of
passes #1 and #2 using the first method. Comparison of the
results shows that the stresses caused by pass #2 were not
considerably different from the results of pass #1. This issue
emphasizes the fact that the ABAQUS software cannot

Fig. 4 Plastic strain distribution of pass #1 TE by mesh sizes of (a) 0.25, (b) 0.5, (c) 1, and (d) 2 mm
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accomplish the grain refining during the TE process. For this
reason, the first method is not appropriate and will not be
discussed any more. To include the effect of grain refinement
in finite element model, the material properties that depend on
grain size have been modified in each pass and new values
defined as input. In the second and third methods, this point
has been applied.

In the second method of FE modeling, the induced
stress and strain distribution due to the material deforma-
tion in the first pass has been transferred into the model.

Also, the material properties have been modified by en-
tering the tension test results in the property module of the
software. Figure 8 shows the distribution of plastic strain
and Von Mises stress inside the twist extruded sample at
the end of pass #2 TE.

The third method consisted of modifying the material prop-
erties according to the tension test results. In this method the
loading history has not been imported from pass #1. Figure 9
illustrates the distribution of plastic strain and Von Mises
stress at the end of the pass #2 TE.

Fig. 5 Plastic strain distribution during pass #1 TE by the friction coefficient of (a) 0, (b) 0.1, and (c) 0.15

Fig. 6 Distribution of (a) stress and (b) strain during pass #1 of the TE process
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Comparing the results of the pass #2 TE process using
the second and third methods shows that the induced plas-
tic strain in the sample was in an aggregated form; i.e. at
each pass, a certain value was added to the plastic strain
value. By modifying the material properties in pass #2, a
slight increase was observed in the stress distribution. In
all FE models, the shear stress helped deformation accom-
plishment and the twist extrusion process was performed
without fracture of the sample.

After comparing the results of pass #2 TE and the intro-
duced methods, the second approach has proved to be more
consistent with the experimental results extracted from the
image analysis of the TE samples. Table 4 compares the
strain value at the center and lateral edges of the twist
extruded samples for experimental and FE analysis. The
results show that the second method can predict strain at
the center and lateral edges with good precision and min-
imum error compared to other methods. Thus, transferring
the changes of material properties and the deformation

caused by the previous pass has been selected as the proper
method for modeling the multi-pass TE process.

The second approach has been used for simulation of
multi-pass TE. Figure 10 shows the Von Mises stress dis-
tribution across the radial distance from the center of the
cross-section of the sample for passes #1, #2, #3 and #7.
The results of pass #4 to #6 set between the results of pass
#3 and #7 and have not been showed in Fig. 10 for clar-
ification. The magnitude of Von Mises stress increases
continuously. The rate of increase reduces after pass #3
as it was reported previously by other researchers of SPD.
The maximum magnitude of Von Mises stress occurs at
corners of billet because of the contact between the inte-
rior surface of die and the billet [8, 14, 15, 18]. The
maximum stress in pass #1 TE was equal to 42 MPa in
the corner elements. The maximum stress equaled 60, 92,
and 110 MPa for passes #1, #2, #3, and #7 respectively in
the corner elements. The rate of increase in Von Mises
stress reduced by increasing the number of TE passes.

Fig. 7 Distribution of stress in (a) pass #1 and (b) path #2 TE process using the first method

Fig. 8 Distribution of (a) stress and (b) plastic strain in pass #2 TE process using the second method
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By increasing the number of passes, strain saturation oc-
curred in the sample. Strain saturation is one of the SPD
process specifications. After a certain pass, microstruc-
tures will not be changed noticeably.

Figure 11 shows the variations of the Von Mises stress
during the deformation time for passes #1, #2, #3 and #7 of
the TE process. Figure 12 shows the variation of plastic strain
for the same passes. The stress increased at the beginning of
the process. After passing the sample from the twist channel,
the stress decreased. The peripheral regions of the sample
were subjected to considerable shear stresses due to the fric-
tion of the die and surface of the sample.

Figure 13 shows the variation of plastic strain during de-
formation for the center and corner elements in the twist ex-
truded sample. The effective strains at the center of the sample
were less than the strains in the corner. The corner elements
experienced larger strains due to the frictional force between
the die and the sample while the center elements had lower
strains, mostly because of pure shear. The results are consis-
tent with the experiments reported in [12, 27]. The plastic
strain for the multi-pass twist extrusion was calculated by
eq. 1 and analysis of the SEM images.

The plastic strains obtained from the experimental results
are shown in Fig. 14. Comparing the results of finite element
modeling and the results obtained from the image analyses of
the TE samples indicates that the expanded finite element

model can predict induced strains very well (5% difference).
The grain refinement size and dependent properties can be
predicted with acceptable error by determining the induced
strains from the finite element results.

Figure 14 also shows the strain at the center of the die.
This magnitude of strain is created due to happening of the
cross flow in the TE process. Kulagin [31] investigated the
cross flow of materials due to the TE. The material flow
during the TE can be decomposed into a helical flow and
deviations from the helical flow. The helical flow means
ideal die-controlled motion of a transverse section of the
billet. Deviations from the helical flow is called Bcross
flow^ and results in planar flow within the transverse sec-
tion of the billet. Due to the helical flow, each point in the
transverse section preserves their relative location and
move in the extrusion direction. In contrast, the cross flow
leads to displacement of the points from their initial loca-
tions in the transverse planes. The cross flow during the TE

Fig. 9 Distribution of (a) stress and (b) plastic strain in pass #2 TE process using the third method

Table 4 Comparing the results of FE analysis and experimental
measurement for pass #2

Strain at
center

Strain at lateral
edge

Mean error
percent

Experimental measurement 0.12 0.89 (NA)

FEM-second method 0.1 0.98 13

FEM-third method 0.06 0.48 48
Fig. 10 Variation of the Von Mises stress distribution across the radial
distance from the center of the cross-section of the sample for passes #1,
#2, #3 and #7
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provides nonzero strains in the vicinity of the billet center.
These strains at the central region are essential for the for-
mation of uniform ultrafine-grained microstructures.
Particularly, using the TE dies with higher twist angles
and smaller heights of the twist zone increases magnitudes
of the cross flow. Also, the cross flow can be also intensi-
fied by increasing the friction coefficient between the die
and the billet.

Conclusions

In this article, finite element analysis and experimental studies
related to the twist extrusion process have been discussed.
Experimental tests were carried out for AA-6063 aluminum
alloy. The main findings of this research can be listed as
follows:

& An increase of friction coefficient from 0 to 0.15 had no
considerable effect on the plastic strain distribution of TE
samples.

& Comparison of the finite element results and the results of
the microstructural study obtained from image analysis
shows that applying the material properties change and
importing the deformations created in the previous passes
of TE (second FEmethod) is the best method for modeling
a multi-pass TE process in ABAQUS software.

& By increasing the number of passes, the rate of stress in-
crease will be reduced so that the stress at pass #7 in-
creases only 14% relative to pass #3. The strain saturation
is the main cause of this rate reduction.

& The lateral edges of the TE sample experience higher
stress and strains in comparison to the center of the
sample.

& The increase in material properties is higher in the first
three passes compared to the next four passes of TE.

Fig. 12 Variation of plastic strain during deformation for passes #1, #2,
#3 and #7

Fig. 11 Variations of the Von Mises stress during the deformation time
for passes #1, #2, #3 and #7

Fig. 13 Plastic strain variation at center and corner in pass #1 TE

Fig. 14 Variation of plastic strain inmulti-pass TE calculated from image
analysis
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Thus, the heterogeneity in strain distribution is decreased
by increasing the number of passes.

& The corner regions of the sample experience higher
strains than the center region, and also the heterogeneity
in strain distribution increases by increasing the twist
extrusion passes.
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