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ABSTRACT

Lin this research, a new technique for severe plastic deformation (SPD) was proposed, entitled as non-uniform simple
shear extrusion (NUSSE). The larger strains can be obtained in the non-uniform simple shear extrusion (NUSSE) method
without repetition of the process. But, in pure shear extrusion (PSE) and simple shear extrusion (SSE) processes, to
achieve larger strains, it is necessary to repeat the processes. In this study, the technique was investigated experimen-
tally and numerically using ABAQUS software. The maximum plastic strain, inhomogeneity in deformation, filling frac-
tion and micro-hardness parameters were researched after NUSSE process. Also, the obtained results were compared
to the SSE and PSE processes. After this technique, due to the specific design of deformation channel, filling fraction was
increased by about 44.92% and 41.84% in comparison with SSE and PSE processes, respectively. Also, the micro-hard-
ness was significantly increased compared to annealing process.

Keywords Sever plastic deformation, Non-Uniform Simple Shear Extrusion, Filling fraction, Inhomogeneity in deforma-

tion, Micro-hardness.

1. Introduction

Sever plastic deformation (SPD) processes are
known as powerful tools for improving the me-
chanical properties of metals [1]. In this regard,
nowadays, the issue of improving SPD techniques
is a wish of many researchers [2-3]. Some of the
most-used SPD techniques include Equal-channel
angular pressing (ECAP) [4], Non-equal channel
angular pressing (NECAP) [5-6], Tubular channel
angular pressing (TCAP) [7], Cyclic close die forg-
ing (CCDF) [8-9-10], High-pressure torsion (HPT)
[11], Pure shear extrusion (PSE) [12], Twist extru-
sion (TE) [13], Simple shear extrusion (SSE) [14],
Constrained groove pressing (CGP) [15-16] and
Equal-channel angular rolling (ECAR) [17-18].
However, in recent years, the SSE method has the

most development compared to other SPD meth-
ods. But one of the disadvantages of this technique
is necessity to repeat the method to achieve larger
strains [19-20]. Ebrahimi et al. [14] introduced the
SSE technique for first time experimentally and by
numerical simulation. They showed in the SSE pro-
cess, due to the special design of the die channel
and gradual changes in the cross-sectional area of
the sample, large strain values can be obtained for
aluminum alloy 1050 by SSE process. Also, investi-
gated the effect of the amount of back pressure on
the strain value and the final shape of the samples
after the SSE process, they reported that the both
parameters are dependent on the amount of back
pressure. Also, they presented that the SSEed sam-
ples have less amount of waste material in compari-
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son with ECAPed samples. Pardis et al. [21] investi-
gated the effect of different processing routes (four
routes A-D) on the homogeneity of deformation in
the SSE technique for aluminum alloy 1050. They
presented that in the route C, since the sample has a
90° rotation around its main axis, the homogeneity
of deformation is obtained more than route B. Bayat
Tork et al. [22] investigated the effect of SSE pro-
cess on the feasibility of plastic deformation of pure
magnesium at room temperature. They showed that
in the ECAP, channel angular deformation (CAD)
and dual equal channel lateral extrusion (DECLE)
processes, due to the samples have the high level
of segmentation, so the SSE method is suitable for
producing and improving the microstructure of
pure magnesium at the room temperature com-
pared to the mentioned processes. Bagherpour
et al. [23] studied on the capability of processing
twining induced plasticity (TWIP) steel through
SSE and ECAP processes. They concluded that in
the ECAP process, due to the existence of segmen-
tation flow during the ECAP process after one pass,

the SSE process can be the ideal choice for process-
ing TWIP steel. Ebrahimi et al. [24, 25] introduced
the new design of SSE process for producing sam-
ples of aluminum alloy 1050, called circular simple
shear extrusion (CSSE). They showed in the CSSE
method, due to the circular cross section of the die
channel, the extrusion pressure, the load required
for deformation, the maximum principle stress and
the amount of back pressure for fill the die chan-
nel are less in comparison with SSE method. Also,
they reported that the CSSE method is more useful
for producing industrial parts because the circular
cross section is a suitable shape for most industrial
parts. Rezvani et al [26] investigated the effect of
CSSE process on deformation behavior and strain
distribution of commercially pure aluminum. Af-
ter experimental and simulation tests, they showed
that the most homogeneity distribution of strain is
obtained in the cross section and the length of the
specimens without back pressure. The CSSE pro-
cess had a significant effect on increasing the mi-
cro-hardness compared to the annealing process.

Table 1- Chemical composition of AA1050 aluminum alloy (wt %)

Element Si Fe Cu Mn Mg Zn Ti v Each other Al
Wt % 0.25 0.4 0.05 0.05 0.05 0.05 0.03 0.05 0.03 Balance
Initial
Sample during
Deformation
Processed

Sample

A1=A2=A3=A4¢AS=A6

W0¢W1

Fig. 1- a schematic of the NUSSE technique, geometry of the deformation channel and gradual changes of the specimen's cross
section through the die channel.
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Also, with the increase in the number of passes, the
grains size was greatly reduced.

In this study, the non-uniform simple shear ex-
trusion (NUSSE) method is introduced as a new
SPD technique for the first time. After this process,
larger strains can be achieved without repeating the
method. The method can be very easily installed on
any standard industrial and laboratory equipment.
These can be important advantages of this tech-
nique. The technique was investigated experimen-
tally and numerically using ABAQUS/Explicit on
AA1050 alloy. The effect of the NUSSE was studied
on strain plastic, filling fraction, inhomogeneity in
deformation and micro-hardness specimen. Also,
they were compared to SSE and PSE processes.

2. NUSSE Process

In this method, the samples were extruded grad-
ually through a deformation channel with a specif-
ic design (Fig. 1). Fig. 1 shows, a schematic of the
samples position in the NUSSE process, geometry
of the deformation channel and the sample’s cross
section changes during the NUSSE process. In this

figure, w, w,a_,B_,and0__are the inlet chan-
nel thickness, the outlet channel thickness, maxi-
mum distortion angle, maximum inclination angle
and maximum angle of region 2, respectively. Also,
A and A, are the cross-section of input channel
and output channel, respectively.

3. Experimental Procedure

Billets with dimensions of 15 mm x 15 mm x 60
mm were machined out from rolled plate of alumi-
num AA1050. Chemical composition of the plate is
shown in Table 1. The specimens were annealed at
600 °C for 2 h [14] and cooled to ambient tempera-
ture in furnace. In the study, these annealed speci-
mens are called the initial specimens.

The experimental tests were carried out at am-
bient temperature using a 100 Ton hydraulic press
machine with ram speed of 0.05mm s. Fig. 2a in-
dicates the equipment needed to perform the pro-
cess. In the designed die, w, w, a__, B ,20_,
were 15 mm, 10 mm, 45°, 22.2° and 30°, respec-
tively (Fig. 1b). In order to reduce friction between
the sample and the die channel, after the samples

Machine table

Fig. 2- a schematic set-up the NUSSE method, b NUSSEed specimen, ¢ Specimen's cross section of the NUSSEed specimen obtained
experimentally, d Specimen's cross section before NUSSE and e Tensile test specimen.
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were wrapped with Teflon tape, MoS, anti-friction
spray was used as lubrication. In Fig. 2b, ¢ and d,
the NUSSEed sample, the cross-sectional area of
the NUSSEed and annealed samples, obtained ex-
perimentally is shown, respectively.

According to the ASTM B557M standard, the
annealed sample was machined for done tensile
test (Fig. 2e). This test was performed at the ambi-
ent temperature with the strain rate of 10*s.Fig. 3
indicates engineering stress-strain curve achieved
from the tensile test for the annealed sample.

In the study, the Vickers micro-hardness tester
was used to measure the hardness of NUSSEed and
annealed samples. The samples were isolated into
two equal sections using the wire cut method. The
hardness values were taken on one of the cutting
surfaces under conditions of 25 g load for 15s. The
distance between the measuring points on the line
AB for both samples was 0.5 mm.

4. Simulation Procedure

In this study, the deformation processes were
investigated numerically by the ABAQUS/Explicit
6.14 package. The 3D FEM was performed to check
the strain homogeneity, the maximum equivalent
plastic strain and filling fraction in the different
techniques. The finite element assembly model of
the die, the punch and sample in the NUSSE tech-
nique is illustrated in Fig. 4. The sample was con-
sidered as an elasto-plastic material with Young’s
modulus and Poisson ratio of 70 GPa and 0.33, re-
spectively. The die and the punch were considered

100

as rigid bodies. The uniaxial tensile test was done
to obtain the sample properties. In the study, the
punch speed was equal to 0.05 mm s-1. This val-
ue was constant in all experimental and numerical
tests. The interaction between the punch and die
channel surfaces with the specimen surfaces was
defined based on the Coulombss frictional model.
Friction factor (m) of 0 and 0.1 were used. These
values in simulation were converted to friction co-
efficient (y) by Eq. (1) [27]. In this paper, 108000
C3D8R elements was used for the sample, 22446
and 306 R3D4 rigid elements were employed for
the die and the punch, respectively.
m

- J27(1—m?)

4.1. Filling fraction (F))
Filling fraction is calculated by using the follow-
ing relation:

(1)

Y
= %100

F,
f Sc

()

Where S_is the cross-sectional area of the spec-
imen after deformation, and S_ is the cross-sec-
tional area of the die outlet channel at extrusion
direction.

4.2. Standard Deviation (S. D)

In this study, the standard deviation (S. D) is
used to investigate the effect of deformation pro-
cesses on strain homogeneity. This criterion was
measured based on the strain distribution along

a0 +

70 A

60

50

Stress (MPa)

30 4

20 A

10 A

1] T T T
0 0.05 0.1 0.15

0.2 0.25 0.3 0.35 0.4

Strain

Fig. 3- Engineering stress-strain curve achieved from the tensile test for the annealed sample.
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line AB of the sample’s cross section. Standard de-
viation is calculated using Eq. (3) [28]:

Z?’=1(£i - gavg)z
N-1

©)

Where ¢, &, and N are the effective strain for
the th point, the average effective strain and the
number of the measurement points, respectively.
The lower value S.D means more homogeneity in
the strain.

Die

5. Results and Discussion
5.1. Filling Fraction

In Fig. 1, gradual changes of the cross-sectional
area of the sample through the deformation chan-
nel in the NUSSE process is shown. Fig. 5 illustrates
the cross-sectional area of the specimen at the die
outlet channel on a perpendicular plane to the ex-
trusion direction which is obtained experimental-
ly and numerically after the NUSSE process. It is
observed that the specimen has fully filled in die
exit channel and gaps are not formed at the cor-

Fig. 4- 3D FEM model of the sample, the die, and the punch for the NUSSE process simulation.

m=0 Die

Fig. 5- schematic sample's cross section obtained by simulation a form the friction factor of 0, b from the friction factor of 0.1 and ¢
sample's cross section obtained experimentally.
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ners of the sample. It shows that the NUSSE pro-
cess provides ideal conditions for the deformation
sample. In order the specimen is totally returned
to the die channel shape. Similar results have been
reported: for ECAP [28] and PSE [29] processes.
Also, it shows that there is a good agreement be-
tween the final cross section of the simulated and
the experimental sample (Fig. 5). In Fig. 8, the ef-
fect of friction factor (m) and the processing con-
ditions on the filling fraction of the die outlet chan-
nel, obtained using the Eq. (2) is shown. It is clear
that due to the specific shape of the die channel, the
friction factor value has not the significant effect on
the filling fraction in this technique. Therefore, the
Ff increases by about 44.92% and 41.84% in com-
parison to SSE and PSE processes, respectively (Fig.
5). According to Fig. 5, the sample’s cross section is
completely regular after this method. Therefore, it

(2)

is an important advantage of NUSSE technique in
comparison with SSE and PSE processes (Figs. 6b
and 7b).

Also, to comparison with the NUSSE process,
the inhomogeneity of strain, the maximum equiv-
alent plastic strain &, and filling fraction F, pa-
rameters were obtained numerically in the SSE pro-
cess after first pass with a__ =45" and _ =22.2".
The processing conditions (m=0.1, punch speed
and etc) and mechanical properties were same in
both processes, the die was designed based on sam-
ples with dimensions of 10 x 10 x60 mm. Fig. 6a
and b shows the schematic of the 3D FEM model of
the SSE process and sample’s cross section after the
SSE, respectively. Fig. 8 indicates that F, value de-
creases after SSE process and this value is by about
31% smaller than the NUSSE process.

Also, to comparison with NUSSE technique, the

The
existence
gaps
Die
(b)

Fig. 6- Schematic a 3D FEM model of the SSE process simulation and b the cross sectional of the SSEed sample.

(2)

(b)

Fig. 8- Schematic a 3D FE model of the PSE process simulation and b the cross sectional of the PSEed sample.
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S.D, e, and F, parameters were achieved numer-
ically in the PSE after first pass with L, =50 mm,
L,,=10 mm and D =2. The mechanical proper-
ties and the processing conditions (m=0.1, punch
speed and etc) were constant for both processes,
the die channel was designed based on specimens
with dimensions of 10 x 10 x60 mm. Fig. 7a and b
illustrates the schematic of the 3D FEM model of
the PSE process and sample’s cross section obtained

120

numerically, respectively. According to Fig. 8, it is
observed that the amount of F, is significantly lower
for the PESed sample than NUSSEed sample.

5.2. Plastic Strain

Fig. 9 illustrates the distribution 2D of equivalent
plastic strain in the cross-sectional area of the sam-
ple, obtained numerically, for different processes
under the same conditions (m=0.1). In Fig. 10a and

Filling fraction (%)

100 - 100 100
80 A
60 A
40
20 A
0 4

98.2
I 76.5 69

Fig. 8- The effect of friction factor (m) and the processing conditions on the filling fraction (F/) of the die outlet channel obtained by
the Eq. (2).
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b, the effective strain distribution along line AB and
the maximum effective strain, are obtained from
the FEM, for different samples, from the friction
factor of 0.1 is shown, respectively. It is observed
that the maximum strain is achieved in the center
regions of the samples (Fig. 10a). According to Fig.
12, due to strain hardening, the hardness increas-

0.8

0.6

0.4

Effective Strain Distribution

=3
o
=

- — =PSE
— - =SSE K
4 5 6 7 8 9 10

Distance (mm) from A to B

(a)

=
AN

)
-
~ 4
w

es in the sample center. Therefore, with increas-
ing hardness, plastic strain is affected by it. It can
be stated that the center regions experience more
strain compared to the peripheral regions. Also,
due to the special shape of the NUSSE die channel,
this technique produces larger strains than SSE and
PSE processes (Fig. 10a). It can be expressed as a

1.4
1.29
1.2
1.09
£
c 1
S 0.84
S 0.8
]
&
23]
=06
=
£
Z 04
=
0.2
0
SSEed sample PSEed sample NUSSEed sample

Production conditions
(b)

Fig. 10- A distribution of effective strain along line AB, and b the maximum effective strain, are obtained from the FEM, for different
processes, from the friction factor of 0.1.
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Fig. 11- Inhomogeneity of strain obtained from Eq. (3), for the samples with different processing conditions, from m=0.1.
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Fig. 12- Hardness profiles obtained from the Vickers test along line AB for samples processed under different conditions.
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major advantage of the NUSSE process.

5.3. Inhomogeneity of Strain

Fig. 11 indicates the inhomogeneity of strain,
obtained by numerical simulation, from m=0.1, for
the different samples. In Fig. 11, standard deviation
(S. D) is calculated by the Eq. (3) for 21 points. It
is observed that the S. D is increased after NUSSE
process. Therefore, with the increase of S. D, uni-
formity of deformation is reduced compared to SSE
and PSE processes (Fig. 12). Due to the existence
of different deformation regions, the gradual im-
position of sample deformation during the NUSSE
process and creating great deformations, they can
be expressed as the reason for the increase of S. D in
this technique. Similar results have been reported:
for SSE [21], ECAP [28] and PSE [29-32] processes.

5.4. Hardness Measurement

Fig. 12 indicates the hardness profile obtained
from the Vickers micro-hardness test along line
AB for different samples. It is observed that the an-
nealed and NUSSEed samples have the maximum
hardness by about 24.6 HV (red line) and 50.6 HV
(black line), respectively. Therefore, NUSSE pro-
cess has the considerably effect on the hardness in
comparison with anneal process. Similar results
have been reported: for SSE [14], CSSE [26], PSE
[29], and TE [33] processes.

6. Conclusion
In this study, NUSSE was introduced as a new
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