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Improvement of the functional properties of aluminium and its alloys by grain
refinement is an effective way to increase their applications. The capability of
severe plastic deformation methods to produce ultrafine-grained materials has
been well established. However, their industrial application is limited because
of the required additional equipment and limitation of the product size. Due to
the direct extrusion characteristic of the simple shear extrusion (SSE) method
and consequently the minimal additional tools and expenses, SSE is a good
candidate for commercialization. The aim of this research is to scale up the
SSE products to facilitate their potential use in practical applications. To
overcome the limitation on the length of the plunger and reduce the load of the
SSE process, a design is proposed in the current research. Microstructural
investigations and mechanical tests of commercial pure aluminium (AA1050)
workpieces confirm the effectiveness of the proposed design on the grain

refinement and its capability to reduce the processing load.

INTRODUCTION

The most used non-ferrous materials in industrial
applications are aluminium and its alloys because of
several advantages such as the high level of natural
resources, low density, acceptable mechanical prop-
erties, appropriate corrosion resistance, excellent
electrical conductivity, and relatively low cost.!
Improvement of mechanical properties of alu-
minium alloys is a key factor in their use in
automotive and aerospace applications. It is exten-
sively documented that the grain refinement of
aluminium and its alloys is an influential approach
to simultaneously improve their strength and plas-
ticity (the details can be found in Ref. 2—4). Over
30 years of research in the various fields of severe
plastic deformation (SPD) confirms the exceptional
mechanical and physical properties of the ultrafine-
grained (UFG)\nano-structured (NS) materials.®®
The approach to the application of SPD methods in
microstructural refinement is based on the heavy
straining by imposing high pressures. The principle
of SPD processing and the detailed mechanisms
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involved in the corresponding grain refinement are
presented in several review articles and book chap-
ters.” 1% As a step forward, much attention has been
paid to the commercialization of SPD processing in
recent years.!*'® Nevertheless, there are still few
reports of successful application of SPD methods in
industrial applications.’”® To achieve the goal,
several challenges must be resolved.

3The first challenge is the feasibility of SPD
processing on the different types of materials
including metals, alloys, and composites. Cur-
rently, extensive studies are being conducted to
widen the range of materials that can be processed
by SPD methods. Since the grain refinement by
SPD processing needs repetition of the process, the
second challenge is the possibility of continuous
production of UFG materials by SPD processing,
which is a great advantage for the reduction of
production costs. Most of the efforts to overcome
this problem have been concentrated on equal
channel angular pressing (ECAP)?° as one of the
most popular SPD methods. As will be explained
later, despite the high potential of ECAP, some
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other methods having the same potential, but with
higher performance, have been less considered.
The last challenge is to scale up the SPD prod-
ucts.?’ The main problems based on this are the
nature of the method, tool design, and overcoming
the friction. For instance, despite the great advan-
tage of high-pressure torsion (HPT)?*??% in grain
refinement, there are several restrictions on the
product size. Regarding all the barriers to the
industrialization of SPD processing, it can be
concluded that reducing or removing additional
equipment, making modifications to increase the
production rate, and scaling-up of the SPD prod-
ucts are the most valuable key factors.

So far, more than 100 SPD methods invented,?*
some are independent, while others are related to
another method or combination of two different
methods. Additional equipment and/or a new design
of the production lines in the methods based on
ECAP, such as conshearing® and ECAP-Conform,?®
is needed. Furthermore, expensive devices are
needed for the methods based on the application of
torsion/shear under high pressure, such as HPT,
rotation torsion,?’ high-pressure shearing (t-
HPS),?® and continuous high-pressure torsion for
bars/rods.?*?° Therefore, application of the methods
based on direct extrusion for industrial uses is more
probable because of the easy installation of the tools
in a production line, their continuous nature, and
consequently the low production cost. Among the
different methods including twist extrusion
(TE),32 simple shear extrusion (SSE),**7® also
named planar twist extrusion,® pure shear extru-
sion,*® spread extrusion,*! and nonlinear rotary
extrusion (NRE),*? only TE and SSE have been
studied widely. Different deformation zones and
shear planes of the TE and SSE process result in
different strain distributions in the products, which,
in turn, result in different properties. The maxi-
mum amount of strain is observed at the centre of
the SS-extruded samples and is observed at the
periphery of the T-extruded specimens. Further-
more, the microstructure and mechanical properties
of the SS-extruded workpieces are more uniform
through a section of the product.®*® Also, the
exceptional combination of high strength and duc-
tility of the S}gecimens after multi-passes of SSE
processing *>3% and the ability to deform “hard to
deform materials,” such as Mg alloys **** and TWIP
steels,?®*® make this process a good candidate for
industrialization.

This study offers an approach to SSE processing
to produce large samples, without any limitation on
the product size. The proposed design is a powerful
tool not only for SSE processing, but also for the
other methods based on direct extrusion, such as
TE.

DESIGN CONCEPT

To overcome the specimen’s size limitation in SSE
processing, it is essential to study the conventional
die and tool design to find its limitations and
shortcomings. In this section, the concepts of the
conventional design, its restrictions, and its weak-
nesses are described in detail. After that, the
concepts of a design that could overcome these
limitations are defined in a way that can be used for
future potential industrial applications, in which
the fabrication of large ultrafine-grained specimens
is indispensable.

Conventional Die Design

As shown in Fig. 1a, during SSE processing, the
material tolerates gradually increasing simple
shear strain without changing the cross-sectional
area. At the middle of the deformation channel
where maximum distortion occurs, the shear direc-
tion reverses. Afterward, the imposed shear strain
gradually decreases to zero at the exit channel,
consequently, the cross section of the specimen
returns to its initial square cross section. In the
conventional designs, a plunger similar to that in
Fig. 1b is used for processing. Although this type of
design is simple, easy to construct and install, and
cheap, it has two major weaknesses: the limitation
in the length of the products and the inappropriate
effect of friction on the process load. The limitations
of the conventional design will be explained in this
section.

Limitation of the Length of the Workpieces

The first and the most significant weakness of the
design is the limitation of the length of the plunger,
which, in turn, results in the limitation of the length
of the work pieces and products. It is legitimate to
consider the plunger as a vertical beam subjected to
an axial load. Therefore, according to Euler’s for-
mula,?” the maximum load (critical load) that a
column can bear while staying straight can be
defined by

n?El
Fcr = Lg (1)
where E is the elastic modules, I is the minimum
area moment of inertia (second moment of area) of
the cross section of the plunger, and L, is the
unsupported length of the plunger. For a rectangu-
lar plunger with a side length of a (see Fig. 1b), I is
calculated by

(14

Inserting Eq. 2 into Eq. 1, P, will be:
n?Ea*

Fcr:TLIZ)' (3)
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Fig. 1. Schematic presentation of (a) the SSE channel (3D, front and top views) and (b) a conventional plunger (punch) using in conventional

The plunger will fail by buckling if the extrusion
force (Fey) exceeds F... Therefore, the consistency of
the plunger is satisfied by

n?Ea*
Fext < 1912 - (4)
P

Hence, to protect the plunger from buckling, the
length of the plunger must be in the below range:

na’ E
Ly< o |2
PS5 \/3Pg (5)

This means that the maximum length of the
plunger can be processed by SSE using the conven-
na? E

2 3Pext
section (“Design to Overcome Specimen’s Size Lim-
itation” section), the extrusion pressure increases
by increasing the sample length. Therefore, Eq. 5
may not be satisfied by increasing the length of the
samples, which means the failure of the plunger. It
is an important challenge in the processing of large
samples because of the obvious requirement of a
longer plunger for the longer samples, which could
not be achieved in the conventional designs.

. As discussed in the next

tional design

Effect of Friction

Bagherpour et al.*° proposed an analytical solu-
tion for the prediction of the process load based on
an upper-bound model. They showed that the
relative extrusion pressure for the SSE process is

1.48
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(6)
where L, is the length of the workpiece, /., is the
length of the exit channel of the die, and m is the
constant friction factor. Since the applied strain is
defined by opnax, its amount is assumed to be
determined. Also, for a specific material the amount
of m is fixed. Therefore, the variable f, ... Pmax
relates to omax by48

tan ﬁmax = atalzﬂ (7)
where L is the length of the deformation channel.
For the designer, there are two different concepts in
the design of the tools and die for SSE regarding the
selection of f5,.. One may assume L as a constant,
which results in the increase of f,,,, by increasing
the size of the workpiece. It was shown that for a
defined o there is a unique amount for the .,

(% ) by which the required extrusion pressure is

max
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Fig. 2. Variation of the relative extrusion pressure with (a) increasing the size of the workpieces and the distortion angle for the FIC design and
(b) the sample aspect ratio for the maximum distortion angle of 45° and various side lengths for the MIC design.

minimized.*® Therefore, it is more efficient to

assume % as a fixed amount for f,,, and select
L for different side lengths (a) using Eq. 6. Hence,
considering the fixed amount for oyax and f,,,, the
deformation length increases with increasing a.
Therefore, it is valid to use the second approach in
the rest of the current work. Consequently, Eq. 6
can be rewritten as

Pext:i %11’1(1}3}’1(1 -+ 1 >
or \/§ Ofmaxﬁ?f:,( e 0S Omax
In| tan g%¢ + o | +tan ﬁfrﬂfx
cos b
mtano, 1
7““::; In (tan Omax + 7) (8)
Omax tan Y- COS Umax
mtanogy,.y tan fo2 1
In( tan « P
3omax -~
mtan oy ax 4(Ly + lex)m
sin % cos oL V3a

Figure 2a shows the variation of relative extru-
sion pressure by increasing the size of the work-
pieces for three selected maximum distortion
angles. The trends for all of the maximum distortion
angles are the same. For a defined a, the extrusion
pressure increases by increasing L. At first glance,
it seems unusual that increasing the size of the
samples has two contradictory effects. The extru-
sion pressure increases by increasing the length of
the samples and decreasing its side length. How-
ever, deeper investigation of Fig. 2a by plotting the
variation of relative extrusion pressure by changing
the aspect ratio (Ly/a) can clarify the ostensible
contradiction. Figure 2b shows the variation of the
relative extrusion pressure for the maximum dis-
tortion angle of 45° for various side lengths. As seen,
for a selected side length, the extrusion pressure
depends linearly on the aspect ratio of the work-
pieces. However, for an aspect ratio, a lower extru-
sion process is achieved in a workpiece with a
higher side length. This confirms the great signif-
icance of friction on the process load. Therefore, to



4428

increase the possibility of industrialization, meth-
ods and designs that can decrease the friction are of
great importance.

Design to Overcome a Specimen’s Size Limi-
tation

In the previous section, the shortcomings of the
conventional die design were discussed exhaus-
tively. To overcome the shortcomings, the new
design for an SSE die called the “movable inlet
channel (MIC)” die was introduced in Ref. 48 by the
current authors. In that publication, only the main
concept of the design without any details was
reported. The aim of the current section is to
describe the details of the design to facilitate its
repetition. Figure 3 shows a schematic representa-
tion of a special SSE design die with a movable inlet
channel (MIC die). It can be seen that two of the
four die walls are made by a specially designed
plunger. Therefore, there is no relative motion
between the work piece and die surfaces made by
the plunger (shown by the patterned surfaces in
Fig. 3).

As described in “Conventional Die Design” sec-
tion, in the conventional design, there is an upper
limit [Eq. 5] to the length of the plunger above
which the plunger tends to buckle. As seen in Fig. 3,
in an FIC design, the plunger consist of two

el

Plunger

Punch

ovable die
walls

Fig. 3. Schematic representation of a special design of an SSE die
with a movable inlet channel (MIC die).
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different parts, the movable die walls and the
punch. Since the punch part pushes the workpieces
through the extrusion channel, the punch is the
part that should tolerate the load of the process.
Therefore, if a part is supposed to buckle, that part
is the punch. However, the movable die wall applies
enough support for the punch, which prevents the
buckling. In other words, there are no limitations to
the length of the punch in the MIC design. There-
fore, it is possible to deform samples with a high
aspect ratio (Ly/a), which is prevalent in many
industrial applications.

Another advantage of the MIC design is a reduc-
tion in the frictional forces. Since there is no relative
motion between the workpiece and movable chan-
nels, frictional forces corresponding to these sur-
faces have no effect on the extrusion pressure of the
process. Therefore, the relative pressure of the

Pyt 2 | tan oamax 1
= —1 +
{ n| tan omax p——

O‘maxﬁggx
opt 1 opt
In| tan Y, +———F | +tan 5
cos b
: )
COS Umax

1
COS Olmax

9)

Figure 4a shows the variation of the relative
extrusion pressure of the SSE using an MIC design
by increasing the size of the workpieces for three
selected maximum distortion angles. The trend for
the variations is the same as that of the conven-
tional design (see Fig. 2a). However, the value of the
extrusion pressure is lower for the MIC design.
Also, the dependence of the load on the geometry is
lower in the MIC design. To clarify the differences,
Fig. 4b illustrates variation of the relative extrusion
pressure of the MIC design from the conventional
one by changing the aspect ratio. Figure 4a shows
this variation of various side lengths in SSE pro-
cessing using a maximum distortion angle of 45°. As
seen, by increasing the aspect ratio the difference of
the extrusion pressures between two designs
increases. In other words, by increasing the length
of the samples, the effect of the MIC design on the
reduction of the extrusion pressure increases. This
confirms the importance of the MIC design for
industrial applications of the SSE process.

of V3

mtan tmax

opt
max

In( tan opax +
Omax tan f§ ( max
opt

mtan omax tan fi max 14, (tan Omax +

S3max
N 2(Ly + lex)m
V3a

EXPERIMENTAL PROCEDURE

Two different splitting dies have 45° maximum
distortion angles, and a side length of 20 mm x
20 mm was designed and constructed for SSE
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Fig. 4. Variation of the relative extrusion pressure with (a) increasing the size of the workpieces and the distortion angle for the MIC design and
(b) the sample’s aspect ratio for a maximum distortion angle of 45° and various side lengths for the MIC design.

processing. One of the designs was based on the
conventional design (FIC die). The FIC die was
designed by an inclination angle of 22.2°, which is
optimum. The other die was an MIC die with a 17.4°
inclination angle, shown in Fig. 5a. While the FIC
die had the ability to deform the samples with a
maximum length of 65 mm, the MIC die was
designed to deform samples with a maximum length
of 160 mm. Workpieces were deformed using a
screw press with a controlled ram speed of
0.2 mm/s. To repeat the process, workpieces were
rotated 90° around the ED before the next pass.
Commercial pure aluminium (AA1050) was used as
the trial material.

Electron backscattering diffraction (EBSD) was
used for microstructure investigations of the ED
plane. After cutting the samples, grinding them,
and polishing them using cloths and a suspension of
Al5Os3, the obtained surfaces were electrically pol-
ished in 20% HC104—80% CoHsOH using a DC
voltage of 35V for 20 s at 273 K. EBSD observa-
tions were accomplished by a JEOL 7001F scanning

electron microscope (FE-SEM) equipped with a field
emission gun operating at 20 kV. EBSD data were
analysed by the INCA suite 4.09 software package.
For the EBSD measurements of the samples after
SSE, approximately 300 grains were used. Then, we
used their average for the average grain size and
reported the maximum and minimum measured
values as superscripts and subscripts, respectively.

For transmission electron microscopy (TEM),
specimens were cut from the centre of the deformed
workpieces using a micro-cutter. The specimen
surface was mechanically polished to 100 um thick-
ness using abrasive papers before further thinning
by a twin-jet polishing Tenupole 5 facility (Struers
Co., Ltd.) with the same voltage, temperature, and
solution as in EBSD sample preparation. Next, the
specimens were polished by ion beams using a
Gatan 691 precision ion polishing system (PIPS).
For TEM observations, a transmission electron
microscope (JEOL JEM-2100F) with acceleration
voltage of 200 kV was used.
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Fig. 5. (a) Used FIC die set (die + plunger) in the current research; (b) the initial sample and samples during and after SSE processing; (c)
variation of the processing load with punch displacement for MIC and FIC dies.

To investigate the mechanical properties of the
samples, both tensile and hardness tests were used.
Vickers microhardness was evaluated by applying
100 g for 15 s dwell time on a polished surface.
Samples for tensile tests were machined from the
centre of the deformed workpieces with an orienta-
tion along the ED, 1 mm gage width, and 3 mm
gage length. Tensile tests were accomplished at
room temperature with a SHIMAZU AGS-10kND
tensile testing machine operating at a nominal
strain rate of 1.1 x 1073 s™1. To check the consis-
tency of the results, five tensile tests were used on
each sample condition.

RESULTS AND DISCUSSION

Figure 5b shows the samples during SSE, after
the first, and after the second pass of SSE. As seen,
the deformation during the process is perfect and
the samples successfully deformed up to two passes
without any crack formation in the samples and/or
any damage of the tools (die/plunger). Specimens
completely filled up the die cavity, as can be
observed from the sample extracted from the die

during the process in Fig. 5b. The reason is that the
channel was always filled up and the front specimen
provided enough back-pressure for the rear one.
Applying higher passes was not possible because of
the 200 kN capacity of the pressing machine. The
processing load of the MIC die compares with the
FIC die in Fig. 5c. To avoid the effect of the sample
length, the loads for processing 6.5-mm-long sam-
ples for both MIC and FIC designs were compared.
As seen, by using an MIC design the processing load
decreases for both the first and second passes of
SSE. This happens as a result of the lower frictional
forces in the MIC design.

Figure 6a displays an inverse pole figure colour
map and corresponding boundary map of the un-
deformed workpiece. An almost fully annealed grain
microstructure had a grain size of about 240 ym
using the equivalent circle diameter is observed in
the undeformed sample. More than 60% of the
boundaries are high-angle grain boundaries
(HAGBs). Figure 6b and c illustrates the inverse
pole figure EBSD orientation and corresponding
boundary misorientation maps of the severely
deformed samples after one and two passes of
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Fig. 6. Inverse pole figure EBSD orientation colour map and corresponding boundary misorientation map of (a) the un-deformed, (b) first-pass,
and (c) second-pass workpieces deformed by MIC and FIC dies (note the difference in the scale bars) (Color figure online).

SSE, respectively. By increasing the number of
passes, gradually some new high-angle grain
boundaries appear. Therefore, the microstructure
develops more finely and smoothly. The detailed
microstructure features of the deformed samples
are shown in Table I. As seen, for the FIC design,
the mean misorientation angle changes from ~ 7.5°
to ~ 15.5° from the first to the second pass. The
same trend is seen in the MIC design, where the
mean misorientation angle changes from ~ 7.7° to
~ 15.1° by increasing the number of passes from 1 to
2. By increasing the number of pass, gradually some
new high-angle grain boundaries appear. Hence,
the microstructure gently becomes finer. The grain
size decreases by increasing the number of passes in
all the planes. The grain size reduces severely from
240 ym at the initial stage to about 5.2 um and
1.5 um for the first and second passes of SSE with

the FIC design, respectively. Approximately the
same grain sizes (5.4 ym and 1.6 um for the first
and the second passes, respectively) are observed for
the MIC design. Therefore, for both the MIC and
FIC design, the fraction of HAGBs and mean
misorientation angle increase by repeating SSE.
As a result of the change in the misorientation
angle, the grain size decreases significantly after
two passes of SSE. All of the measured EBSD
microstructural features are approximately the
same for the MIC and FIC designs, particularly if
taking into account the parameters’ ranges in
Table I. This confirms the same flow behaviour of
both designs. Small deviations between the param-
eters may have originated for three reasons: first,
the sample preparation conditions, especially the
region from which the sample is extracted, where a
small change in place may result in a difference in
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Conventional die (FIC die)

First pass

Fig. 7. TEM images of the samples after first- and second-pass SSE.
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New design (MIC die)

-_—

the microstructural features (refer to Refs. 33, 35,
49, and 50); second, from the different lengths of the
deformation channels, which, in turn, result in
different strain reversal behaviour.34’3'6"i9

Figure 7 shows transmission electron micro-
graphs of the deformed workpieces viewed from
the ED plane and taken from the central region of
the samples. For the samples deformed by FIC and
MIC dies, the microstructure after the first pass of
SSE consists of strongly elongated subgrains with
mean lamellar boundary (LBs) spacing of 710723 nm
and 7061’%2 nm for the FIC and MIC designs,
respectively. Almost 86% of the cells are elongated.
Dislocation cell boundaries are observed inside the
LBs. The TEM images of the second-pass work-
pieces and microstructure include both elongated
and equiaxed subgrains. For the FIC sample
approximately 71% of the investigated area is
occupied by equiaxed subgrains. This area is about
65% of the MIC die. This difference may be
attributed to the different lengths of the deforma-
tion channel in the different designs and conse-
quently the different strain reversal behaviour 3*-3°
of the design. However, it is not possible to reach a
conclusion about the main reason for this difference
in the current study and more detailed study, which
could be the aim of separate research, is required.
Nevertheless, considering the TEM parameters in
Table I, the changes of the total behaviour of
microstructural features are similar for the MIC

and FIC designs. A more uniform microstructure
with a higher fraction of equi-axed subgrains is
achieved in a second pass for both the MIC and FIC
designs.

A summary of the mechanical properties of the
workpieces is shown in Table I. True stress- strain
curves can be found in Supplementary Figure S1;
refer to the online supplementary material. By
increasing the number of passes, the hardness,
yield strength, and UTS increased as a result of
grain refinement. Because of the approximatly same
microstructural changes of samples deformed with
the MIC die as those deformed by the FIC die, the
mechanical properties of the workpieces are the
same as well. Compared with the undeformed
workpieces, in workpieces deformed by two passes
with the FIC die, the yield strength and UTS
increase by ~ 328% and ~ 95%, respectively, while
the increase of these properties is ~ 325% and
93% for the workpieces deformed by the MIC die.
On the other hand, the elongation of the workpieces
decreased significantly by increasing the plastic
strain. The reduction of total and uniform elonga-
tion after two passes of SSE is ~ 64% and 93%,
respectively, for the samples deformed in the FIC
die. For the workpieces deformed in the MIC die,
the decrease in the uniform elongation is approxi-
mately the same as for those deformed in the FIC
die but the reduction in the total elongation in 3%
lower. Generally, it can be concluded that the
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mechanical properties of the workpieces do not
depend on the die design. The small difference in
the mechanical properties (< 3%) attributed to the
differences in the microstructural parameters was
discussed previously.

CONCLUSION

Despite the many advantages of the severe plastic
deformation methods, they have not found their way
into industrial applications. Easy installation of the
tools and the ability of the methods to deform large
samples are the key factors in the commercializa-
tion of the SPD methods. Because SSE is a method
based on direct extrusion, it can be easily installed.
However, the application of this method in the
production of large samples is a challenge. In this
research, a design to overcome the specimen’s size
limitation and reduce the load of the process has
been proposed for SSE in order to apply the method
to large-scale production. Conventional designs are
not suitable for the production of large samples
because of the limitation of the length of the
plunger, which results in limitation of the length
of the sample as well as the effect of friction on the
process load. The proposed design is a powerful tool
not only for SSE processing, but also for the other
methods based on direct extrusion, such as TE. The
main achievements of this research are summarised
below.

1. The plunger of the proposed design (MIC design)
consists of two different parts, the movable die
walls and the punch. Because there is enough
support of the movable die wall for the punch to
prevent buckling, there is no limitation of the
length of the punch in the MIC design. In
addition, there is no relative motion between the
workpiece and the movable channels in the MIC
design. Therefore, frictional forces correspond-
ing to these surfaces have no effect on the
extrusion pressure of the process. Consequently,
the load of the process is lower in the MIC die
than in the FIC design.

2. By increasing the specimen’s aspect ratio the
difference of the extrusion pressures between
the two designs increases. In the other words, by
increasing the length of the samples, the effect
of the MIC design on the reduction of the
extrusion pressure increases.

3. Experiments confirm the lower processing load
of the MIC design as well as the effectiveness of
the proposed design on grain refinement.

4. Tensile tests and hardness measurements con-
firm the same mechanical properties of the
samples deformed by FIC and MIC dies.

5. The new MIC design can be successfully re-
placed by the conventional FIC design with
approximately the same product performance,
but with lower forces and costs and the ability to
produce large workpieces.
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