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Multi-channel Spiral Twist Extrusion (MCSTE) is introduced as a novel severe plastic
deformation (SPD) technique for producing superior mechanical properties associated with
ultrafine grained structure in bulk metals and alloys. The MCSTE design is based on inserting a
uniform square cross-sectioned billet within stacked disks that guarantee shear strain
accumulation. In an attempt to validate the technique and evaluate its plastic deformation
characteristics, a series of experiments were conducted. The influence of the number of MCSTE
passes on the mechanical properties and microstructural evolution of AA1100 alloy were
investigated. Four passes of MCSTE, at a relatively low twisting angle of 30 deg, resulted in
increasing the strength and hardness coupled with retention of ductility. Metallographic
observations indicated a significant grain size reduction of 72 pct after 4 passes of MCSTE
compared with the as-received (AR) condition. Moreover, the structural uniformity increased
with the number of passes, which was reflected in the hardness distribution from the peripheries
to the center of the extrudates. The current study showed that the MCSTE technique could be
an effective, adaptable SPD die design with a promising potential for industrial applications
compared to its counterparts.
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I. INTRODUCTION

THE grain size of crystalline metals is regarded as a
major microstructural aspect affecting both the mechan-
ical and physical properties of a component. Inherently,
controlling the grain size produces products with the
desired properties. Accordingly, to cope with the
never-ending race of tailoring materials with enhanced
properties in service conditions, several attempts for the
development of feasible grain-refinement techniques
have been made and are still in progress.[1] Among
these different approaches, the most successful has been
the Severe Plastic Deformation (SPD), which has
emerged as an effective technique for exposing materials
to intensive plastic straining to achieve an ultra-
fine-grained (UFG) structure.[2,3]

Currently, researchers are focusing on improving SPD
methods tailored for the fabrication of various UFG
materials, which exhibit superior properties that are
valuable for different industrial applications.[4,5] SPD
techniques, unlike conventional methods such as rolling,
extrusion, forging, and drawing, refine grain size to the
submicron scale and hence strengthen the material and
enhance its mechanical properties without the need for
introducing modification in the processed billet’s dimen-
sions.[1,2,6–8] The modification in the microstructure
when adopting SPD techniques leads to a significant
enhancement in functional, physical, chemical, and
mechanical properties.[9] Consequently, the interest in
SPD stems from the superior properties exhibited by the
resultant UFG material.[10]

Currently, several alternatives of SPD techniques,
which implicitly apply high hydrostatic pressure, are set
for fabricating a wide range of materials. Among the
most established renowned techniques are Equal Chan-
nel Angular Pressing (ECAP)[11–16] and High-Pressure
Torsion (HPT),[17–21] which have proven to be very
successful early implementations of the principles of
SPD dating back to the early 1980s.[2] The ECAP works
by pressing a metal rod through an angled channel,
typically 90 deg. The process should be repeated several
times to achieve optimal results, along with changing the
orientation of the billet in each pass.[11] Therefore, the
ECAP is considered as a discontinuous process, and for
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that reason, the HPT process was introduced. The latter
process is conducted via applying severe compressive
stresses on a disk to obtain a high frictional force, which
results in shearing the disk by torsion all in a single
operation.[2] Several researchers have regarded HPT as
the most efficient grain-refinement method. However, it
is limited to processing small coined samples ranging
from 10 to 15 mm in diameter and 10 mm in thickness.[1]

This drawback has hindered the applicability of such
thoroughly researched technique outside the scope of
laboratory experimentation.

The development of industrially compatible SPD
techniques represents an appealing challenge for
researchers in the field of structural material science.
Consequently, various techniques were developed as an
attempt to alleviate the previous limitations. Multiple
Forging (MF),[22] Accumulative Roll Bonding
(ARB),[23] and Twist Extrusion (TE) [24–29] are examples
of the recently developed techniques. Among these
methods, TE presents a rather promising SPD technique
for commercial and industrial use.[5] The principle of TE
processing is to extrude billets of any arbitrary cross
section (except that of circular) with a profile consisting
of two straight regions separated by a twist channel,
with the main parameters defined as follows: twist slope
angle (b) and rotation angle (a).[30] Thus, the specimen is
twisted by a specific angle in one direction and then
re-twisted to the same angle in the opposite direction
while maintaining its original cross section. A compar-
ison between TE and the two-aforementioned SPD
techniques reveals that TE processing provides several
advantageous features. Unlike ECAP, the presence of
two shear planes in TE enables the attainment of higher
strain values across the processed billet, which intensifies
the overall deformation.[28] This advantage was vali-
dated in a study comparing the degrees of grain
refinement achieved after processing pure copper via
TE and ECAP. It was reported that finer grains were
achieved as a result of TE processing, which subse-
quently led to better strength improvements.[31] More-
over, despite the capability of HPT to impose the
highest strain, compared to other SPD techniques,[32] its
application is limited to small sample sizes, which has
hindered its uptake by industry. In contrast, TE has the
capability of extruding relatively large billets.[32] There-
fore, TE enjoys the benefits of both extrusion and
torsion with large potential for industrial applications
such as in the aerospace-engines industry.[5,33]

In the pursuit to integrate TE in industry, limiting
issues such as tool cost prevail.[25,31] The fabrication of a
customized die for each and every product dimension is
economically unjustified. To that end, in order to
alleviate the aforementioned limitations of the conven-
tional SPD process and to capitalize on the many
advantages of conventional TE, a novel design termed
‘‘Multi-channel Spiral Twist Extrusion (MCSTE)’’ is
introduced in this study. Based on the principles of the
TE technique, the new design provides a rather simple
solution that saves cost and entices the uptake of such
technology in the market.[34] The MCSTE die design
provides several advantages such as (i) flexibility in
scaling up the die for industrial scale production,

(ii) ease of assembly, (iii) facilitation of multiple passes
without removal of the billet from the disks, (iv)
allowance of multiple passes without causing dimen-
sional or shape changes, (v) use of stacked customized
disks to allow for flexibility in varying both the height
and cross section of the extrudates without changing the
TE die, (vi) processing of billets via different twist slope
angles (b) up to 40 deg, and (vii) ability to vary the
applied backpressure during extrusion with variable
magnitudes depending on the materials’ properties.
Accordingly, the current research work provides

details on the novel MCSTE die design and demon-
strates an assessment of the process. This is conducted
through the characterization of the mechanical and
microstructural behaviors of 1xxx series aluminum alloy
billets processed up to 4 passes at a twist angle of 30 deg.

II. PRINCIPLES OF MCSTE

MCSTE is modified version based on the TE process.
The die channel for MCSTE has three distinct channels:
inlet, twist, and exit, as shown in Figure 1. In MCSTE,
the inner geometry of the spiral die allows a square
cross-sectioned billet within the stacked disks to twist
about its longitudinal axis without undergoing dimen-
sional or shape changes. Due to the specific design of the
MCSTE die, the twisting direction of the billet within
the inlet channel is 180 deg relative to the exiting
channel. In other words, the billet twists about its
longitudinal axis in a clockwise direction as it enters the
die and in a counterclockwise direction as it exits. This
feature allows the sample to be extruded repeatedly
through the deformation and exit channels. Conse-
quently, the imposed cumulative strain leads to the
refinement of grains in the extrudate and hence influ-
ences its mechanical properties.
MCSTE can be used in processing ingot materials

(IM), compact partially sintered powders, or canned
green compact powders. For ingot materials, the billet is
placed within a number of disks having a circular cross
section with a diameter of 30 mm and thickness of

Fig. 1—Schematic illustration of MCSTE setup.
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4 mm. The last disk is a solid to support the billet while
passing through the three channels, as shown in
Figure 2(a). A number of hollow disks, shown in
Figure 2(b), having square cavities, are designed to host
the billet to be processed. The shape and size of the
hollow central section of the disk can be varied
depending on the preselected dimensions of the billet.
The disks are stacked above one another to cover the
billet length. All disks have cylindrical addendums, with
a diameter of 4 mm, to guide their motion along the
different channels of the die, as demonstrated in
Figures 2(a) and (b). The disks and billet are assembled
in the first straight cylindrical channel with an internal
diameter of 30 mm. Two opposite straight paths are
present in the internal periphery of the straight channels
to guide the disks’ motion during processing.

In addition, the plunger used for IM (solid billets) has
the same diameter as the disks. In the case of powder
metallurgy (PM), the powder fills the internal cavity of
the assembled disks, and the upper disk is closed using a
stopper, which has the same geometry and dimensions
as the internal cavity. After filling the disks’ cavity with
powder, the disks along with the powders are subjected
to uniaxial hot compaction (hot pressing for simultane-
ous sintering) using a punch having the same geomet-
rical shape as the disk cavity, as shown in Figure 2(c).
Figure 2(d) shows a schematic drawing of the disks
assembly and the used punch.

It is worth mentioning that the number of assembled
disks governs the length of the processed billet. The
manufactured setup of MCSTE can be used to process
billets having lengths ranging from 1 to 80 mm, which is
considered as a competitive feature of the MCSTE
technique. Accordingly, varying the height of the
MSCTE extrudates becomes effortlessly possible with-
out the need for fabricating different die cavities with
different dimensions. In addition, since the dimensions
of the internal cavity of the disks control the dimensions
of the processed billet, the MCSTE die has the ability of
processing billets with different cross sections. This
advantage helps in the investigation of the effect of the
cross section of processed billets on the homogeneity of
the produced mechanical properties and structure from
the peripheries to the center.
For both IM and PM, the disk–billet assembly passes

through the inlet channel through which the billet is
subjected to compressive stresses (Figure 3(a)). The
billet then undergoes excessive deformation passing
through the twist channel. The disk–billet assembly is
guided through the twist channel by the cylindrical
addendum along two opposite spiral slots inclined with
a twist slope of angle b with the vertical axis, as shown
in Figure 3(b). Afterward, the assembly twists clockwise
relative to the inlet channel and then undergoes a full
counterclockwise rotation, through an angle (a) of
90 deg, as it passes through the exit channel of the die.

Fig. 2—Schematic illustrations of (a) solid disk with cylindrical addendums, (b) hollow disk, (c) punch, and (d) disks assembly.

Fig. 3—Schematic drawing of MCSTE processing steps at (a) inlet channel, (b) twist channel, and (c) exit channel.
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Accordingly, the billet is subjected to three stages of
deformation: (i) compression at the inlet channel; (ii)
clockwise shear deformation within the twist channel, in
which the magnitude depends on the angle b within the
twist channel; and (iii) counterclockwise shear deforma-
tion by twisting 90 deg within the exit channel.

In this study, the twist angle b was 30 deg. The three
parts of the MCSTE die are assembled using four
through-bolts to maintain the alignment between the die
parts and to prevent any relative twisting between the
MCSTE parts during processing. On the other hand, the
three assembled parts of the die are fixed using four
bolts to a hollow base, which is fixed to the universal
testing machine. The die base, shown in Figure 4,
contains a longitudinal cylindrical hole of 60 mm in
diameter, in which a support plunger is housed. The
function of the plunger is to support the assembled disks
during the hot compaction process of the powder, which
is carried out in the upper straight channel part of the
die and prevents its motion during the compaction
process. The support plunger is connected to the fixed
part of the testing machine body using extension
springs. Thus, the MCSTE disk–billet assembly is
subjected to backpressure during processing. It is worth
mentioning that another advantage of this technique is
the possibility of changing the magnitude of the back-
pressure by increasing the number of used springs or
replacing them with others having different stiffness
values. After the completion of MCSTE processing, the
connecting bolts are released to eject the processed billet

using a plunger having the same geometry and dimen-
sion as the disk cavity.

III. MATERIALS AND EXPERIMENTAL
PROCEDURE

To validate the novel MCSTE die design as an SPD
twist extrusion process, AA1100 billets 40 mm long with
10 9 10 mm square cross section were processed and
characterized. The commercially pure AA1100 used in
this work was received in the form of rectangular rods
with the chemical composition as listed in Table I.
The experiments were performed at room temperature

by means of 250 KN universal testing machine. The
disk–billet assembly was pressed by means of a hard-
ened steel plunger, subjected to a constant speed of
10 mm/min through the MCSTE die with a twist angle b
(30 deg) which indicated a 90-deg rotation onto the
cross section of the sample by the end of the 40-mm-long
twist channel. Four MCSTE passes via route A were
conducted, in which the billet was inserted into the entry
channel without rotation between passes. The support
plunger at the outlet of the exit channel, connected to
extension springs, is used to create a minor backpressure
(~ 5 MPa) against the disks motion during the extrusion
process. Characterization of the billet was carried out
for passes 1, 2, and 4, which were compared to the
as-received (AR) plates (0-passes). Graphite-based lubri-
cant was employed to reduce the friction between the
disk–billet assembly and die inner walls (addendums and
twist channel inclined slots) for each pass. Figure 5
demonstrates the billets before and after 1, 2, and
4-MCSTE passes.
To evaluate the influence of the MCSTE on the

mechanical properties and microstructural evolution as
a function of increasing the number of passes, the
deformed billets were sectioned halfway along the
billets’ length to obtain a longitudinal cross section
parallel to the extrusion direction. Vickers microhard-
ness profiles were produced using a Mitutoyo HM112
testing machine with an applied load of 1 kg and dwell
time of 15 seconds. Hv values were measured from the
peripheries to the center on the billet sections cut
parallel and perpendicular to the loading direction to
evaluate the hardness variation across the billets’ cross
section. The displayed results are averaged over a
minimum of five indentations per spot. Moreover, the
hardness profiles and degree of homogeneity were
depicted by color-coded contours developed to show
the hardness distribution along the longitudinal and
transverse directions of the MCSTE billet as a function
of increasing number of passes. The tensile properties of
the extruded billets as a function of increasing number
of passes were characterized. Tensile specimens were

Fig. 4—MCSTE setup: (1) upper grip of testing machine, (2)
pressing plunger, (3) inlet straight channel die, (4) twisted channel
die, (5) exit straight channel die, (6) die base, (7) backpressure
springs, (8) support plunger, and (9) lower grip of testing machine.

Table I. Chemical Composition of AA1100 (Weight Percent)

Element Fe Cu Mg Mn Al

Weight Percent 0.6 0.18 004 0.06 99
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machined according to the American Society for Testing
of Materials (ASTM) with a gage length of 24 mm and a
diameter of 6 mm. A minimum of two tensile specimens
were tested per condition using 100 kN Instron univer-
sal testing machine at a strain rate of 3 mm/min.

Optical microscopy (OM) (Leica DMIRM) was used
to examine the microstructural evolution of the billets
before and after 1, 2, and 4 MCSTE passes. The billets
were prepared by sectioning using a high-precision
IsoMet cutter. The sectioned billets were mechanically
ground with silicon carbide papers up to 1200 grits,
followed by polishing using alumina powder and etching
using Flick’s etchant. Finally, the average linear inter-
cept method was employed to determine the average
grain size as a function of increasing number of MCSTE
passes.

IV. RESULTS AND DISCUSSION

A. Microhardness

Table II lists the average Vickers microhardness (Hv)
measured at the peripheral and central regions of the
AR plate and after MCSTE processing via 1, 2, and 4
passes. The hardness of the AR plate was uniformly
distributed along the investigated cross section with an
average value of approximately 30 Hv. As listed in
Table II, hardness increased with the number of

MCSTE passes, which could be attributed to the
dominant effect of increasing dislocation density caused
by strain hardening.[35] One-pass processing via MCSTE
resulted in a 57 pct increase in the Hv values at the billet
peripheral regions, while increasing the processing up to
4 passes resulted in a significant increase of 76.6 pct
compared to the AR condition. The billets’ central
regions displayed 43.3 and 70 pct increases in the Hv
value for the billets processed via 1 and 4 passes,
respectively, compared to the AR condition. The
reported higher Hv values at the peripheral regions
compared to the central ones can be attributed to the
induced high friction at the processing disk–billet
interface, which increased the strain hardening effect at
the peripheries compared to the center.[36] This can be
clearly observed on the surfaces of the deformed billets
as shown in Figure 5.
Figure 6 displays the hardness contours and Hv

values recorded along the longitudinal cross section of
the billets vs distance from each billet’s central to
peripheral regions. Similar plots are displayed for the
transverse sections of the processed billet as shown in
Figure 7.
From Figures 6(a) through (c), the hardness contours

reveal increasing uniformity in properties with the
increasing number of passes from 1 to 4, respectively.
One MCSTE pass (Figure 6(a)) produced the lowest Hv
values at the upper ends of the billet compared to the
lower ends, which was consistent with the observations

Fig. 5—Macrographs of MCSTE billets extruded with 0, 1, 2, and 4 passes via route A.

Table II. Mechanical Properties of the AA1100 Processed via MCSTE Compared to AR Plates

Processing Condition

Hv Values

Yield Strength (MPa) Ultimate Tensile Strength (MPa) Percent Elongation (Pct)Center Periphery

AR 30 ± 2 30 ± 2 55 ± 1 74 ± 1 24 ± 1
1-pass 43 ± 3.5 47 ± 1.75 60 ± 1 90 ± 2 23 ± 0.5
2-pass 47 ± 3 49 ± 3.5 80 ± 2 98 ± 3 23 ± 1
4-pass 50 ± 1 53 ± 1.5 98 ± 1 104 ± 1 22 ± 1
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for the billets processed via 2 and 4 passes. This could be
explained by the backpressure applied, which resulted in
higher Hv values at the bottom section. It is possible
that the billets were subjected to two types of resistance
forces while passing through the MCSTE channels, the
first generated at the transition from the inlet channel to
the twisting channel, and the second could be generated
by the backpressure springs. The former would be
repeated as the bottom disk is forced to pass through the

successive stages of the twisting channel until it passes
through the exit channel. In this case, the billet would be
subjected to an equivalent amount of strain throughout
the twist channel. Meanwhile, the bottom part of the
billet, i.e., the lower disk, encounters a higher resistance
to motion as a result of the backpressure springs. Thus,
the lower disks would be forced to move forward to
enter the exit channel while encountering the backpres-
sure caused by the springs. Since the imposed

Fig. 6—Color-coded contour for the microhardness values recorded on the longitudinal planes of the billets processed via route A: (a) 1 pass, (b)
2 passes, and (c) 4 passes.

Fig. 7—Color-coded contour for the microhardness values recorded on the transverse cross sections of the billets processed via route A: (a) 1
pass, (b) 2 passes, and (c) 4 passes.
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backpressure was relatively low, approximately 5 MPa,
the induced strain hardening would have a short-range
effect and only influence the lower part of the billet.
Findings reported by Irania et al.[36] and Kim et al.[37]

explained that the structural inhomogeneity of the TE
billets increased when a backpressure over the range
from 0 to 200 MPa was applied. Furthermore, higher
Hv values were displayed at the peripheries of the billets’
bottom surface, which decreased both toward the center
and toward the top end. The Hv values ranged between
36 at the top central end and 48 at the bottom peripheral
end. Two passes (Figure 6(b)) increased the relative
uniformity of the hardness from the peripheries to the
center of the billet along the longitudinal cross section
compared to the first pass (Figure 6(a)), where the Hv
values ranged between 45 at the center and 50 at the
peripheries. On the other hand, billets processed up to 4
passes displayed Hv values ranging between 50 at the
top central end and 53 at the bottom peripheral end
(Figure 6(c)). This is indicative of increased uniformity
of the deformation across the billets’ cross section as the
number of passes increases.

As shown in Figure 7, processing via 1 pass reveals
46.6 pct and 72.6 pct increases in the Hv values at the
central and peripheral regions, respectively, compared
to the AR conditions. This indicates a significant degree
of inhomogeneity in the distribution of mechanical
properties across the cross section of the billet, as shown
in Figure 7(a). However, the hardness homogeneity
across the billets’ cross section increased with the
increasing number of passes as shown in Figures 7(b)
and (c), respectively. MCSTE 4-passes was associated
with obvious increases in Hv values by 72 pct and
97.3 pct at the central and peripheral regions, respec-
tively, compared to the AR conditions, which is consis-
tent with the reported Hv results shown in Figure 6(c).
The observed increase in hardness at the peripheries
compared with the central regions is attributed to the
nature of the torsional extrusion process. The higher
strain imposed at the peripheral regions and the lower
strain at the billet’s central region depend on the billets’
cross section; the larger the cross section, the higher the
degree of strain inhomogeneity.[35] Based on the
MCSTE die design (Figure 3), the billet is housed
within a number of stacked disks; hence, the billet
encountered variable strain distribution at the disk–bil-
let interfaces (Figure 5). The maximum strain occurs at
the disk–billet contact surfaces compared with the
regions at the partition lines between the successively
aligned disks. This phenomenon led to a relatively
higher strain hardening at the periphery compared to
that experienced at the central regions.[24,25] Zendehdel
et al.[26] explained that the low Hv values at the central
regions of billets processed at low strains are due to the
insufficient amount of dislocations in these regions.

Moreover, despite the heterogeneous deformation
across the billets’ cross section, the intensity of the
hardness variation tends to decrease with multiple
MCSTE passes. As indicated in Table II and Fig-
ures 6(c) and 7(c), processing via 4 passes resulted in an
enhancement of the deformation homogeneity both
along the longitudinal (flow) and transverse cross

sections. The isotropy in hardness distribution can
attributed to the higher strains achieved by processing
multiple passes, which led to the stabilization of the
billet’s internal structure. The shear stress associated
with TE was transferred to the adjacent areas from the
periphery to the center after the strain reached the
saturation zone threshold.[27–29,38] The produced results
for hardness were in good agreement with the findings of
Bahadori et al.[28] and Orlov et al.[39] who reported
similar increases in Hv values after 3 passes of TE of the
same grade of aluminum alloy.

B. Tensile Properties

The engineering stress–strain (r–e) curves for the AR
condition, as well as the processed specimens after 1, 2,
and 4 passes via MCSTE, are shown in Figure 8.
Table II lists the variations in yield, ultimate tensile
strength, and elongation pct as a function of increase in
the number of passes compared to the AR condition.
The r–e curves revealed that imposing intense SPD, via
the novel MCSTE process, resulted in a work-hardened
material with enhanced yield and ultimate tensile
strengths. This could be attributed to the multiplication
of dislocations as a result of cold working and their
interaction together. As illustrated, an increasing trend
in the tensile properties was achieved with the increasing
number of passes. From Table II, it is clear that an
increase ranging from 9 and 22 pct was achieved in the
yield strength (YS) and ultimate tensile stress (UTS),
respectively, after 1 pass, and increasing the number of
passes up to 4 passes was ensued by a significant increase
of 78 and 41 pct in YS and UTS, respectively, compared
to the AR condition.
On the other hand, a gradual decrease in the

incremental rate of strengthening occurred as a function
of increasing number of passes, where the increase in the
UTS after 4 passes relative to that after 1 and 2 passes
was 15 and 6 pct, respectively. Such behavior could be
attributed to strain saturation, which is common for the
1xxx series aluminum alloys. After reaching a certain
limit, minor effects on tensile properties could be
achieved.[7,35] Similar findings were reported in.[40] The
observed increase in UTS coupled with increasing the
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Fig. 8—Engineering r-e diagram for AA1100 billets processed by 1,
2, and 4 passes of MCSTE compared to the AR plates.
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number of passes influenced the uniform and nonuni-
form strain compared to the AR condition. This could
be attributed to the accumulation of strain after each
pass, which resulted in increasing YS and UTS by strain
hardening. In addition, the increased strength with
increasing number of MCSTE passes was associated
with an obvious retention of ductility, as depicted in
Figure 8. One MCSTE pass had an insignificant influ-
ence on the uniform and nonuniform strain compared to
the AR. However, increasing the number of passes to 4
resulted in decreasing the uniform strain region while
retaining the nonuniform elongation percent (strain).
This agrees with the Hv values measured both on the
longitudinal (Figure 6) and transverse cross sections
(Figure 7). This phenomenon could be related to the
dynamic recovery in pure aluminum, which results in
dislocation annihilation and absorption at the bound-
aries of the ultrafine grains.[35,41,42] This led to an
increase in the ability of the material to accommodate
additional deformation without a significant reduction
in ductility.[35] Nonetheless, TEM analysis is necessary
for further investigation of the influence of MCSTE
passes on the internal structural evolution.

The enhancement in the mechanical properties
achieved post MCSTE processing is higher than that
achieved for AA1100 processed by other SPD tech-
niques. A study by B. Leszcztnska-Madej et al. supports
this claim, where an 80 pct increase in hardness was
reported for pure aluminum after 16 ECAP passes
compared to the 70 pct increase achieved after only 4

passes of MCSTE processing.[13,43] Furthermore, Horita
et. al. reported a 40 pct increase in YS of AA1100
processed with 8 passes of ECAP at room temperature,
which was accompanied by a 62 pct reduction in
ductility.[44] Conversely, processing 4 passes via MCSTE
increased YS by 78 pct and decreased ductility only by
2 pct. Accordingly, the displayed results are indicative
of the ability of the MCSTE process as an SPD
technique that could effectively produce strong/tough
metals and alloys.

C. Microstructural Evolution

To investigate the validity of the MCSTE process, a
comprehensive study was conducted to investigate the
influence of multiple passes on the microstructural
evolution and homogeneity of the processed alloy.
From the displayed hardness contours (Figures 6 and
7), the intensity of deformation is higher at the disk–bil-
let interfaces (peripheral regions) compared to the
central regions. The AR, 1-pass, and 4-pass billet
microstructures were assessed using OM. Figures 9
and 10 demonstrate the microstructures at the central
and peripheral regions for the MCSTE billets processed
with 1 and 4 passes compared to the AR plate,
respectively. The AR plates’ microstructure revealed
relatively uniform coarse grains with an average size of
111 lm both at the center (Figure 9(a)) and the periph-
eries (Figure 10(a)), which agrees with the measured low
Hv values and tensile properties.

Fig. 9—OM micrographs of AA1100 central regions for (a) AR, (b) 1-pass and (c) 4-pass samples.

Fig. 10—OM micrographs of AA1100 at peripheral regions for (a) AR, (b) 1-pass and (c) 4-pass samples.
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Table III lists the grain size variations in the samples
after 1, 2, and 4 passes, measured both at the center and
peripheries of the MCSTE billets. Increasing the number
of MCSTE passes resulted in insignificant grain refine-
ment at the center (Figures 9(b) and (c)) and peripheries
(Figures 10(b) and (c)) for the billets processed with 1
and 4 passes, respectively. From the displayed results,
the grain sizes of the AA1100 AR plates at the central
regions were refined by 21, 29, and 68 pct after 1, 2, and
4 passes, respectively. Moreover, significant grain refine-
ment was clearly manifested at the peripheries compared
to the center of the MCSTE billets, as revealed in
Figures 9 and 10. The average grain size at the center of
the billet tends to be coarser compared to that at the
peripheries, which agrees with the displayed hardness
contours (Figures 6 and 7). The grain sizes at the
peripheries of the billets were refined by 36, 38.7, and
72 pct, for the billets processed with 1, 2, and 4 passes,
respectively.

After 1 pass of MCSTE, the microstructure was
considerably refined but with a high degree of inhomo-
geneity due to the strain gradient imposed by the
MCSTE. This is also revealed by the measured Hv
values in Table II. The average grain size was reduced
by 36 pct after the first pass reaching 70 lm in the
peripheral region, while 21 pct refinement was measured
at the center reaching 88 lm, as listed in Table III. The
grain refinement at the peripheries (Figure 10(b)), com-
pared to the central regions (Figure 9(b)) after 1 pass,
could be attributed to the imposed high frictional forces
induced at the disk–billet interface, which imposed
higher shear stresses on the surface of the extrudates.
The shear strain within the twist channel decreased from
the peripheries to the center,[31,35] leading to a gradual
decrease in grain refinement across the billet’s cross
section. Augmenting the intensity of plastic straining
through MCSTE up to 4 passes led to significant grain
refinements of 68 and 72 pct at the center compared to
the peripheries, respectively. Consequently, increasing
the number of passes resulted in enhancing the struc-
tural uniformity across the billets’ cross section, as
shown in Figures 8(c) and 9(c) and Table III.

In torsional strain, plastic shear gradients could result
from the geometry of torsional deformation as radial
augmentation of strain from the center to the periphery
across the samples’ cross section occurs.[24,25,45,46] In
addition, the enhanced structural uniformity resulted in
the corresponding uniformity in hardness distribution
after 4 passes of MCSTE. Horita et al. proposed that the
dislocation density proliferates as a function of severe
deformation, forming subboundaries that hinder the
dislocations movement at early stages of straining.[44]

Multiple-pass processing gradually accumulates strain,
resulting in an increase in grain misorientation and
dynamic recrystallization that leads to finer grains of
equiaxed microstructure.[27] As verified from the OM
micrographs, the deformation occurs heterogeneously at
the initial stages of the MCSTE processing. The inhomo-
geneity in strain distribution led to a nonuniform
microstructure and grain refinement after the first 2 passes

ofMCSTEprocessing (Figures 8(b), 9(b)). The decrease in
heterogeneity of property distribution with the successive
passes is attributed to the high intensity of stresses in the
peripheral regions that oppose the new external stresses
produced during TE processing. As a result, the stresses in
these regions decreased. Conversely, in the central regions,
the opposite is true, where the internal stress remaining
from the first TE pass is lower than those at the corners,
causing less decrease in the new external stresses during the
successive TE passes.[47,48] Consequently, a homogenous
distribution of strain across the microstructure prevails as
depicted in Figures 9(c) and 10(c).
Notably, the grains at the peripheries of the processed

billets via 1 and 4 passes, compared to the AR plates,
were elongated in the direction of shear. The material
flow pattern at the peripheries of the 1-pass sample
along the longitudinal direction (flow direction) is
shown in Figure 11, where the shear flow is indicated
by the arrow. Moreover, evidence of the formation of
internal structures was revealed by OM, where further
investigation of the formed substructure using TEM
analysis is required. However, it is suggested that the
intense plastic deformation induced within the twist and
the exit channels could be responsible for the formation
of dislocation cells/subgrains near the peripheries of the
extruded billets.[26,48]

Correspondingly, the evident enhancement in strength
and hardness of the MCSTE processed billets could be
attributed to the development of the homogeneous
refined structure. According to the Hall–Petch law, the
substantial grain refinement associated with SPD
explains the increase in the hardness and strength of
AA1100 billets, as shown in Table II.[49] The finer the
grain size is, the higher the surface area of boundaries
necessary for impeding the motion of dislocations.[8] It
follows that the ultrafine substructure might have
developed within the AR-sheared grains, which could
be in the form of dislocation cells or subgrains depend-
ing on the misorientation angles.[8,49] Further

Fig. 11—OM micrograph of AA1100 after 1 pass at the peripheries
(arrow represents the shear flow pattern).
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investigation is required using TEM to provide a
comprehensive study of the structural evolution as a
function of MCSTE passes and the influence of dynamic
recovery associated with the intense plastic deformation.

V. CONCLUSIONS

A novel SPD process of MCSTE was designed,
investigated, and validated. Based on the hardness
contours, tensile behavior, and microstructural evolu-
tion, it could be concluded that the novel MCSTE
design is a promising SPD technique suitable for pro-
cessing ingot materials with superior mechanical prop-
erties. The results reported in this study, compared with
those achievable via conventional SPD processes,
showed that the MCSTE technique offers an effective,
adaptable SPD technique with a promising potential for
industrial applications.

1. The MCSTE processing at a relatively low twist
angle (b) of 30 deg resulted in obvious increases in
the hardness and tensile properties with the increas-
ing number of passes which validates the ability of
the process for imposing severe plastic deformation
compared to its counterparts.

2. Deformation homogeneity increases with the
increasing number of passes both on the longitudi-
nal and transverse cross sections, yet the induced
low backpressure could have prompted the
increased hardness at the lower end of the billet.

3. Further studies are needed to produce a compre-
hensive structural analysis using TEM to further
understand the influence of the MCSTE process on
the structural evolution. In addition, studies are
currently under way to investigate the influences of
the increasing the number of passes beyond 4 passes
and various b twist angles, routes, and strain
hardenable alloys, as well as the billets’ cross-sec-
tional shapes and sizes.
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