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Abstract

This paper presents a detailed review of the efficient application of Severe Plastic Deformation for the
fabrication of ultra-fine-grained and nanostructured crystalline bulk materials. Severe Plastic
Deformation allows substantial grain refinement while largely preserving the original dimensions of
the workpiece, making it especially suitable for ductile materials capable of sustaining very high
strains under elevated hydrostatic pressure prior to failure. The study investigates the grain
refinement mechanisms involved in Severe Plastic Deformation and their effects on metal
microstructures, along with its use in difficult-to-deform brittle materials such as tungsten oxide, B20s
glasses, and amorphous substances. It also outlines the advantages and limitations of various Severe
Plastic Deformation techniques, their practical applications, and possible hybrid approaches. This
review emphasizes recent advances in process development that may support the industrial adoption
of certain Severe Plastic Deformation techniques. By filling this gap in the existing literature, the
review demonstrates the potential of Severe Plastic Deformation in metal processing and in the
creation of new ultra-fine-grained materials with improved mechanical properties. Equal Channel
Angular Pressing (ECAP) is a potential technique for producing an ultra-fine-grained microstructure
and improving material properties. Several parameters—such as the processing route, die angle,
number of passes, and operating temperature—play a crucial role in determining the mechanical
behavior and microstructural evolution of materials subjected to the ECAP process. Considerable
attention has been given to the evolution of magnesium alloy microstructures and their mechanical
properties after processing by the ECAP method. It has been observed that a finer microstructure
with enhanced mechanical performance can be achieved by using lower processing temperatures, a
higher number of passes, and a smaller die angle.
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INTRODUCTION

The advancement of materials with improved
mechanical properties is a crucial area of research
in materials science. Severe Plastic Deformation
has proven to be a promising method for
fabricating  ultrafine-grained materials  with
outstanding performance characteristics. This
review examines the effective use of Severe Plastic
Deformation in the production of ultra-fine-grained
and  nanostructured  crystalline  materials,
emphasizing the different techniques applied to
bulk materials. Severe Plastic Deformation
techniques are widely applied in various industries
such as aerospace, biomedical implants,
automotive, electronics, energy, and sports
equipment. In the aerospace sector, Severe Plastic
Deformation is used to produce ultrafine-grained
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titanium, aluminum, and magnesium alloys with enhanced strength and fatigue resistance [1-20].
Among the methods developed for grain refinement, Severe Plastic Deformation techniques are
especially significant and form the main focus of this review. These techniques are widely favored
because they can achieve substantial grain refinement in fully dense, bulk-scale workpieces, making
them highly promising for structural applications [21-40].

The grain sizes that can be achieved range from the submicrometer scale (100—1000 nm) to the
nanometer scale (<100 nm). Materials processed through Severe Plastic Deformation with these grain
sizes are typically described as nanoSPD materials; however, only those with grain sizes below 100
nm are classified as nanostructured by the standard definition. Several detailed review articles have
addressed different nanoSPD processing techniques [2]. For specific information, readers are directed
to the original studies, while this paper provides only a brief overview of the general SPD
methodology, emphasizing the shared characteristics and key distinctions among nanoSPD processes
[41-60]. The presented summary does not claim to cover all existing manufacturing approaches. In
biomedical implant applications, Severe Plastic Deformation is used to produce materials with
superior mechanical performance and biocompatibility, including ultrafine-grained titanium alloys
that exhibit improved strength and biological compatibility. In the automotive sector, Severe Plastic
Deformation is employed to produce ultrafine-grained aluminum, magnesium, and steel alloys with
enhanced strength and ductility. Similarly, the electronics industry applies Severe Plastic Deformation
to develop materials exhibiting high thermal and electrical conductivity [61-80].

Table 1. Diagrammatic representation of selected conventional and advanced Severe Plastic
Deformation techniques.

S.N. | Basic Processes Schematic illustration Equivalent Strain Ref.
" | angalar pressing vey = N o1 (6) 39
ular pressi
(ECAP) N, the number of ECAP
passes
A
m o
2. Accumulative roll ey=N % nTr [34]
bonding (ARB)

r, the distance from the
axis, t, the thickness of the
sample, N, the number of
revolutions
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3. | Accumulative roll e =N t_o) [54]
. eff e n ¢
bond ARB A .
onding ( ) ¢ ® tg, the initial thickness of
the sample, t , the
thickness of the sample
after rolling, N , the
number of passes
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: steps
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vy is the twist line slope; N
is the number of passes.
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uniform
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8. | Cyclic extrusion- £o=N 4in (2) [75]
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9. | Cyclic close-die e =N = (2 [76]
forging (CCDF) AN (W)
N, number of cycles
/|
]— =
K
H
10. | Repetitive e mN 2 (2t [72]
corrugation and I 3 ('r+0.5t)
straightening r - N, number of cycles
(RCS) .

11. | Integrated Integrated extrusion + | [10,11]
extrusion+tECAP ™ ECAP is process of

Combines extrusion +
ECAP in one tool,

\ Vi enabling continuous
e\ . o | production of bulk UFG
\ o - materials with improved
o ) ,,’/ I strength, ductility, and
1 P properties.
1 // i 0
12. Parallel channel I_I ECAP equivalent [67]
ECAP (PC-
ECAP)
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13. ECAP-Conform

O

ECAP-Conform combines
ECAP + Conform process
to produce UFG metals
continuously,
strengthening Al and Cu
alloys for wires, implants,
etc.

14. | Con-shearing

Con-shearing is a
continuous shear
deformation process that
improves metal properties
(like deep drawability) in
coiled strips, or refers to
high-speed metal cutting
in rolling mills, or
advanced CNC shearing
machines for precise cuts.

(21]

15. | Continous
confined strip
shearing (C2S2)

C2S2 is a SPD technique
that refines grain structure
and boosts properties in
sheet materials through
continuous shearing and
deformation.

[22]

16. | Continuous
repetitive
corrugating and
straightening
(RCS)

Continuous RCS is a
simple yet effective way
to process sheet materials
and enhance their
properties.

(73]

17. Incremental
ECAP (I-ECAP)

I-ECAP: Incremental
ECAP  technique for
continuous processing of
bars, plates, and sheets,

producing ultrafine-
grained materials with
improved strength,

ductility, and reduced
anisotropy.

[26]
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18. | Continuous High
pressure torsion

Refines grain structure in [27]
metals, Applies  high
pressure and shear strain,
Consistent results with
other CHPT methods, Can
be used for continuous
processing

19. | Continuous Newprocess  Conventional forsing A continuous [29]
manufacturing of b = manufacturing system to
bolts - O » e apply an ECAP to bolt
Cutting 4 forming was developed. A

) e spring-loaded auto-

— T S fastening  system  with

e M= | litdies for the ECAP

ECAP was devised. The UTS of
the microstructure-refined
bolt was 6.2% higher than

the conventional one.

20. Strengthens sheet metals [14]
via SPD, Induces shear
CGP- strain with grooved + flat
Constrained dies, Refines grains to

groove pressing ultrafine  levels  (sub-
micron/nano), No change
in material dimensions,
Enhances strength,

hardness, and properties.

Severe Plastic Deformation methods enable the production of ultrafine-grained copper, aluminum,
and nickel alloys with improved thermal and electrical conductivity. In the energy industry, these
techniques are used to fabricate ultrafine-grained stainless steels, nickel-based alloys, and titanium
alloys that exhibit enhanced strength and corrosion resistance.

The sports equipment sector gains from ultrafine-grained aluminum and titanium alloys produced
through Severe Plastic Deformation, as these materials provide enhanced strength and fatigue
resistance, making them well suited for lightweight, high-performance applications.

Overall, Severe Plastic Deformation techniques are applied across a wide range of industries, and
further development of these methods can result in materials with superior properties [2]. Severe
Plastic Deformation (SPD) is widely recognized as the most effective approach for producing bulk
ultrafine-grained and nanostructured materials with outstanding performance.

Various Severe Plastic Deformation methods have been developed for processing sheet materials
and bulk solids. Over the past decade, significant efforts have also been directed toward developing
efficient SPD techniques for the fabrication of cylindrical tubes.

This paper reviews Severe Plastic Deformation processes designed to produce ultrafine-grained and
nanostructured tubes and examines their influence on material properties. The study first introduces
the various tube-based SPD processes and then compares them in terms of their advantages and
limitations, considering both processing aspects and resulting material properties [71].
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SEVERE PLASTIC DEFORMATION MECHANISMS
Severe Plastic Deformation Techniques for Bulk Samples
High Pressure Torsion (HPT)

The HPT method, introduced in and illustrated in Figure 1, is an effective Severe Plastic
Deformation technique that applies a high shear strain to the specimen. The associated strain is
calculated using Eq. (1). This method offers several advantages; unlike many Severe Plastic
Deformation techniques that impose cyclic strain, HPT provides a continuous variation of strain [3].
In the HPT process, large shear strains can be achieved relatively easily. Owing to the high
hydrostatic pressure involved—something that is difficult to attain with other Severe Plastic
Deformation techniques—HPT is capable of processing hard-to-deform materials. Furthermore,
reversing the rotation direction induces Severe Plastic Deformation, a feature that is also observed in
several other Severe Plastic Deformation methods [4]. The strain is calculated using Eq. (1):

2 ar
geﬁ’ =N ET (1)
Where r represents the distance from the center, t denotes the thickness of the material, and N
indicates the number of revolutions.

However, this technique is limited to processing small, coin-shaped specimens, which restricts its
application primarily to research due to size constraints. In addition, it may produce non-uniform
deformation, which can be mitigated by carefully controlling the thickness-to-diameter ratio of the
sample. This ratio depends on the material and should not exceed a certain limit [5]. Figure 2(a)—(c)
presents the evolution of grain structure along the radial direction in HPT-processed samples. Three
locations—edge, middle, and center—are selected to illustrate the variation in grain size,
demonstrating the inverse relationship between grain size and strain within the material, as previously
reported in the literature [6,7].

HPT provides multiple benefits, such as continuous variation of strain, straightforward application
of shear strain, and the ability to process hard-to-deform materials owing to the high hydrostatic
pressure involved. Additionally, reversing the direction of rotation can induce Severe Plastic Deformation.
However, HPT has certain drawbacks, including its restriction to small, coin-shaped specimens,
which makes it primarily appropriate for research applications. Another challenge is non-uniform

Lt

Plunger

Sample

\
e

Anvil

Figure 1. Presents a schematic diagram of the
High Pressure Torsion (HPT) process [3].
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Figure 2. Dispays optical micrographs depicting the grain size of an
HPT-processed specimen [7]. (a) Edge, (b) middle, and (c) center

deformation, which can be reduced by optimizing the thickness-to-diameter ratio of the sample.
Figure 2(a)—(c) illustrates the evolution of grain structure in HPT-processed samples, showing that
grain size decreases with increasing strain, as reported in earlier studies [6,7].

High Pressure Torsion Extrusion (HPTE)

The HPTE technique is a recently developed Severe Plastic Deformation method for metals and
alloys, designed to produce long ultrafine-grained products with high dislocation density by imposing
intense shear deformation within the active zone, thereby overcoming earlier size limitations [72-75].
The method consists of extruding a cylindrical sample through coaxial rotating containers, where
shear deformation takes place at the contact interface, as illustrated schematically in Figure 3 [8].
Copper specimens were processed using the HPTE technique through both experimental and
analytical approaches. Figure 4(a) presents TEM bright-field (BF) images showing that no precipitates
were detected within the grains after HPTE processing [9]. The grain morphology appears equiaxed,
as illustrated in Figure 4(b), and the average grain size is smaller compared to that in the middle
region. SEM-BSE images further indicate that the volume fraction of second-phase particles is lower
than that observed in the core area [76-82].

Equal-channel Angular Pressing (ECAP)

ECAP, or Equal-Channel Angular Extrusion, is illustrated schematically in Figure 5 for the
conventional process. The die is composed of two channels of equal cross-section intersecting at a
specific angle ¢. Although this angle is commonly set at 90°, alternative angles such as 60° or 120° are
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Figure 3. Presents a schematic representation of the HPTE method with a specimen being
processed [10].

(2) s, ST , :
Figure 4. Displays the microstructure of copper processed by HPTE in the central region of the
longitudinal section [9].

Die

Figure 5. Presents a schematic illustration of the ECAP process
used for processing bulk specimens [11].
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Table 2. Presents various studies conducted on materials processed using the ECAP method.

Researcher

Topic

Objectives

Kim et al. [36]

Effect of channel angular pressing
routes on the high strain rate
deformation behavior of ultrafine-
grained Mg alloys.

To study the fracture behavior and high strain rate
(HSR) deformation of ultrafine-grained aluminum
alloy after 1-pass (1P) and 8-pass (8P) ECAP
processed through different routes. Additionally, to
evaluate the effects on tensile and torsional
properties, as well as the potential formation of
adiabatic shear bands.

Suh et al. [37]

AZ31 alloy sheets processed through
ECAP  exhibit  enhanced  cold
formability.

To examine the mechanical properties and the
evolution of the microstructure, and to compare the
results with the cold forming behavior.

Torre et al. [38]

Microstructure and properties of copper
following 1-16 passes of equal channel
angular extrusion.

To analyze the microstructure from 0 to 16 passes
using TEM and XRD techniques, and to investigate
the mechanical properties of the material after
processing.

Eddahbi
[39]

et al

Mechanical properties and texture of
ECAP-processed EUROFER 97 steel.

To examine whether warm ECAP can assist in
tempering EUROFER 97 to stabilize its grain

Singh and Sharma

structure and thereby enhance its mechanical
performance within the service temperature range.

Table 3. Features of the Equal Channel Angular Pressing technique.
Attributes

Characteristics

Grain Precision

The purpose of the operation is to enhance the strength of the material’s crystalline
structure. Continuous shearing and deformation as the specimen passes through the
channel lead to a marked reduction in grain size and an increase in the number of grain
boundaries. Consequently, the mechanical properties are enhanced, including strength,
rigidity, and toughness.

The primary priority of
the ECAP

Low Strain Rate The Multi - pass process generally runs at low strain rates, that either decreases the
probability of material flaws and cracks. The material can deform evenly without
creating localised deformation zones thanks to the low strain rates, which also leads to

a homogeneous microstructure.

High Strain The ECAP process is capable of imposing a high level of strain, typically exceeding 4.
Such large strains are necessary to introduce intense plastic deformation and promote

effective grain refinement.

also employed. To facilitate insertion into the inlet channel, the specimen is machined slightly smaller
than the channel dimensions. It is then forced into the deformation zone using a plunger, subjecting
the sample to a substantial shear plastic strain [11]. The total strain after ¢p passes can be calculated
using Eq. (2).

&= %VCOt (92)

Figure 6 illustrates the grain refinement mechanism in a pure titanium sample after a single ECAP
pass. Micro-twin bands, characterized by dislocation walls and indicated by red arrows, are observed,
leading to the formation of a lamellar structure.

2)

This mechanism is likewise observed in face-centered cubic metals, such as copper, when subjected
to high strain-rate processes including shock loading, ball milling, and dynamic plastic deformation.
In these materials, the availability of active slip systems increases the dislocation density, promoting
dislocation multiplication and movement, which in turn refines the microstructure [12].

Conversely, the twinning mechanism plays an important role in the plastic deformation of body-
centered cubic and hexagonal close-packed metals, as well as brittle materials such as tungsten
oxide and B:0; glasses, since these materials possess limited slip systems at room temperature.
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0.5 um

Figure 6. Displays a TEM image of a titanium sample processed by ECAP, emphasizing
the presence of twinning and dislocation walls [13].

7 ﬁ'v:.p" w»' '<

- ;'.”ga/,

Flgure 7. Displays the mlcrostructure of AZ31 alloy (a) in the as-received condllon and
(b) after two passes at 200 °C [15].

This mechanism likewise influences ductile materials that are capable of enduring high hydrostatic
pressures prior to failure. In addition, Severe Plastic Deformation brings about structural changes in
these materials, resulting in enhanced mechanical properties [13,14].

The microstructural analysis indicates characteristic features of grain refinement. Figures 7(a) and
(b) present SEM images of the AZ31 alloy before processing and after two ECAP passes at 200 °C.
Initially, the grains exhibit an equiaxed morphology with typical triple junction features [83-.89]
Following ECAP deformation, significant grain refinement occurs, accompanied by the formation of
new high-angle grain boundaries and a large number of deformation twins [15].

Rotary-die (RD)

Figure 8 depicts the ECAP process employing rotating dies. In this method, a die containing two
intersecting perpendicular channels is utilized. The specimen is introduced from the top of the die, as
illustrated in Figure 8(a), and then driven sideways by a plunger. The operation is completed when the
plunger reaches the flat surface, after which the entire die is rotated by 90°, as shown in Figure 8(b).
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Sample Rotation

Figure 8. Depicts the rotary-die ECAP process: (a) initial state, (b) after a single pass, and
(c) after a 90° rotation in preparation for the subsequent cycle [16].

(2) A
Figure 9. Displays RDECA
at 300 °C [17].

Consequently, the die is ready for the next cycle without extracting the sample, as presented in Figure
8(c). If heating is required between two consecutive cycles, a movable furnace is used to raise the
entire die assembly to the desired temperature [16]. Nevertheless, a key limitation of this method is
that only a small strain is imparted to the specimen during each cycle. Consequently, multiple passes
are necessary, making the process both time-consuming and demanding. Figure 9 presents the
microstructures of aluminum-silicon alloys subjected to RD-ECAP processing, particularly after 8
and 16 cycles at 300 °C following T6 heat treatment. The microstructures show that silicon particles
and intermetallic phases are more uniformly distributed within the aluminum matrix compared to the
as-cast alloy. Moreover, the homogeneity of particle distribution improves as the number of RD-
ECAP cycles increases from 8 to 16 at 300 °C, as illustrated in Figures 9(a) and (b), respectively [17].

Side Extrusion (SE)

The SE method operates on the same fundamental principle as the rotary-die ECAP technique, and
both methods utilize route (A) to introduce strain into the specimen without rotation. This technique
incorporates movable punches capable of exerting adequate force on the sample, as illustrated in
Figure 10. These punches are powered and regulated by an electrohydraulic system that controls their
displacement. The specimen is transferred from channel A to channel B through side extrusion, while
punches C and D stay stationary. The control system advances punch A at a uniform speed, while
punch B applies a predetermined lateral pressure to the specimen during deformation. In the following
cycle, the roles of punches A and B are interchanged, and the process is repeated, eliminating the need
to remove the sample from the die. However, a major drawback of this technique is the high expense
and complexity associated with its control system [18].
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1 Constant
| speed

Sample

Punch

Constant
lateral
pressure

Fixed
Figure 10. Depicts the side-extrusion ECAP technique [18].

Torsional-ECAP (T-ECAP)

The authors employed the ECAP method to create innovative approaches for consolidating
aluminum and copper powders. By integrating ECAP with torsional extrusion (TE), they successfully
consolidated pure aluminum powders into fully dense bulk materials using a specially designed ECAP
configuration. This method, referred to as T-ECAP, incorporates rotation of the outlet channel during
the ECAP process, producing high-density samples with refined grain structures at lower deformation
temperatures. Additionally, extrusion in the final stage of deformation increases the strain applied to
the specimen compared with conventional ECAP. A schematic illustration of the T-ECAP process is
shown in Figure 11 [19,20].

Back pressure ECAP

Previous studies [21] have shown that the strain and stress non-uniformity in specimens processed
by conventional ECAP is influenced by die geometry and the type of material. Such non-uniform
deformation may promote surface cracking and ultimately cause fracture during the ECAP process.
To overcome this problem, several strategies have been adopted to enhance deformation uniformity,
including pre-straining and the application of back pressure (as illustrated in Figure 12) [22]. In a
study on fabricating a solid tubular specimen from magnesium particles using ECAP with back
pressure, the corner gap between the die and the sample shown in Figure 13(a) was removed upon
applying back pressure, as illustrated in Figure 13(b). It was found that shear deformation combined
with imposed hydrostatic pressure on the specimen produced a uniform distribution of stress and
strain in the final product. This approach also delayed fracture during the ECAP process by increasing
compressive hydrostatic stresses [21,23].

Expansion ECAP

Figure 14 (1-4) presents a schematic of the Expansion ECAP technique and the resulting product
before it is separated from the die. Unlike conventional ECAP, this method incorporates a spherical
cavity at the junction of the inlet and outlet channels, serving as back pressure behind the specimen.
This modification offers benefits, including the application of higher stresses and improved
deformation uniformity. The equivalent strain imposed during the expansion and extrusion stages is
given by Eq. (3), which defines the relationship between the material’s equivalent strain under an
applied force or load and several contributing factors. These factors include the material’s initial
length, the number of processing cycles, and the ratios of its final diameter to its initial diameter,
denoted as and , respectively, as follows:

D
= 41”0_:) 3)
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Rotating die

.....

Figure 11. Shows the Torsional ECAP setup [20]

L

Plunger

\

Die Sample

e

PO
e d
5

.\\)q)
Back pressure

e —

(\ B
N

Figure 12. Shows a schematic of the ECAP process with back pressure technique [21].

(a) (b)
Figure 13. Displays ECAP-processed compacted magnesium alloy particles:
(a) without back pressure and (b) with 60 MPa back pressure [24].
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Spherical cavity

Figure 14. Depicts the Exp-ECAP method, showing half of the die containing the deformed
material and the four stages of a processing cycle [21].

In this method, improved grain refinement is attained for the same number of cycles, as the total
plastic strain exceeds that of conventional ECAP [21].

ECAP with Parallel Channels

The modified ECAP design is illustrated in Figure 15. In this setup, the inlet and outlet channels are
parallel, forming an angle @. During the ECAP process, the sample is forced through two intersecting
channels of equal cross-section, exposing the material to severe plastic strain via simple shear. Shear
stress is applied along the N direction across two shear planes. Under frictionless conditions, the
equivalent shear strain (y) in the deformed specimen is calculated using Eq. (4) [26].

y=2cot (% /+‘Pcosec (q%\ll ) 4)

The effective strain magnitude (¢) after N passes is calculated using Eq. (5)

g™ % cot (?) +W¥cosec ((DZL\P) ®))

This technique has been effectively used for up to four cycles on copper and titanium.
Microstructural investigations reveal that the refined grains in these samples are identical to the
ultrafine grain structure obtained after eight cycles of ECAP techniques.

Different Die Designs of ECAP

Conventional ECAP faces challenges such as high energy consumption caused by friction between
the die and sample, resulting in non-uniform mechanical properties and poor surface quality. To
mitigate this, researchers have developed dies with movable walls (Figure 16) to lower frictional
forces. Two die configurations are employed: one with a movable inlet channel (A) and another with a
movable wall at the outlet channel (B). Nonetheless, these designs still have limitations, including
material extrusion between the components. Other design alternatives involve employing solid steel
dies or adjusting the die corner with a tilt angle () ranging from 2° to 5° (Figure 17(b)) to minimize
cracking and enhance compressive stress.
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Die

I ¥

Figure 15. Shows the ECAP process using a parallel-channel die
design, with N indicating the direction of the shear planes and K
representing the displacement between the two channels [25].

(b)

Figure 16. Shows the ECAP principle with adjustable die walls (shaded):
(a) in the inlet channel and (b) in the exit channel [28].

\}¢=9::r°
> >
v=16° k/ W= 16:9

(a) (b)
Figure 17. Shows different ECAP die configurations: (a) conventional design
and (b) modified design [29].
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Dual Equal Channel Lateral Extrusion (DECLE)
Figures 18(a) and (b) illustrate the DECLE method, in which a punch extrudes a billet through a
vertical T-shaped inlet channel into a horizontal channel of the same inlet dimensions [30].

Channel Angular Pressing with Converging Billets

Figure 19 shows this method, where two identical punches compress the input billets and merge
them into a single output channel, lowering processing force and friction. However, billet adhesion
creates issues during separation [31].

Non-equal Channel Angular Pressing (NECAP)

NECAP (Figure 20) is favored over ECAP because it offers a higher extrusion ratio, resulting in a
greater processing load and 38% higher strain [32]. NECAP achieves improved grain refinement and
a more uniform microstructure, particularly in hard-to-deform alloys, and is also capable of joining
dissimilar metals [33]. Figure 21 presents microstructural images of as-cast AZ80 Mg alloy and
processed samples at different temperatures and velocities, demonstrating the influence of temperature
on dynamic recrystallization [32].

Torsion Extrusion (TE)
The Torsion Extrusion (TE) method, introduced in 2006, is a modification of the conventional high-
pressure torsion technique. Figure 22 presents a schematic of the TE process, where the material is

(a) (b)
Figure 18. Dual equal-channel lateral extrusion (DECLE) diagram [30].

Die

=

Punches
Figure 19. Schematic illustration of channel angular pressing
with converging billets [31].
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Figure 20. NECAP die Schematic [32].

l_Tiéur 21. Micrographs of AZ80 Mg alloy: (a) as-cast, and the lc;ngitudinal Section of NECAP-
processed samples under various conditions: (b) T =250 °C, v =1 mm/min, (¢) T =300 °C,
v =1 mm/min, (d) T =300 °C, v=2 mm/min, and (¢) T = 300 °C, v =4 mm/min [32].
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Figure 22. Schematic representation of the torsion extrusion process [34].

extruded through sectional containers that rotate relative to each other, applying high strain to the
metal. The extrusion die can be circular, square, or elliptical in shape. The average strain magnitude
can be determined using Eq. (6).

__ 4nRN

&= W‘[ (6)

Here, R and H represent the specimen’s radius and length, respectively, while N denotes the
number of rotations. The sample experienced greater strain compared to that produced by the
conventional extrusion process, as reported in a previous study [34].

Multiple Direct Extrusion (MDE)

The MDE technique was developed from the direct extrusion method. In this approach, illustrated
in Figure 23, the specimen is extruded into a rectangular die with a 50% reduction ratio. After each
extrusion cycle, the extruded product is cut at the output ends and reassembled to restore the original
cubic shape of the billet, after which the extrusion process is repeated. For the subsequent cycle, two
options exist: either no rotation or a 90° rotation around the longitudinal axis of the original billet [35].
In MDE, as the material moves through the discontinuity zone, newly formed grains become
misoriented along the shear planes. Shearing begins when the elongated grains are sufficiently thinned,
and tangential stress is applied at the surface of the velocity discontinuity, as illustrated in Figure 24 [36].

Accumulated Extrusion (AE)

The AE process, shown in Figure 25, is similar to the MDE method but generates higher strain than
that achieved in successive MDE cycles. In AE, the original billet is cut into several identical sections,
which are stacked, extruded to the final size, and the cycle is repeated. This technique is used to
produce multilayer plates. However, a key challenge for both MDE and AE methods is ensuring
proper bonding and adhesion between the stacked layers [37].

Pure Shear Extrusion (PSE)

The PSE process enables combined modes of simple and pure shear deformation without the
repeated working that typically causes inhomogeneous deformation. As shown in Figure 26, different
deformation zones exist in the die, with the sample being compressed in the central zone. This
approach imposes high plastic strain on the specimen, achieving the desired plastic deformation. PSE
allows adjustment of the pure-to-simple shear ratio by altering the sample shape from square to
rhombic during deformation [37]. A key advantage of this method is the ability to produce relatively
large ultrafine-grained samples without the need for back pressure or sample rotation [38].
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Figure 26. Diagrammatic representation of pure shear extrusion and the changes in
the specimen’s cross-section at the midpoint of PSE deformation [38].

C-shape Equal Channel Reciprocating Extrusion (CECRE)

The CECRE technique, illustrated in Figure 27, is based on applying shear stress through cyclic
deformation. The proposed CECRE method not only surpasses the benefits of cyclic extrusion
compression (CEC), multidirectional forging (MDF), and equal channel angular extrusion (ECAE)
but also addresses the strain variation between the center and peripheral regions that occurs in ECAE,
MDF, and CEC processes. Additionally, it can impose shear strain without altering the sample size [39].
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Twist Extrusion (TE)

The TE mechanism, illustrated in Figure 28, involves extruding the sample through a twisted die.
The strain variation from the surface to the center influences the grain size of the specimen. The
asymmetrical products generated by the TE method restrict its use to rectangular samples.
Consequently, the TE technique is unsuitable for producing industrial-scale samples due to buckling
and the limited travel distance of the plunger. Consequently, two new methods derived from TE—
Elliptical Cross-Section Spiral Equal Channel Extrusion and Planar Twist Extrusion—have been
developed to overcome TE’s limitations. These modifications enhance plunger stability, decrease
frictional forces, and enable the production of longer ultrafine-grained samples [40].

Repetitive Upsetting (RU)

The RUE process, illustrated in Figure 29(a) and (b), applies compressive forces to a disc-shaped
sample. The specimen is introduced into the die through an upper channel using a plunger, as shown
in Figure 29(c). After each pass, it is removed from the bottom of the die, rotated, and then reinserted
for the next pass [41]. By reducing the sample thickness, the RUE method can produce industrial-
scale thin plates, especially for hard materials such as magnesium alloys [42], making it suitable for
commercial applications. The refined grains, illustrated in Figure 30, decrease from 80.45 pum in the
original billet (Figure 30(a)) to smaller, more uniformly distributed grains in Figure 30(b) and (c),
reaching 4.08 pm after four passes (Figure 30(d)). The transverse material flow in multiple directions,
resulting from increased deformation during RUE, enables the development of a homogeneous
microstructure [43].

Cylinder Covered Compression

The method outlined in the paragraph was developed to overcome the challenge of producing
ultrafine-grained materials without cracking in hard-to-deform alloys, such as spheroidal cast iron.
The procedure consists of multiple steps, as illustrated in Figure 31. In this process, steel cylinder
specimens are first hot-compressed, then cut into equal sections, with surface layers machined off.
The sections are stacked, placed into a cylindrical die, and hot-compressed again. This technique has
been successfully applied to spheroidal cast iron, achieving a 99.2% reduction in height [44].

© STM Journals 2026. All Rights Reserved 61



Trends in Machine Design
Volume 13, Issue 1
ISSN: 2455-3352

L .: Round-ellipse cross-
section transitional channel

L,: Elliptical cross-section
torsion transitional channel

L.: Ellipse-round cross- y
section transitional channel

Figure 28. Schematic diagram of ECSEE and PTE [40].

SN

/SIS

Outlet

Lower chamber die -

) 50 mm

(©)
Figure 29. Illustration of the RUE process: (a) initial stage, (b) during the
process, and (c) die setup [41].

© STM Journals 2026. All Rights Reserved 62



Review on Severe Plastic Deformation Techniques for Bulk Materials Singh and Sharma

Figure 30. Grain boundaries in an alloy processed by RUE after multiple passes [41].
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Figure 31. A diagrammatic illustration of the CCC technique [44].
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Repetitive Upsetting and Extrusion (RUE)

The RUE mechanism is shown in Figure 32, where a circular rod undergoes an upsetting step
followed by extrusion. These upsetting and extrusion operations are repeated until the desired number
of cycles is achieved. RUE offers several benefits, including the ability to impose high strain per cycle,
which leads to more efficient grain refinement without the need for additional machining of the
specimens. Additionally, warm deformation below the recrystallization temperature can be applied
prior to the upsetting step to enhance the workability of hard materials. The primary drawback of this
method is that during the upsetting stage, tensile stresses develop on the outer surface, which can lead
to cracking and decreased material workability [45].

Cyclic Extrusion and Compression (CEC)

The CEC method is illustrated in Figure 33, where the specimen is pushed into the reduced-
diameter channel of the die by ram A, which has a smaller diameter, while a back-extrusion force (FB)
is applied to the extruded material to restore it to its original dimensions. While CEC is effective for
processing hard metals because of the compressive stress state, some materials may enter the gaps,
increasing the process load and stress. Another limitation of the CEC method is the restriction on
specimen length, as high friction elevates the processing load and can cause buckling or yielding of
the punch or ram [46,47].

Cyclic Expansion and Extrusion (CEE)

The stages of the CEE process are depicted in Figure 34. Initially, the main punch blocks the outlet
channel, causing the material to flow radially and fill the barrel zone, as shown in Figure 34(a) and (b).
The following extrusion step begins when the upper punch is pushed after the primary punch is
removed, supplying the required back pressure for material expansion, as illustrated in Figure 34(c).
The process can be repeated for additional passes without removing the sample from the die.
Furthermore, the entire die is rotated by 180° (Figure 34(d)). This technique can achieve strain levels
up to 4 and allows for any number of passes. The microstructure of an annealed sample processed

—
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Figure 32. A schematic illustration of RUE method [45].
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Figure 33. Configuration of the CEC die [46]
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Figure 36. Flow diagram of the ABE process: (a) start of the cycle, (b) back extrusion,
(c) back compression, and (d) completion of the cycle [50].

(d)

using the CEE method is shown in Figure 35(a). Optical micrographs after one and two passes are
presented in Figure 35(b) and (c), respectively. This method allows samples to undergo a
predetermined number of passes without being removed from the die until the process is complete.
Additionally, unlike CEC, no external back-pressure system is needed, as the extrusion force itself
generates sufficient back pressure for material expansion [48,49].

Accumulative Back Extrusion (ABE)

The ABE technique is employed to fabricate tubular samples of different sizes. The schematic of
the ABE process is shown in Figure 36(a), where the specimen is back-extruded into the space created
by the inner punch (Figure 36(b)), then compressed back by the outer punch (Figure 36(c)),
completing the cycle (Figure 36(d)). This method is capable of processing large-diameter samples;
however, it cannot produce long specimens with uniform microstructures and mechanical properties
[50]. The cyclic forward and backward extrusion (CFBE) technique is used to fabricate ultrafine-
grained bulk materials under very high strains [50]. As illustrated in Figure 37(a), the CFBE process
employs a dual-punch setup for forward and backward extrusion, followed by a back-pressure step
shown in Figure 37(b).

Accumulative Compression Bonding (ACB)

The ACB process generates bulk nanostructured metals, as illustrated in Figure 38. In this method,
the specimen is compressed within a channel die, resulting in a plane strain compression bonding
known as ideal rolling deformation. During this process, the sample’s thickness is reduced while its
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Figure 38. A schematic representation of (ACCB) [51].

length increases within the channel die, with no lateral spreading occurring. To restore the original
thickness, the sample is first wire-brushed and degreased, then cut into two halves and stacked. In the
channel die, the stacked billets are compressed by 50% during the subsequent cycle to create a bulk
sample with sufficient bonding. The ACB process can be used to produce homogeneous ultrafine-
grained metals as well as high-strength metal matrix composites (MMCs). This procedure can be
performed using a channel die attached to a standard pressing machine, eliminating the need for a
high-capacity rolling mill. Additionally, it is suitable for large-sized samples, and the strain can be
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accurately controlled by adjusting the pressing speed and deformation amount [51]. A previous study
investigated the effects of strain accumulation and annealing on the interfacial and grain structures
(Mg and AlsMg: layers) of an Al/Cu/Mg multilayered composite produced via the accumulative roll
bonding (ARB) process. The results showed that strain accumulation promoted the development of a
uniform interfacial microstructure and refined grain structure. Subsequent annealing further enhanced
the grain structure and removed defects at the interface. Overall, the study indicates that the ARB
process, combined with strain accumulation and annealing, can produce a composite with superior
mechanical properties [52].

Combined Severe Plastic Deformation Methods

Certain previously described techniques can be combined to achieve greater advantages, leading to
enhanced material properties and increased process efficiency. These hybrid approaches can impose
higher equivalent strains on materials while also addressing some of the limitations associated with
Severe Plastic Deformation methods [52]. Cold rolling followed by ECAP and HPT has been shown
to enhance mechanical properties. Another study combined two Severe Plastic Deformation
techniques, ECAP and extrusion, to produce ultrafine-grained materials such as pure nickel and Al-
Mg alloys.

CONCLUSIONS

There are multiple techniques available to induce severe plastic deformation in metals to enhance
their mechanical properties and microstructure. Conventional methods like rolling, forging, and
extrusion are limited in the amount of strain they can impart, whereas advanced techniques such as
ECAP, HPT, and related processes can achieve much higher strains and result in much finer
microstructures. However, these techniques also suffer from certain limitations, including high energy
requirements, constraints of the equipment, and challenges in manufacturing large-sized samples.

To address these limitations, researchers have suggested improvements to existing methods,
including the use of multiple passes, alterations in die design, the development of new techniques, or
the sequential combination of two or more Severe Plastic Deformation processes.

These modifications can enhance process efficiency, lower energy consumption, and lead to
improved mechanical properties and microstructural characteristics of the material. Nevertheless, each
technique has its own benefits and constraints, and the selection of an appropriate method depends on
the material being processed and the targeted properties.

Overall, recent advances in Severe Plastic Deformation techniques have demonstrated significant
potential for enhancing the mechanical properties and performance of metals across a wide range of
applications. The technical details of Severe Plastic Deformation discussed in this review can assist
researchers in building upon and advancing the outcomes of previous studies.

ECAP is a crucial technique for producing an ultrafine-grained structure and can be used to
improve the mechanical properties of magnesium alloys. The behavior of the material after processing
is strongly influenced by the ECAP parameters.

Increasing the number of ECAP passes up to four leads to a reduction in the grain size of
magnesium alloys. Higher processing temperatures promote longer recovery times, which in turn
result in grain coarsening. Additionally, low-angle grain boundaries are formed more predominantly
than high-angle grain boundaries.

The ECAP die channel angle has a significant influence on the microstructure of magnesium alloys.
Finer grain sizes and improved mechanical properties were obtained by employing a larger die angle,
lower processing temperatures, and a higher number of ECAP passes, specifically four passes.
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