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Recent advances in using severe plastic
deformation for the processing of nanomaterials

Terence G. Langdon a,b

The grain size is an important structural parameter in polycrystalline materials contributing to the strength

of the material and the ability to achieve a superplastic forming capability. Grain refinement is especially

important because small grains lead to stronger materials and they provide more opportunities for attain-

ing superplastic flow. Traditionally, the grain size was modified through the use of various thermo-

mechanical treatments but this had a significant limitation because it was not possible to produce

materials with grain sizes smaller than a few micrometers. The situation has changed over the last forty

years with the demonstration that much smaller grain sizes may be produced by processing through the

application of severe plastic deformation (SPD) where a high strain is imposed without causing any signifi-

cant change in the overall dimensions of the sample. This report summarizes the principles of the main

SPD processing techniques and then demonstrates the significance of producing submicrometer grain

sizes.

1. Introduction

When a polycrystalline solid is subjected to an external stress,
the nature of the flow behaviour is dependent upon the micro-
structural characteristics of the material. This is equally true

for metals, ceramics, minerals and geological materials and in
practice the most important microstructural feature is the
grain size, d. Thus, the measured flow stress, σ, will follow the
conventional and well-established Hall–Petch relationship1,2

which is given by

σ ¼ σ0 þ Kd�1=2 ð1Þ

where σ0 is the threshold stress and K is a constant of yielding.
It follows directly from eqn (1) that a reduction in grain size
will lead to a higher flow stress and therefore to a stronger
material. This prediction is consistent with a very wide range
of experimental results and comprehensive analyses published
over a period of many years.3–10

In practice, eqn (1) is especially important for examining
the properties of materials at low temperatures, typically below
∼0.4 Tm where Tm is the absolute melting temperature of the
material, whereas at high temperatures it is necessary to
examine the flow properties under creep conditions where the
crystalline solid is subjected to an applied stress which is
lower than the fracture stress but sufficiently high to produce a
nonrecoverable plastic strain which gradually builds up with
time. This flow at high temperatures is generally examined by
applying a constant stress to the sample and then recording
the strain as a function of time. Experiments of this type date
back for just over 100 years11 and typically they lead to a creep
curve of strain, ε, against time, t, as shown in Fig. 1.12 Thus,
there is an initial instantaneous strain, ε0, a primary stage
(region I) where the creep rate decreases with increasing time,
a region of secondary or steady-state creep (region II) where
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the creep rate remains essentially constant and finally a ter-
tiary stage (region III) where the creep rate increases rapidly to
final fracture. In both laboratory experiments and practical
situations, much of the flow occurs in the steady-state region
so that a major emphasis is generally placed on measuring the
creep rate in region II. In creep experiments the steady-state
creep rate, ε̇, is usually plotted logarithmically against the
stress, σ, and the slope of the plot then gives the stress expo-
nent, n, in the relationship

ε̇ ¼ B1σ
n ð2Þ

where B1 is a constant incorporating the dependence on temp-
erature and grain size. Alternatively, tests may be conducted at
high temperatures using a testing machine to apply a constant
strain rate and then the measured flow stress is given by

σ ¼ B2ε̇
m ð3Þ

where B2 is again the appropriate constant and m is termed
the strain rate sensitivity. It follows from inspection of eqn (2)

and (3) that the stress exponent and the strain rate sensitivity
are related since n = 1/m and these two types of testing lead to
typical plots as illustrated schematically in Fig. 2.13

Various creep mechanisms may occur at elevated tempera-
tures including superplasticity which relates to achieving
exceptionally high strains without failure. Specifically, super-
plasticity is defined as a flow mechanism that produces a
tensile elongation prior to failure of at least 400% and with a
measured strain rate sensitivity close to ∼0.5 so that the stress
exponent is n ≈ 2.14 This flow mechanism is fundamental in
industrial superplastic forming operations15–17 but in practice
laboratory experiments show that superplastic elongations are
generally achieved only when testing at temperatures of at
least 0.5 Tm using crystalline materials having grain sizes
smaller than ∼10 µm.13 For many years this grain size require-
ment led to a critical restriction in the ability to achieve super-
plastic flow so that it became preferable to use two-phase
alloys where grain growth was limited by the presence of the
separate phases or to incorporate the presence of a fine dis-
persion of a second phase to act as a grain refiner. The follow-
ing section outlines the principles of superplastic experiments
and the subsequent sections describe recent advances demon-
strating that it has become possible, over the last forty years,
to produce materials with nanostructured grain sizes.

2. The fundamental principles of
superplastic flow

A very early analysis showed that the ductility achieved in
tensile testing was dependent upon the value of the strain rate
sensitivity and specifically, as shown in Fig. 3,13 these very
high elongations required a value of m close to ∼0.5 and there-
fore n ≈ 2.18–20 This result is important because there are
several dislocation mechanism that may control the plastic
flow in creep and these mechanisms have different values for
n. For example, creep controlled by dislocation climb requires

Fig. 1 A typical creep curve of strain against time showing the three
regions of flow.12

Fig. 2 Typical logarithmic plots of stress against strain rate and strain rate against stress showing the meaning of the exponents m and n.13
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a value of n ≈ 521 whereas creep controlled by dislocation glide
has n ≈ 3.22 In practice, this relatively low value for n for dis-
location glide leads to the potential for achieving tensile
elongations up to more than 300%23 but this is not true super-
plasticity and it is more correctly defined as “enhanced duct-
ility”.24 On the contrary, control by dislocation glide led to the
development of the Quick Plastic Forming (QPF) technology as
developed by General Motors in the United States where this is
a hot blow-forming process that was employed in the pro-
duction of the large aluminum panels that are required in
numerous automotive applications.25

An example of true superplastic flow is shown in Fig. 4
where a Pb-62% Sn alloy with an initial grain size of 11.6 µm
was pulled in tension at a temperature of 413 K and exhibited
a total elongation of 7550% when using an initial strain rate of
2.1 × 10–4 s−1: for comparison purposes, an untested specimen
is also shown.26 It is readily apparent from inspection of Fig. 4
that, as required for true superplastic flow, this type of defor-

mation leads to the development of an essentially uniform
strain with the occurrence of no visible necking within the
gauge length.27

Although the superplastic forming industry was developed
extensively over a period of many years, there was a significant
limitation within the industry because of the requirement to
initially produce a material have a grain size of the order of
only a few micrometers. In practice this was achieved using
thermo-mechanical processing but these procedures were
unable to produce grain sizes that were smaller than ∼2–4 µm.
This situation changed dramatically in 1988 with the publi-
cation in the Soviet Union of a report demonstrating the poten-
tial for achieving a grain size as small as 0.3 µm in a superplas-
tic Al-4% Cu-0.5% Zr alloy.28 It is important to note that the
composition of this alloy was almost identical to the super-
plastic Al-6% Cu-0.5% Zr alloy which was used for production
of the commercial Supral-100 alloy by the New Jersey Zinc
Company in the U.S. but the American alloy typically had a
grain size of ∼3–4 µm and this was one order of magnitude
larger than the alloy described in the Russian report.
Furthermore, there was no obvious method of reducing the
grain size of the U.S. alloy to the submicrometer level. It was
therefore important to examine the precise experimental pro-
cedure used in Russia in the production of the 0.3 µm
material.

The Russian alloy was initially processed at room tempera-
ture using the procedure now known as high-pressure torsion
(HPT) where the material, in the form of a thin disk, is held
between massive anvils, subjected to a high applied pressure
and then one anvil is rotated to impose a torsional strain on
the disk. In this way, the disk is subjected to a high plastic
strain but without imposing any significant change in the
overall dimensions of the sample. This type of processing, now
designated HPT, was first developed by Professor Percy W.
Bridgman at Harvard University in the 1930s and 1940s29,30

and this and other similar research led to Bridgman receiving
the Nobel Prize in physics in 1946 for his work on the appli-
cation of high pressures to solid materials. Nevertheless, this
ground-breaking research received only minor attention in the
west but later extensive research on HPT processing was con-
ducted in Russia31,32 and this led ultimately to the demon-
stration of the exceptional grain refinement in the Al–Cu–Zr
alloy.

Processing by HPT is unusual because, unlike conventional
tensile or compressive testing, it can impose an exceptionally
high strain but without introducing any significant change in
the dimensions of the sample. This and other similar methods
are now known as processing through the application of severe
plastic deformation (SPD) and these various procedures have
provided the impetus which has led to the development of
SPD processing facilities and the production of crystalline
materials with submicrometer and even nanometer grain sizes
at many laboratories around the world. The principles of these
various SPD processing methods are described in the following
section and a relatively new procedure for SPD processing is
described in detail in the next section.

Fig. 3 Variation of strain rate sensitivity with elongation to failure13

showing results for a range of materials.18–20

Fig. 4 An example of superplasticity in a Pb-62% Sn alloy with an
elongation of 7550% at a strain rate of 2.1 × 10–4 s−1.26
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3. Principles of processing through
the application of severe plastic
deformation

Processing by SPD refers to any process that imposes a very
large strain but without incurring any significant change in
the overall dimensions of the sample. Basically, there are four
traditional methods of SPD processing and each method has
additional and newer modifications that are designed to
improve some aspect of the processing. This review is designed
to summarize the main characteristics of each method but
without making any attempt to include information on the
various later modifications that have been developed for these
procedures. A fifth and more recent SPD processing method is
also now available but, since this is a new process that is not
generally known to many practitioners using SPD processing
to achieve exceptional grain refinement, it is dealt with separ-
ately in the following section. It is important to note that com-
prehensive information on different aspects of the various SPD
techniques is now available in several review articles.33–44

First, HPT is a fundamental SPD processing method and it
has four major advantages over the other SPD processing tech-
niques which may be listed as follows: (i) the total processing
can be conducted in a single operation even to exceptionally
high torsional strains, (ii) the imposition of a large hydrostatic
pressure prevents the development of segmentation and crack-
ing in hard-to-process materials such as magnesium alloys,45

(iii) the HPT processing provides a capability of producing
materials having grain sizes that are generally smaller than
may be produced with other SPD procedures46,47 and (iv) HPT
processing produces an ultrafine-grained material containing,
by comparison with other SPD techniques, a higher fraction of
grain boundaries having high angles of misorientation48

where this latter characteristic serves to enhance the superplas-
tic capabilities of the materials. A comprehensive review is
also available describing many aspects of the HPT process.49

Second, equal-channel angular pressing (ECAP) is a pro-
cedure whereby a bar or rod is pressed through a die con-
strained within a channel that is bent through an abrupt angle
near the center of the die. This type of processing is now used
extensively in many laboratories around the world but it was
first developed in the Soviet Union in the country now known
as Belarus.50,51 An advantage of ECAP is that it can be con-
ducted fairly easily by adopting an appropriate press but there
is a disadvantage because only a limited strain is imposed on
a single passage through the die. In practice, this strain is
dependent upon the angle of bend of the channel within the
die and also, to a lesser extent, by the outer arc of curvature
where the two parts of the channel intersect. An equation is
available for this strain and, typically, the strain is close to ∼1
when the channel angle is equal to 90° but the strain
decreases with increasing values of the channel angle.52 The
effect of using dies with different channel angles has been
investigated in several experiments.53,54 In practice, high
strains are achieved by removing the sample from the die and

then repetitively pressing through multiple passes and this
means that the processing is labour-intensive and requires a
continuous monitoring to remove and replace the sample in
the die. Again, a comprehensive review is available describing
the various aspects of ECAP processing.55

Third, accumulative roll-bonding (ARB) describes a proces-
sing operation in which a plate is rolled to one-half thickness,
cut in half, degreased and cleaned by wire brushing, then
stacked so that one piece is placed upon the other and rolled
again so that the total process is repeated numerous
times.56–58 This process is again labour-intensive so that it is
also a time-consuming procedure. Furthermore, there is the
problem that the microstructure produced by ARB consists of
a pancake-like structure that tends to be elongated along the
rolling direction so that the procedure is generally less
effective by comparison with HPT and ECAP. Reports are avail-
able making a direct comparison between materials processed
by ECAP and ARB59 and examining the mechanical behaviour
of multi-layered composites processed by ARB.60 A recent
review of ARB is also now available.61

Fourth, there is the SPD process of multi-directional
forging (MDF)62–64 which, although easy to perform using any
simple compression testing facility, has attracted less attention
than HPT, ECAP and ARB and therefore needs a more detailed
explanation. This processing is also known as multi-axial
forging (MAF)65 and multi-axial compression (MAC)66–69 and it
denotes a procedure whereby a prismatic specimen is sub-
jected, in repetitive steps, to compression along each of three
mutually perpendicular directions as illustrated schematically
in Fig. 5 for three separate passes. This processing is also
often designated abc deformation and again, as with ECAP
and ARB, it is a labour-intensive process since the specimen
must be rotated between each pass. Nevertheless, this proces-
sing operation promotes good grain refinement and therefore
improved strength and it can be readily adapted for use in
many industrial applications. Furthermore, recent reviews on
MDF are also now available.70,71

Fig. 5 The principle of multi-directional forging or abc deformation.
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4. SPD processing using tube high-
pressure shearing (t-HPS)

The processing technique of tube high-pressure shearing
(t-HPS) was introduced as a new SPD procedure in 201272 and
more recent experiments show that it is capable of producing
materials with exceptional properties and microstructural fea-
tures. The fundamental objective of this technique is to use a
specimen in the form of a tube and to introduce a tangential
shear strain in the wall of the tube under the imposition of a
high pressure. The principle of this concept is shown in Fig. 6
where r is the radius of the disk or tube, h is the height and
there is a displacement at the outer rim through an angle of
θ.72 In the upper illustration at (a), there is a solid disk and the
displacement simply illustrates the conventional situation in
HPT where the top surface is rotated relative to the bottom
surface. In the second illustration in (b) there is a combined
torsion and twisting but now it is applied to a tube. Finally, in
the lower illustration at (c) the outer rim is displaced relative
to the central point of the tube and thus, whereas (a) and (b)
show conventional HPT, (c) depicts the new procedure of
t-HPS.

The processing in t-HPS is conducted by fixing a mandrel,
placing a sample in the form of a tube which is situated
around the mandrel and held in place by pressure rings, then
placing an outer cylinder around everything and rotating the
cylinder in order to produce a high hydrostatic pressure in the
tube wall. This produces a result that is consistent with (c) in
Fig. 6 but which is different from the combined torsion and
twist as shown in Fig. 6(b).

This type of processing has the advantage that it achieves
significant grain refinement as required in SPD processing
but it is also ideal for producing multi-layered gradient
structures73 where these structures are now becoming of
increasing interest in fundamental research in materials
science.74,75 Similar multi-layered laminates may be achieved
also by processing using ARB but the latter procedure is
labour-intensive requiring many separate operations and mul-
tiple surface cleanings. By contrast, in t-HPS there are no
additional surface cleanings after the initial clean and the
final laminated microstructure is achieved in a single step
without the potential for any surface contamination because of
contact with the environment. An example of the grain refine-
ment achieved by t-HPS in a tube of high-purity aluminum is
shown in Fig. 7 where the initial grain size before SPD proces-
sing was ∼1 mm and microstructures are shown after π/4 to 2π
turns where a rotation of π corresponds to a shear strain of
∼8.37.76 Separate illustrations are presented for the inner,
middle and outer regions of the tube and it is apparent that
the grain size is reduced to a final value of ∼0.6–0.7 µm which
is similar to the saturation grain sizes reported for similar
materials processed by ECAP77 or HPT.78 It is also consistent
with reported trends that there is an overall saturation in both
grain size and hardness when processing samples using SPD
techniques.79–86

Fig. 8 shows an example of the excellent superplastic pro-
perties that may be achieved by processing using t-HPS where
an elongation of 2320% was reported in a Bi-43% Sn alloy after
processing through 100 turns at room temperature (RT) and
then pulling to failure at RT (298 K) at an initial strain rate of
1.0 × 10–4 s−1.87 This specimen shows, as also for the Pb–Sn
alloy in Fig. 4, an absence of any visible necking within the
gauge length. It is interesting to note that the maximum
elongation of 2320% is higher than the report of a tensile
elongation of 1950% as documented in the earliest experi-
ments on superplasticity using a Bi–Sn eutectic alloy and
pulling in tension at RT.88 These results confirm, therefore,

Fig. 6 Comparison of the principles of (a) HPT, (b) tube torsion/twist
and (c) t-HPS.72

Fig. 7 Grain refinement in high-purity aluminum at the inner, middle
and outer regions of the tube after processing by t-HPS through
different numbers of turns.76
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the opportunities for achieving excellent superplastic
elongations using the t-HPS processing method.

5. Discussion

The preceding sections describe the early inability to achieve,
through conventional thermo-mechanical processing, average
grain sizes smaller than a few micrometers in crystalline solids
and the more recent developments using SPD processing
where grain sizes may be attained within the submicrometer
and even the nanometer ranges. In order to appreciate the sig-
nificance of these developments, it is first necessary to
examine the basic characteristics of superplastic flow.

Early investigations of superplasticity were generally con-
ducted by using a single specimen, measuring the initial grain
size and then pulling the sample in tension at different strain
rates to measure the flow stresses under these various con-
ditions. In practice, however, this testing technique is quick
and easy to conduct but it fails to incorporate the occurrence of
any grain growth that may take place during the testing oper-
ation and therefore the results from these tests are not truly
representative of a single well-defined grain size. This problem
was recognized and then overcome in early experiments on the
Zn-22%Al eutectoid alloy by testing a separate sample at each
selected strain rate and pulling each sample to failure to
measure both the flow stress and the total elongation.19,89

Results of this type provided a clear demonstration that super-
plasticity occurs over a limited range of strain rates, typically
covering about two orders of magnitude, and the elongations
are then reduced at both faster and slower strain rates.

It is convenient to plot these experimental data in the form
of deformation mechanism maps where the normalized grain
size, d/b, is plotted on logarithmic axes against the normalized
stress, σ/G, for any selected temperature where b is the relevant
Burgers vector and G is the shear modulus.90 In high tempera-
ture creep the grains of a polycrystal become divided into sub-

grains where the subgrain boundaries have low angles of mis-
orientation. Extensive experiments show that in creep the
average subgrain size, λ, is given by the relationship91

λ

b
¼ B3

σ

G

� ��1
ð4Þ

where B3 is a constant having a value of ∼20. The relationship
shown in eqn (4) applies not only to metals92 but also to cer-
amics93 and a wide range of rocks and minerals.94–97

Assuming, therefore, that the grain size of the material is
equal to the equilibrium subgrain size, it is feasible to super-
impose the subgrain size predicted by eqn (4) onto these defor-
mation mechanism maps and the results show that superplas-
tic flow requires a grain size that is equal to or smaller than
the average subgrain size.98

The results from this analysis show that in conventional
creep the grains become divided into an inner core of sub-
grains which is surrounded by an outer mantle of subgrains
lying immediately next to the grain boundary.99 In order to
make use of this interpretation, it is first noted that superplas-
ticity represents a flow process where large elongations are
achieved but the individual grains retain an essentially equi-
axed appearance. This means that superplastic flow occurs
through deformation by grain boundary sliding (GBS)100 and
this can be modelled by a dislocation process in which grain
boundary dislocations move along a grain boundary to pile up
at a triple point and this is accommodated by slip in the next
grain.101 In practice, the dislocations in this slip will either
pile-up and climb into the first subgrain boundary as in GBS
in conventional creep or, in the absence of any subgrains as in
superplastic flow, the dislocations will pile up and climb into
the opposite grain boundary. The former process corresponds
to normal GBS and is well documented in an earlier detailed
review which shows that GBS then divides into the co-called
Rachinger sliding which is accommodated by the intragranular
movement of dislocations and Lifshitz sliding which accom-
modates diffusion creep102 whereas the latter process rep-
resents GBS in superplastic flow. For the latter process, it can
be shown that the rate of GBS in superplasticity, ε̇sp, is given
by a relationship of the form101

ε̇sp ¼ AspDgbGb
kT

b
d

� �2 σ

G

� �2 ð5Þ

where Dgb is the coefficient for grain boundary diffusion, k is
Boltzmann’s constant, T is the absolute temperature, Asp is a
constant having a value of ∼10 and the exponents of both the
stress and the inverse grain size are equal to ∼2.

Eqn (5) relates to conventional high temperature GBS which
is appropriate for use in commercial superplastic forming
operations but GBS may also occur at low temperatures. This
latter process may be modelled by permitting the build up of a
supersaturation of vacancies during the sliding operation to
give a rate equation that no longer has a constant value for the
stress exponent n.6 The model for low temperature GBS has
been subjected to a detailed analysis which supports the

Fig. 8 An example of superplasticity in a Bi-43% Sn alloy after proces-
sing by t-HPS.87

Review Nanoscale

17422 | Nanoscale, 2025, 17, 17417–17427 This journal is © The Royal Society of Chemistry 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/1
9/

20
26

 3
:0

5:
09

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr01886b


concept of this type of flow10 but nevertheless it is not impor-
tant for commercial forming operations.

In conventional industrial superplastic forming, a plate is
placed in a furnace, heated to temperature and then formed
into the desired shape at a strain rate of the order of ∼10–3 s−1

with the whole process taking a total time of about
20 minutes. This slow forming rate leads to the production of
a limited range of low-volume high-value components.
However, eqn (5) shows that the strain rate in superplasticity
varies inversely with the grain size raised to the power of 2 and
this means that the strain rate for optimum superplasticity can
be increased by making a substantial reduction in the grain
size. This suggests, therefore, that it may be possible to use
SPD processing to achieve high strain rate superplasticity (HSR
SP) which is defined as attaining superplastic elongations at
strain rates at or above 10–2 s−1.103

The first example of this capability was presented in 1997
when exceptional superplastic elongations were achieved when
testing in tension at 623 K an Al-5.5% Mg-2.2% Li-0.12% Zr
alloy processed by ECAP to a total strain of ∼12 to give an
average grain size of ∼1.2 µm. The result is shown in Fig. 9
where there is an elongation of 1180% without failure at an
imposed strain rate of 10–2 s−1 and an elongation to failure of
910% at the faster strain rate of 10–1 s−1.104 These exceptional
elongations at these very rapid strain rates are excellent
examples of the occurrence of HSR SP.

Although there is very good evidence for excellent super-
plastic flow as documented in Fig. 9, it is important to demon-
strate in the laboratory the potential for achieving an industrial
superplastic forming capability through the use of a simple
gas-pressure forming facility. Accordingly, experiments were
conducted using an Al-3% Mg-0.2% Sc alloy which was pro-
cessed by ECAP to a strain of ∼8 to give a grain size of
∼0.2 µm. Small disks were cut from the rod after pressing and
these disks were inserted individually into a biaxial gas-
pressure forming facility where they were clamped around the
edge, heated to 673 K and then subjected to a constant
pressure of an argon gas from one side for times up to a
maximum of 1 minute. Typical results are shown in Fig. 10
where the disk at (a) is untested and the other two disks were

subjected to a gas pressure of 10 atmospheres for times of (b)
30 seconds and (c) 1 minute, respectively. It is readily apparent
that these disks have blown out into smooth domes at very
rapid strain rates.105

In order to evaluate the uniformity of deformation at these
rapid rates, the disks at (b) and (c) were sectioned and then
measurements were taken to determine the local thicknesses
at various angular increments around the deformed disks. The
results are shown in Fig. 11 where 0° corresponds to the centre
of each disk, 90° corresponds to the outer edges and the final
measurements were taken at 85° which is close to the edge on
either side of each disk.105 These plots demonstrate that for
both domes, and especially after processing for 1 minute, the
deformation is remarkably uniform. These measurements
confirm the validity of this approach for use in industrial

Fig. 9 An example of high strain rate superplasticity in an Al–Mg–Li–Zr
alloy processed by ECAP to a grain size of ∼1.2 µm and tested in tension
at 623 K.104

Fig. 10 Disks of an Al–Mg–Sc alloy processed by ECAP to a grain size
of ∼0.2 µm and then subjected to biaxial gas-pressure forming at a
pressure of 10 atmospheres at 673 K: (a) untested and after (b) 30
seconds and (c) 1 minute.105

Fig. 11 The local thicknesses measured around the two deformed
domes in Fig. 10 subjected to a pressure of 10 atmospheres for times of
30 and 60 seconds, respectively.105
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superplastic forming operations and it is readily apparent that
the deformation has occurred without the development of any
cracking within the samples. Thus, these results provide a
clear demonstration of the validity of using SPD processing for
achieving a material that may be used for the rapid forming of
complex parts.

Although the preceding review deals exclusively with the
application of SPD to metals, it is important to note that the
same techniques of SPD processing may be applied also to
other non-metallic materials. A detailed description of the rele-
vant experiments is beyond the scope of the present review but
nevertheless it should be noted that there are reports of SPD
processing with ceramics,106–108 including not only with exist-
ing ceramics but in the synthesis of new types of ceramics
such as high-entropy ceramics and metastable high-pressure
ceramics,109 polymers,110 polymer-based nanocomposites111

and geological materials.112–114 An examination of the avail-
able results with non-metals suggests the potential for using
this approach to produce different materials having unusual
and useful properties.

Finally, it should be noted that the major emphasis in this
review concerned the development of new opportunities for
achieving superplastic properties in metals but there are also
many other potential industrial applications for materials pro-
duced by SPD processing as outlined in detail in several recent
comprehensive reports.115–118 For example, there are reports of
the use of SPD processing for the production of a range of
materials for various biomedical and orthopaedic
applications,119–123 for dental implants,124–126 for materials
used in Zn, Li, Mg and Al-based batteries127 and for the pro-
duction of sputtering targets for the electronics industry.128

These developments confirm the many potential uses that
become available through the processing of ultrafine-grained
materials using SPD techniques.

6. Summary and conclusions

1. The grain size of a polycrystalline material is an important
parameter because it controls many of the physical properties.
Thus, a reduction in grain size to the submicrometer level has
the advantage of increasing the strength of the material and
introducing a potential for achieving a superplastic forming
capability.

2. Different grain sizes are generally achieved through the
use of thermo-mechanical processing but this has the limit-
ation that it cannot be used to refine the grain size below the
level of a few micrometers. Over the last forty years it has been
possible to attain submicrometer or even nanometer grains by
using severe plastic deformation (SPD) processing where a
solid is subjected to a high strain without producing any sig-
nificant changes in the overall dimensions of the sample.

3. Five major SPD processing techniques are now available
and these are high-pressure torsion, equal-channel angular
pressing, accumulative roll-bonding, multi-directional forging
and the new process of tube high-pressure shearing. Each of

these processes is capable of producing significant grain
refinement but high-pressure torsion is especially attractive
because it produces smaller grain sizes, higher fractions of
high angle boundaries and it can be performed in a single
operation so that it is not labour-intensive.

4. By introducing very significant grain refinement through
SPD processing, it is possible to achieve superplastic flow at
high strain rates thereby providing the potential for achieving
rapid superplastic forming operations in industry.
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