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Abstract: Superplasticity refers to the ability of some materials to pull out to tensile elongations
of 400% or more when the strain rate sensitivity is ~0.5. The first report of true superplastic flow
was published in 1934 in experiments conducted in England. However, this remarkable result
attracted little interest among western scientific researchers and the result remained a laboratory
curiosity for many years. Later, following extensive research on superplasticity in the Soviet Union,
interest developed in the west, and superplasticity became a topic of extensive scientific research.
This research was further enhanced with the demonstration that the application of severe plastic
deformation provided an opportunity for achieving grain refinement to the submicrometer or even
the nanometer level, and these small grains were especially attractive for achieving good superplastic
properties. It is now recognized that superplastic alloys provide an excellent forming capability,
especially in making high quality curved parts that are not easily fabricated using more conventional
processes. This has led to the development of a large superplastic forming industry that currently
processes many thousands of tons of sheet metals. This report traces these developments with an
emphasis on the scientific principles behind the occurrence of superplastic flow.

Keywords: flow mechanism; grain boundary sliding; severe plastic deformation; strain rate sensitivity;
superplastic forming

1. Introduction

When metals and other crystalline materials are subjected to the application of a
constant load, they typically exhibit the following three distinct regions of flow: there is
an initial primary region in which the flow rate decreases with increasing strain, then a
secondary or steady-state region in which the flow rate remains reasonably constant and
finally there is a tertiary stage where the rate of flow increases to final failure. In practical
applications, the secondary or steady-state region is important because it generally accounts
for a large fraction of the total strain. The creep rate in this steady-state region,

.
ε, may be

expressed through a general relationship of the form [1–3].
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where D is the appropriate diffusion coefficient defining the creep flow mechanism (equal to
Do exp (−Q/RT) where Do is a frequency factor, Q is the activation energy for the diffusive
process, R is the gas constant and T is the absolute temperature), G is the shear modulus, b
is the Burgers vector, k is Boltzmann’s constant, d is the grain size, σ is the applied stress,
p and n are the exponents of the inverse grain size and the stress, respectively, and A is a
dimensionless constant. The stress exponent, n, is equivalent to 1/m, where m is defined as
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the strain rate sensitivity, which is used when materials are pulled into a testing machine at
a constant rate.

Usually, when metals are deformed, even at elevated temperatures, they tend to break
at relatively low total elongations that are typically less than 100%. However, early experi-
ments showed that it was also possible to test some materials and achieve exceptionally
high elongations prior to failure. For example, in 1912, an elongation of 163% was achieved
in brass [4], and in 1928, there was a report of an elongation of ~300% in Cd-Zn and Pb-Sn
alloys [5]. Finally, in 1934, Pearson in England achieved the remarkable results of tensile
elongations of ~1950% in a near-eutectic Bi–Sn alloy and ~1505% in a Pb-Sn alloy [6]. These
elongations were easily the largest reported up to that time, and the sample of the Bi–Sn
alloy is shown in Figure 1, where it is coiled for convenient photography.
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Figure 1. Tensile elongation of ~1950% achieved in a Bi–Sn alloy [6].

To place these results in context, it is first necessary to examine the flow behavior of
metals at elevated temperatures. An important result in 1969 was the demonstration that,
by analyzing a large number of published results, the tensile elongations attained for all
metals increased directly with increasing values of the strain rate sensitivity, m [7]. This
result is shown in Figure 2, where the measured values of m are plotted against ∆L/Lo%,
where ∆L is the total increase in length at the point of fracture, and Lo is the initial gauge
length as follows: Figure 2 includes both the original data and two sets of results obtained
later showing exceptional elongations in the Zn-22% Al eutectoid alloy [8] and the Pb-62%
Sn eutectic alloy [9]. It is readily apparent from Figure 2 that all datum points scatter about
a single line, with high elongations requiring a high value of m and therefore a low value
of the stress exponent, n.

In practice, the value of n for any specific experimental testing condition is governed
by the flow process controlling the rate of deformation during testing. Several mechanisms
have been developed for flow in high temperature creep, and these are described in detail
in earlier reports [1,2]. If flow occurs through the stress-directed diffusion of vacancies
without any dislocation activity, the process is known as diffusion creep where n = 1. There
are two types of diffusion creep since the vacancies may flow either through the crystalline
lattice in Nabarro-Herring creep [10,11] where p = 2 and Q = Q` in Equation (1) where Q` is
the activation energy for self-diffusion or along the grain boundaries in Coble creep [12]
where p = 3 and Q = Qgb where Qgb is the activation energy for grain boundary diffusion.
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If flow occurs through the movement of dislocations, it is generally assumed that
dislocation loops expand outwards on different slip planes from Frank–Read sources and
the leading edge dislocations become blocked by interactions between the stress fields of
dislocations on different but parallel slip planes so that these leading dislocations climb
together and annihilate [13]. For creep controlled by the rate of dislocation climb, it was
shown that n ≈ 4.5, Q = Q` and p = 0 [14], where the precise value of the stress exponent is
dependent upon the value of the stacking fault energy [15]. Although this behavior applies
to pure metals, there may be a preferential segregation of solute atoms around the moving
dislocations in the form of impurities or Cottrell atmospheres [16], and this may lead to a
situation where the rate of glide of the dislocations is slower than the rate of climb so that
glide governs the creep behavior. For these conditions, termed viscous glide, the flow rate
is again given by Equation (1), but with n = 3, Q = Qi where Qi is the activation energy for
interdiffusion of the solute and again p = 0 [17].

The preceding analysis provided a comprehensive summary of flow processes in
conventional materials, but it is now necessary to examine the flow processes associated
specifically with materials exhibiting exceptionally high elongations. The objective of
this report, therefore, is to examine the flow process associated with superplasticity in
conventional laboratory testing, to demonstrate the extension and the implications of this
approach when using materials with exceptionally small grain sizes and finally to show that
there is a considerable potential for using superplasticity in industrial forming applications.
These analyses are presented in the following sections.

2. The Flow Process in Superplasticity

Surprisingly, the remarkable result by Pearson in England in 1934 [6], with a tensile
elongation of ~1950% in a Bi–Sn alloy, received little or no serious attention in western
scientific circles and the result simply became relegated as a laboratory curiosity. However,
the work attracted attention in the Soviet Union, where extensive research was undertaken
to evaluate the potential for achieving these very high elongations in other materials. The
subsequent abstracting of this Russian work in English led to the introduction of the word
“superplasticity” in Chemical Abstracts in 1947 [18], where this was a direct translation
of the Russian sverkhplastichnos’ meaning “ultrahigh plasticity”. A detailed review of the
Russian work published in 1962 [19] prompted an interest in the superplastic effect among
western researchers, and this led to the initiation of superplastic experiments at MIT [20]
and later at many other universities and institutes around the world.
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These early experiments on superplastic flow demonstrated that superplastic elon-
gations require a reasonably high testing temperature, typically above ~0.5 Tm where
Tm is the absolute melting temperature of the material, and they also require the use of
materials having very small grain sizes, typically smaller than ~10 µm. A comprehensive
review of the mechanical characteristics of superplastic materials was presented earlier [21].
Nevertheless, there was no clear understanding of the precise relationship between the
applied strain rate in tensile testing and the measured flow stress. The major reason for
this problem was that experiments were typically conducted where a single sample was
pulled at a fixed strain rate to measure the flow stress and then, using the same sample,
additional flow stresses were measured at other strain rates. By conducting the experiments
in this way, the results were obtained fairly quickly because of the use of only one sample,
but there were major inconsistencies between different sets of results due, in part, to the
occurrence of grain growth during the testing procedure.

To avoid this problem, experiments were conducted on a Zn-22% Al eutectoid alloy
in which each tensile test was conducted to failure using a different strain rate but the
same testing temperature. The result is shown in Figure 3, where the tests were conducted
at 473 K using specimens with an initial grain size of 2.5 µm. The lower plot shows the
variation of the flow stress with the imposed strain rate and the upper plot shows the
separate elongations to failure where each point represents a different sample [22]. These
results demonstrate conclusively that there are three separate regions of flow, designated
regions I, II and III, where superplasticity occurs in region II and there are reductions in the
measured elongations at both slower and faster strain rates in regions I and III, respectively.
Measurements showed the strain rate sensitivities were ~0.5 in region II, with reductions to
~0.2 in regions I and III.
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Figure 3. Elongation to failure (upper) and flow stress (lower) plotted against the imposed strain rate
for samples of Zn–22% Al alloy tested in tension at 473 K [22].

When a material pulls out to a very high elongation, inspection shows that the material
flows without the opening of any significant internal cavitation and, in addition, the grains
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remain reasonably equiaxed so that they move over each other during the flow process
and the fundamental mechanism of superplasticity is grain boundary sliding, GBS [23].
Nevertheless, GBS cannot occur in isolation and there must be some accommodating
mechanism to prevent the opening of voids within the material. In practice, careful
experiments showed that the GBS is accommodated by intragranular slip within the grains,
but this slip is oscillatory in nature and makes no significant contribution to the overall
straining of the polycrystal [24].

In order to achieve a better understanding of the significance of the different regions
of flow shown in Figure 3, a deformation mechanism map was constructed where the
normalized grain size, d/b, was plotted against the normalized shear stress, τ/G, as shown
in Figure 4, where τ is the shear stress, which is plotted directly on the upper axis of the
map [25]. This plot shows the regions of Nabarro–Herring and Coble creep at the lower
stresses as derived from the theoretical models and then the experimental regions I, II
and II at higher stresses. When the flow process is controlled by dislocation climb, it is
well established that subgrains are formed during the primary stage of creep and these
subgrains have an average size, λ, which varies inversely with the applied stress and
remains constant in the region of steady-state flow. Detailed experiments showed that
the subgrain size in all metals follows a relationship of the form λ/b ≈ δ(τ/G)−1 where
δ is a constant having a value of ~10 [15]: a similar relationship also applies to the flow
of ceramic materials [26]. Putting d = λ so that the grain size is equal to the subgrain size,
it is apparent from Figure 4 that the broken line representing this condition corresponds
essentially exactly with the experimental boundary separating regions II and III on the
deformation mechanism map. This demonstrates that superplasticity requires a grain size
that is smaller than the average subgrain size, and it shows that superplasticity occurs
when the intragranular dislocations accommodating GBS are able to move through the
grains without encountering any subgrain boundaries that would effectively act as barriers
to their movement.
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Using this approach, it is then possible to illustrate the nature of superplastic flow
as shown in Figure 5, where (a) represents conventional creep for materials with large
grain sizes so that d > λ and (b) shows superplastic flow where d < λ [27]. This illustration
provides a unified depiction of the nature of grain boundary sliding for materials having
different grain sizes. In conventional creep, GBS occurs by the movement of dislocations
along the grain boundary and this leads to a stress concentration at the triple point A in
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Figure 5a, which is accommodated by an intragranular slip in the next grain where this
slip impinges on the subgrain boundary at B. Conversely, in superplastic flow, there is a
stress concentration at C, which produces accommodating slip in the next grain and the
dislocations are now able to move across the grain without hindrance and impinge on the
opposite grain boundary at D. A unified model for these two situations leads to n = 3, p = 1,
D = D` and A ≈ 103 for conventional creep in Figure 5a, where D` is the coefficient for
lattice self-diffusion and n = 2, p = 2, D = Dgb and A ≈ 10 for superplasticity in Figure 5b,
where Dgb is the coefficient for grain boundary diffusion [27]. The values predicted for the
various parameters in superplasticity are generally in good agreement with experimental
data, as shown, for example, by the results in Figure 3.
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Figure 5. The mechanism of grain boundary sliding (a) in conventional creep when d > λ and (b) in
superplasticity when d < λ [27].

Finally, it is important to note from Figure 1 that larger elongations are achieved for
higher values of m and control by viscous glide has n = 3, so that m ≈ 0.3 whereas super-
plastic flow has n = 2 so that m ≈ 0.5. This demonstrates that reasonably high elongations
may be achieved when viscous glide is the rate-controlling process, and an examination of
published results shows there are reports for coarse-grained Al–Mg alloys of elongations
up to and slightly exceeding 300% when viscous glide is the controlling process [28]. Based
on this analysis, superplasticity may be defined formally as an elongation to failure of at
least 400% and a strain rate sensitivity close to ~0.5 [29].

3. The Extension of Superplastic Flow to Submicrometer Grain Sizes

The small grain sizes required for superplastic flow are traditionally achieved by using
thermo-mechanical processing, but the smallest grain sizes attained using this procedure
are typically in the lower micrometer range of the order to ~3–5 µm. Over the last three
decades, alternative procedures have become available that are capable of achieving greater
grain refinement and producing materials with submicrometer or even nanometer grain
sizes. These procedures are based on the application of severe plastic deformation (SPD),
in which a material is subjected to a very high strain but without incurring any significant
changes in the overall dimensions of the workpiece. The first example using this approach
to achieve superplastic elongations was published in 1988 for an Al-4% Cu-0.5% Zr alloy
with a grain size of only 0.3 µm [30], and this early research established the potential for
using SPD processing to obtain very small grain sizes [31].
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The most important SPD processing technique developed to date is equal-channel
angular pressing (ECAP), where a rod or bar is pressed through a die constrained within a
channel that is bent through a sharp angle within the die [32]. An example of the results
obtained using this technique is shown in Figure 6, where an Al-3% Mg-0.2% Sc alloy
was processed by ECAP at different temperatures from 573 to 723 K and the elongations
to failure were plotted against the imposed strain rate over more than four orders of
magnitude [33]. All of the experimental points relate to different samples, and the results
show a general consistency with the earlier results in Figure 3 with very high elongations up
to >2000% at intermediate strain rates but with lower elongations at both slower and faster
strain rates. These results also demonstrate the occurrence of high strain rate superplasticity,
which is defined as the occurrence of superplastic elongations at strain rates at and above
10−2 s−1 [34]. Moreover, shown in Figure 6 are results obtained by cold rolling (CR) at
673 K, where it is readily apparent that conventional CR cannot achieve the exceptional
superplastic elongations that are achieved when processing by ECAP. The elongations of
~200% obtained by CR are typical of the elongations in Al–Mg alloys when deformation
occurs by a viscous glide process and the strain rate sensitivity is m ≈ 0.3.
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4. The Potential for Achieving Superplasticity at Rapid Strain Rates

By using SPD processing to achieve exceptional grain refinement, it is possible to
attain excellent superplastic properties and also reach these very high elongations at rapid
strain rates. An example is shown in Figure 6, and it is important to now examine the
characteristics of this behavior. The schematic illustration in Figure 7 shows the elongation
to failure as a function of the imposed strain rate on a logarithmic scale for two different
grain sizes, d1 and d2, where d1 is larger than d2 [35]. The effect of decreasing the grain
size for tensile testing is two-fold. First, the three flow regions of I, II and III are displaced
to faster strain rates so that superplasticity is achieved more quickly. Second, larger
elongations are attained at faster rates because less time is then available for the interlinkage
of internal cavities that ultimately lead to failure.
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The first experimental demonstration of the potential for achieving high strain rate
superplasticity after SPD processing was presented in 1997 using a commercial Al-5.5%
Mg-2.2% Li-0.12% Zr alloy, as illustrated in Figure 8 [36]. This alloy was processed by
ECAP to produce a grain size of ~1.2 µm and it was then pulled in tension at a temperature
of 623 K using rapid strain rates of either 10−2 or 10−1 s−1. In Figure 8, the upper sample is
untested, the second sample was pulled at 10−2 s−1 and the test was discontinued without
failure at an elongation of 1180% and the lower sample was pulled to failure at 10−1 s−1 to
give a total elongation of 910%. These results provide excellent examples of high strain rate
superplasticity and inspection of the sample tested at 10−2 s−1 in Figure 8 shows that the
superplastic sample pulls out without any visible necking within the gauge length, where
this uniform deformation is an important requirement for true superplasticity [37].
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of 10−2 and 10−1 s−1 [36].

Although the laboratory data in Figure 8 provide a clear demonstration of the occur-
rence of high strain rate superplasticity, it is important to demonstrate that this effect can
be easily utilized for the superplastic forming operations that are necessary to fabricate
intricate curved parts for use in industrial applications. Accordingly, disks of an Al-3%
Mg-0.2% Sc alloy having diameters of ~0.3 mm were cut perpendicular to the longitudinal



Metals 2022, 12, 1921 9 of 14

axes of billets processed by ECAP, and they were then inserted individually in a biaxial
gas-pressure superplastic forming facility where they were clamped around the periphery
and subjected on the lower surface to a constant pressure of an argon gas for very short
periods of time. A gas pressure of 1.0 Mpa was used in these experiments to provide a
direct comparison with the gas pressures generally employed in industrial superplastic
forming operations. Figure 9 shows typical results where the disk at (a) was not subjected
to any gas pressure and the disks at (b) and (c) were subjected to gas pressure for very
short periods of 30 s and 60 s, respectively [38]. It is readily apparent that the disks at (b)
and (c) have formed into domes and careful measurements on the dome processed for 60 s
showed there was reasonably uniform thinning at all points on the surface. This result
demonstrates that excellent superplastic forming capabilities may be achieved in these
materials and the speed of processing is especially attractive because it avoids the relatively
long forming times, typically of the order of ~20 min, which are a characteristic feature of
many superplastic forming operations.
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5. The Development of Superplasticity using other SPD processing Procedures

The experimental results shown in Figures 6, 8 and 9 relate to samples prepared
using the ECAP processing technique but other SPD techniques are also available and they
provide an opportunity for achieving excellent superplastic elongations.

For example, in high-pressure torsion (HPT), the sample, usually in the form of a thin
disk, is compressed between massive anvils and then subjected to torsional straining [39].
Processing by HPT has an advantage over ECAP because it produces materials with smaller
grain sizes [40,41] and also it leads to a higher fraction of grain boundaries having high
angles of misorientation [42], where this latter effect is important for achieving GBS during
the flow process. A recent review summarized the development of superplasticity in mate-
rials processed by HPT [43] and there is also a comprehensive tabulation of superplasticity
in Al–Mg–Sc alloys when processed by HPT and other procedures [44]. Figure 10 shows an
example of an elongation of 1600% achieved in an HPT sample of an Al-3% Mg-0.2% Sc
alloy processed by HPT for 2 revolutions at room temperature under an applied pressure
of 1.0 GPa and then pulled to failure at 573 K using a strain rate of 3.3 × 10−3 s−1 [45].
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Another important SPD procedure is tube high-pressure shearing (t-HPS), where a
tubular sample is subjected to shearing under high hydrostatic pressure [46,47]. Exper-
iments were conducted by subjecting two Pb-Sn alloys, Pb-40% Sn and Pb-62% Sn, to
t-HPS and then pulling tensile samples to failure at a strain rate of 1.0 × 10−3 s−1. The
experimental results are shown in Figure 11, where the plots of engineering stress against
engineering strain include the t-HPS samples plus samples of the same alloys prepared in
the cast and rolled conditions [48]. It is readily apparent that the cast and rolled samples
are not superplastic with elongations of <200%, but both alloys exhibit superplasticity after
processing by t-HPS with a maximum elongation of ~1870% in the Pb-40% Sn alloy. It
is important to note that the average grain size in this alloy was ~1.0 µm after the t-HPS
processing, and the composition consisted of homogeneously mixed domains of Pb and Sn
in almost equal proportions.
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Finally, it is important to note that, in addition to achieving superplasticity at rapid
strain rates in ultrafine-grained materials, it is also possible to achieve superplastic elon-
gations at unusually low temperatures. This low temperature superplasticity was first
reported almost twenty years ago in materials processed by ECAP, as, for example, in a
tensile elongation of ~800% in an Mg-9% Al alloy at a temperature of 423 K [49] and an
elongation of ~460% in an AZ31 Mg alloy also at 423 K [50]. More recently, there have
been similar reports of exceptional low temperature superplatsicity after processing by
HPT, as in an Al–Zn–Mg–Zr alloy with an elongation of >500% at 443 K [51]. In practice,
however, the development of high strain rate superplasticity generally has more relevance
than low temperature superplasticity to the development of an industrial superplastic
forming capability.

6. The Development of the Superplastic Forming Industry

Superplastic forming provides the opportunity for fabricating complex curved shapes
by taking advantage of the excellent flow properties when superplastic alloys are processed
within the superplastic region II. An early review published in 2007 provided a very
comprehensive summary of the industrial processing, which is now used to superplastically
form many thousands of tons of metallic sheet metal [52]. More recent developments are
described in several detailed publications [53–56].

An early approach in industrial forming was to make use of the so-called quick plastic
forming (QPF) technology, which is based on a hot-blow forming process operating within the
flow regime of dislocation glide where n = 3, so that this is not a true superplastic behavior [57].
This QPF approach was adopted in order to fabricate large numbers of aluminum panels for
use in automotive applications, but most commercial superplastic forming operations were
conducted within the true superplastic range where n = 2 and m = 0.5.

A major player in superplastic forming was the Superform Company, which was
founded in England in 1974 and, subsequently, in 1986, was established as Superform USA
with a large facility in Riverside, California. One of the authors of this review had the
pleasure of receiving a special plaque from Superform USA on the occasion of a symposium
marking his 65th birthday, which was organized as part of the TMS Spring Meeting in
San Francisco, California, in February 2005. The plaque is shown in Figure 12 [58], and
it has two photographs of a high-performance sports car whose bodywork was made by
superplastic forming at Superform USA in California. The wording in the central panel
reads as follows: “From Frome to LA and all around the world in 65 years. What a trip!
Prof. Terence G. Langdon. A preeminent shining light helping to illuminate our future.
Congratulations from all at Superform.”
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7. Summary and Conclusions

1. Superplastic flow, in the form of an elongation of >1900%, was first reported in
England in experiments conducted in 1934 but the result attracted little attention
within the scientific community;

2. Later, following extensive superplastic research in the Soviet Union, research devel-
oped in western countries and this gradually built up an understanding of the flow
process and the potential for optimizing the superplastic elongations;

3. Today, the superplastic forming industry plays a major role in the fabrication of
complex parts for use in aerospace, automotive and many other applications, with the
result that many tons of sheet metals are effectively processed every year.
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