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Attaining superplastic elongations is an important prerequisite for using metals in commercial superplastic forming
applications. This review briefly summarizes the principles of superplasticity in conventional materials and then demonstrates
that similar behavior, for both the flow properties and the cavitation characteristics, may be attained in ultrafine-grained
materials with submicrometer grain sizes produced through the application of severe plastic deformation (SPD). An advantage
of using SPD processing is that the regime of superplastic flow is displaced to faster strain rates and often occurs within the

region of high strain rate superplasticity.
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1. Introduction

Superplasticity refers to the exceptionally high elongations
that may be attained in a limited number of polycrystalline
materials when they are pulled in tension. In practice, the
ability to achieve very high strains in tension provides the
capability of using this material in commercial superplastic
forming operations in which sheet metals are formed into
complex shapes and curved forms that are used in a wide
range of applications from aerospace and automotive to ar-
chitectural and in the production of many consumer prod-
ucts [1].

In order to describe the characteristics of superplastic
flow, it is first necessary to give a formal definition of
superplasticity. This was defined in the following way in an
earlier detailed review [2]:

«Superplasticity is the ability of a polycrystalline material
to exhibit, in a generally isotropic manner, very high
elongations prior to failure. The measured elongations in
superplasticity are generally at least 400% and the measured
strain rate sensitivities are close to ~0.5.»

From a historical perspective, there are several reports of
reasonably high tensile elongations in a number of metals in
the early part of the twentieth century but the first report of
a true superplastic elongation occurred eighty years ago, in
1934, with a description of a Bi-Sn eutectic alloy which was
extruded, aged for 7 days and then pulled at room temperature
to a total elongation of 1950% when testing under a constant
stress of ~1.7 MPa: the sample used in these experiments is
shown in fig.1 where it is coiled for easy photography [3].
More recently, much higher superplastic elongations have
been reported including a record-breaking 7550% in a Pb-
62% Sn eutectic alloy [4].
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The objective of this report is to provide a brief overview
of recent developments in superplasticity with a special
emphasis on the flow properties.

2. The flow mechanism in superplasticity

In order to obtain an understanding of superplasticity, it is
first necessary to identify the fundamental flow mechanism
and then to derive the characteristics of this mechanism in
terms of a rate-controlling relationship that may be used to
accurately describe and predict the flow behavior. It is now
recognized that superplasticity occurs through the process
of grain boundary sliding (GBS) in which the individual
grains of the polycrystalline matrix move over each other
without incurring any significant dimensional changes [5].
In practice, it has been established that superplasticity
requires a very small grain size and specifically a grain size
which is smaller than the equilibrium subgrain size [6].
This means that subgrain boundaries are not formed
within the grains in superplastic flow so that the sliding
is accommodated by dislocation slip where dislocations
move across the grains and then pile-up and climb into the
opposing grain boundaries. There is direct experimental
evidence supporting the occurrence of intragranular slip
during superplastic flow [7-10].

Two fundamental requirements must be fulfilled in order
to achieve superplasticity [11]. First, the grain size of the
material must be very small and typically less than ~10 um.
Second, since superplasticity is a diffusion-controlled process,
the testing temperature must be above ~0.5T where T _is the
absolute melting temperature of the material.

For all flow processes at elevated temperatures, the steady-
state strain rate, £, may be expressed by a relationship of the
form [11-13]
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where A is a dimensionless constant, D is the appropriate
diffusion coefficient, G is the shear modulus, b is the Burgers
vector, k is Boltzmann constant, T is the absolute temperature,
d is the grain size, G is the applied stress and p and # are the
exponents of the inverse grain size and the stress, respectively.
By modeling superplasticity as a process in which GBS is
accommodated by intragranular slip, it can be shown that the
steady-state strain rate is given by eq. (1) with n =2, p = 2,
D = D, where D, is the coeflicient for grain boundary
diffusion and A = 10 [14].

The stress exponent, n, is directly related to the strain rate
sensitivity, m, because n = 1/m and it was shown in very early
work that the elongations achieved in tensile testing are di-
rectly related to the measured values of m [15]. This early plot
is shown in fig.2 [11] and it also includes experimental data
for the Zn-22% Al eutectoid alloy [16] and the Pb-62% Sn eu-
tectic alloy [17] where AL/L % denotes the percentage change
in length with respect to the original length of the sample, L .
Thus, it is apparent from fig.2 that high elongations require
high values of m and typically these values are of the order of
m = 0.5 which corresponds to n = 2 in eq. (1). It is important
to note that this is also consistent with the theoretical model
for GBS in superplasticity and it directly confirms the poten-
tial for achieving very high elongations when the strain rate
sensitivity has a value of ~0.5.

3. The fundamental principles of superplasticity
in metals

An example of the experimental results obtained in tensile
testing of a typical superplastic material is given in fig.3 for
the Zn-22% Al eutectoid alloy having a grain size of 2.5 pm
tested at temperatures from 423 to 503 K: the upper plot
shows the elongations to failure plotted against the initial
strain rate for each specimen and the lower plot shows
the variation of flow stress with the strain rate [16]. Each
sample was pulled to failure and it is readily apparent that
the elongations to failure vary with strain rate such that the

"30mm

Fig. 1. A Bi-Sn alloy showing an elongation of 1950% as reported in
1934 by Pearson [3].
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Fig. 2. Variation of the strain rate sensitivity, m, with the elongation
to failure as reported originally by Woodford [15] with additional
points for the Zn-22% Al eutectoid alloy [16] and the Pb-62% Sn
eutectic alloy [17].

elongations are high, and up to >2000%, at intermediate
strain rates whereas the elongations are significantly lower
at both slower and faster strain rates. This result is consistent
with a very early report demonstrating the occurrence of
three separate regions of flow [18] where region I is not
superplastic at the lowest strain rates, region II corresponds
to superplastic flow at intermediate strain rates and region
IIT again represents non-superplastic flow at the fastest strain
rates. Furthermore, the experimental strain rate sensitivity is
m = 0.5 in region II which matches the theoretical model
whereas in regions I and III the strain rate sensitivities are
m = 0.2 which corresponds to n = 5 and this is consistent with
control by a conventional dislocation climb process [19].
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Fig. 3. Elongation to failure (upper) and flow stress (lower) versus
the initial strain rate for the Zn-22% Al eutectoid alloy showing the
three regions of flow associated with superplasticity [16].
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A considerable interest has developed over the last
two decades in the processing of materials through the
application of severe plastic deformation (SPD) where these
processes introduce high dislocation densities and lead to
significant grain refinement to the submicrometer or even
the nanometer range [20-22]. In practice, various SPD
techniques have been developed to produce ultrafine-grained
(UFG) materials but the most developed and most promising
procedures are equal-channel angular pressing (ECAP) [23]
and high-pressure torsion (HPT) [24]. Inspection of eq. (1)
shows that superplasticity may be achieved at high strain
rates in materials having a UFG microstructure.

There are several reports to date evaluating the
significance of GBS in UFG materials processed by ECAP.
For example, GBS was observed in an Al-1421 alloy after
ECAP for 12 passes [25] and in a Zn-22% Al eutectoid
alloy after 8 passes of ECAP [26] where both materials were
tested at high temperatures within the limited range of strain
rates from 1.0 x 1072 to 1.0 x 10" s. Thereafter, a detailed
investigation was conducted to provide details of the role
of GBS using a Zn-22% Al alloy having an initial grain size
of ~1.8 um [27,28]. The alloy was processed by ECAP for 8
passes at 473 K to give a grain size of ~0.8 um and tensile
testing demonstrated that a highest elongation of ~2230%
was recorded in region II at a strain rate of 1.0 x 1072 s". This
is within the regime of high strain rate superplasticity which
is defined as superplastic elongations occurring at and above
a strain rate of 1072 s! [29]. It should be noted that there was
no significant development in the superplastic properties in
the Zn-Al alloy having smaller grain sizes after ECAP and
this is due to the formation of agglomerates of the same types
of grains in the alloy after SPD processing [28].

A clear appearance of GBS was observed in the Zn-
22% Al alloy after ECAP, especially at the strain rate
demonstrating the highest ductility in the superplastic region
I1[27,28], and fig.4 shows the microstructure on the polished
surface within the gauge length of the sample pulled to an
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Fig. 4. The microstructure on the polished surface within the gauge
length of a Zn-22% Al alloy after ECAP and tested to an elongation
of 30% at 102 s at 473 K where the tensile axis is vertical [27,28].

elongation of 30% at 1.0 x 102 s": the grains appearing white
are the Zn-rich grains and the grains appearing dark are the
Al-rich grains. Thus, there is a clear shift in the marker lines
applied prior to testing in the microstructure shown in fig.4
thereby demonstrating the occurrence of GBS under these
testing conditions. It is worth noting that a further grain
refinement to ~350 nm may be attained in the Zn-22% Al
alloy through HPT processing and, as anticipated from
eq. (1), high strain rate superplasticity with a maximum
elongation of ~1800% was observed at the faster strain rate
of 1.0 x 10" s [30,31].

Grain refinement through SPD processing leads to the
development of optimal superplastic conditions. Recent
reports showed that superplastic flow behavior in UFG metals
is consistent with the conventional theoretical mechanism for
superplastic flow [32,33]. In practice, the experimental datum
points after tensile testing may be plotted in the form of a
temperature and grain size compensated strain rate versus
normalized stress and the results are shown in fig.5 for a series
of UFG Al alloys after processing by (a) ECAP [32] and (b)
HPT [33] where details of the references are given in [25,34-
40] for ECAP and [41-48] for HPT. In fig.5 the predicted
strain rate for superplasticity controlled by GBS is also shown
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Fig. 5. Temperature and grain size compensated strain rate versus the normalized stress for various Al alloys processed by (a) ECAP [32] and
(b) HPT [33] exhibiting superplastic behavior where details of the references are given in [25,34-40] for ECAP and [41-48] for HPT: the
solid line shows the theoretical prediction for superplastic flow in conventional metals without SPD processing [8].

80



Kawasaki et al. /Letters on Materials 4(2), 2014 pp.78-83

where the prediction was obtained by using eq. (1) and taking
n=2,p=2,Q=Q,and A =10.Itis readily apparent that the
predicted theoretical lines are in excellent agreement with the
experimental datum points, thereby confirming that the UFG
materials processed by SPD procedures behave in a manner
which is consistent with conventional superplastic alloys.

4. The application of SPD processing
to difficult to work alloys

The use of SPD to refine the grain structure is also effective
when processing difficult to work alloys. For example, early
attempts to process magnesium and its alloys by ECAP were
carried out at high temperatures and this was not effective for
achieving grain refinement [49]. In order to overcome these
initial difficulties to process magnesium alloys, alternative
processing routes were developed such as EX-ECAP
(extrusion followed by ECAP) [50,51] and increasing the
angle of the ECAP die [52,53]. A different mechanism for
grain refinement in magnesium alloys was proposed [54,55]
and multiple reports in the literature agree with this model.
Significant grain refinement has been reported for several
different magnesium alloys to date.

It is readily apparent that the grain refinement introduced
by ECAP in magnesium alloys provides the potential
for achieving superplastic deformation. For example, a
commercial extruded AZ31 alloy with an average linear
intercept grain size of ~9.1 um was processed by ECAP leading
to grain refinement to an average grain size of ~2.2 um [56].
Grain growth takes place in this alloy when heated to the
temperature range of 623-723 K but the material processed
by SPD remains with a finer grain structure compared to its
counterpart processed only by extrusion. High temperature
testing revealed that the material processed by SPD exhibits
a strain rate sensitivity in the range of ~0.5 at strain rates of
107°-107 s! in this temperature range. This result agrees with
the expected stress exponent for grain boundary sliding where
n=21n eq. (1). Also, it was shown that the activation energy
for tests in this range of strain rate and temperature agrees
with the expected activation energy for grain boundary
diffusion in magnesium [56]. A recent report showed that the
experimental data for superplasticity in a magnesium alloy
agrees well with the predicted inverse grain size exponent of
p=2ineq. (1) [57].

Figure 6 shows a plot of experimental data of temperature
and grain size compensated strain rate versus normalized
stress for the magnesium AZ31 alloy [56,58,59]. The
experimental data agree well with each other in the
normalized stress range of 10*-10°. Also, the theoretical line
predicted by the equation for creep by superplasticity is also
shown and this line agrees well with the experimental data for
superplasticity in magnesium processed by ECAP.

5. The significance of cavitation
in superplasticity

The high elongations observed in superplastic materials are
attributed to the high strain rate sensitivity in these materi-
als that prevent necking during deformation. The elongation
is usually only limited by the formation and coalescence of
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internal cavities in the structure. There are three basic mech-
anisms of cavity growth during high temperature creep:
(1) diffusion growth, (2) grain boundary diffusion growth
and (3) plasticity-controlled growth. Diffusion growth is due
to the diffusion of vacancies into the cavity and it is con-
sidered the major cavity growth mechanism for small cavi-
ties [60]. Grain boundary diffusion growth is caused by the
accelerated rate of diffusion of vacancies through multiple
grain boundaries that intercept a cavity [61]. This latter
mechanism plays a key role when the cavity size is larger
than, at least, one-half of the grain size. The plasticity growth
mechanism is caused by the plastic deformation of the crys-
talline lattice surrounding the cavity and this plays a major
role when the cavities are large [62].

When materials deform in superplastic flow, it is well
known that there is invariably the occurrence of extensive
internal cavitation with the cavities lying in stringers
aligned essentially parallel to the tensile axis [63]. There
have been several reports describing the development of
internal cavitation in samples processed by ECAP using
both conventional microscopy [38,64-70] and X-ray
microtomography [71]. An example of the development of
internal cavities is given in fig.7 where the fracture tips after
tensile testing at 673 K are shown for (a) an as-received
Al-7034 alloy which failed at an elongation of 550% and
(b) an Al-7034 alloy processed by ECAP at 473 K for 6 passes
and then pulled to failure at an elongation of 1085% [68].
It is apparent in both specimens that there are numbers of
cavities aligned in stringers along the tensile axes. However,
the appearance of the two specimens is different because the
as-received alloy in fig.7a shows clear evidence of necking
leading to premature failure whereas the specimen processed
by ECAP in fig.7b shows the occurrence of abrupt failure
through cavity interlinkage without any macroscopic necking.

In terms of the shapes of cavities, when cavies develop
in superplasticity at high temperatures there is a significant
difference depending upon the growth mechanism of the
cavities. For the diffusion growth mechanism, the cavities
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Fig. 6. Temperature and grain size compensated strain rate plotted as
a function of normalized stress for the magnesium AZ31, including
theoretical prediction for superplastic flow and data from the
literature [56,58,59].
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Fig. 7. Appearance of the fracture tips of specimens after tensile
testing at 673 K at a strain rate of 1.0 x 10~2s"' for (a) an as-received
Al-7034 alloy and (b) an Al-7034 alloy processed by ECAP at 473 K
for 6 passes [68].

have a rounded appearance and the roundness coefficient,
defined as {4m x cavity area}/(perimeter)’, is close to
1.0 denoting a circular cross-section for the cavity. By
contrast, for the plasticity-controlled growth mechanism
the cavities become elongated along the tensile axis and the
roundness coefficient is <1.0 and there are deviations from
a circular shape. Several recent quantitative measurements
demonstrated that the smallest and round cavities grow by
diffusion whereas the largest and elongated cavities exhibit
plasticity-controlled growth during superplastic flow in
metals processed by ECAP [57,67-72].

Experiments have shown that cavity growth in materials
processed by SPD agrees with the theoretical models for
cavity growth in materials with conventional grain sizes [63].
The rate of growth of cavities tends to increase with increasing
stress imposed on the material during creep. An analysis
of the equation for the creep strain rate during superplastic
deformation reveals that the exponents p and # in eq. (1) are
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Fig. 8. Cavity growth rate plotted as a function of the cavity radius for
magnesium AZ31 alloy in the extruded condition and after ECAP
processing considering the different cavity growth mechanisms
[71].
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both equal to 2. Therefore, decreasing the grain size leads
to a reduction of the flow stress for the same strain rate of
deformation and this affects the rate of cavity growth. Figure
8 shows a plot of the predicted rate of cavity growth plotted
as a function of the cavity radius, r, considering the three
mechanisms of cavity growth for a magnesium AZ31 alloy
with different grain sizes [71]. The experiments showed
that the stress obtained during deformation of the material
processed by ECAP is lower than the stress observed in
its counterpart which was not processed by SPD. As a
consequence of the lower imposed stress, the rate of cavity
growth in the material processed by ECAP is lower than the
rate of growth in the conventional as-received material [71].
This explains the higher elongations observed in materials
processed by ECAP compared to similar materials with
conventional grain structures.

The absence of necking in superplastic metals means that
in practice attention must be given to the nucleation, growth
and interlinkage of these internal cavities because the final
failure will depend upon the rate of cavity interlinkage. An
earlier review of the fracture processes in superplastic flow
[63] provides a comprehensive summary of the various types
of failure that occur in these materials.

6. Summary and conclusions

1. Superplastic elongations may be attained in metals with
small grain sizes, typically <10 um, when testing in tension
at temperatures above ~0.5 T where T _ is the absolute
melting temperature.

2. Processing through the application of severe plastic
deformation (SPD) produces even smaller grain sizes,
typically in the submicrometer or the nanometer range, and
these materials provide a capability for producing excellent
superplastic properties at exceptionally rapid strain rates.

3. The ultrafine-grained materials produced by SPD
processing exhibit superplastic strain rates and cavitation
characteristics which are similar to the properties observed
in conventional superplastic alloys having grain sizes which
are larger by, typically, about one order of magnitude.
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