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The processing of bulk metals through the application of severe plastic deformation provides an opportunity for
achieving exceptional grain renement with grain sizes typically lying in the submicrometer or even the nanometer
range. Provided these small grains are reasonably stable at elevated temperatures, these ultrane-grained metals
will exhibit excellent superplastic properties when pulled in tension at elevated temperatures. Most ultranegrained materials have been produced using either equal-channel angular pressing or high-pressure torsion. This
paper examines the results for superplasticity reported to date using metallic alloys processed by equal-channel
angular pressing and high-pressure torsion, compares the experimental strain rates with those predicted using the
theoretical model for conventional superplastic ow and then demonstrates the feasibility of preparing deformation
mechanism maps that provide comprehensive information on the ow mechanisms.
DOI: 10.12693/APhysPolA.128.470
PACS: 81.05.Bx, 81.20.Hy, 81.40.Lm

1. Introduction
When a metal specimen is pulled in tension, it invariably develops a neck within the gauge length and
ultimately breaks at a relatively low elongation to failure. However, under some testing conditions it is possible for the material to pull out to exceptionally high
neck-free elongations in the process known as superplasticity. The potential for achieving very high tensile elongations was rst reported eighty years ago in the classic
experiments conducted by Pearson [1] on the BiSn and
PbSn eutectic alloys. In these very early experiments,
a remarkable elongation of 1950% was achieved in the
BiSn eutectic alloy. Many later experiments, conducted
at laboratories around the world, produced even higher
elongations including a record-breaking 7550% in the Pb
62% Sn eutectic alloy [2]. These extensive experiments
on the processing and properties of superplastic alloys led
ultimately to the development of the commercial superplastic forming industry in which sheet metals are formed
superplastically into the complex and curved shapes that
are needed in many applications ranging from aerospace
to automotive and architectural [3].
The objective of this report is to summarize the basic principles of superplasticity in the following section
and then, in the subsequent sections, to examine the signicance of superplastic ow in ultrane-grained (UFG)
materials where the grain sizes are typically within the
submicrometer range.

2. The characteristics of superplasticity
It is now well established that the occurrence of superplastic ow has two fundamental requirements [4]. First,
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the grain size of the material must be very small and
typically less than approximately 10 µm. Second, since
superplastic ow is a diusion-controlled process, it requires testing at a high temperature, typically greater
than about 0.5Tm where Tm is the absolute melting
temperature, so that the diusion process is reasonably
rapid.
The steady-state strain rate, ε̇, occurring during the
ow of metals at elevated temperatures may be expressed
by a simple relationship of the form [46]:
 p
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where A is a dimensionless constant, D is the appropriate diusion constant [= D0 exp(−Q/RT ) where D0 is
a frequency factor, Q is the activation energy, R is the
gas constant and T is the absolute temperature], G is the
shear modulus, b is the Burgers vector, k is the Boltzmann constant, d is the grain size, σ is the applied stress
and n and p are the exponents of the stress and the inverse grain size, respectively.
In practice, it was established many years ago that the
measured elongation to failure is directly proportional to
the strain rate sensitivity, m, where m is the reciprocal
of the stress exponent n in Eq. (1) [7, 8]. This means in
practice that it is not easy to specically identify materials where the ow process is true superplasticity. For
example, ow controlled by the viscous glide of dislocations, as in solid solution alloys where solute atmospheres
may be dragged by moving dislocations, will exhibit a
stress exponent of n = 3, equivalent to m ≈ 0.3, so that
the elongations to failure may be in excess of 100% [9].
Nevertheless, these high elongations do not represent true
superplasticity.
To provide a direct denition of superplasticity, it
is necessary to determine the ow mechanism and
then to develop an appropriate model to describe the
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deformation behavior. It is now well established that the
ow process in superplasticity is grain boundary sliding
(GBS) in which the individual grains within the polycrystalline matrix move over each other in response to the
applied stress [10]. This leads, ultimately, to a high elongation but with the grains remaining essentially equiaxed
even after very high tensile elongations [11]. Since GBS
cannot occur in isolation without opening up holes or cavities in the material, it is necessary to consider the mechanism that accommodates the sliding process. In principle, the two possible accommodation mechanisms are diffusion creep and the movement of dislocations within the
grains. However, diusion creep can be discounted because there is no elongation of the individual grains and,
in addition, direct measurements of precipitate-free zones
in superplastic alloys containing dispersions of particles
show directly that diusion creep is of negligible importance [12]. The alternative possibility, of accommodation through the intragranular movement of dislocations,
is now well supported by several sets of careful experiments. Thus, it was shown using a copper alloy that matrix dislocations accumulate within the grains in coherent twin boundaries during superplastic ow [13], there
are direct measurements of these intragranular strains in
a superplastic PbSn alloy at elongations up to a total
of 800% [14] and the movement of intragranular dislocations was also demonstrated using a ZnAl alloy containing a nanometer-scale dispersion of particles [15].

Fig. 1. A unied model for GBS under (a) conventional creep conditions where d > λ and (b) superplastic
conditions where d < λ [16].

Based on this information, a model for superplasticity
can be developed using the schematic information contained in Fig. 1 [16]. During conventional high temperature creep, the grains become divided into subgrains and
numerous experiments have shown that the average size
of these subgrains, λ, is inversely proportional to the applied stress through a relationship of the form [17]:
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where ζ is a constant having a value of ≈20. A similar relationship applies equally to polycrystalline ceramics [18].
Thus, in Fig. 1a the situation is shown for large grains
where d > λ and the grains contain subgrains. Grain
boundary sliding then produces a stress concentration at
the triple point labeled A and this is accommodated by
intragranular slip within the next grain so that dislocations pile up and then climb into the subgrain boundary
at B. In Fig. 1b the situation is depicted for very small
grains where d < λ, no subgrains are formed because
the grains are too small, and the accommodating dislocations emanating from the triple point at C then climb
into the opposite grain boundary at D. An early analysis
showed that superplasticity requires a grain size that is
smaller than the equilibrium subgrain size [19] and therefore Fig. 1a corresponds to conventional GBS in the creep
of materials with large grain sizes whereas Fig. 1b corresponds to the ow of superplastic materials where no
subgrains are formed within the grains.
Modeling the ow process in Fig. 1b, where GBS is accommodated by intragranular slip and subgrains are not
formed, it can be shown that this process leads directly
to Eq. (1) with n ≈ 2, p ≈ 2, A ≈ 10 and D = Dgb where
Dgb is the coecient for grain boundary diusion [20].
It is important to note that the predicted superplastic
strain rate varies inversely with the grain size raised to a
power of 2 and this means that a reduction in grain size
will lead to the occurrence of superplasticity at faster
strain rates.
A stress exponent of n ≈ 2 is consistent with the occurrence of high superplastic elongations because of the
proportionality between the elongations to failure and
the strain rate sensitivity, m. For superplasticity, a value
of n = 2 means that m = 0.5 and this is higher than the
value of m ≈ 0.3 which applies when ow occurs through
viscous glide. Therefore, high elongations are expected
under true superplastic conditions. Accordingly, and in
order to provide a more formal denition, it was proposed that superplasticity requires a tensile elongation
of at least 400% and a measured strain rate sensitivity
close to ≈0.5 [16].
Since metals are generally tested under conditions
where the imposed strain rate is reasonably constant,
the experimental data are generally plotted in a doublelogarithmic form as the ow stress versus the imposed
strain rate. Early data of this type showed that the
strain rate sensitivity in the superplastic region was close
to ≈0.5 but there was disagreement about the situation
at low stresses where there were conicting reports of
either a high strain rate sensitivity close to ≈1 at the
lowest stresses [21, 22] or a lower strain rate sensitivity
of m < 0.5 at these stresses [2325]. Careful experiments
showed that superplastic alloys exhibit three distinct regions of ow, as illustrated by the results in Fig. 2 for
a Zn22% Al eutectoid alloy [26]. These results show
the elongations to failure (upper) and the ow stresses
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Fig. 3. A rst demonstration of the occurrence of high
strain rate superplasticity in a commercial AlMgLiZr
alloy after processing by ECAP [39].

Fig. 2. Elongation to failure (upper) and ow stresses
(lower) plotted as a function of the imposed strain rate
for a Zn22% Al alloy having a grain size of 2.5 µm
tested at a temperature of 473 K [26].

(lower) plotted as a function of the imposed strain rate
for an alloy having a grain size of 2.5 µm tested at a
temperature of 473 K. Thus, the data divide into three
distinct regions of ow where region II at intermediate
strain rates is the true superplastic region with elongations to failure of up to > 2000%, region III at high strain
rates is due to the transition to a conventional dislocation mechanism such as dislocation climb and region I at
low stresses is now known to arise from the segregation
of impurity atoms at the grain boundaries and the interaction between these impurities and the dislocations that
move along the boundaries during GBS [2729].

The potential for achieving superplasticity in metallic alloys processed by SPD was demonstrated in very
early experiments conducted to examine the mechanical properties of materials after processing by HPT [36].
Subsequently, it was recognized that the inverse dependence on grain size raised to a power of p = 2 in Eq. (1)
should provide the opportunity for achieving superplastic
elongations in the regime of high strain rate superplasticity [37] which is dened formally as the occurrence
of superplastic elongations at strain rates at and above
10−2 s−1 [38]. This was later achieved using two commercial aluminum alloys and an example is shown in Fig. 3
for an AlMgLiZr alloy where testing at 623 K gave an
elongation of 1180% without breaking when testing at a
strain rate of 10−2 s−1 [39]. Inspection shows that the
sample pulling out to > 1180% in Fig. 3 exhibits no necking within the gauge length and this is consistent with
the expectations for true superplasticity [40]. To date,
there are numerous reports of superplastic elongations in
materials processed using SPD procedures and reviews
and tabulations of the experimental data are now available for alloys processed by ECAP [41] and HPT [42].

3. The signicance of superplasticity for
ultrane-grained metals
Processing through the application of severe plastic deformation (SPD) provides the opportunity for producing fully-dense polycrystalline materials where the grain
sizes are often in the submicrometer or the nanometer range. Several SPD processing procedures are now
available but the most important methods are equalchannel angular pressing (ECAP) and high-pressure torsion (HPT) [30]. Processing by ECAP involves pressing
a rod or bar through a die where it is constrained within
a channel that is bent through an abrupt angle [31] and
processing by HPT involves simultaneously applying a
high pressure and torsional straining to a thin disk [32].
Generally, the experimental evidence shows that processing by HPT is preferable to ECAP because it produces
both smaller grains [33, 34] and a higher fraction of grain
boundaries having high angles of misorientation [35].

Fig. 4. Temperature and grain size compensated strain
rate versus the normalized stress for various Al alloys
processed by (a) ECAP [43] and (b) HPT [42] exhibiting superplastic behavior where experimental details are
given in [39, 4450] for ECAP and [5158] for HPT: the
solid lines show the theoretical prediction for superplastic ow in conventional metals without SPD processing.
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An important question concerns whether the rate equation for superplastic ow in materials processed by SPD
is the same as the equation used for conventional superplastic materials where the grain sizes tend to be larger.
Since more experimental data are available for superplastic aluminum-based alloys, it is appropriate to examine
the rate equations associated with ow in these UFG materials. This approach was rst adopted using published
data for Al alloys processed by ECAP [43] and subsequently a similar approach was used to examine samples
processed by HPT [42]. The results are given in Fig. 4 for
(a) ECAP and (b) HPT: the experimental datum points
shown in Fig. 4 are taken from a wide range of reports for
ECAP [39, 4450] and HPT [5158], respectively. The results are plotted in the form of the temperature and grain
size compensated strain rate versus the normalized stress
so that all points should fall on or about the same line.
Also shown in Fig. 4 is the predicted theoretical strain
rate for superplasticity, ε̇sp , based on the model derived
from Fig. 1(b). It is readily apparent that the theoretical line with a slope of n = 2 is in excellent agreement
with the experimental points, thereby conrming that
superplastic ow in UFG materials occurs by the same
fundamental mechanism as in conventional superplastic
alloys.
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the longitudinal axis by 90◦ in the same sense between
each pass [69]. The ECAP die had an internal channel
angle of 90◦ so that each pass imposed a strain of ≈1 [70]
and immediately prior to the tensile testing the grain size
was measured as ≈0.9 µm. It is apparent that the Zn
Al alloy exhibits exceptional superplasticity when pulled
to failure at 473 K with elongations up to 2230% at a
strain rate of 1.0 × 10−2 s−1 . The result in Fig. 6 shows
the same alloy after processing by HPT through 5 turns
at room temperature using a pressure of 6.0 GPa and a
rotational speed of 1 rpm [68]. Again the samples were
pulled to failure at 473 K and the maximum recorded
elongation was 1800% at a strain rate of 1.0 × 10−1 s−1 .
The grain size in this material was ≈370 nm which is
smaller than in the same alloy after processing by ECAP
in part because HPT produces smaller grain sizes and in
part because of the signicantly lower processing temperature when using HPT.

4. Superplasticity in the ZnAl eutectoid alloy
after processing by SPD
The Zn22% Al eutectoid alloy is a classic superplastic material that was investigated extensively without processing using SPD techniques [23, 26, 5963].
More recently, there have been several investigations of
superplastic behavior in this alloy after processing by
ECAP [6467] or HPT [68].
Fig. 6. The appearance of Zn22% Al specimens processed by HPT for 5 turns at room temperature and
pulled to failure at dierent strain rates at 473 K [68].

Fig. 5. The appearance of Zn22% Al specimens processed by ECAP for 8 passes at 473 K and pulled to
failure at dierent strain rates at 473 K [64].

Figure 5 shows an example of the excellent superplastic elongations that may be achieved in this alloy after
processing by ECAP [64]. The alloy was pressed through
8 passes by ECAP at a temperature of 473 K using processing route BC in which the specimen is rotated about

It is possible to compare the elongations attained in
this alloy after ECAP and HPT by plotting the results as
the elongations to failure against the strain rate. The result is shown in Fig. 7 where the testing temperature
is 473 K and results are shown, based on Figs. 5 and 6,
for the samples processed by ECAP [64] and HPT [68].
Since the grain size is smaller after processing by HPT, it
is reasonable to anticipate that the maximum elongation
will be displaced to a faster strain rate as shown correctly
in Fig. 7. But generally a displacement to a faster strain
rate will increase the maximum elongation whereas it is
apparent from Fig. 7 that the maximum elongations for
the HPT samples are reduced. This apparent discrepancy is discussed in detail in an earlier report [68] but it
arises because of the very small cross-sectional areas in
the tensile samples processed by HPT. It is now well established that the overall dimensions of tensile specimens
inuence the measured elongations to failure [71, 72] and
the reduced elongations in the HPT specimens are a direct consequence of the reduced dimensions.
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6. Deformation mechanism maps for a PbSn
alloy processed by ECAP

Fig. 7. A comparison of the measured elongations to
failure in the Zn22% Al alloy at 473 K for specimens
processed by ECAP [64] and by HPT [68].

5. Introducing the concept of deformation
mechanism maps
In the high temperature creep of metals, deformation
mechanism maps are a useful tool for displaying deformation mechanisms as a function of the fundamental
parameters of high temperature ow including the applied stress, the testing temperature and the grain size.
The principle of deformation mechanism maps was proposed over forty years ago in the form of a plot of the
normalized stress, σ/G, against the homologous temperature, T /Tm , for a constant grain size [73]. Specically, a
stress-temperature type of deformation mechanism map
contains elds depicting the dominant creep mechanisms
and strain rate contours are then added to provide additional information on the creep rates. This approach is
now available for a large number of materials including
metals, ceramics and geological materials [74].
In practice, it is dicult to construct these stress
temperature maps due to the necessity of extensive calculations in order to draw the curved eld boundaries in
stresstemperature space. Accordingly, alternative and
simpler maps were suggested by plotting the normalized
grain size, d/b, against the normalized stress, σ/G, at
constant temperature [75], plotting d/b against the inverse of the homologous temperature, Tm /T , at constant
stress [76] and plotting σ/G against Tm /T at constant
grain size [77] where all three types of maps give straight
lines for both the eld boundaries and the strain rate
contours. These various types of deformation mechanism maps are widely used in high temperature creep for
conventional coarse-grained metals but there have been
very few attempts to date to use this same procedure for
UFG materials produced through the application of SPD.
Thus, the following sections present examples of maps for
some representative metals processed by ECAP or HPT
in the region of superplasticity and evaluates the general
validity of these maps. A recent report summarized the
use of deformation mechanism maps for depicting ow
processes in superplastic UFG metals [78].

The rst attempt at constructing maps to evaluate
high temperature ow after SPD processing was performed on Pb62% Sn eutectic alloys processed by ECAP
at room temperature through route BC for 4, 8 and 16
passes [79] and through route A for up to 5 passes [80]
where route A denotes processing without rotation of
the billet between each pass [69]. The former alloy was
tested at 413 K and 10−3 s−1 and the latter alloy was
tested at 423 K and 10−4 −10−1 s−1 . Although the rened grain sizes were dierent in these alloys due to differences in the initial microstructures and the processing conditions, both alloys demonstrated excellent superplasticity where the former alloy achieved a maximum elongation of ≈3060% after 16 passes when testing
at 413 K [79] and the latter alloy achieved a maximum
elongation of 2665% at 10−3 s−1 after 2 and 4 passes
when testing at 423 K [80].
TABLE
Values of the parameters in Eq. (1) for construction
of deformation mechanism maps for the Pb62% Sn,
Zn22% Al and Al33% Cu alloys.
Flow mechanism
A
D
p
Nabarro-Herring [81, 82]
28
D` 2
Coble [83]
66.8
Dgb 3
Experimental: Pb-=62% Sn alloy [19,24]
Region I
1.5 × 1014 D` 2.3
Region II
3.8 × 105 Dgb 2.3
Region III
4.2 × 109 D` 0
Experimental: Zn22% Al alloy [23,85]
Region I
1.2 × 1016 D` 2.4
Region II
1.6 × 105 Dgb 2.4
Region III
6.5 × 107 D` 0
Experimental: Al33% Cu alloy [86,87]
Region I
2 × 1027 D` 2.1
Region II
5.2 × 103 Dgb 2.1
Region III
1.0 × 1014 D` 0

n
1
1

2.84
1.85
5
3.77
2.17
5
5
1.5
5

Accordingly, deformation mechanism maps of d/b
against σ/G were constructed for both PbSn alloys at
xed testing temperatures and these are shown in Fig. 8
for (a) 413 K [79] and (b) 423 K [80]. For both maps, the
experimental points are shown on the maps with information of the numbers of ECAP passes and grain sizes.
The regions I, II and III denote the three regions of plastic ow associated with superplastic metals in the conventional sigmoidal plot [26] and the elds for Nabarro
Herring [81, 82] and Coble [83] diusion creep are based
on the theoretical predictions for these two mechanisms.
Practically, the critical parameters for these three regions
were taken from earlier experimental data for the same
Pb62% Sn eutectic alloy [19, 24] and this gave activation energies of 84.2 kJ mol−1 and 57.8 kJ mol−1 for
lattice and grain boundary diusion, respectively [19],
with D0 = 10−4 m2 s−1 , b = 3.2 × 10−10 m [84] and
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G = 2.2×104 −(1.61×10T ) (MPa) [24]. The relevant values of A, D, p and n for experimentally estimating regions
IIII for the PbSn alloy and for the theoretical diusion
mechanisms are given in the Table where D` and Dgb are
the coecients for lattice and grain boundary diusion,
respectively. The dashed lines labeled d/b = 20(σ/G)−1
correspond to the condition in Eq. (2) where the grain
size is equal to the subgrain size. These dashed lines
lie close to the boundaries between regions II and III
thereby conrming that superplasticity requires a grain
size smaller than the equilibrium subgrain size. Finally,
it is apparent that the experimental points in both maps
lie correctly within the superplastic region II.
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Zn22% Al alloy in an annealed condition without processing and after testing in tension at 473 K [23, 85].
The relevant values of A, D, p and n for the ZnAl alloy used in Eq. (1) are listed in the Table. Also, there
are some other critical values used for constructing the
map: Q` ≈ 119 kJ mol−1 and Qgb ≈ 78.8 kJ mol−1 with
D0 = 10−4 m2 s−1 [85], b = 2.7 × 10−10 m [84] and
G = 4.797 × 104 − (2.662 × 10T ) (MPa) [85].

Fig. 9. A deformation mechanism map of normalized
grain size versus normalized stress for a Zn22% Al eutectoid alloy tested at 473 K: the map includes the experimental points for the alloy processed by ECAP for
8 passes at 473 K [64] and by HPT for 5 turns at room
temperature [68].

Fig. 8. Deformation mechanism maps of normalized
grain size versus normalized stress for the Pb62% Sn
alloy after ECAP under dierent conditions and testing at (a) 413 K [79] and (b) 423 K [80] showing the
dominant ow mechanisms: the dashed line denotes the
limiting condition for the formation of subgrains within
the grains.

7. A deformation mechanism map for a ZnAl
alloy processed by ECAP and HPT
Figure 9 presents a deformation mechanism map in
the form of d/b against σ/G for the Zn22% Al eutectoid alloy tested at 473 K: the map includes experimental points obtained after tensile testing of alloys
processed by ECAP for 8 passes at 473 K [64] and
by HPT for 5 turns at room temperature [68]. This
map was plotted using the theoretical models for diffusion creep [8183] and the elds for regions IIII are
based on the parameters obtained experimentally in the

For ECAP samples, the microstructure was rened to
have a spatial grain size of d ≈ 1.4 µm so that the ve datum points at the intermediate strain rates demonstrated
optimum superplastic elongations of > 1000% including a
highest elongation of ≈2230% at 1.0 × 10−2 s−1 as shown
in Fig. 5 [64]. Accordingly, these points fall within the
eld of the superplastic region II. Other samples gave
lower ductilities at slower and faster strain rates and
these points are in regions I and III, respectively. Processing by HPT rened the grains to d ≈ 600 µm after
5 turns so that at 473 K the three specimens tested at the
fastest strain rates lie within the superplastic region II.
These optimum superplastic conditions gave excellent
elongations of over 1000% including a highest elongation
of ≈1800% at 1.0 × 10−1 s−1 [68].
It should be noted that the grain sizes in the ZnAl
alloys after SPD processing were too small to form subgrains so that all experimental points lie beneath the
dashed line dening the equivalent subgrain sizes under these testing conditions. Thus, it is concluded that
the deformation mechanism map based on the theoretical creep relationship given in Eq. (1) provides excellent
agreement with the experimental results for both ECAP
and HPT specimens.

8. A deformation mechanism map
for an AlCu alloy processed by HPT
The approach of constructing this same type of deformation mechanism map was also extended to an
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Al33% Cu alloy tested at 723 K. The map is shown
in Fig. 10 where the theoretical diusion creep mechanisms and the elds of regions IIII were again considered in applying the parameters obtained theoretically and experimentally, respectively. The critical values for constructing the map for the AlCu alloy are
Q` = 299 kJ mol−1 [86] and Qgb = 175 kJ mol−1
at 673748 K [87] with D0 = 0.11 m2 s−1 [88], b =
2.86 × 10−10 m [89] and G = 3.8 × 104 − 16.5T (MPa) [87]
and the adjusted values of A, D, p and n obtained from
the experimental results of Al33% Cu alloys [86, 87] are
listed in the Table.

2. Processing through the application of severe plastic deformation (SPD) produces ultrane grain
sizes which are typically in the submicrometer or
the nanometer range and these materials provide
a capability for producing excellent superplastic
properties at exceptionally rapid strain rates. Examples are presented showing these superplastic
elongations.
3. Deformation mechanism maps are a useful tool
for predicting the rate-controlling ow process in
tests conducted at elevated temperatures. A general agreement with the experimental data conrms
the validity of constructing deformation mechanism
maps for ultrane-grained metals based on the predicted rate-controlling processes for coarse-grained
materials.
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9. Summary and conclusions
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tension at temperatures above ≈0.5Tm where Tm is
the absolute melting temperature.
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