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Abstract Ultrafine-grained materials are attractive

for achieving superplastic elongations provided the

grains are reasonably stable at elevated temperatures.

Since the strain rate in superplasticity varies inversely

with the grain size raised to a power of two, a reduction

in grain size to the submicrometer level leads to the

occurrence of superplastic flow within the region of

high strain rate superplasticity at strain rates >10–2 s–1.

This paper tabulates and examines the various reports

of superplasticity in ultrafine-grained materials. It is

shown that these materials exhibit many characteristics

similar to conventional superplastic alloys including

strain rates that are consistent with the standard model

for superplastic flow and the development of internal

cavitation during the flow process.

Introduction

Superplasticity refers to the ability of a polycrystalline

material to pull out uniformly to a very high elongation

in tension without the development of any incipient

necking. Although there is no precise tensile elonga-

tion formally defining the advent of superplastic flow, it

is generally considered that elongations to failure at

and above ~500% are indicative of superplastic defor-

mation. For many materials, the tensile elongations are

often exceptionally high; for example, elongations of

>7,000% were reported in a conventional two-phase

Pb–62% Sn eutectic alloy [1]. When a metal is capable

of deforming uniformly to very high strains, there is a

potential for using the material to fabricate complex

parts through simple superplastic forming operations.

Commercial superplastic forming is currently in use for

the manufacturing of parts for a range of industries

including in aerospace, automotive and architectural

applications [2].

Several recent reviews have covered the fundamen-

tal aspects of superplasticity [3–6]. It is now generally

recognized that there are two basic requirements in

order to achieve superplastic flow in a polycrystalline

material [7]. First, the material must have a very small

and stable grain size. Thus, the grain sizes used for

materials in the superplastic forming industry are

generally in the range of ~2–10 lm. Second, super-

plasticity is achieved only at relatively high tempera-

tures because it is a diffusion-controlled process and

therefore it is necessary to deform the material under

conditions where diffusive flow is reasonably rapid.

This means in practice that superplasticity is achieved

at and above temperatures of the order of ~0.5Tm,

where Tm is the absolute melting temperature of the

material.

This paper describes the principles of attaining

superplastic elongations in materials with exceptionally

small grain sizes after processing using severe plastic

deformation. To place this report in perspective, the

following section provides a brief summary of super-

plasticity in conventional alloys and the subsequent
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sections describe the characteristics of superplasticity

in ultrafine-grained materials.

Principles of superplasticity in conventional alloys

Superplastic flow requires a grain size that is typically

smaller than ~10 lm and therefore it is especially

favored in two-phase materials where the presence of

two separate phases leads to a significant inhibition in

grain growth. An example is shown in Fig. 1 for a two-

phase Zn–22% Al eutectoid alloy where the average

spatial grain size, d, is 2.5 lm and the specimens were

each pulled in tension to failure at absolute testing

temperatures, T, from 423 to 503 K: the upper plot in

Fig. 1 shows the measured elongations to failure,

defined as DL/L0% where DL is the change in gauge

length and L0 is the initial gauge length, respectively,

and the lower plot shows the flow stress, r, as a

function of the imposed strain rate, _e [8]. It is apparent

from the lower plot that the datum points at each

temperature divide into three well-defined regions

having different values for the strain rate sensitivity,

m, where m is defined as ( @ ln r=@ ln _e). Thus, at low

strain rates in region I there is a low strain rate

sensitivity with m � 0.22, over a range of intermediate

strain rates in region II, extending over approximately

two orders of magnitude, there is a higher strain rate

sensitivity with m � 0.50 and at the fastest strain rates

in region III the strain rate sensitivity is again reduced

and m � 0.2. The data in the upper plot show that

superplastic ductilities are achieved only in region II

where the tensile elongations extend up to >2000%

whereas much smaller elongations are attained in

regions I and III.

There are also two additional significant features in

Fig. 1. First, it is apparent that high elongations are

achieved most readily at the higher testing tempera-

tures and there is a decrease in the overall ductility in

region II when the testing temperature is reduced.

Second, the peak or optimum elongations are displaced

to faster strain rates when the temperature is increased.

This latter effect is a natural consequence of the

displacement to faster strain rates with increasing

temperature of the stress–strain rate curves shown in

the lower plot.

Detailed analysis has shown that superplastic flow

occurs through the process of grain boundary sliding

in which the individual grains of the polycrystalline

matrix move over each other in response to the

applied stress [9]. This flow process is defined

formally as Rachinger sliding [10] and it occurs

without any elongations of the individual grains.

Thus, it varies in a very significant way from Lifshitz

sliding [11] which accompanies conventional diffusion

creep wherein the individual grains become elongated

along the tensile axis [12]. A simple consideration of a

polycrystalline array leads to the realization that the

displacements of individual grains cannot occur in

isolation and accordingly Rachinger sliding must be

accommodated by some limited movement of dislo-

cations within the adjacent grains. There are direct

experimental observations confirming the presence of

this intragranular flow in superplastic alloys. For

example, the movement of intragranular dislocations

was confirmed by measuring the densities of disloca-

tions trapped in coherent twin boundaries in a

superplastic copper alloy [13] and by directly mea-

suring the intragranular strains occurring in a super-

plastic two-phase Pb–62% Sn eutectic alloy during

flow in region II [14]. More recently, similar evidence

was presented by demonstrating there are interactions

between dislocations and particles within some of the

grains of a superplastic Zn–22% Al alloy containing

an array of dispersed particles [15, 16].

A simple model for the flow process in superplas-

ticity is depicted schematically in Fig. 2. It is assumed

that dislocations move along the grain boundary

Fig. 1 Variation of the elongation to failure (upper) and the flow
stress (lower) with the imposed strain rate for a Zn–22% Al
eutectoid alloy tested over a range of temperatures [8]
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between two adjacent grains and pile-up at the triple

junction labeled A. This generates a stress concentra-

tion so that slip is nucleated in the next grain and these

dislocations move across the grain, pile-up at the

opposing grain boundary at point B and are subse-

quently removed by climb into the boundary. It can be

shown that this flow mechanism leads to a strain rate

which is given by the expression:

_e ¼ A
DG b

kT

� �
b

d

� �p r
G

� �n

ð1Þ

where the diffusion coefficient, D, is equal to Dgb for

grain boundary diffusion, G is the shear modulus, b is

the Burgers vector, k is Boltzmann’s constant, the

exponent of the inverse grain size, p, is ~2, the stress

exponent, n (=1/m), is ~2 and A is a dimensionless

constant having a value of ~10 [17].

An important characteristic of the mechanism illus-

trated in Fig. 2 is that the accommodating dislocations

are able to glide through the blocking grain to impinge

on the opposite grain boundary. It is apparent that this

is possible only when the polycrystalline grain size is

smaller than the equilibrium subgrain size, k, thereby

providing a direct explanation for experimental results

showing that the superplastic region II occurs only

when d £ k [18]. Although Rachinger sliding in super-

plasticity follows Eq. 1 with n � 2, p � 2 and D = Dgb,

it has been shown that a similar type of flow mecha-

nism for Rachinger sliding in materials with larger

grain sizes, where d > k, leads to Eq. 1 with D = D‘,

n � 3 and p � 1, where D‘ is the coefficient for lattice

self-diffusion [17].

Principles of superplasticity in ultrafine-grained

materials

Thermo-mechanical processing is used to produce

alloys for industrial superplastic forming operations.

Typically, the grain sizes of these materials are of the

order of ~2–5 lm. However, it is now well established

that processing through the introduction of severe

plastic deformation provides the capability of produc-

ing grain sizes in the submicrometer or nanometer

range [19]. For example, the process of equal-channel

angular pressing (ECAP), where a sample is pressed

through a die constrained within a channel bent

through an abrupt angle, can be used to produce

submicrometer grain sizes in a very wide range of

metals [20]. This led to the proposal, first presented in

1996, that processes such as ECAP may be used to

achieve superplastic behavior in metals at faster strain

rates and/or at lower temperatures than in conven-

tional superplastic alloys [21]. The reason for this

proposal can be understood by considering the effect of

reducing the grain size in Eq. 1.

Figure 3 illustrates the variation, on a logarithmic

scale, of the strain rate, _e, with the stress, r, for

superplastic alloys [22]. At high strain rates in region

III there is a high slope, equivalent to a low value of m,

in the region of dislocation creep where the material

Fig. 3 Schematic illustration of the logarithmic variation of
strain rate with stress for a conventional superplastic alloy with a
grain size of d1 and the displacement of the superplastic region to
faster strain rates when the grain size is reduced to d2 [22]

B 
A 

Fig. 2 Principles of a model for grain boundary sliding in
superplasticity: dislocations move along the grain boundary and
pile-up at the triple junction A, the stress concentration is
removed by the nucleation of slip in the adjacent grain and these
intragranular dislocations pile-up at B and climb into the grain
boundary [17]

123

1784 J Mater Sci (2007) 42:1782–1796



deforms by the glide and climb of dislocations within

the grains: this region is equivalent to power-law creep

occurring in materials with large grain sizes [23]. At

intermediate strain rates, in the superplastic region II,

the slope is given by n � 2 (equivalent to m � 0.5) and

the material behaves superplastically. At even lower

strain rates, in region I where n is again high, the

behavior is controlled by impurity effects and the

ductilities are no longer superplastic [24, 25]. The lower

line in Fig. 3 depicts the situation for a material with a

grain size of d1. If the grain size is reduced to d2 (<d1),

the behavior is unaffected in region III because p = 0

but the behavior in regions I and II is displaced

upwards to faster strain rates because both regions

have values of p � 2 in Eq. 1.

The displacement to faster rates in Fig. 3 is matched

by a displacement in the peak ductilities to faster rates

as shown schematically in Fig. 4 for d1 and d2 [22]. It is

instructive to note that high strain rate superplasticity

is defined formally as superplasticity occurring at strain

rates at and above 10–2 s–1 [26] so that processing by

ECAP and other similar techniques should provide an

opportunity for achieving high strain rate superplastic-

ity in a range of materials. Furthermore, as illustrated

in Fig. 4, it is reasonable to anticipate the magnitudes

of the peak elongations will be higher at the faster

strain rates because less time is then available for the

growth of any internal cavities.

The first demonstration of the occurrence of high

strain rate superplasticity in an ultrafine-grained mate-

rial occurred in 1997 when very high elongations were

reported for an Al–5.5% Mg–2.2% Li–0.12% Zr alloy

and an Al–6% Cu–0.4% Zr alloy [27]: the latter is a

commercial alloy known as Supral 100 which is widely

used in the superplastic forming industry. An example

of this result is shown in Fig. 5 for the Al–Mg–Li–Zr

alloy where the upper specimen is untested and the

other two specimens were pulled in tension at 623 K

after processing by ECAP through eight passes at

673 K and an additional four passes at 473 K: it can be

shown from first principles that these pressing condi-

tions, conducted with an ECAP die having an internal

angle of 90�, lead to an imposed strain of ~12 [28]. In

Fig. 5 the upper specimen was pulled to an elongation

of 1,180% without failure at a strain rate of 10–2 s–1 and

the lower specimen was pulled to failure at an

elongation of 910% at a strain rate of 10–1 s–1.

The results in Fig. 5 provide a very clear demon-

stration of the potential for achieving high strain rate

superplasticity after processing alloys by ECAP. Since

superplastic forming operations with conventional

alloys generally take ~20–30 min for the fabrication

of each separate component [29], it follows that

processing by ECAP provides the opportunity of

decreasing the grain size by close to one order of

magnitude and, since p � 2 in Eq. 1, thereby increasing

the optimum strain rate for superplasticity by approx-

imately two orders of magnitude and reducing the

forming time for each component to <60 s. Thus, the

introduction of processing through severe plastic defor-

mation leads to much faster forming operations and

provides an opportunity for extending the superplastic

forming industry into the production of high-volume

components in the consumer product industries. Other

potential applications of this approach include the

production of medical implants, biomedical devices and

parts for high-performance bicycles [30].

Characteristics of superplasticity in ultrafine-grained

materials

Influence of the processing conditions

The occurrence of grain boundary sliding requires the

presence of grain boundaries having high angles of
Fig. 4 Variation of the elongation to failure with strain rate
when the grain size is reduced from d1 to d2 [22]

Fig. 5 The first example of high strain rate superplasticity
reported in the literature for an ultrafine-grained Al–Mg–Li–Zr
alloy in 1997 [27]
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misorientation. This means in practice that the nature

of the superplastic behavior is dictated by the process-

ing conditions used to produce the ultrafine grain sizes.

An example of this effect is shown in Fig. 6 for an Al–

Mg–Li–Zr alloy where the samples in (a) were

processed by ECAP through four passes at 673 K to

a total strain of ~4 and the samples in (b) were

processed through eight passes at 673 K and an

additional four passes at 473 K to a total strain of

~12 [31]: both sets of specimens were processed in a die

with an internal angle of 90� using processing route BC

where the samples are rotated by 90� in the same sense

between each separate pass [32]. The solid datum

points in Fig. 6 are for the unpressed alloy where it is

apparent that the ductilities are consistently very low.

The open points are for the alloy after pressing where

the elongations to failure depend critically upon both

the processing and the testing conditions. Thus, high

strain rate superplasticity is achieved in both condi-

tions but the exceptionally high elongations are

displaced to faster strain rates in Fig. 6b when the

material is processed through a larger number of

passes. This result is consistent with experimental data

for pure aluminum showing that the fraction of high-

angle boundaries increases with increasing numbers of

passes through the ECAP die [33].

The flow process in the superplasticity of ultrafine-

grained materials

The relationship presented earlier in Eq. 1 was

developed for conventional superplastic alloys where

the grains sizes are typically ~2–5 lm. It is important,

therefore, to determine whether the same approach

applies equally to the superplastic flow observed in

ultrafine-grained materials [34].

Figure 7 gives an example of superplastic results

reported for an Al–3% Mg–0.2% Sc alloy pressed

through eight passes using route BC, where the upper

plot shows the variation of the elongation to failure

with the imposed strain rate at a testing temperature of

673 K and the lower plot shows the measured values of

the flow stresses for each specimen [35]. Thus, this

material exhibits exceptionally high ductility within the

region of high strain rate superplasticity with elonga-

tions up to >2,000%. Superimposed on the lower plot is

a broken line delineating the predictions from the

relationship for superplastic flow given in Eq. 1 where

Dgb = 1.86 · 10–4exp(–84,000/RT) m2 s–1 where R is

the gas constant [36], G = {(3.022 · 104) – 16T} MPa

[36], b = 2.86 · 10–10 m for pure Al, p = 2, n = 2,

A = 10 and with the reported linear intercept grain

size of �L � 0:2 lm converted to a spatial grain size of

d ¼ 1:74�L ¼ 0:35 lm. It is apparent that the predicted

line is in good agreement with the experimental data to

within a factor of <3 on the stress axis within the region

of optimum superplasticity. Thus, it is concluded that

materials processed by severe plastic deformation

exhibit a flow mechanism in the superplastic region

which is identical to the flow behavior in conventional

superplastic alloys where the grain sizes are larger by

approximately one order of magnitude.

The occurrence of cavitation during superplastic

flow in ultrafine-grained materials

It was demonstrated in a very early report that

superplastic materials often contain significant levels

of cavitation [37] and subsequently there have been

numerous investigations of the role and development

of internal cavitation in conventional superplastic

alloys [4]. It is important, therefore, to evaluate the

Fig. 6 Experimental results
for an Al–Mg–Li–Zr alloy
showing the displacement in
the peak superplastic
elongations to faster strain
rates when ECAP processing
is continued to higher strains:
the solid points are for the
unpressed material [31]
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role of cavitation in superplastic materials processed by

ECAP.

Experiments were conducted on a spray-cast Al-

7034 alloy containing, in wt.%, Al–11.5% Zn–2.5%

Mg–0.9% Cu–0.2% Zr and typical results are shown in

Fig. 8 [38]. The results given in Fig. 8a are for the

unpressed as-received alloy where the average grain

size was ~2.1 lm whereas the results in Fig. 8b are for

the alloy processed by ECAP at 473 K through either

six passes (open points) or eight passes (solid points) to

give a grain size of ~0.3 lm. It is apparent that

excellent superplastic properties are achieved after

ECAP and, as also documented earlier in Fig. 6, the

peak elongation is displaced to a faster strain rate when

the number of passes is increased.

Samples were examined for the presence of internal

cavitation after pulling to failure and typical results are

shown in Fig. 9 where the upper row relates to the as-

received unpressed condition and the lower row shows

specimens processed by ECAP for six passes at 473 K:

the three separate photomicrographs in each row

were taken at the same magnification and they corre-

spond to the fracture tips at strain rates of 10–3, 10–2

and 10–1 s–1, respectively, with the tensile axis lying

vertically [39]. Several features are apparent from

inspection of Fig. 9. First, although the cavity densities

are non-uniform and increase in the immediate vicinity

of the fracture tips, nevertheless there appears to be a

higher area fraction of cavities in the samples pro-

cessed by ECAP. Second, the highly superplastic

specimen shown in the center of the lower row, where

the elongation to failure was 1,085%, exhibits no

visible necking and failure occurs abruptly as a

consequence of cavity inter-linkage. Detailed measure-

ments were taken to evaluate the size and shape of

these internal cavities and this led to the conclusion

that, as in conventional superplastic alloys, there is a

transition from the superplastic diffusion growth of

cavities at the smaller cavity sizes [40] to plasticity-

controlled growth at the larger sizes [41].

Discussion

A comparison of superplastic behavior in different

ultrafine-grained materials

Although the first report of superplastic flow in alloys

processed by ECAP was presented only in 1997 [27],

there have been many subsequent reports of the

occurrence of superplasticity in a very wide range of

materials after processing by ECAP. To place these

Fig. 8 Variation of
elongation to failure with
strain rate for an Al-7034
alloy in (a) the as-received
and unpressed condition and
(b) after processing by ECAP
[38]
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Fig. 7 Variation of the elongation to failure (upper) and the flow
stress (lower) with the imposed strain rate for an Al–3% Mg–
0.2% Sc alloy [35]: the broken line labeled _esp shows the
predicted behavior using the model for grain boundary sliding in
conventional superplastic alloys [17]
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reports in perspective, the table in the Appendix

presents a summary of the various reports of super-

plasticity published to date and, for convenience, the

references from the table are numbered separately

from the main text. In constructing the Appendix,

superplastic elongations were defined specifically as

elongations in tension of at least 500%. Thus, reports

of lower elongations are not included.

The Appendix is divided into five parts. The first

column gives the alloy or composition, with the matrix

alloys arranged alphabetically and the various matrix

alloys listed numerically for numbered designations

and alphabetically for the others. The second main

column headed ECAP summarizes the processing

conditions in terms of the processing route, the number

of passes, the channel angle between the two parts of

the channel and the pressing temperature: processing

route BC was defined earlier, route A denotes pressing

without rotation [32] and route B denotes a specimen

taken through two passes with a rotation of 90�. The

third main column gives the measured linear intercept

grain size after ECAP. The fourth main column

headed Superplasticity describes the testing conditions

for the subsequent tensile tests, including the temper-

ature and strain rate for the indicated maximum

elongation. The fifth column gives the reference for

each report. Following the Appendix, additional

information is provided on the compositions of the

alloys.

It is instructive to make a comparison between some

of the results reported to date in terms of the alloy

compositions. Figure 10 shows a plot of the optimum

superplastic elongation taken from the Appendix for

various alloys plotted against the measured grain size

Fig. 9 Evidence for internal
cavitation in the Al-7034 alloy
after testing to failure: the
upper row shows the as-
received unpressed material
and the lower row shows
specimens processed by
ECAP [39]

123

1788 J Mater Sci (2007) 42:1782–1796



after ECAP: the plot is cut at 500% because this is

taken as the lower limiting condition for true super-

plasticity and the plot contains various alloy designa-

tions but it is necessary to inspect the Appendix to find

the relevant references. The plot in Fig. 10 shows the

results are generally scattered and, because of the

limited range of grain sizes, there is no clear evidence

for increasing elongations at decreasing grain sizes. A

similar plot is shown in Fig. 11 where the grain size is

plotted against the strain rate for optimum superplas-

ticity. When the data are plotted in this form, it is clear

that a reduction in grain size favors the occurrence of

superplasticity at faster strain rates. Thus, exception-

ally fine grain sizes are a necessary objective for

obtaining alloys capable of superplastic forming at very

high strain rates.

An alternative approach is shown in Fig. 12 where

two basic sets of fcc alloys, based on aluminum and

copper, are compared with magnesium alloys and the

Zn–22% Al eutectoid alloy: the data used for this plot

were the optimum superplastic elongations and the

associated testing strain rates. It is apparent that the

Zn–22% Al alloy exhibits very high superplastic

elongations at exceptionally rapid strain rates with

elongations up to >2,000% at a strain rate of 1 s–1 [42],

where this remarkable result is probably due to the

thermal stability of the microstructure because of the

presence of two separate phases. The data for the two

sets of fcc alloys show results spanning the onset of

high strain rate superplasticity at a strain rate of 10–2 s–1

whereas the magnesium-based alloys exhibit super-

plastic flow at strain rates which are generally relatively

low although there is an isolated report of an elonga-

tion of 1,400% in a ZK60 alloy at an imposed strain

rate of 3.0 · 10–2 s–1 [43].

A comparison of ECAP with other processing

techniques

Two very useful diagrams were developed several

years ago to delineate the ranges of strain rates and

grain sizes associated with the occurrence of super-

plasticity in aluminum-based alloys when processed in

a number of different ways [44]. It is instructive to use

these same plots and to incorporate the results now

available from processing by ECAP. These two plots

are shown in Figs. 13 and 14 where, respectively,

typical elongations to failure and the spatial grain

sizes are plotted against the testing strain rate. In

these plots, the solid circles and ovals denote areas
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associated with various aluminum alloys processed

using a range of techniques from ingot metallurgy at

the slow rates on the left to powder metallurgy (PM) at

strain rates of ~10–2 to ~1 s–1 in the center and to other

processing techniques such as physical vapor deposi-

tion, mechanical alloying and consolidation from

amorphous or nanocrystalline powders at even faster

strain rates. Both plots indicate the defined range

associated with high strain rate superplasticity and, at

the top of each diagram, the range currently associated

with commercial superplastic forming.

Superimposed in Fig. 13 and 14, and delineated by

the broken lines, are the regions associated with

superplasticity in aluminum-based alloys processed by

ECAP. These areas are constructed based on a

detailed appraisal of the information in the Appendix

and they represent a best estimate of the conditions

associated with optimum superplasticity for these

ultrafine-grained alloys. In inserting the data onto

Fig. 14, the mean linear intercept grain sizes reported

in ECAP were converted to the spatial grain sizes using

the relationship given earlier in ‘‘The flow process

in the superplasticity of ultrafine-grained materials’’

section.

It is readily apparent that the data for ECAP

processing fit appropriately into the two diagrams

originally constructed for more conventional super-

plastic alloys. Specifically, it is apparent in Fig. 13 that

the use of ECAP processing extends the data for ingot

metallurgy materials to faster strain rates and provides a

useful overlap with the field for materials processed

using powder metallurgy techniques. In this respect,

ECAP processing has an advantage because it can be

conducted on ingot metal stock without introducing

Fig. 13 The regime of
aluminum alloys processed by
ECAP superimposed on the
standard plot of elongation
versus strain rate for a range
of processing techniques [44]

Fig. 14 The regime of
aluminum alloys processed by
ECAP superimposed on the
standard plot of grain size
versus strain rate for a range
of processing techniques [44]:
the mean linear intercept
grain sizes reported in ECAP
were converted to the spatial
grain sizes for this
representation
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either contamination or cavitation into the end product.

In Fig. 14 the materials processed by ECAP again fit

appropriately in the overlap region between the ingot

metallurgy and powder metallurgy materials. This plot

also provides a direct correlation with the data for the

various alloys presented earlier in Fig. 11 although it is

important to note that Fig. 11 incorporates the standard

mean linear intercept grain size whereas in Fig. 14 the

grain sizes relate to the spatial values. Despite this

minor difference, it is readily concluded from Figs 13

and 14 that processing by ECAP represents an impor-

tant tool for extending the viability of aluminum-based

alloys without using either powder metallurgy tech-

niques or more exotic processing routes involving

deposition, consolidation or mechanical alloying.

Summary and conclusions

1. Processing by severe plastic deformation, as in

equal-channel angular pressing, produces ultrafine

grain sizes typically in the submicrometer range. If

these small grains have reasonable thermal stabil-

ity, the materials will exhibit excellent superplastic

ductilities at elevated temperatures. Furthermore,

the reduction in grain size to the submicrometer

level leads to the occurrence of superplasticity at

very high strain rates by comparison with conven-

tional superplastic materials.

2. There have been numerous reports of superplasticity

in ultrafine-grained materials since the first report

appeared in 1997. These reports are tabulated and

examined. It is demonstrated that there are several

similarities to conventional superplastic alloys

including the occurrence of superplastic flow at

strain rates which are consistent with a model

developed for conventional superplasticity and the

development of internal cavitation during the flow

process.

3. It is shown that the processing of cast metals by

ECAP provides the opportunity of attaining super-

plasticity at strain rates which are comparable to

those normally associated with powder metallurgy

products.
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