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The processing of metals through the application of severe plastic deformation (SPD) provides an opportunity for refining the
grains to the submicrometer or even the nanometer range in bulk materials. In principle, these ultrafine-grained materials
should be ideal for achieving excellent superplastic properties but in practice this requires also that the microstructure has
reasonable stability when testing in tension at elevated temperatures. Attaining superplastic elongations is an important
prerequisite for using metals in commercial superplastic forming applications. Accordingly, this review briefly summarizes
the principles of grain refinement in f.c.c. and h.c.p. metals where the mechanisms of grain refinement are different in these
different crystal structures. The exceptional grain refinement produced by SPD techniques leads to excellent superplastic
properties in many different materials. Especially, controlling the processing parameters of SPD techniques and using two-
phase alloys are useful strategies for achieving excellent superplastic properties in metallic materials. This report presents
numbers of examples of superplastic flow in several different metals and alloys processed by two representative SPD processing
techniques of equal-channel angular pressing (ECAP) and high-pressure torsion (HPT). Finally, it is now possible to evaluate
the flow process in superplasticity and this provides an opportunity to present the experimental data in terms of a deformation
mechanism map.
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HocTuKeHne CBepXMmIACTUIHOCTU MyTeM MHTeHCUBHOM
IJIaCTUYeCKoi fepopmannu

O6paboTKa MeTa/UIOB IIyTeM IIPUIOKEHNUA MHTEHCUBHOI ITacTideckolt gepopmanyy (VII]]) naeT BOSMOXKHOCTD U3MeJIb-
YeHNs 3epeH B 0OBEMHBIX MaTepuajaaX BIUIOTh O CYOMMKPOMETPUYECKOTO MIM JlakKe HaHOMeTpUYeckoro Maciurraba. B
IIPUHIINIIE, STY YIbTPaMe/IKO3ePHUCTbIC MaTepyaIbl JO/DKHBI OBITh MIea/IbHBIMU LA JOCTVDKEHNUA VICKTIOYUTE/IbHO BBICO-
KIX CBEpPXIUIACTIYECKUX CBOJICTB, OQHAKO Ha IIPAKTUKe 3TO TpebyeT TakkKe, YTOOBI MUKPOCTPYKTYpa MMesIa JTOCTATOYHYIO
CTaOVIBHOCTD IIPY MCIIBITAHMAX PACTsKeHMEM NP NOBBIIICHHBIX TeMIlepaTypax. JocTiKeHe CBepXIUIaCTUYeCKIIX YU~
HEHUI ABJIAETCS BAXHON IPERIIOCBUIKON MCIIONb30BaHMA META/UIOB B IIPOMBIIIICHHBIX IPOIleCcaX CBEPXIIACTUIECKOTO
dbopmoobpazoBanmsi. COOTBETCTBEHHO, HACTOAIINIT 00630p KpaTKO 00001aeT IPUHIUIIB U3MeNbUYeHNsI 3€peH B LILK. U
L.ILY. METa/IaX, B KOTOPBIX MeXaHM3Mbl M3MeTb4YeHV PA3INIAI0TCA M3-3a OTIMYNA KPUCTAUIMYECKNX CTPYKTYp. DKCTpa-
OpAVMHApHOe M3MebueHMe 3epeH, BedbiBaeMoe Metofgamy VI, IpMBOANT K MCK/ITIOYNTENTBHO BBICOKVMM CBEPXIUIACTIIYe-
CKUM CBOJICTBaM BO MHO)XECTBE Pa3/IMYHBbIX MaTepuanoB. B ocobeHHOCTH, KOHTPO/Ib MapaMeTpoB obpaboTku mpu MITJL
U JICIIO/Ib30BaHIe ABYX(asHbIX CIUIABOB IIPEACTAB/IAIOT OO0 yCIIeIIHble CTPATerny /LA JOCTVDKEHNA Haubojee BLICOKUX
CBEPXIUIACTUYECKIX CBOVICTB B METATINYECKMX MaTepuaaax. B 0630pe rnpencraBieHo MHOXKECTBO IPUMEPOB CBEPXIIACTH-
YeCKOIo TeYeHV B HeCKOIDKUX Pas3/IMYHbIX MeTa/UIaX M CIUIaBaX, IIOABEPIHYTHIX 00paboTKe ABYyMA IIpefiCTaBUTE/IbHBIMU
merogamu MII]T - paBHOKaHambHBIM yrIoBbIM npeccoBanueM (PKYII) n kpydennem nox BoicokuM masienueM (KBD). I,
HaKOHeIl, B HaCTOAIIee BpeMsA MOXKHO KO/MIMYeCTBEHHO XapaKTepU30BaTh MPOIIeCC TeUeHNA MPY CBEPXIUIACTIYHOCTH, 1 3TO
IaeT BO3MOYKHOCTb IIPEJICTaBUTD 9KCIIEPYMEHTaIbHbIE JAHHbIE B BUIe KAPTHI MEXaHN3MOB HedOopMariui.

KnroueBbie cmoBa: KapTa MEXaHN3MOB D;CCbOpMaIH/II/I, MEXaHU3M TCUYCHUA, MHTCHCUBHAA IJIACTUMYECKaA )Ie(bOPMaIH/IH, CBEPXIIIaCTUY -
HOCTb
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1. Introduction

Grain refinement is a standard procedure used in industry
in order to obtain a significant strengthening of the material.
This refinement is usually achieved through thermo-
mechanical processing but in practice the conventional
processing is not capable of reducing the grain size below
the level of a few micrometers. Over the last two decades, it
has become clear that more substantial grain refinement may
be achieved by processing metals through the application of
severe plastic deformation (SPD) [1,2]. At the present time
the two major SPD processing methods are equal-channel
angular pressing [3] and high-pressure torsion (HPT)
[4] and both of these techniques provide a capability for
reducing the grain size to within the submicrometer or even
the nanometer range.

In principle, it appears that the ultrafine-grained (UFG)
materials produced by SPD processing should exhibit
excellent superplastic properties because superplasticity
requires a very small grain size which is typically below ~10
pm [5]. In practice, however, superplastic flow also requires a
high testing temperature, within the range where diffusion is
important, so that the testing temperature must be at or above
~0.5T}y, where Ty, is the absolute melting temperature of the
material. Provided the UFG microstructures produced by SPD
processing are retained at high temperatures then, as shown in
recent reviews, it is possible to achieve excellent superplastic
properties when processing by either ECAP [6] or HPT [7].

The following sections describe the processes of grain
refinement in f.c.c. and h.c.p. metals when using SPD and
then give examples of superplasticity for several different
materials. It includes a demonstration of the potential for
depicting the flow processes in superplastic materials using a
deformation mechanism map.

2. Grain refinement in UFG metals

Figure 1 is a schematic illustration of the characteristics of
grain refinement in an f.c.c. metal, such as aluminum, when
processed by ECAP using a die with an angle of 90° between
the channels [8]: the three rows correspond to 1, 2 and 4
passes (p) and the three columns are for processing routes
A, B_ and C, where A denotes repetitively pressing through
an ECAP die without sample rotation, B_ denotes a rotation
of 90° in the same sense between each pass and C denotes
rotation by 180° between passes [9]. The illustrations in
Fig. 1 represent the Y plane in ECAP processing where there
are three orthogonal planes in which X is the transverse
plane perpendicular to the flow direction, Y is the flow
plane parallel to the side face at the point of exit from the
ECAP die and Z is the longitudinal plane parallel to the top
surface at the point of exit from the die. In Fig. 1 each pass
is represented by a different color and red, mauve, green and
blue correspond to the slip planes introduced in the first,
second, third and fourth pass, respectively.

Thus, in the first pass the shearing is confined exclusively
to planes lying at 45° to the X axis and this produces a band
of subgrain boundaries with low-angles of misorientation and
with a subgrain width equal to d. In the second, third and fourth

passes, additional sets of subgrain bands are formed and these
are delineated in Fig. 1 with the colored lines marked 2p, 3p
and 4p. The spectrum of slip for each plane and each processing
route may be readily represented by n which defines the total
angular range containing all slip systems. Thus, it follows
from Fig. 1 that route BC is the most effective processing
route because after 4 passes the total angular range is given
by n=63°. Since route BC produces numerous intersecting
slip systems, it leads to a high density of dislocations and
these dislocations are then able to re-arrange and annihilate
consistent with the LEDS (low energy dislocation structure)
theory [10] giving the formation of an array of reasonably
equiaxed grains. It follows, therefore, that the development of
slip on multiple slip systems in f.c.c. metals is consistent with
the easy formation of a UFG structure.

The process of grain refinement is different for h.c.p.
metals because the numbers of active slip systems are limited.
For example, the slip systems with the lowest critical resolved
shear stress in magnesium are along the basal plane but these
systems alone cannot account for plastic deformation in
multiple directions. As a consequence, magnesium exhibits
limited ductility at room temperature. Other slip systems
become active at higher temperatures so that forming
operations can be carried out.

Early experiments [11] showed that a magnesium alloy
exhibits dynamic recrystallization at temperatures above 423
K and the new grains are formed along the original grain
boundaries leading to a necklace-like pattern of fine grains.
This pattern formation of new grains was also observed in
a ZK60 alloy [12]. As a result of this mechanism of dynamic
recrystallization, the grain structure attains a multi-modal

/gg

n=37°
Fig. 1. A model for grain refinement in ECAP where subgrain bands

are formed, with a width of d, with their longer sides lying parallel
to the primary slip plane: results are illustrated on the Y plane for 1,
2 and 4 passes using routes A, B and C with the colors red, mauve,
green and blue corresponding to the first, second, third and fourth
pass through the die, respectively [8].
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size distribution with some new fine grains and some coarse
grains that remain in the interiors of the old grains. Also, the
new fine grains can generate a softer shear zone leading to
macroscopically inhomogeneous deformation [11].

Thus, the grain refinement mechanism in magnesium
alloys differs from f.c.c. metals because it must take into
account the necklace-like dynamic recrystallization and the
concentration of deformation across the new fine grains.
The grain structure evolution depends on the initial grain
size, the size of the new grains and the amount of strain
imposed. A model was proposed for grain refinement in
magnesium processed by ECAP [13] and this was later
improved as shown in Fig. 2 [14]. The model is based on
microstructural evolution reported in the literature. Thus,
the left column shows different initial grain structures from
coarse (top) to fine (bottom), the middle column shows the
grain structure after low numbers of ECAP passes and the
right column shows the structure after multiple passes. The
new grains are represented in gray while the original grains
are depicted with a white background. It is observed in the
top row that an initial coarse-grained structure will evolve
into a multi-modal grain size distribution if the new grains
are small. The second row from the top shows that an initial
coarse-grained structure can evolve into a homogeneous

Initial After ECAP
d>>d
(a)
d>d,
(d) (e) ()
d>d,

(k)

Fig. 2. A model for the grain refinement of magnesium alloys
processed by ECAP: the left column shows the initial condition,
the second column shows the structure after one pass and the third
column shows the structure after multiple passes; the upper two
rows represent the same initial structure with different processing
parameters and the third and fourth rows display different initial
structures [14].

distribution of grains if the size of the new grains is not
significantly smaller than the initial grain size. The bottom
rows show that an homogeneous distribution of fine grains
can be achieved if the starting structure is not coarse. The
latter processing route is readily achieved by the introduction
of a preliminary step of thermo-mechanical processing in
magnesium such as by using extrusion. The use of extrusion
followed by ECAP is now well established and the process
was named EX-ECAP [15,16]. Although the mechanism of
grain refinement in magnesium differs from f.c.c. metals,
there are many processing routes capable of producing
homogeneous ultrafine-grained structures and introducing
excellent superplastic properties in the materials.

3. Superplasticity in SPD materials

The exceptional grain refinement achieved through SPD
processing suggests that these materials may be ideal for
attaining excellent superplastic properties. In practice,
however, the occurrence of superplastic flow requires a high
level of microstructural stability when the SPD materials are
tested at elevated temperatures.

This requirement was recognized in early studies of SPD
materials and it led to extensive investigations of the thermal
stability of UFG structures. For example, it was shown in early
experiments that pure Al and Al alloys with a Mg additive are
not thermally stable at high temperatures but a reasonable
level of microstructural stability may be achieved by adding
Sc or Zr to retain these very small grain sizes [17,18].

In conventional superplasticity, it has been shown both
experimentally [19] and theoretically [20] that the strain
rate varies inversely with the grain size raised to a power
approximately equal to two. Therefore, since the superplastic
range of strain rates increases with decreasing grain size,
this led to the suggestion that SPD materials should exhibit
superplasticity at exceptionally rapid strain rates [21]. The first
example of this effect is shown in Fig. 3 where a commercial
aluminum 01420 alloy with a composition of Al-5.5% Mg-
2.2% Li-0.12% Zr was processed by ECAP to produce a grain
size of ~1.2 um and then pulled in tension at 623 K at initial
strain rates of 1.0x102 and 1.0x107" s [22]. At the lower
strain rate the specimen pulled out to ~1180% and the test
was then terminated without failure and at the faster strain
rate the specimen failed at an elongation of ~910%. Both of
these results are consistent with the requirements for high
strain rate superplasticity where superplastic elongations

initial sample! W

910 %

e

Fig. 3. The first example of high strain rate superplasticity in an alloy

subjected to SPD processing [22].
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occur at strain rates at and above 10 s [23]. Similar high
elongations at very high strain rates were also obtained using
a commercial Al-2004 alloy with a composition of Al-6% Cu-
0.4% Zr [22].

As noted in section 2, a combination of extrusion and
ECAP, termed EX-ECAP, is now widely used for the SPD
processing of magnesium alloys. This leads to excellent
superplastic properties and an example is shown in
Fig. 4 for a two-phase Mg-8% Li alloy [24]. The upper results
marked Cast + Extrude + ECAP were obtained by processing
an extruded alloy by ECAP at room temperature and then
testing in tension over a range of strain rates at 473 K: the
ECAP was conducted using a die with an angle between the
channels of 135° and an arc of curvature of ~20° so that the
strain imposed in each separate pass was ~0.5 [25] and the
extrusion was conducted at 373 K using an extrusion speed
of 1 mm s'. Also shown in Fig. 4 are results obtained for the
same alloy in the Cast + Extrude condition without ECAP and
in the Cast condition without extrusion or SPD processing.
It is readily apparent that the cast alloy with a grain size of
~60-70 pm is not superplastic, the cast alloy processed by
extrusion to produce a grain size of ~3-4 um shows limited
superplasticity at the slowest strain rate whereas processing
by the EX-ECAP process produces excellent superplasticity
with ductilities up to 1800%.

The introduction of ultrafine grained structures in
magnesium alloys provides the opportunity for developing
superplastic properties. However, as shown in section 2,
the mechanism of grain refinement of magnesium alloys
differs from f.c.c. metals since it depends on the initial grain
structure and the number of passes of ECAP. The superplastic
behavior of magnesium alloys processed by ECAP also
varies depending on processing parameters. Early reports of
superplasticity in magnesium alloys were limited to strain-
rates of 3x103 s! or lower [15,16,26—31]. The limitation of
superplasticity to slow strain rates was attributed to poor
thermal stability of the magnesium alloys that prevented
testing at high temperatures where diffusion is faster. For
example, it was shown that the optimum strain rate for su-

2000 T T T T
I MQg-8%Li
—_ T=473K T =373K
s I ro=1mms’
~ 1500 ex i
g ’ A Cast
= O Cast + Extrude
= b O Cast + Extrude + ECAP
£ 1000 |- E
- L
2
®
8) L
IS 500 + B
i L
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104 103 102 10" 100
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Fig. 4. Variation of the elongation to failure with the initial strain rate
at a temperature of 473 K for samples in the Cast, Cast + Extrude and
Cast + Extrude + ECAP conditions: the extrusion was conducted at
373 K using an extrusion speed of 1 mm s [24].

perplasticity increases from 3x107 s at 450 K to 3x10*s™ at
473 K in a ZK60 alloy processed by ECAP but a further in-
crease in testing temperature leads to grain growth and a con-
sequent loss of superplasticity [32]. Later it was shown that
high strain rate superplasticity can be achieved in this alloy
by controlling the processing parameters [33]. It was shown
that reducing the number of ECAP passes or increasing the
ECAP processing temperature from 473 to 513 K increases
the thermal stability of the structure and high strain rate su-
perplasticity was reported [33].

Also, controlling the number of ECAP passes affects
significantly the maximum elongation to failure observed
in magnesium alloys. It has been shown that increasing the
number of passes increases the elongation observed in the
AZ31 alloy [34]. On the other hand, a reduced number of
passes of ECAP leads to larger elongations in the ZK60 alloy
[34—36]. The effect of the number of passes of ECAP on the
final elongation of the ZK60 alloy is shown in Fig. 5a [35]. The
material was processed from the extruded condition and tested
at 473 K with an initial strain rate of 1.0x10* s™. It is observed
that the elongation to failure increases with ECAP processing
up to 2 passes and decreases with further processing. The
reduction in elongation with large numbers of passes of ECAP
is attributed to poorer thermal stability of the grain structure
that leads to faster dynamic grain growth at large numbers
of passes [36]. The dynamic grain growth is responsible for
the pronounced strain hardening observed in this material
during tensile testing under superplastic conditions.
Figure 5b shows the stress vs. strain curve observed in the
material processed by 2 passes of ECAP and the material
processed by 6 passes together with the strain hardening rate
normalized by the strain rate sensitivity for both conditions.
The theory for tensile stability predicts that necking begins at
the intersection of these curves. Therefore, the strain hardening
of both curves promotes high uniform elongations in both
conditions but the higher flow stress observed in the material
processed by 6 passes leads to an intersection of the curves
at a lower strain which triggers premature necking. Also, the
deformation after plastic instability, which is controlled by
the strain rate sensitivity, is larger in the material with lower
numbers of passes due to the finer grain structure.

It is important to note that tensile testing of the Zn-Al
alloys processed by ECAP and HPT demonstrates that, as
in conventional superplastic materials without processing
through SPD, superplasticity occurs over a limited range
of strain rates, and these ductilities decrease at both faster
and slower strain rates. In practice, the plastic deformation
visible in Fig. 6 corresponds to the three regions of flow in
superplasticity where region II is true superplasticity with
high elongations at intermediate strain rates, region III
represents a transition to conventional dislocation creep at
faster strain rates, and region I represents a regime of flow
which is impurity dependent at the slowest strain rates [44].

For a better understanding of the flow process of the
Zn-Al alloys after SPD processing, a deformation mechanism
map was constructed for the alloy where the result is shown
in Fig. 7 in the form of a map plotting the normalized grain
size against the normalized stress for a constant temperature
of 473 K. Specifically, regions I, II, and III denote the three
regions of flow associated with conventional superplastic
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Fig. 5. (a) Appearance of specimens tested to failure at 473 K with an initial strain rate of 1.0x10* s™! after processing by ECAP for different
numbers of passes: the upper specimen is untested and (b) true stress and the rate of strain hardening normalized by (1 - m) as a function
of the true strain for two samples processed by ECAP through 2 and 6 passes: the intersections of the two curves mark the onset of plastic

instability [35].
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Fig. 6. The appearance of the specimens processed by (a) ECAP for 8 passes at 473K and pulled to failure at seven different strain rates at 473
K [41] and (b) HPT for 5 turns and pulled to failure at different strain rates at 473 K [43].
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Fig. 7. A deformation mechanism map of normalized grain size
versus normalized stress for the Zn-22% Al alloy tested at 473 K
(43]: experimental data of Zn-22% Al alloys after ECAP [41] and
HPT [43] are superimposed on the map.

Zn-22% Al alloys without SPD processing [37] and the
fields for Nabarro-Herring [45,46] and Coble [47] diffusion
creep are based on the theoretical relationships for these
two mechanisms. The dashed line in the map denotes the
relationship which is defined experimentally that subgrains
are formed under experimental testing conditions above
the dashed line, thereby showing agreement with the field
boundary between the superplastic region II and region III
without superplasticity. The experimental data shown in
Fig. 6 were superimposed on the map and all of the results for
both the ECAP and the HPT Zn-22% Al specimens provide
an excellent agreement with the deformation mechanism
map based on the theoretical relationship for the rate of flow.
A recent paper summarizes the development of maps for
superplastic UFG metals [48].

The superplastic forming industry is now well developed
for manufacturing complex parts [49] but an advantage of in-
troducing SPD processing is that it produces materials that
can be formed extremely rapidly. An example is shown in
Fig. 8 for the Al-3% Mg-0.2% Sc alloy where the disk labeled
(a) was processed by ECAP and the other disks were pro-
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Fig. 8. Examples of superplastic forming at high strain rates in a gas-
pressure forming facility: the Al-Mg-Sc disk at (a) is untested after
ECAP and the other disks were processed by ECAP and then held at
673 K and subjected to a gas pressure of 10 atmospheres for (b) 30
sand (c) 60 s [50].

cessed by ECAP and formed at 673 K under a pressure of 10
atmospheres for (b) 30 and (c) 60 s [50].

4. Summary and conclusions

1. Processing through the application of severe plastic
deformation produces excellent grain refinement in both f.c.c.
and h.c.p. metals but the mechanisms of grain refinement are
different in these different crystal structures.

2. The exceptional grain refinement produced by SPD
processing leads to excellent superplastic properties in many
different materials. The optimum strain rate for superplastic-
ity increases with a decrease in grain size.

3. Controlling the SPD processing parameters provides
an opportunity for optimizing the superplastic properties.
Examples are shown in magnesium alloys by introducing a
preliminary extrusion step before ECAP processing and con-
trolling the numbers of ECAP passes.

4. The occurrence of high strain rate superplasticity was
observed in two-phase materials such as the Zn-22% Al alloy
processed by SPD. The flow mechanisms of UFG materials
may be predicted by constructing a deformation mechanism
map.
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