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High-entropy alloys (HEAs) are a new class of material producing superior properties that have a potential for replacing many structural
materials in industry. Single-phase solid solution HEAs with face-centered cubic crystal structure show significant ductility and toughness over a
wide temperature range including at cryogenic temperatures. Nevertheless, the occurrence of decomposition at elevated temperatures is
challenging for many applications. These materials reveal sluggish diffusion and therefore high thermal stability so that processing by severe
plastic deformation gives increased kinetics of decomposition and leads to fine-multiphase microstructures which provide a potential for
achieving superior superplastic elongations. The present review is designed to examine the available superplastic data for HEAs and thereby to
compare the behavior of HEAs with conventional superplastic alloys. [doi:10.2320/matertrans.MT-MF2022008]
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1. Introduction

High-entropy alloys (HEAs) containing five or more
principal elements (each elemental concentration between 5
and 35 at%) with a relatively simple structure have attracted
much attention during the last two decades.1­3) These alloys
with high-mixing entropy promote the formation of random
solid solutions with desirable properties. HEAs are very
attractive materials due to their potential promising properties
such as high strength, high thermal stability and oxidation
resistance which offer many potential applications in various
fields.4­10) Thus, the interest of researchers has been
stimulated in order to carry out research in the processing,
characterization and application of HEAs. However, many
experimental investigations together with thermodynamic
predictions based on calculations of the phase diagrams
reveal decomposition of the single-phase concentrated solid-
solution phase and the formation of multi-phase micro-
structures containing geometrically or topologically close-
packed phases such as eta and sigma phases, respectively,
at elevated temperatures.11­13) These newly-formed phases
may have an intermetallic character which is generally
considered to provide high strength at the expense of a
significant decrease in ductility.12­14) It was reported earlier
that these materials reveal sluggish diffusion which provides
high thermal stability and therefore postpones the decom-
position procedure kinetically.

Severe plastic deformation (SPD) is a novel class of
processing that has been used to apply a very high strain to
a material without its failure and providing a capability for
grain refinement to the submicrometer or nanometer scale
in different materials.15) In addition, SPD has been used to
fabricate a composite with remarkable properties and cold
consolidation.15,16) Significant grain refinement together with
the formation of a high density of lattice defects and unique
microstructural features leads to advanced mechanical and
functional properties such as a shape memory effect,

hydrogen storage performance, magnetic properties, radiation
resistance and corrosion resistance.17­19) This procedure is
even capable of facilitating a martensitic phase trans-
formation in different materials including HEAs.19­21)

Nevertheless, severe plastic deformation leads to an
increased kinetic of decomposition of single-phase HEAs
due to the decoration of a large number of defects such as
grain boundaries which serve as fast diffusion pathways
and also as preferential nucleation sites for the formation of
new phases.21­24) This provides the potential for achieving
ultrafine-multiphase microstructures under controlled post-
deformation heating where this is capable of exhibiting
superplastic elongations (>400%) in a number of
HEAs.25,26)

Even after almost twenty years since the introduction of
HEAs, it is now only the beginning for developing a
fundamental understanding of these materials from the point
of view of interpreting the relationship between the
microstructures and the mechanical properties at elevated
temperatures. Accordingly, this review was undertaken to
provide a summary of the main attempts undertaken to date
to achieve superplasticity in these alloys and therefore to
make a systematic comparison with conventional engineering
materials and to clarify the advantages and high potential of
HEAs for industrial applications.

2. Basic Superplastic Flow Behavior and the Signifi-
cance of Severe Plastic Deformation

Superplasticity refers to the exceptionally high strains
which may be achieved in alloys before failure when pulling
in tension under a constant rate of straining. In order to
provide a definitive criterion for the occurrence of super-
plastic flow, the advent of superplasticity is now defined as
a measured tensile elongation of at least 400%.26) This
behaviour is an important feature of alloys that are used for
industrial superplastic forming operations where complex
curved shapes are fabricated for use in a range of
applications.27) It is well established that there are two+Corresponding author, E-mail: shahmir@modares.ac.ir
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essential requirements for attaining superplasticity including
a very small grain size (typically <10 µm) and conducting
the operation at relatively high temperatures of at least
³0.5Tm which Tm is the absolute melting temperature.28)

Basically, superplastic flow is a diffusion-controlled process
which becomes important at elevated temperatures.

It is important to note that in industry these very small
grains are typically achieved through thermo-mechanical
treatments which are capable of reducing the grain sizes to
³2­5 µm. Nevertheless, over the last three decades it has
become clear that even smaller grains, typically within the
submicrometer or even the nanometer range, may be attained
by processing metals and alloys through the application of
severe plastic deformation (SPD).29­33) Accordingly, SPD
was demonstrated as a new processing procedure having a
great potential for achieving ultrafine-grained materials and
therefore providing superplasticity during subsequent plastic
deformation34) and this approach is now used extensively for
achieving excellent superplastic forming capabilities.35)

Although there are several different SPD processing
techniques, most attention to date has focussed on the two
different procedures of equal-channel angular pressing
(ECAP)36) where a rod or bar is pressed through a special
die containing a channel bent through a sharp angle and
high-pressure torsion (HPT)37) where a disk is subjected to
high applied pressure and concurrent torsional straining.

There is a definitive criterion for the occurrence of
superplastic flow in which the measured tensile elongation
should be at least 400% with a strain rate sensitivity of
m µ 0.5.26,38) It has been demonstrated that the main
mechanism in superplastic flow is the occurrence of grain
boundary sliding (GBS)39) and this sliding must be
accommodated by the glide of intragranular dislocations that
cross the grains, pile up at the opposite grain boundaries
and then climb into the boundaries.40,41) A theoretical model
based on grain boundary sliding leads to a superplastic strain
rate, _¾sp, which is given by the following general power-law
relationship:42)

_¾sp ¼
ADgbGb

kT

b

d

� �2
·

G
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where A is a dimensionless constant having a value of ³10,
Dgb is the coefficient for grain boundary diffusion, G is the
shear modulus, b is the Burgers vector, k is Boltzmann’s
constant, T is the absolute temperature, d is the grain size
and · is the applied stress. Based on the importance of
GBS as the deformation mechanism in superplastic flow,
grain refinement is the key to extending the superplastic
regime into a wider stress region at faster strain rates. In
addition, grain refinement after processing through SPD leads
to an increase in the volume fraction of high-angle grain
boundaries and this contributes to the sliding activity.43)

Equation (1) provides an excellent description of the
superplastic flow of both conventional metals with grain
sizes of a few micrometers as well as ultra-fine grained alloys
processed by SPD followed by heating to elevated temper-
atures.44) Specifically, it was shown that there is very good
agreement between published data and the predictions of
eq. (1) for many conventional materials including Al-based
and Mg-based alloys.45­47)

In practice, performing tensile testing at elevated temper-
atures significantly affects the microstructure by facilitating
the driving force required for microstructural coarsening and
this may significantly reduce the ductility at temperatures
where superplasticity is expected. Accordingly, having two
phases or even a multi-phase structure is an important
requirement for maintaining a fine-grained microstructure in
which these separate phases lead to a significant inhibition
of grain growth in materials containing a fine dispersion of a
second phase to act as a grain refiner. The potential for using
HEAs for the formation of stable multiphase microstructures
at relatively high temperatures provides remarkable advan-
tages for achieving significant superplasticity in these alloys.
Accordingly, it is important to evaluate whether the same
agreement between the theoretical model for superplasticity
and the experimental data applies also to the occurrence of
superplastic flow in HEAs.

3. The Role of the High-Entropy Alloy Characteristics
in Superplasticity

To achieve significant superplastic properties, the alloy
must have, or at least must develop, high thermal stability
and significant grain growth resistance by suppressing grain
boundary migration.38) It is important to note that the
formation of second phases in conventional alloys to retain
a grain size to the range of lower than 10 µm is known as an
essential factor for superplasticity. Nevertheless, low thermal
stability of conventional alloys and coarsening of grain and
precipitates are responsible for a deterioration of super-
plasticity in these materials.

The inherent sluggish diffusion together with the provision
of strong obstacles to limit grain boundary mobility are key
factors in improving the thermal stability at elevated
temperatures. The results presented in Fig. 1(a) show that
the value of the activation energy for the diffusion of different
elements in the well-studied CoCrFeNiMn HEA is much
higher by comparison with other conventional alloys and
this leads to sluggish diffusion.22,48) In addition, Fig. 1(b)
shows the activation energy for grain growth in different
alloys which demonstrates directly the greater difficulty of
achieving grain growth in the HEA.49­54) In practice, it
was established that grain boundary diffusion of an element
having the lowest diffusion coefficient (Ni in the
CoCrFeNiMn HEAs) controls the rate of flow in super-
plasticity.22,48) Basically, solid solution strengthening in
HEAs depends on the chemical bonding and the size
mismatch of the various components. Accordingly, there is
a significant potential that boundary mobility is controlled by
solute atoms in HEAs although solute drag will become less
effective at high temperatures. It was reported that coarsening
in the CoCrFeNiMn HEA exhibits a classical power-law
behaviour with an exponent of 3 which suggests that the grain
boundary motion is controlled by a solute-drag mechanism
when the material is in a single-phase condition.55­58)

In addition, any precipitates appearing in the micro-
structure during exposure to heat are found to be especially
effective in pinning the grain boundaries. In practice, these
precipitates restrict dislocation motion and therefore inhibit
the movement of grain boundaries so that consequently they
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decelerate the occurrence of microstructural coarsening.59)

Clearly, the size and the volume fraction of these precipitates
depend on the annealing temperature which consequently
affects the pinning force in the Zener effect and the grain
sizes.60,61) It was reported in many investigations on
conventional alloys that remarkable superplasticity is related
to the presence of second phases which are effective in
preventing grain growth by the Zener pinning mechanism.
Accordingly, it is expected that any second phase will
improve the occurrence of superplasticity in the HEAs.
Actually, there is an intrinsic potential of decomposition and
formation of second phases in HEAs at elevated temperatures
encouraged by SPD. High defects in the microstructure
generated during SPD provide fast diffusion pathways and a
high volume fraction of interfaces as preferential nucleation
sites promotes the formation of new phases. This provides
the potential for achieving ultrafine-multiphase microstruc-
tures under a controlled hot deformation regime which is
capable of exhibiting superplasticity in HEAs. There are
many precipitates in HEAs such as sigma or NiAl-B2 and
these can improve the superplastic properties (see
Fig. 2).62,63) Accordingly, it is concluded that HEA alloys

have unique characteristics of intrinsic resistance to grain
boundary mobility and high thermal stability by comparison
with conventinal alloys which lead to significant superplastic
properties.

4. Evidence of Superplastic Flow in HEAs and the
Importance of a Secondary Phase

The first evidence of superplasticity in HEAs was reported
in a fine multiphase equiaxed structure of an AlCoCrCuFeNi
alloy with an average grain/particle size of ³2µm processed
through multidirectional hot forging at 950°C.64,65) The
microstructures represented in Fig. 3 denote multiphase
structures including (i) a Cu-rich phase with an ordered fcc
structure, (ii) an Al­Ni-rich phase with an ordered B2
structure, (iii) a Cr­Fe-rich phase with a disordered bcc
structure and (iv) a Co­Cr­Fe-rich phase with an ordered fcc
structure. It was reported that processing by SPD changed the
ordering of the Cu-rich and Co­Cr­Fe-rich phases and led to
a transformation of the bcc Cr­Fe-rich phase to a sigma phase
with a topologically close-packed structure.64,65) Figure 3(c)
shows the values of the total elongations in the temperature
range of room temperature up to 1000°C at a strain rate
of 10¹3 s¹1 in two conditions before and after SPD which
clearly shows the advantage of applying SPD.64,65) The
results indicate a significant increase in elongation by
increasing the temperature from 700 to 800°C due to a
brittle to ductile transition in which the grain refinement from
hot forging reduces this transition temperature by ³100°C
compared to the as-cast condition.65) The significant increase
in ductility at >700°C is mainly due to the activation of
mechanisms related to grain boundaries such as GBS
accommodated by diffusion-controlled processes. The strain
rate sensitivity index or m value was in the range of ³0.37­
0.56 which is consistent with the value of m µ 0.5 which is
associated with fine-grained superplasticity when GBS is
the rate-controlling deformation mechanism.64) Figure 3(d)

(b)(a)

Fig. 2 (a) Bright-field TEM image of CoCrFeNiMnTi0.181) and (b) SEM-
BSE image of V10Cr15Mn5Fe35Co10Ni2591) HEAs after post-deformation
annealing at 800°C for 60min.
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Fig. 1 (a) Activation energy of diffusion for different elements48) and (b) activation energy of grain growth for different alloys (data based
on Refs. 49)­54)) in different metals and alloys.
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shows the effect of the strain rate on the superplastic flow in
which a strain rate of 10¹3 s¹1 reveals the maximum total
elongations at various temperatures.64) This alloy shows
significant resistance to grain growth which may be due to
the complex microstructure and the presence of various
precipitates.64,66)

Figure 4 shows the results of a study of the high-
temperature mechanical properties of an equiatomic
CoCrFeNiMn HEA after processing by a complex thermo-
mechanical treatment including cold rolling with a reduction

in thickness of ³50%, post-deformation annealing at 800°C
for 1 h, warm rolling at 200°C with a reduction in thickness
of ³85% and finally annealing at 700°C for 15min.67) The
final microstructure contained single-phase fcc with a grain
size of ³1.4 µm. The results show that increasing the
temperature from room temperature to 750°C reduces the
flow stress and dramatically increases the ductility. However,
superplasticity was not achieved because all elongations were
<400% and it was suggested that increasing the extent of
grain refinement may lead to superplasticity.67)

In a later investigation,68) significant grain refinement
was attained using HPT in a CoCrFeNiMn HEA where HPT
processing was adopted as one of the commonly used SPD
methods for applying heavy strains to alloys in order to
improve the superplastic properties.21,36,37,53,69,70) The results
are shown in Fig. 5(a) and they depict a single-phase
microstructure with an average grain size of <100 nm after
HPT processing. The high-temperature mechanical properties
of the nano-grained material revealed superplasticity with a
maximum total elongation of ³620% at 973K under a
strain rate of 10¹3 s¹1 (Fig. 5(b)). It was suggested that the
formation of precipitates in the temperature range of 600 to
800°C plays an important role in maintaining the fine
microstructure at high temperatures and therefore improving
the superplastic flow (Fig. 5(c)).68) Numerous studies have
been carried out on precipitation in the CoCrFeNiMn HEA
and the results show that bcc and sigma Cr-rich precipitates
are formed in the temperature range between 600 and 800°C
and these precipitates start to dissolve above 750°C.23,71­74)

(a) (b)

Fig. 3 Microstructures of AlCoCrCuFeNi HEA in (a) as-cast65) and after (b) multidirectional hot forging at 950°C. (c), (d) A summary of
the tensile elongations under different conditions64,65) where the horizontal dashed line at 400% represents the critical criterion for
achieving true superplastic behaviour.

Fig. 4 True stress-elongation (%) curves of a fine-grained CoCrFeNiMn
HEA at room temperature and 750°C for different strain rates.67)

Superplasticity in Severely Deformed High-Entropy Alloys 1529



The origin for the formation of new phases in the
nanocrystalline CoCrFeNiMn HEA is due to the large
number of grain boundaries which serve both as fast
diffusion pathways and also as preferential nucleation sites
for the formation of new phases.74­76) Thus, these precipitates
place many strong obstacles in the path of grain growth for
the CoCrFeNiMn HEA and their dissolution at >750°C
produces a significant drop in the superplastic behavior due
to rapid grain growth and the formation of microcracks under
loading at these elevated temperatures.68)

Ti77) and Al78­80) elements were added to CoCrFeNiMn
HEA in order to increase the volume fraction of precipitates
and also increase their stability by using microstructure
engineering and therefore to improve the superplastic
behavior of the fabricated HEAs. Figure 6 provides a
summary of the superplastic properties of CoCrFeNiMn
HEAs after the addition of minor amounts of Al and Ti. The
results suggest that the presence of these elements leads to
a significant improvement in the superplastic behavior of
CoCrFeNiMn with elongations of >800% and >1200% for
alloys containing Ti and Al, respectively. This is attributed
to the creation of stable obstacles against grain growth. It
was reported that introducing a small fraction of hard phases
such as B2-NiAl can dramatically restrain the occurrence of
dynamic grain growth.80)

It was shown that the Ti addition to the HEA promotes
the formation of Cr-rich precipitates, increases the stability of
these precipitates and increases the stability of the grains up
to higher temperatures than 800°C (see Fig. 7).72,77,81) The

microstructure of a CoCrFeNiMn+9 at% Al after HPT
processing contained equiaxed grains of an fcc phase with
an average grain size of ³2 µm together with fine NiAl-B2
precipitates (³0.8­1µm) formed at grain boundaries in the
matrix and ultrafine NiAl-B2 precipitates (³200­400 nm)
within the grains.78) The formation of NiAl-B2 precipitates
was related to the high negative mixing enthalpy (¹22.3
kJmol¹1) between Ni and Al and the large atomic size of Al

Cr-rich 
precipitate

TD

Fig. 5 (a) Microstructure of the CoCrFeNiMn HEA after HPT processing,68) (b) total elongation versus strain rate for different
conditions67,68) and (c) microstructure after tensile testing at 700°C68) where TD is the tensile direction.

Fig. 6 Elongation diagrams of HPT-processed CoCrFeNiMn,
CoCrFeNiMnTi0.1 and CoCrFeNiMnAl0.5 HEAs after testing at 700°C
(data based on Refs. 68), 77), 78)).
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by comparison with other elements which promotes the
formation of a bcc phase. Figure 7(d) demonstrates the
microstructure of the CoCrFeNiMn+9 at% Al HEA after
HPT processing and shows the existence of the B2 phase in
the severely deformed microstructure without any significant
reduction in size.78) An extraordinary superplastic flow for
the Al-added senary HEA, represented in Fig. 7(e), shows
an elongation to failure of up to 2000% under a strain rate
of 5 © 10¹2 s¹1 at 800°C.78) It was reported in another
investigation that grain refinement of a CoCrFeNiMnAl0.5
HEA due to thermomechanical treatment led to improved
superplastic properties at 1000°C by comparison with the
quinary HEA due to higher thermal stability of the fine-
grained microstructure in the senary HEA.79)

There are some studies which suggest the importance of
other precipitates in fine and ultrafine-grained microstructures
including sigma phase formation to pin the grain boundaries
at elevated temperatures and to thereby improve the
superplastic properties of HEAs. It is important to note that
this brittle phase reduces the mechanical properties of
these alloys at lower temperatures. A non-equiatomic
V10Cr15Mn5Fe35Co10Ni25 HEA was developed82) and the
mechanical properties were compared at elevated temper-
atures with the CoCrFeNiMn HEA. The results revealed an
improvement in superplastic properties due to the formation
of sigma Cr-rich precipitates as obstacles against grain
growth. A maximum elongation of 770% was reported
during tensile testing at 700°C under a strain rate of
3.3 © 10¹3 s¹1. It was concluded that the presence of the V
element encourages the formation of this secondary phase
in the senary HEA.82)

Another study was conducted on an Fe42Mn28Co10Cr15Si5
dual-phase HEA with an average grain size of ³0.7 µm
processed by friction-stir processing.83) This material
contained a high-volume fraction (42%) of sigma precipitates
and showed an elongation to failure of 550% under a strain
rate of 10¹3 s¹1 at 700°C. Significant Cr partitioning occurred
at 700°C and was responsible for sigma formation. Also,
reducing the strain rate during testing led to a significant
increase in sigma precipitation.83) Another study was
conducted on the superplastic properties of an HPT-processed
Mo7.5Fe55Co18Cr12.5Ni7 alloy at 700 and 800°C.84) This
investigation showed a complex multiphase microstructure
including fcc, bcc martensite and Mo-rich µ phase (see
Fig. 8(a)) before tensile testing at high temperatures. The
results in Fig. 8(b) illustrate an elongation to failure of
>400% at 800°C but no superplasticity was observed during
testing at 700°C. This was related to the formation of more
Mo-rich µ precipitates at higher temperatures.84)

For the HPT-processed CoCrNiAl0.3 alloy, it was suggested
that partial melting of Al segregation at the grain boundaries
together with the formation of sigma and B2 precipitates
led to significant superplasticity including a total elongation
of ³1200% under a strain rate of 5 © 10¹2 s¹1 at 800°C
(see Fig. 9).85) By making a comparison between the HPT-
processed CoCrNiAl0.3 and CoCrFeNiMnAl0.5 samples, it is
apparent that increasing the volume fraction and decreasing
the size of the sigma and B2 precipitates improves the high
strain rate superplastic properties of these alloys by hindering
the grain growth process (see Fig. 10). It was reported that
the slightly better properties of CoCrNiAl0.3 after post-
deformation annealing (PDA) at 800°C compared to

Fig. 7 (a) Effect of Ti addition on the microstructure of the CoCrFeNiMn alloy at elevated temperatures.68,77) (b) and (c) Thermo-Calc
diagrams of CoCrFeNiMn HEA81) and CoCrFeNiMn+2 at% Ti HEAs,81) respectively. (d) Backscattered Electron image of the HPT-
processed CoCrFeNiMn+9 at% Al78) and (e) engineering stress versus elongation for HPT-processed CoCrFeNiMn+9 at% Al after
testing at elevated temperatures.78)
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annealing at 900°C was due to a smaller sigma phase in the
former alloy (³300 vs. ³380 nm). It appears that larger
sigma particles promote cavitation through local stress
concentrations that are generated around the grains and this
reduces the superplasticity.86)

5. Analysis of the Flow Mechanism in Superplastic
HEAs

There are some limited results now available documenting
the occurrence of superplasticity in several HEAs and these
data are summarized in Table 1. The present information
provides the key parameters including the composition of the
HEA, the processing procedure used to attain a superplastic
grain size, the gauge dimensions of the tensile specimens,
the temperature and strain rate of the tensile testing and the
measured elongations to failure. As noted earlier, super-
plasticity is defined formally as a tensile elongation of at least
400% and therefore some of these results are strictly outside
of the range required for true superplastic flow and therefore
they represent “superplastic-like flow” with additional
evidence that the ductility may be limited due to the
concomitant occurrence of cavitation.67) Accordingly, there
are some promising available results on fine and ultra-grained
HEAs, particularly alloys containing Al, which indicate

Fig. 8 (a) XRD patterns of Mo7.5Fe55Co18Cr12.5Ni7 HEA before (annealed) and after HPT processing and (b) elongation-strain rate
diagram of HPT-processed samples before and after testing at elevated temperatures.84)

Al

Ni Co

Cr

Fig. 9 (a) STEM image of deformation-induced grain boundary segrega-
tion in CoCrNiAl0.3, (b) HRTEM image of deformation-induced grain
boundary segregation in CoCrNiAl0.3 and (c) the EDS line-scan through
sigma and B2 grains.85)

FCC FCC FCC

B2

B2

B2

σ
σ

σ

Fig. 10 (a) Elongation-strain rate diagram of HPT-processed Al0.3CoCrNi and Al0.5CoCrFeNiMn samples and (b) volume fraction of all
phases in CoCrNiAl0.3 and CoCrFeNiMnAl0.5 alloys.86)
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Table 1 Experimental results for superplasticity and superplastic-like flow in high-entropy alloys.
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significant superplasticity with tensile elongations much
higher than 400% and even up to ³2000%.67) Examples of
true superplasticity are shown by the samples visible in
Figs. 6 and 8 where, as required by superplastic flow,87) there
is no evidence for the occurrence of any necking within the
gauge lengths.

It is well-established that, in addition to an elongation of
at least 400%, there is another definitive criterion for the
occurrence of superplastic flow and that is a measured strain
rate sensitivity of m µ 0.5.26,38) Basically, as represented in
eq. (1), the theoretical model based on GBS leads to a
superplastic strain rate with a power-law relationship in
which the stress exponent of ·/G is equal to 2 and m
corresponds to the inverse of the stress exponent so that the
anticipated strain rate sensitivity is m = 0.5.42) However, the
measured value for m for severely deformed HEAs, as given
by the slope of a plot of flow stress against the initial strain
rate, typically gives an average strain rate sensitivity of
m µ 0.3.68) This value is not consistent with eq. (1) although
there was microstructural evidence for the occurrence of
GBS in these investigations of the HEAs. Instead, a value of
m µ 0.3 suggests that deformation at an elevated temperature
is controlled by an intragranular dislocation glide process88)

but, on the contrary, samples deforming by dislocation glide
are not capable of achieving elongations as high as >400%.
Accordingly, the data were interpreted in a different way by
noting that an anomalously low strain rate sensitivity may
be attained due to the occurrence of massive grain growth
during heating where the grains in the severely deformed
single-phase HEAs grew from a few tens of nanometres to a
few microns before the formation of precipitates during the
heating.68) This explanation is illustrated schematically in
Fig. 11. It is important to note that a higher strain rate
sensitivity of m µ 0.4 was reported in the HEAs68) containing
a secondary phase in the initial severely deformed micro-
structures before heating and testing and this may hinder
the occurrence of massive grain growth during heating which

means that the HEAs then become more similar to
conventional superplastic alloys.

It was already noted that eq. (1) provides an excellent
description of the superplastic flow of fine and ultrafine-
grained conventional materials45­47) and accordingly it is
important to check the agreement between the published
data summarized in Table 1 and the prediction of the
theoretical model. To evaluate the flow mechanism in the
superplastic HEAs, eq. (1) was re-arranged and experimental
data from each investigation were plotted in the form of the
temperature and grain size compensated strain rate against
the normalized stress. The results are shown in Fig. 12 with
Dgb = Do exp(¹Qgb/RT ) where Do is a frequency factor
(19.4 © 10¹4m2 s¹1 for pure Ni), Qgb is the activation energy
for grain boundary diffusion (113 kJmol¹1 for superplastic
deformation of an ultrafine-grained HEA68)), R is the gas
constant, b = 2.55 © 10¹10m56) and G = 85 ¹ {16/
(exp(448/T ) ¹ 1)}GPa.89) The plot was constructed taking
grain sizes of d = 2.1 µm,64,66) 1.5 µm,90) 1.0 µm,68) 0.5­
3.0 µm77) and 1.4 µm.67) The solid line labeled _¾sp has a slope
of 2 and there is generally an excellent agreement between
the experimental datum points and the theoretically predicted
rate for superplasticity occurring by GBS.42) This plot
confirms that the behaviour of HEAs is generally similar
to conventional alloys processed by SPD despite the well-
defined characteristic differences in this new class of
materials.

6. Summary and Conclusions

(1) Superplastic data are now available for several
quaternary, quinary and senary HEAs with tensile

Fig. 11 Schematic illustration of stress versus strain rate showing the effect
of grain refinement on an enhancement of the superplastic region at
intermediate strain rates and the displacement to faster strain rates that
effectively reduces the measured value of m.68)

Fig. 12 Temperature and grain size compensated strain rate versus
normalized stress showing excellent agreement with the theoretical
prediction for conventional superplasticity.64)
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elongations up to >1000% under strain rates of the
order of ³10¹2 s¹1. The well-known CoCrFeNiMn
HEA revealed the maximum total elongation up to
600% after HPT processing followed by tensile pulling
at 700°C. The minor addition of Ti or Al to the
CoCrFeNiMn HEA led to a significant increase in the
maximum total elongations up to 600% and 2000%,
respectively.

(2) Grain boundary sliding appears at high temperatures
and low strain rates in severely deformed HEAs with
the fine and ultrafine grain sizes responsible for the
occurrence of superplasticity in the HEAs which is
similar to conventional materials despite the sluggish
diffusion in this new class of material.

(3) The decomposition of severely deformed single-phase
HEAs at elevated temperatures and the formation of
different precipitates including B2 (NiAl-rich) and
sigma (Cr-rich) phases provide a potential for achieving
superior superplastic elongations in HEAs by restricting
the grain growth in these alloys during tensile testing.

(4) An analysis of the experimental data and a systematic
comparison with conventional superplastic materials
show good agreement between the measured strain
rates and the theoretical predictions for conventional
alloys and superplastic HEAs processed by severe
plastic deformation.
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