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Multi-principal element alloys (MPEASs) are in the forefront of materials science since their compositions can be found in the undiscovered
central parts of phase diagrams. These materials contain 3—6 elements with similar fractions, i.e., the constituents do not play the classical solvent
and solute roles in the alloys. This class of materials includes high entropy alloys (HEAs). Novel MPEA compositions often have unique
and superior properties compared to conventional materials. It has been shown that the features of MPEAs can be further improved by
nanostructuring using severe plastic deformation (SPD) techniques. In this study, the evolution of the microstructure in MPEAs during SPD-
processing (defect formation, grain refinement and phase transformation) is overviewed on the basis of the literature. The corresponding changes
of the mechanical and physical properties, such as the strength, corrosion resistance and hydrogen diffusivity are discussed. In addition, the
potential applications of SPD-processed MPEAs are presented. [doi:10.2320/matertrans. MT-MF2022013]
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1. Introduction

Presently, one of the hottest topics in materials science
is the development and study of multi-principal element
alloys (MPEAs)."> These materials contain three or more
elements with equal or near equal fractions, therefore their
compositions correspond to the unexplored middle parts of
the phase diagrams. The other name of these materials is
complex concentrated alloys (CCAs). This new concept of
alloys differs significantly from traditional solid solutions,
since in MPEAs there are no solvent and solute atoms i.e., all
constituents have similar roles. If the number of constituent
elements in MPEAs is at least five, the high configurational
entropy can stabilize the single phase structure.* These
MPEAs are referred to as high-entropy alloys (HEASs).

The high interest in MPEAs is based on that (i) these novel
materials may exhibit unique and never-before-seen behavior
and (ii) due to the large variety of compositions different
combinations of improved properties can be achieved with
the help of MPEAs. For instance, MPEAs may offer a trade-
off between high mechanical strength and good ductility of
metallic materials.”) This beneficial combination of mechani-
cal properties can be achieved when face-centered cubic (fcc)
and body-centered cubic (bcc) phases co-exist in MPEAs.
In addition, there are MPEA compositions (e.g., NbMoTaW
and VNbMoTaW) which show high strength even at elevated
temperatures and these alloys are referred to as refractory
MPEAs.® Refractory MPEAs may exhibit a higher yield
strength at high temperatures (above 1000°C) than Ni-based
superalloys (e.g., Inconel 718). It is worth noting that bulk
metallic glasses (BMGs) are also manufactured from many
principal constituents.®) On the other hand, BMGs are brittle
due to their amorphous structure, however, the crystalline
MPEAs may exhibit a significant ductility beside the high
strength. The underlying mechanisms behind the high
strength are different for BMGs and MPEAs. Namely, for
BMGs the high strength is caused by the lack of dislocations
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in the amorphous structure while in MPEAs the threshold
stress of dislocation motion (referred to as friction stress) is
enhanced due to the disordered multi-component crystalline
structure.”)

Coarse-grained MPEAs can be characterized by some
basic features such as sluggish diffusion and severe lattice
distortion.” These common features have a deterministic
effect on the physical and mechanical behavior of MPEAs.
The properties of MPEAs may deviate from the predictions
made from the properties of the constituents due to the
mutual interaction among these elements. This phenomenon
is referred to as cocktail effect.®'%'® Nevertheless, the
improved properties of MPEAs, such as the high strength
even at elevated temperatures, the enhanced wear, oxidation,
corrosion and radiation resistance, can open the door to
new applications of these materials.!*!4-19 It is worth noting
that when the number of constituents is only three or four,
i.e.,, the MPEA is only a medium-entropy alloy (MEA) and
not an HEA, the properties of materials (e.g., the hardness)
can be similarly good as for higher number of composing
elements.'” Therefore, not only HEAs but also other MPEAs
with three-four constituents are worth to study.

Due to the improved physical and mechanical properties
of MPEAs, there are many areas of potential applications,
such as hydrogen storing materials,'®!®) catalysts,?? diffusion
barriers,”'?® cladding materials used for the nuclear fuels
and high pressure vessels in nuclear power plants,¥ wear-
and/or heat-resistant coatings,® shape memory alloys®* and
structural components.”> In the latter case, the high
mechanical strength of some MPEA compositions makes
the materials suitable for advanced structural applications.
The enhanced strength of MPEAs is caused by the strong
resistance of the disordered crystal lattice to dislocation
motion.”® Very hard MPEAs were obtained when the
structure of the alloys was bce. The compressive yield
strength for these materials was usually between 1000 and
2000 MPa at room temperature (RT);?*33) however, excep-
tionally high yield strength of about 3500 MPa was
obtained for NbMoTaWVCr HEA ¥ The latter material
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was processed by mechanical alloying (MA) and subsequent
consolidation by spark plasma sintering (SPS) which
yielded a fine microstructure. The reduced grain size and
the oxygen contamination inevitable during MA may result
in an extra strengthening effect. Similar high strength was
achieved for AlCrFeMoV HEA where the coexisting two
bee phases surely contributed to the outstanding mechanical
performance.>¥

The high strength of MPEAs can be further increased by
applying severe plastic deformation (SPD) techniques.
During SPD processing, both grain refinement and an
increase of the density of lattice defects (e.g., dislocations
and planar faults) contribute to hardening of the as-processed
materials.®>>?) The most frequently used SPD techniques
are equal-channel angular pressing (ECAP),*? high-pressure
torsion (HPT),*'*7 multidirectional forging (MDF),*® twist
extrusion (TE)***? or accumulative roll bonding (ARB).>®
During these procedures, the bulk metallic samples are
deformed up to the strains of several hundreds of percentages
while their shapes do not change considerably. SPD-
processing usually requires high pressure which helps to
maintain the integrity of the materials by suppressing the
formation and propagation of cracks. SPD can yield a grain
refinement to several hundreds or tens of nanometers and an
increase of the dislocation density to the order of magnitude
of 10'*m=2373% SPD-processing of MPEAs may result in
a significant increase of strength and due to the grain
refinement the change of the physical properties (corrosion
resistance etc.) too. Therefore, it is very important to study
the effect of SPD-processing on the microstructure and
properties of MPEAs.

The goal of this overview is to summarize the existing
knowledge on the formation of nanostructures in SPD-
processed MPEAs. First, the development of the micro-
structure during SPD-processing is overviewed. Special
emphasis is placed on the evolution of the densities of lattice
defects such as dislocations and twin faults, since the
multiplication, propagation and annihilation of these defects
are fundamental processes during SPD and significantly
influence the performance of SPD-processed materials. The
characterization of the defect structure can be carried out very
effectively with the non-destructive method of X-ray line
profile analysis (XLPA), therefore the application specialities
of this technique in the case of MPEAs are also discussed. In
addition, the improvement of the mechanical and physical
properties, such as strength, corrosion resistance, hydrogen
diffusivity etc., due to nanostructuring and the consequent
change of functionality are also overviewed.

2. Development of the Microstructure of MPEAs during
SPD

2.1 Evolution of the lattice defect structure due to severe
deformation
2.1.1 Fundamentals of the study of defects in MPEAs by
X-ray line profile analysis
XLPA is a very effective non-destructive method for
the study of lattice defects in crystalline substances. This
technique is based on the fact that defects destroy the perfect
atomic order in crystals, thereby resulting in broadening of
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the diffraction peaks.>” From the analysis of the peak shape,
the type and density of line and planar lattice defects (e.g.,
dislocations and stacking or twin faults) can be determined.
In addition, the average size and size distribution of
crystallites can also be obtained from XLPA.>) This
technique does not require complicated sample preparation
and the statistics of the microstructural parameters obtained
by this procedure is much better than that of the microscopic
methods (e.g., transmission electron microscopy - TEM) due
to the much larger probed volume.’**" In this study, mainly
XLPA is used for the determination of the density of lattice
defects formed during SPD, therefore some features of this
technique specific to MPEAs will be discussed in the next
paragraphs.

First of all, it should be clarified how the X-ray diffraction
(XRD) patterns obtained on MPEAs should be interpreted.
This question arises because theoretically the peaks in an
XRD pattern appear due to the periodic arrangement of
atoms, while MPEAs are usually lack of strict atomic
periodicity. For pure crystals, dilute alloys or highly alloyed
materials with ordered structures, the periodicity is evident as
shown schematically in Fig. 1(a) and (b). On the other hand,
MPEAs are usually disordered solid solutions, and these
structures are not strictly periodic since the lattice points are
occupied by different atoms randomly (see Fig. 1(c)). Despite
the disordered structure of MPEAs, their experimental XRD
patterns contain peaks, similar to diffractograms of conven-
tional alloys. In the following paragraph, this behavior is
confirmed theoretically.

The intensity scattered by a crystal (/) is proportional to
the product of the amplitude (4) and its complex conjugate

(4%). The amplitude can be expressed as:>%>?)

A(i) o Y F, exp(—2ikR,,), (1)

where k is a vector in the reciprocal space (k =2sin6/1
where 0 and A are the scattering angle and the wavelength of
X-rays, respectively), R, is the lattice vector pointing to the
cell with the index n and F, is the structure factor of the nth
cell. If we consider the simplest case, when one cell contains
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Fig. 1 Schematics showing (a) a pure crystalline structure, (b) an ordered
alloy with two components and (c) a disordered MPEA structure with five
constituent elements. The various atoms are indicated by different
symbols.
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only one atom, the structure factor of the nth cell is the same
as the atomic form factor of the atom sitting in that cell ( f;).
Thus, the scattered intensity is obtained as:>*>?

I00) o Y 3" fufy expl—2mik(R, — Ry, (2)

where R, and R, are the position vectors of the origins of
nth and n'th cells in the lattice, respectively. Equation (2) can
be rewritten as:**-%?)

1(1) o Z(Z fn f;:+m) exp(27ikAR,,), 3)

where AR,, = R, — R,. Since both R, and R, are lattice
vectors, AR, is also a vector connecting atomic sites. For
finite crystallite size, at each value of m the summation in
Y wfufri, is carried out for those n values for which both
cells with the indices # and n 4+ m are in the crystallite. Let’s
denote this number as N.. If the electron density function is
symmetric, i.e., fy(r) = fi(—r), the atomic form factor has
only a real part, thus eq. (3) is simplified to the following
form:

(k) ¢ N, Z(f nfntm) eXp2iK AR,,), “

where (f, f,+m) 1s the average of the products of the atomic
form factors for all pairs of lattice sites connected by vector
AR,,. For random distribution of elements in MPEA,
(fufn+m) 1s independent of AR,, and equals the square of
the average of the atomic form factors of the constituent
elements denoted as (f)2. Thus eq. (4) can be written as:

I(k) & N(f)? Z exp(2mikAR,). 5)

The last term in eq. (5), ie., ), exp(mikAR,,) give
diffraction maxima when k equals a reciprocal lattice vector
g since the product of g and AR,, is always an integer
number. This condition is the same as can be obtained for
traditional crystals, therefore MPEAs also must have XRD
patterns decorated with diffraction peaks. According to
eq. (5), the disordered structure should be considered as all
atomic sites would be occupied by the same “average” atom
for which the form factor equals the average of the form
factors of the constituent elements weighted with their mole
fractions. Thus, the structure shown in Fig. 1(c) has a bec
like diffractogram. A typical XRD pattern obtained on a bec
HfNbTiZr MPEA is shown in Fig. 2.

The peaks on the diffraction patterns of SPD-processed
MPEAs are broadened due to the (i) finite crystallite size, (ii)
lattice distortion caused mainly by dislocations, (iii) planar
faults such as twin boundaries, (iv) instrumental broadening
and (v) chemical heterogeneities which are often observed
in MPEAs. These effects, if all exist, are added together by

convoluting their intensity profiles, i.e.:’*>%

I(k) = I'(k) % f(k) % I° (k) % 1(k) * 1P (i), (6)

where * represents convolution, /() is the measured scattered
intensity, 7'(k) is the instrumental peak. I*(k), (k) and I”(k)
are the intensity profiles for the diffraction domain size,
dislocations and planar faults, respectively. The chemical
heterogeneities in MPEAs are taken into account by f(«)
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Fig. 2 XRD pattern taken on an HINbTiZr MPEA with a bce structure and
processed by 1 turn of HPT at room temperature (RT). The diffractogram
was detected at the edge of the HPT disk. The black open circles and the
curve represent the measured pattern and the calculated diffractogram
fitted by the CMWP method, respectively. The difference between these
two patterns is shown at the bottom of the figure.

which is the density distribution function of the magnitude of
the diffraction vector in the material.>® The latter quantity is
the reciprocal of the lattice spacing (d) which is influenced by
the local chemical composition. The higher the magnitude
of chemical heterogeneities, the broader the distribution of
lattice spacing and also the magnitude of the diffraction
vector in MPEAs. It should be noted that lattice distortion
in MPEAs is caused not only by lattice defects, such as
dislocations, but also the disordered alloy structure. However,
the latter effect is marginal beside the XRD peak broadening
caused by the high density of defects formed in SPD-
processed MPEAs.

The evaluation of the shape of the diffraction peaks can be
performed by fitting calculated theoretical profiles to the
experimental ones. In this overview, the densities of lattice
defects are determined by the convolutional multiple whole
profile (CMWP) fitting method.> As an example, Fig. 2
illustrates a CMWP fitting on the XRD pattern taken at the
edge of an HfNbTiZr MPEA disk processed by 1 turn of
HPT.>> The evaluation can yield the crystallite size, the
density of dislocations and the planar fault (e.g., twin fault)
probability. The latter quantity gives the fraction of faulted
planes among the lattice planes lying parallel to the faults
(e.g., for twin faults in fcc crystals these are the {111}
planes). More details about XLPA can be found in Ref. 50).
It should be noted that recently a novel machine learning
based XLPA (ML-XLPA) method has been developed which
opens a new way for easy and fast microstructure character-
ization for combinatorial MPEAs.*® In these samples, the
chemical composition varies intentionally in a wide range for
studying the effect of the constituent concentrations on the
phase composition and microstructure. Combining synchro-
tron XRD with ML-XLPA, maps of the microstructural
parameters, such the defect densities, versus the chemical
composition can be obtained in a very short time. In the next
section, the evolution of the defect densities during SPD-
processing of MPEAs is studied basically on the basis of the
results obtained by XLPA technique.
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Fig. 3 The dislocation density versus the shear strain applied in HPT at RT
for an HfNbTiZr MPEA. The data were taken from Ref. 55).
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Fig. 4 The twin fault probability versus the shear strain applied in HPT at
RT for a CoCrFeNi MPEA. The data were taken from Refs. 58), 59).

2.1.2 Dislocation density and twin fault probability in
severely deformed MPEAs

It was found that similar to conventional alloys in MPEAs
the defect density increased with increasing the strain
imposed during SPD-processing. This effect is illustrated in
Fig. 3 where the evolution of the dislocation density
determined by XLPA versus the shear strain achieved during
HPT at RT is shown for an HfNbTiZr MPEA.>> The shear
strain (y) was determined by the following formula:

2nrN
V= y

; N

where N is the number of turns, 7 is the distance from the disk
center and ¢ is the thickness of the disk.? It can be seen that
the dislocation density saturated at the shear strain of 30. This
value corresponds to an equivalent strain of about 17.37)
Similar threshold strain of dislocation density saturation was
observed for other HPT-processed MPEAs.>**” The twin
fault probability in fcc MPEAs with low stacking fault energy
(SFE) also increases with increasing the strain imposed
during SPD as illustrated in Fig. 4 for CoCrFeNi MPEA
processed by HPT at RT. The data were taken from Refs. 58),
59). The saturation of twin fault probability occurred at the
shear strain of ~10.

The saturation values of the dislocation density and the
twin fault probability developed in different MPEAs
processed by SPD at RT are listed in Table 1. These data
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Table 1 The saturation values of the dislocation density and the twin fault
probability developed in different MPEAs processed by SPD. HPT: High

pressure torsion.
SPD method Dislocation

Composition Twin fault Ref.

density probability

[10" m-2] [%]
CoCrFeNi (fcc) HPT at RT 156 + 20 28+0.4 58)
Co33Ni33CrioMnis (fee) HPT at RT 280 + 30 1.6+0.2 61)
CoCrFeMnNi (fec) HPT at RT 194 £ 20 2.7+0.2 53)
Fe35Mn3sCoioCrioNiio (fec)  HPT at RT 236 +£25 1.0£0.1 62)
HNbTiZr (bee) HPT at RT 214424 n.a. 57)
FeaoMn4oCo10Crio (hep) HPT at RT 71+8 n.a. 62)

300
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Fig. 5 The grain size determined by TEM versus the dislocation density
obtained by XLPA for fcc and bec Al-, Cu-, Ni- and Fe-based
conventional alloys and MPEAs processed by HPT at RT. The plotted
MPEA dislocation densities are listed in Table 1.

were obtained on samples processed by HPT since this
technique is able to deform high-strength materials to very
high strains (even to ~1000) while maintaining the integrity
of the samples and the SPD device due to the very high
applied pressure (2—-10 GPa) which suppresses the initiation
and propagation of cracks. The maximum dislocation density
achieved by HPT at RT was about 150280 x 10"*m~2 for
the studied fcc and bcc MPEAs (see Table 1 and Refs. 57)—
62)). These values are the highest among the cubic metallic
alloys processed by HPT at RT as shown in Fig. 5. The high
dislocation density can be explained by the retarding effect of
the high melting point (~1600-2000 K for the compositions
listed in Table 1) and the high degree of alloying in MPEAs
on the annihilation of dislocations formed during HPT.
Regarding the latter effect, in MPEAS there are high fractions
of different elements with various sizes. Large atoms among
the constituents of MPEASs can pin edge dislocations, thereby
retarding their annihilation. It should be noted that the
reduction of the temperature of HPT does not imply
inevitably the increase of the dislocation density. For
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Fig. 6 Saturation twin fault probability values determined by XLPA versus
the SFE for SPD-processed metals and alloys. Two MPEAs (HPT-
processed CoCrFeNi and CoCrFeMnNi) are also included in the plot. The
data for other materials were taken from Ref. 37). For some materials, the
grain sizes are also shown, and the arrows indicate the effect of grain size
on twin fault probability for the same SFEs values.

instance, in fcc CoyyCrysFe0MnyoNijy MPEA HPT-proc-
essed at LNT (77K) the dislocation density was measured
as 250 x 10'*m=2%9 which is in the range obtained for
different MPEAs deformed by HPT at RT (see Table 1). This
observation can be explained partly by fcc-to-hep phase
transformation and dynamic recrystallization during HPT at
LNT, but self-annealing and static recrystallization during
storage of the samples at RT after cryogenic HPT also
occurred.

For MPEAs with low SFE, the large degree of dislocation
dissociation also retards annihilation of dislocations, thus
enhancing the saturation dislocation density.>” In addition,
a high amount of twin faults forms due to deformation
twinning during SPD-processing (see Fig. 4). The saturation
twin fault probability was found to be between 1 and 3%, as
shown in Table 1. These values are in the same range as
obtained for conventional low SFE metals and alloys, such as
Ag, Cu-Al and Cu—Zn.>” On the other hand, HPT-processed
MPEAs have slightly higher twin fault probability than for
conventional SPD-processed metals and alloys with the same
SFE as revealed in Fig. 6. From the data listed in Table 1,
only the twin fault probability values of CoCrFeNi and
CoCrFeMnNi alloys are plotted in Fig. 6, since for other
MPEAs SFE is not known. The SFE values were taken from
Ref. 64). An enhanced twin fault probability was also
observed for conventional materials in Fig. 6 which can be
explained by the promoting effect of the small grain size on
deformation twinning in fcc crystals. In SPD-processed
MPEAs, the grain refinement is very pronounced due to the
alloying effect as will be discussed in the next section,
therefore a higher twin fault probability was detected than for
other materials with the same SFE but higher grain size as
shown in Fig. 6. It should be emphasized that the elevated
twin fault probability in CoCrFeNi and CoCrFeMnNi alloys
is not a specific effect for MPEAS since similar trend was also
observed for conventional Cu—Zn alloys (see Fig. 6).

Although the saturation values of defect densities in
different SPD-processed MPEAs have the same order of
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magnitude (10'®m~2, see Table 1), the chemical composition
can significantly influence the dislocation density and the
twin fault probability. For instance, changing the composition
from CoCrFeNi to CoCrFeMnNi with the addition of Mn
increased the saturation dislocation density achievable by
HPT at RT from 156 to 194 x 10'*m™2.3® This enhancement
of the dislocation density can be attributed to three effects.
First, in CoCrFeNiMn MPEA a relatively large lattice
distortion develops around Mn atoms due to their larger
nearest neighbor distances compared to other elements in this
alloy.% Thus, Mn atoms can attract dislocations since the
lattice distortions may be relaxed if the Mn atoms are
situated in the core of dislocations. Therefore, Mn atoms in
CoCrFeNiMn MPEA may have a pinning effect on
dislocations, thereby hindering their annihilation during
SPD-processing. Second, Mn atoms prefer the formation
Mn—Co nearest-neighbor pairs at the expense of Mn-—Ni
pairs in CoCrFeNiMn which also impedes the motion of
dislocations since the separation of Mn—Co pairs due to shear
caused by dislocation glide is not favorable energetically.®®
Third, the diffusion is slower in CoCrFeNiMn than in
CoCrFeNi at RT®%® which retards climb of edge
dislocations. The above listed three effects can contribute to
the development of a higher saturation dislocation density
in CoCrFeNiMn HEA compared to CoCrFeNi MPEA during
HPT-processing. It should be noted that the saturation twin
fault probability does not differ significantly in the two alloys
(2.7-2.8%) which can be attributed to the close SFEs of
CoCrFeNi and CoCrFeNiMn alloys (~20-30 mJ/m?).5¥

There may be moderate modifications of the composition
of MPEAs which can yield a large difference in the maximum
dislocation density achievable by HPT at RT. Table 1 shows
that when Ni was added to FesoMnyyCo;oCrig and the
composition became Fe;sMn3sCo gCrjgNijg, the saturation
dislocation density decreased with a factor of about 3.3. This
change of the defect structure is associated with the phase
transformation occurred in Fe;sMn3sCoyoCrioNijg during
HPT.%? Namely, the initial fcc structure transformed gradual-
ly to hcp, i.e., beside the dislocation glide transformation
induced plasticity (TRIP) also contributed to deformation.
Therefore, less dislocation was required for the same nominal
strain of HPT than in the case of FesgMnyCo19Crjo where
the structure remained full fcc. Moreover, during fcc-to-hep
transformation the dislocations formed in the fcc phase
disappeared, also contributing to the lower measured
dislocation density after HPT.

Finally, it is worth noting that very high defect densities
can be observed not only in SPD-processed MPEAs, but also
in their nanocrystalline counterparts produced by bottom-up
methods. As an example, Fig. 7 compares the defect densities
of CoCrFeNi MPEA samples processed by 20 turns of HPT
and physical vapor deposition (PVD).>"*”) In nanocrystalline
MPEAs processed by bottom—up methods, the dislocations
and twin faults are grown-in lattice defects which form in
order to reduce the mismatch stresses between nanograins.

2.2 Grain refinement during SPD

As the defect density increased with increasing the
imposed strain during SPD-processing, the grain size
decreased and saturated at a shear strain of about 30—
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Fig. 7 Comparison of the parameters of the nanocrystalline microstructure
for CoCrFeNi MPEA samples processed by 20 turns of HPT and PVD.
Reproduced from Ref. 51) with the permission of the author.

40.33578) It has been revealed that the grain refinement
occurred via the following mechanisms: (i) fragmentation
due to the formation of dislocation slip bands and their
intersection which cause misorientations, (ii) twinning
(primary and secondary) and (iii) dynamic recrystalliza-
tion.¥ The contributions of these mechanisms to grain
refinement depend on the chemical composition. For
instance, for compositions with low SFE, twinning has a
significant role in the decrease of the grain size during SPD-
processing.>%*) The primary twins formed in low SFE
MPEAs during the early stage of SPD can be intersected
with secondary twins, thereby subdividing the primary twins
into equiaxed parts.”” In addition, the accumulation of
dislocations at coherent twin boundaries yields a gradual
transformation into incoherent high-angle grain boundaries
(HAGBs). The grain fragmentation processes listed above
also operate in conventional alloys,*” so they are not specific
to MPEAs. In addition, fcc-to-hep phase transformation may
occur for some compositions (e.g., in CoygCrygFesgMnygNijy
and FeyyMnygCo;¢Cryg) during SPD-processing which can
also influence the final grain size.®*® These compositions
usually have a low SFE since an hcp crystal can form in
an fcc structure if intrinsic stacking faults develop every
second {111} planes.’® For instance, the decrease of Ni in
(Fe,Mn)49_xCo1oCroNiy, MPEAs resulted in an increased
propensity to the development of hcp phase from fcc
during HPT.%» Thus, during HPT at RT Fe4oMn4Co;0Cryo
exhibited an fcc-to-hcp phase transformation while
Fe;sMn3sCo;oCroNijg remained fcc. The latter material has
a lower saturation grain size (~30nm) than the MPEA
exhibiting phase transformation (~90 nm).%?

The minimum grain size achievable in MPEAs by SPD-
processing are listed in Table 2. These values were
determined by TEM. For all MPEAs processed by HPT at
RT, the minimum grain size was lower than 100nm, i.e.,
nanostructures were obtained. Considering the different
MPEA compositions studied in the literature, the lowest
grain size achieved by HPT in single phase MPEAs was
about 30 nm (see Table 2). This value is the smallest size ever
measured for metallic materials processed by HPT at RT as
illustrated in Fig. 5. Slightly larger values of about 40-50 nm
were obtained for highly alloyed conventional materials
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Table 2 The minimum grain size achievable by SPD in MPEAs as
determined by TEM. The minimum crystallite size values obtained from
XLPA are also listed.

Composition SPD method Grain size  Crystallite Ref.

size

[nm]

[nm]
CoCrFeNi (fcc) HPT at RT 79 + 10 28+3 58)
CoCrFeNi (fcc) HPT at RT 68 n.a. 70)
Co33Niz3CrioMnis (fee) HPT at RT 35+5 24+3 61)
CoCrFeMnNi (fec) HPT at RT 27+5 22+3 53)
CoCrFeMnNi (fec) HPT at RT 50 n.a. 72)
CoCrFeMnNi (fec) HPT at RT 33 n.a. 73)
CoCrFeMnNi (fec) HPT at 77K 50 n.a. 72)
FessMnssCoioCrioNiio (fee) HPT at RT 30+5 24+3 62)
Co020Cr26Fe20Mn20Nii4 (fec) HPT at RT 61 +25 n.a. 63)
CoCrFeMnNiTio.i (fec) HPT at RT 40 na. 74)
Co10CrisFessMnsNi2sVio (fee) HPT at RT 30 n.a. 75)
HINbTiZr (bee) HPT at RT 2844 1743 57)
Fe4oMnaoCo10Crio (hep) HPT at RT 90+ 10 19+2 62)
AlCrFeCoNiNb (bcc +

HPT at RT 10 n.a. 71)

hexagonal Laves phase)

such as 316L steel, Al-5.9%Mg—0.3%Sc—0.18%Zr and Cu—
27%Cr alloys.’” It should be noted that the composition of
MPEAs has a significant effect on the minimum achievable
grain size as revealed by Table 2. For instance, the saturation
grain size for CoCrFeNiMn HEA (~27nm) is much smaller
than that for CoCrFeNi MPEA (~79 nm) processed by HPT
at RT. As discussed in section 2.1, Mn atoms have a pinning
effect on lattice defects, thereby hindering the motion of grain
boundaries. This effect impedes recrystallization and grain
growth during SPD-processing, thus lowering the saturation
grain size achieved by HPT. For MPEAs having a multiphase
structure even before HPT, the minimum grain size
achievable by HPT at RT can be as low as 10nm’" (see
also Table 2).

For most MPEAs processed by SPD, the crystallite size (or
diffraction domain size) values obtained by XLPA are smaller
than the grain sizes determined by TEM as shown in Table 2.
This phenomenon is generally valid for not only MPEAs
but all metals and alloys deformed by SPD.3”*? This effect
can be attributed to the hierarchical nature of the SPD-
processed microstructures. Namely, the grains bounded by
HAGBs are fragmented into subgrains or dislocation cells
whose size is measured by XLPA as the crystallite size.’”
Indeed, the subgrain size determined by TEM agrees well
with the crystallite size obtained by XLPA as demonstrated
for HfNbTiZr MPEA processed by HPT in Ref. 57). In
Table 2, for some compositions (e.g., for Cos3Niz3Cri9gMnys,
CoCrFeMnNi and Fe;sMnj35Co,0CrgNijg), the grain and
crystallite sizes measured by TEM and XLPA, respectively,
only slightly differ, suggesting that the grains are not
fragmented into subgrains after HPT-processing.
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Table 3 The phases before and after SPD for MPEA compositions
exhibiting phase transformation during SPD.

Composition SPD method  Phases before  Phases after SPD Ref.
SPD
Fe4oMnaoCo10Crio HPT at RT fee fee + hep 62)
TissZr27.sHf27.5NbsTas HPT at RT bee orthorhombic 78)
Co020Cr26Fe20Mn20Nii4 HPT at RT fee + o-phase fee 63)
Co020Cr26Fe20Mn20Nii4 HPT at 77 K fee fee + hep 63)
HPT at RT
CoCrFeMnNi fec fec + bee 72)
(10 GPa <)
HPT at 77
CoCrFeMnNi fee fee + bee + hep 72)
(10 GPa <)
. . fee + hep +
CoCrFeMnNi Swaging at RT fcc ce+hep 77)
amorphous
AlTiFeCoNi—0.45 wt% C HPT at RT ordered L21 disordered bee 79)

2.3 Phase transformation during SPD

SPD-processing may induce phase transformation for
some MPEA compositions. For instance, fcc MPEAs
with low SFE, such as Coy0CrysFergMnyoNijy and
Fe4oMnyoCo;(Cryg, can transform into an hep phase at least
partly during SPD as discussed in the former section.®?¢%
Table 3 lists the phases before and after SPD for those MPEA
compositions which exhibited phase transformation during
SPD-processing. It is worth noting that not only a
decomposition of the initial single phase may occur in
MPEAs but the disappearance of the secondary phase
can also be observed, as shown in Table 3 (see for
Co,0CrpFeyoMnyoNiy4 processed by HPT at RT). In addition
to the chemical composition of MPEAs, the conditions of
SPD processing also influence the occurrence of phase
transformation.’® Namely, the method, the pressure and the
temperature of SPD have an effect on phase trans-
formation.®>®) For instance, in the case of CoCrFeMnNi
HEA the increase of the pressure of HPT above 10GPa
yielded the formation of bcc precipitates in the fcc matrix
while an additional reduction of the temperature from RT to
liquid nitrogen temperature (LNT, 77K) resulted in the
development of both bce and hep secondary phases.®” If
swaging was applied on CoCrFeMnNi HEA, SPD can yield
an amorphization in the most deformed volumes beside the
formation of hcp precipitates.””

The formation of nanosized secondary phases can lead
to an additional hardening and may also influence other
properties of SPD-processed MPEAs as will be shown in
the next section. It should be noted, however, that the
development of new phases during SPD does not imply
inevitably a higher hardness. For instance, it has been shown
that the elimination of Ni from Fe;sMn3;5Co;0CrigNijo HEA
(i.e., changing the composition to Fe4oMny4Co10Cr() yielded
fce-to-hep phase transformation during HPT at RT, but this
phase change led to a slightly lower hardness after HPT than
that for Fe;sMn3sCo;gCrioNijo alloy in which the structure
remained fcc during HPT.®? It was revealed that the higher
hardness of the HPT-processed Fe3sMns3sCoq0CrioNipg
MPEA was caused mainly by the higher density of lattice
defects (dislocations and twin faults) since these defects
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formed during SPD were annihilated during phase trans-
formation.

3. Improvement of the Properties of MPEAs due to
Nanostructuring

3.1 Increase of mechanical strength

The mechanical strength of MPEASs is usually high due to
the elevated friction stress caused by the disordered multiple
principal element structure, as mentioned in the Introduction,
and the strong solution hardening effect if the constituent
elements have large differences in atomic sizes and elastic
constants.**? SPD-processing of MPEAs can yield addi-
tional strengthening effects caused by grain-boundaries,
dislocations, planar faults (e.g., twin faults) and secondary
phase precipitates.®) For example, the application of HPT
on a CoCrFeNi MPEA can almost quadruple its hardness®®
due to the refinement from a coarse-grained state (grain
size: ~22 pum) to a nanocrystalline microstructure (grain size:
~80nm), as well as enhancing the defect densities
(dislocation density: ~150 x 10'*m™2, twin fault probability:
~3%). Thus, for single phase MPEAs processed by SPD
the yield strength (oy) can be expressed by the following
formula:?)

k
T

oy =09+ aM Gb\/p+ 7’ 8)
where oy is the friction stress describing the crystal lattice
resistance against plastic deformation, p is the dislocation
density and d is the grain size. « is a constant describing the
strengthening effect of dislocations, M is the Taylor factor
(about 3 for untextured fcc and bee polycrystals), G is the
shear modulus, b is the modulus of the Burgers vector and
k is a material constant. The values of o were 0.16 and 0.05
for HPT-processed CoCrFeMnNi and HfNbTiZr MPEAs,
respectively.’>*”) The relatively low values of a can be
caused by a less clustered dislocation structure due to the
highly dissociated dislocation cores in both fcc CoCrFeMnNi
and bec HfNbTiZr MPEAs.> The values of parameter k
in the Hall-Petch term were 21 and 29 MPa-um'/? for fcc
CoCrFeMnNi and bce HfNbTiZr MPEAs, respectively.>”)
It has been shown that eq. (8) is valid for both fcc and bee
MPEAs (e.g., for CoCrFeMnNi and HfNbTiZr alloys) and in
a wide range of SPD strain.’»>? With increasing imposed
strain, the fractions of the second (Taylor) term and the third
(Hall-Petch) term increased. At high SPD strains, for fcc
CoCrFeMnNi HEA the fractions of the friction stress,
Taylor and Hall-Petch terms were about 10, 75 and 15%,
respectively.®® On the other hand, for HPT-processed bcc
HfNDbTiZr MPEA the largest strength contribution was given
by the friction stress (about 65%) while the Taylor and Hall-
Petch terms were only about 25 and 10%, respectively.’” The
much larger fraction of the friction stress in bcc MPEA
compared to fcc counterparts was caused by the reduced
mobility of dislocations in bec structures. This effect is
resulted by the dissociation of screw dislocation cores into a
non-planar configuration which makes their motion difficult.
In fce crystals, dislocations are dissociated into partials only
in their glide planes, and this planar configuration has a less
pronounced retarding effect on dislocation glide. It should be
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noted that for low SFE MPEAs processed by SPD the
nanocrystalline grains can be subdivided into twin nano-
lamellas, and the twin faults inside the grains act as obstacles
against dislocation motion, similar to the general grain
boundaries. Therefore, in this case the grain size (d) in eq. (8)
must be substituted by the average spacing between twin
faults (d7) which can be calculated from the twin fault
probability () determined by XLPA using the following
formula:*”)

dr =100 dli, )
B
where d}; is the lattice spacing for planes {//7}.

For MPEAs exhibiting phase transformation during SPD,
the precipitate hardening caused by the secondary phase
particles also contributes to the strength.”””® The highest
hardness among the reported SPD-processed MPEAs
(about 10GPa) was obtained for precipitation-hardened
AICrFeCoNiNb alloy in which the very small grain size
(about 10nm), the high dislocation density and the
decomposed microstructure all contributed to the extremely
high hardness.”” It should be noted, however, that the
transformation into multiphase structure does not yield
always hardening. For instance, an fcc FeyoMngoCo;oCrig
MPEA underwent a martensitic transformation to hcp phase
during HPT while the addition of Ni (when the composition
became Fe3;sMn35Co;oCrigNijg) stabilized the fcc structure
in the SPD-processed material.®” The higher dislocation
density in the latter composition slightly overwhelmed the
hardening effect of the newly formed hcp phase in the
other alloy, resulting in a slightly higher hardness for
Fe35Mn35C010Cr10Ni10 MPEA62)

With increasing the strain applied in SPD, the hardness
increased and got saturated at the strain of about 40, similar
to the dislocation density, twin fault probability (for low
SFE MPEAs) and grain size (see section 2). This trend is
illustrated for CoCrFeMnNi HEA in Fig. 8. The saturation
hardness values obtained for different MPEAs are listed in
Table 4. These data were plotted in Fig. 9(a) where the
hardness measured after SPD processing versus the values
obtained before SPD is shown. It can be seen that SPD
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Fig. 8 The hardness versus the shear strain imposed during HPT-
processing of CoCrFeMnNi HEA. The data were collected along the
radius of samples processed for 1/4, 1/2, 1 and 2 turns of HPT. Reprinted
from Ref. 53) with the permission of Elsevier.

Table 4 Hardness before deformation and maximum hardness after SPD of
various MPEAs (ECAP: equal-channel angular pressing, HPT: high-
pressure torsion, FSP: friction stir processing, UIT: ultrasonic impact
treatment).

Composition Before SPD  After SPD Method Ref.
[MPa] [MPa]
CoCrNi 1570 4570 ECAP at RT 83)
CoCrFeNi 1380 5100 HPT at RT 58)
CoCrFeNi 1882 4118 ECAP at RT 84)
CoFeMnNi 1140 4290 HPT at RT 76)
Co33NizsCrioMnis 1903 6280 HPT at RT 61)
CoCrFeMnNi 1440 5380 HPT at RT 53)
CoCrFeMnNi 1618 4766 HPT at RT 85)
CoCrFeMnNi 1570 5100 HPT at RT 86)
CoCrFeMnNi 1324 4850 HPT at RT 72)
CoCrFeMnNi 1324 5100 HPT at 77 K 72)
CoCrFeMnNi 1657 4400 shape rolling at RT 87)
CoCrCuFeNi 1470 3730 FSP at RT 88)
CoCrFeMnNiTio.1 1400 4500 HPT at RT 89)
Co10CrisFe3sMnsNiasVio 2158 4953 HPT at RT 75)
CoFeNiz2Moo2Vos 1570 4700 HPT at RT 90)
CrFe:2NiMnVo.25Co.075 1670 4220 HPT at RT 91)
CrFeaNiMnVo.25Co.125 1765 4270 HPT at RT 91)
AlCoCuFeNi 3400 4850 HPT at RT 92)
Alo.1CoCrFeNi 1320 4730 HPT at RT 93)
Alo3CoCrFeNi 1500 5200 HPT at RT 94)
Al sCoCrFeMnNi 4590 6400 UIT at RT 95)
AlCoFeNiTi 6227 8630 HPT at RT 82)
carbon-doped AICoFeNiTi 6200 9300 HPT at RT 79)
AICrFeCoNiNb 6500 10100 HPT at RT 71)
AINbTIV 6200 7400 HPT at RT 96)
FeaoMnaoCo10Crio 1370 5200 HPT at RT 62)
Fe3sMn3sCoioCrioNiio 1290 5680 HPT at RT 62)
HINDTIZr 2630 4330 HPT at RT 57)
HINbTaTiZr 2940 5000 HPT at RT 97)
TissZr27.sHf275NbsTas 3000 3900 HPT at RT 60)

yielded a significant enhancement of the hardness of MPEAs.
The hardness increase due to SPD varies between 1400 and
4400 MPa. The ratio of the hardness values after and before
SPD as a function of the initial hardness is shown in
Fig. 9(b). It is revealed that a higher relative hardening can
be achieved for MPEAs with lower initial hardness values.
The general trend suggests that between the initial hardness
values of ~1100 and ~3400 MPa the hardness ratio decreases
while between ~3400 and ~6500 MPa the factor character-
izing the hardness enhancement does not change significantly
(its value is 1.4 +0.2). The inset in Fig. 9(b) shows the
hardness ratio versus the initial hardness data between ~1100
and ~3400MPa in double logarithmic scale for different
MPEAs. The data points in the inset follow an approximate
linear trend which suggests the following relationship:

Hspp
Hipis

= AHyi, (10)

where Hspp and H,,; are the hardness values after and before
SPD, 4 = 6870 and § = —1.05. The almost —1 exponent is
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Fig. 9 (a) The maximum hardness measured after SPD-processing versus the values obtained before SPD for different conventional
materials and MPEAs. The data for MPEAs were taken from Table 4. (b) The ratio of the hardness values measured after and before SPD
as a function of the hardness determined before SPD for different conventional materials and MPEAs.

in accordance with the similar Hgpp values (5000 +
1000 MPa) when H;,; is between ~1100 and ~3400 MPa
as shown in Fig. 9(a). It should be noted, however, that
eq. (10) cannot be considered as a precise prediction of the
increase of hardness since the values in Fig. 9 show
significant scattering. For MPEA compositions with lower
initial hardness values (between ~1100 and ~3400 MPa),
the consistent maximum hardness values can be associated
with the similar order of magnitude of the saturation lattice
defect densities and minimum grain size which give the
main contributions to the hardness after SPD. For MPEAs
with very high initial hardness values (between ~6000 and
~6500 MPa), the ratio of the hardness values after and before
SPD is relatively small and consistent (1.4 4 0.2). This is
due to the fact that these SPD-processed MPEAs are usually
multiple-phase materials even in the initial state, and the
secondary phase particles resulted in an enhanced hardness
even in the initial state, therefore SPD yielded a lower
relative increase of hardness.”’’*%? It should be noted that
for any material the hardness usually increases with the
reduction of the load applied in the hardness test which
phenomenon is called as indentation size effect (ISE). Due
to ISE, similar loads must be used if the hardness values of
different materials are intended to compare. Therefore, the
hardness listed in the present overview were measured with
the load of about 500 g.

Figure 9 compares the hardness enhancement achieved by
SPD for MPEAs and conventional metals and alloys. These
conventional materials include fcc, bee and hep pure metals
and alloys such as Ag, Cu, Nb, Ta, Al alloys, Cu alloys, Mg
alloys, interstitial and stainless steels processed mainly by
ECAP and HPT techniques.”®''? For most of these
materials, the hardness values measured both before and
after SPD are lower than the corresponding values of MPEAs
(see Fig. 9(a)). The only exception is the 316L stainless steel
processed by HPT at RT which has similar initial hardness
as the lower bound for MPEAs (about 1500 MPa as shown
in Fig. 9(a)), and the SPD-induced hardness increase for this
material is also similar to that obtained for MPEAs with
similar initial hardness. Namely, the ratio of the hardness
values after and before HPT for 316L steel was about four
(see Fig. 9(b)), therefore the hardness after HPT at RT

increased to about 6000MPa. Figure 9(b) shows that
although conventional metals and alloys have similar
hardness ratios than for MPEAs, the latter materials exhibit
much higher hardness values after SPD due to the
significantly higher initial hardness. The elevated initial
hardness of MPEAs can be attributed to the alloying effect
caused by the multi-principal element composition. Namely,
segregation of some constituents may occur at the core of
dislocations which retards dislocation motion. Moreover, if
an energetically favorable local spatial arrangement of the
components forms in an MPEA, its destruction by a shear
caused by dislocation glide requires an elevated stress. In
addition, for multiphase MPEAs the hard phase boundaries
also contribute to the high initial hardness.

It was observed that the high strength of MPEAs caused by
SPD can be further enhanced by post-deformation annealing.
This phenomenon was also observed for conventional SPD-
processed alloys and called as anneal-hardening.!'® This
effect was observed after annealing at moderate homologous
temperatures between 0.3 and 0.4. The increases of the
hardness due to annealing for different SPD-processed
MPEAs are summarized in Table 5. The highest reported
hardness after anneal-hardening was obtained for an
AINbTiV MPEA processed by HPT at RT and then annealed

Table 5 Maximum hardness of materials underwent hardening during post-
deformation annealing.

Composition SPD [MPa] Annealed [MPa] Temperature (K)  Ref.
CoCrNi 4570 5227 723 83)
CoCrFeMnNi 5100 8900 723 86)
CoCrFeMnNi 4400 5100 773 74)

CoCrFeMnNiTio.1 4500 5400 773 74)

Coi0CrisFessMnsNizsVio 4953 5266 873 75)

CoFeNi2Moo.2Vos 4700 5880 873 90)

CrFe2NiMnVo.25Co.125 4270 5440 823 91)

Alo3CoCrFeNi 5200 6030 773 94)

AlosCoCrFeMnNi 4900 5900 1073 114)

AINDTIV 7400 10860 973 96)

HINbTiZr 4273 4611 740 59)
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at 973K for 15h. Due to this treatment, the hardness
increased from 7400 to 10860 MPa. Anneal-hardening can be
caused by precipitation and/or phase transformation occurred
during the heat treatment. For instance, sigma precipitates
formed in Al sCoCrFeMnNi HEA,!'¥ or the single fcc phase
transformed to dual fcc/bce matrix with sigma precipitates
in CoCrFeMnNiTij; alloy.”¥ However, anneal-hardening
can also be observed in single phase MPEAs where
precipitation does not occur during heat treatment. For
instance, CoFeNi,Mo,,Vos was reported to experience
anneal-hardening while maintaining single fcc phase.”” The
hardening effect in this case can be attributed to the reduction
of mobile dislocation density and the relaxation of grain
boundary structure. In the latter process, the geometrically
not necessary dislocations and excess vacancies in the grain
boundaries are annihilated, therefore the boundary transforms
into a more equilibrium state.!'® Due to these changes, the
emission of dislocations from the grain boundaries and the
grain boundary sliding become more difficult, thus plastic
deformation requires a higher stress.

Figure 10(a) shows the maximum hardness obtained due
to anneal-hardening for different SPD-processed MPEAs
versus the hardness values measured immediately after SPD.
The data were taken from Table 5. Figure 10(b) reveals that
for most MPEAs the ratio of the hardness values after and
before anneal-hardening is between 1.05 and 1.2, i.e., the
hardness increase is maximum 20% only. There are two
exceptional cases, where the hardness enhancement reached
50-75% (see also Table 5).3%%9) This very high anneal-
hardening was caused by the development of nano-
precipitates during heat treatment. For instance, in
CoCrFeMnNi processed by HPT isochronal annealing for
1h yielded a maximum hardness increase from 5100 to
6180 MPa when the temperature was selected as 450°C.5¢)
This hardening was caused by the annihilation of mobile
dislocations, the grain boundary relaxation and the formation
of MnNi and a Co-rich secondary phases. On the other hand,
when the duration of annealing at 450°C was increased to
100 h, additional nanosized FeCo particles develop which
resulted in an additional hardening to 8900 MPa.?® In HPT-
processed AINbTiV, the exceptionally high hardness increase
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from 7400 to 10860 MPa during annealing at 700°C for 1 h
was also caused by the development of secondary
intermetallic phases Nb,Al and Ti;AL°® It is worth noting
that the amount of strain in SPD-processing can significantly
influence the effect of anneal-hardening. For instance, in
AlysCoCrFeMnNi HEA disk processed by 5 turns of HPT
anneal-hardening was observed only at the edge of the disk
where (Fe,Cr)-rich o phase developed during heat treatment
at 800°C for 1 h where the very fine microstructure after HPT
facilitated the new phase nucleation.''¥)

3.2 Other mechanical properties: ductility, superplas-
ticity, fatigue strength and creep resistance

The enhancement of the mechanical strength of metallic
materials is usually accompanied by the reduction of
ductility.’” This general trend is also valid for MPEAs as
illustrated in Fig. 11 where the ultimate tensile strength
(UTS) versus the elongation to failure is plotted. In this
figure, the data were obtained on SPD-processed MPEAs
and also subsequently heat treated samples, and tensile
testing was performed at different temperatures and strain
rates. It should be noted, however, that there are special cases
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Fig. 11 The ultimate tensile strength (UTS) vs. the elongation to failure

measured by tensile test at RT for different SPD-processed MPEAs. The
inset shows the data related to the elongation to failure less than 100%.
The data were collected from Refs. 74), 83), 115), 119)-124).
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Fig. 10 (a) The maximum hardness obtained due to anneal-hardening of SPD-processed MPEAs versus the hardness values measured
immediately after SPD. The data were taken from Table 5. (b) The ratio of the hardness values measured after and before anneal-
hardening on SPD-processed MPEAs as a function of the hardness determined immediately after SPD.
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when both the UTS and the ductility were improved via
appropriate deformation and heat treatment. For instance, in
the case of an AlCoCrFeNiy; HEA having an UTS of
1050 MPa and an elongation to failure of 17% severe cold-
rolling to 90% thickness reduction and subsequent annealing
at 1273 K improved both UTS and elongation to failure to
1175MPa and 23%, respectively.''> This material was an
eutectic mixture of ordered fcc L1, and bce B2 phases. The
same composition (AlCoCrFeNi, ;) also showed a combina-
tion of high UTS (1360 MPa) and good elongation to failure
(10%) when the as-cast material was subjected to friction
stir processing.!'® From Fig. 11, it can be concluded that
together with an acceptable ductility of 10-20% MPEAs can
exhibit an UTS as high as 1300-1400 MPa at RT. It should be
noted that similar or a better combination of strength and
ductility at RT can also be achieved for other alloys which are
not MPEAs. For example, Ni-5at%Mo alloy and 316L
stainless steel processed by HPT and subsequently heated
up to 630 and 1000K, respectively, exhibited UTS values
as high as 1600-1700 MPa together with an elongation to
failure of about 30-40%.''7-!® On the other hand refractory
MPEAs (e.g., NbMoTaW and VNbMoTaW) showed a
superior resistance to thermal softening due to the lower
diffusion rate compared to conventional materials, such as
Ni-based superalloys.®

In order to achieve superplasticity, which is defined as the
ability to reach over 400% tensile elongation, it is crucial
to apply a high testing temperature as well as the material
must have a small grain size (under 10 um).'>> The fine
microstructure necessary for the occurrence of superplasticity
can be achieved by SPD even for MPEAs®-120:121,126-129)
where the highest observed superplastic elongation was
2000%. This value was obtained for HPT-processed
Alg(CoCrFeMnNi)y; at a relatively high strain rate of
5 x 1072571120 While there are conventional alloys with
similarly high ductility,'3? the development of MPEAs is
relatively recent with very limited focus on superplasticity,
leaving a lot of room for improvements. Indeed, there are
reports suggesting potential properties that have influence on
ductility. Aly3CoCrNi appears to possess a pure Al liquid
phase at the grain boundaries during high strain rate tensile
test.'>Y) Nguyen et al. collected the data of several MPEAs,
concluding that materials with multiple phases are more
advantageous at achieving superplasticity.'*") The addition
of Ti to CoCrFeMnNi reduced the grain size while increased
the precipitate size, both of which improved the superplastic
behavior.

In addition to strength and superplasticity, other mechani-
cal properties of MPEAs can also be improved by SPD
processing. For instance, fatigue resistance of an ultrafine-
grained (UFG) CoCrFeMnNi alloy was shown to be superior
to the coarse-grained (CG) counterpart during fully reversed
high-cycle fatigue tests,'*") most evidently with the difference
in fatigue strength (190 MPa for the CG sample and 280 MPa
for the UFG sample). This superiority was explained by
the more easily strain localization and cracking in CG
material during fatigue. Nanocrystalline MPEAs can also
be a favorable choice when developing materials with good
creep resistance. The creep resistance of nanocrystalline
CoCrFeMnNi was shown to be superior to nanocrystalline
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Ni.”® This was explained by the creep of nanocrystalline
materials at room temperature being mostly controlled by
grain-boundary diffusion, which is slower in MPEAs than in
conventional materials due to the sluggish diffusion nature
of MPEAs.

3.3 Other properties

During SPD processing, the formation of grain boundaries,
dislocations and other defects greatly increases the number
of fast diffusion channels. Indeed, this can be seen in a
CoCrFeMnNi HEA!*? where an HPT process can double the
hydrogen diffusivity, from 1.5 to 3 x 107" m?/s. In this case,
the grain size reduction plays the dominant role in enhancing
the hydrogen diffusion by promoting short-circuits diffusion.
However, other defect sites such as dislocations, twin faults
and vacancies can have a trapping effect, hindering the
hydrogen diffusion. This was demonstrated on a cold rolled
sample in which the defect density increased without grain
refinement, and this change in the microstructure caused
reduction of hydrogen diffusivity to 0.9 x 107''m?/s.13%
This non-monotonic trend can also be seen in the oxidation
rate of CoCrFeMnNi HEA.'3® In the first stage of
deformation, when only the defect density increased, the
oxidation rate was enhanced with increasing strain. On the
other hand, this also induced a denser and more stable oxide
layer, thereby hindering further oxidation. This results in a
fast reduction of oxidation rate, and a good overall oxidation
resistance. Another diffusion-driven process is corrosion,
which also can be promoted or hindered by plastic
deformation. Two contrast examples are CoCrFeMnNi,
where cold rolling tripled the corrosion current density,'3*
and Al sCoCrFeMnNi, where ultrasonic impact treatment
reduced the corrosion current density by over five-fold.”>

SPD-processed MPEAs can also have a superior
biocompatibility. An example is an HPT-processed
TiAlFeCoNi which has a 260-1020% higher cellular
metabolic activity than Ti-6%Al-7%Nb alloy or pure Ti
counterparts.®? It should be noted that for implant materials
other properties such as strength, elastic modulus, toughness,
wear resistance, corrosion resistance, etc., are also vital,
which are also strong points of MPEAs processed by SPD as
previously discussed.

4. Potential Applications of Nanostructured MPEAs
Processed by SPD

Among the metallic materials, an ultra-high hardness of
about 10 GPa was observed for carbon-doped AlTiFeCoNi
and AICrFeCoNiNb HEAs processed by HPT.”'7? The
outstanding hardness was attributed to the very fine grain size
(about 10nm), the high density of dislocations and the
precipitates such as carbides in the case of the first alloy. For
the second HEA, the dual phase microstructure consisting of
cubic and hexagonal phases due to spinodal decomposition
can also contribute to the very high hardness. These MPEAs
with superior hardness and strength can be used in structural
applications.

For MPEAs with biocompatible compositions, the
improvement of mechanical performance by SPD opens the
door for biomedical applications. For using as orthopedic
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implants, MPEAs must fulfill the following three conditions:
(1) biocompatibility, (ii) similar elastic modulus as for the
human bone (about 20 GPa) and (iii) high strength. The first
two conditions can be achieved by an appropriate selection of
the chemical composition of the alloy. If an MPEA contains
biocompatible elements, such as Ti or Mg, the implant made
of this alloy does not cause inflammatory or toxic responses
from the human body (i.e., there is no biological rejection).
Indeed, it has been shown that equiatomic TiNbTaZrMo
HEA exhibited superior biocompatibility compared to
classical implant materials, such as 316L stainless steel and
Ti.!33149 1t should be noted, however, that the Young’s
modulus of TiNbTaZrMo HEA (about 150GPa) is larger
than that of the human bone, similar to the classical implant
materials.'3® The resistance against the corrosion caused by
body fluids is also an important feature of surgical
implants.'4!

The condition for the elastic modulus is essential for
preventing osteoporosis of the human bones near the
implant."*?) If the elastic modulus of the implant is much
higher than the surrounding bones, the external load is bore
mainly by the implant, and this load shielding effect can
cause an increase of the bone porosity. It was shown that
some MPEA compositions exhibit Young’s moduli closer
to the human bone compared to traditional biomaterials. For
instance, single-phase bcc TiggZrgHf19NbygTa;gp MPEA has
similarly high strength and good ductility as for commercial
hep Ti-6%Al1-4%V wrought alloy but the elastic modulus
was significantly lower for this MPEA (86 GPa) compared to
Ti—6%A1-4%V alloy (113 GPa).'*® In addition, the corrosion
resistance and the biocompatibility of TiggZrgHf;oNbygTayg
MPEA were remarkably better than the performance of Ti—
6%A1-4%V alloy. Therefore, this MPEA composition is a
potential candidate as a dental implant material. Beside
surgical implants, other biomedical tools can also be made
of MPEAs. For instance, Aly;CoCrFeNi HEA is a candidate
material for peripheral vascular stent due to its high fatigue
lifetime.'*® The third condition for an improved biomedical
material is the high strength which can be improved by SPD
in biocompatible compositions of MPEAs.?>!49) For instance,
for biocompatible TiAlFeCoNi HEA HPT processing for 5
turns at RT resulted in an increase of microhardness from
about 6000 to 9000 MPa.??

It was revealed that HPT-processed and then oxidized
MPEAs are suitable materials for production of oxygen and
hydrogen using photocatalytic water splitting.'4*14®) Photo-
catalysis uses sunlight therefore the hydrogen obtained by
this method can be considered as a clean fuel. The oxidation
of TiZrHfNbTa HEA can result in TiZrHfNbTaO,,'*® and
additional nitriding at high temperatures can yield the
formation of TiZrHfNbTaO¢N3 oxynitride.'*” The pristine
materials were synthesized from elemental powders using
HPT. These materials exhibit a higher light absorbance
and a longer operation lifetime than conventional photo-
catalytic substances, such as TiO,. It is noted that both
TiZrHfNbTaO,; and TiZrHfNbTaO¢N; MPEAs are also used
in photovoltaic applications when the sunlight is converted
into electric current.'4%147) Additionally, these materials can
be applied for photoreduction of CO, to CO or hydrocarbons
with the help of sunlight which is an important tool in
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fighting against global warming.'**!39 In this process, the
HPT-processed MPEAs operate as semiconductor catalyst
similar to the production of hydrogen (see above). It was
revealed that HPT-processed TiZrHfNbTaOgN; MPEA
exhibited a higher CO, photoreduction activity than the
traditionally used TiO, ceramic material.!’® It was also
found that another MPEA oxide, TiZrNbTaWO;,, has an
additional advantage: this material can produce oxygen from
water with the absorption of visible light while the traditional
photocatalysts can work only in the ultraviolet range of
sunlight.!4®

MPEAs are promising materials not only in the production
but also in the storage of hydrogen fuel in a solid state form.
SPD processing can improve the rates of absorption and
desorption of hydrogen in MPEAs since grain boundaries,
dislocations and other structural defects formed during
SPD serve as path of fast diffusion. For achieving fast
hydrogenation/dehydrogenation kinetics at room temper-
ature, the composition of MPEAs is selected to fulfill the
following criterion: the hydrogen binding energy should be
slightly lower than 0.1eV.'3) For instance, TiZrCtMnFeNi
with a C14 Laves structure and Tig4Zr; CrMnFeNi HEA
are two compositions exhibiting high hydrogenation rate,
large hydrogen storage capacity and excellent cycling
stability.!32153)

It can be concluded that SPD-processed MPEAs are
potential candidates for structural, biomedical and clean
energy applications. In the latter field, MPEAs can be used
as photocatalytic materials in reduction of CO, to CO or
hydrocarbons, and production of oxygen or hydrogen. The
storage of the hydrogen in solid state form can be performed
with the help of SPD-processed MPEAs. Discovery of other
important applications of this class of materials is expected
in the future.

5. Summary

The evolution of the nanocrystalline microstructure in
MPEAs during SPD processing was overviewed. The effect
of nanostructuring on the properties (mainly on the mechani-
cal behavior) was also discussed. Finally, the potential
applications of SPD-processed MPEAs are considered. The
following conclusions were obtained:

(1) During SPD processing of MPEAs at RT, the maximum
density of lattice defects (e.g., dislocations and twin
faults) and the minimum grain size were achieved at the
equivalent strain of about 20. The maximum dislocation
density and twin fault probability were about 280 x
10"¥m~2 and 3%, respectively. The minimum grain
sizes for single phase and multiphase MPEAs were
about 30 and 10nm, respectively. These values are
much smaller than the saturation grain sizes obtained in
SPD-processed conventional metals and alloys.

(2) Due to the extremely high defect density and small
grain size, the hardness of SPD-processed MPEAs is
usually higher than for the conventional metals and
alloys. On the other hand, the lower hardness bound of
MPEAs can be achieved by conventional 316L stainless
steel processed by HPT at RT. Multiphase MPEAs
exhibit much higher hardness values than the single
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phase counterparts. SPD-processed AlCrFeCoNiNb
showed the highest hardness with the value of about
10GPa due to the nanosized secondary phase
precipitates. Anneal-hardening can further increase the
mechanical strength of MPEAs. The highest hardness
of about 11GPa was achieved in AINDTiV alloy
processed by HPT at RT and then heat treated at
973K where the anneal-hardening was caused by
precipitation. Some SPD-processed MPEA composi-
tions may exhibit excellent superplastic behavior. The
highest superplastic elongation of 2000% was observed
for HPT-processed Aly(CoCrFeMnNi)g; MPEA at
1073K and a relatively high strain rate of 5 x
102s~!. In addition to strength and superplasticity,
other mechanical properties of MPEAs, such as fatigue
and creep resistance, can also be improved by SPD
processing.

Due to superior hardness and strength, SPD-processed
MPEAS can be used in structural applications. The high
strength, biocompatibility and good corrosion resistance
of some MPEAs processed by SPD predestine them for
surgical implant applications. In addition, there are
MPEA compositions which exhibit Young’s moduli
closer to the human bone than in the case of traditional
biomaterials. This condition is essential for preventing
osteoporosis of the human bones near the implant. It
was also revealed that SPD-processed and then oxidized
MPEAs are suitable materials for production of oxygen
and hydrogen in photocatalytic water splitting. In
addition, some nanostructured MPEA compositions
are promising materials in the storage of hydrogen fuel
in a solid state form. In this case, SPD can improve
the rates of absorption and desorption of hydrogen in
MPEAs since grain boundaries, dislocations and other
structural defects formed during SPD serve as path of
fast diffusion. It is expected that other important
applications of MPEAs will be discovered in the future.
This overview revealed that from the point of view of
mechanical and functional properties, the nanostruc-
tured multiphase MPEAs usually exhibited better
performance than the single phase counterparts, there-
fore these compositions are suggested to produce and
investigate in further studies.
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