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a b s t r a c t

The CoCrFeNiMn multicomponent is one of the most widely and best studied of all high-

entropy alloys (HEAs) since its exceptional properties suggest potential uses as a struc-

tural material in many industrial applications. In practice, a good balance between

strength and ductility is one of the most important challenges in developing alloys in

modern materials science and engineering. There have been many attempts to overcome

the strength-ductility trade-off in the CoCrFeNiMn alloy due to its relatively low strength.

These attempts include adding a minor sixth element, such as oxide or carbide particles,

and also developing thermomechanical processing for grain refinement or precipitation to

produce a tailored microstructure with optimum mechanical properties. This review de-

scribes the deformation mechanisms and the microstructural evolutions in this alloy

during plastic deformation under different conditions of temperature, strain and strain

rate where these are important for the processing and manufacturing of the alloy. In

addition, this study provides a perspective on the behavior of the alloy under high tem-

perature exposure and also under cyclic loading which is generally the most important

factor in industrial applications. This understanding demonstrates that there is a very large

potential for the future enhancement and optimization of this and other comparable HEAs.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1 e The mixing enthalpy DHmix (kJ.mol¡1) and
atomic radii (nm) of each element [3].

Element Co Cr Fe Ni Mn

Atomic radii (nm) 0.125 0.128 0.126 0.124 0.135

Co 0 �4.5 �0.6 �0.2 �5.2

Cr e 0 �1.5 �6.7 2.1

Fe e e 0 �1.6 0.2

Ni e e 0 �8.2

Mn e e e e 0
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1. Introduction

The CoCrFeNiMn multicomponent or high-entropy alloy,

known as the Cantor alloy, is an equi-atomic alloy with a

single-phase structure which was introduced and developed

by Cantor et al. almost twenty years ago [1]. It is one of the

most widely and best studied high-entropy alloys (HEAs) as a

new class of material containing five or more principal ele-

mentswith each elemental concentration lying between 5 at%

and 35 at% [1,2].

Although the general concept of these alloys was not at

first considered, the overall interest in these alloys developed

rapidly so that they became a significant topic in the field of

materials science and engineering with an ever-increasing

number of research publications. Several parameters have

been proposed for the prediction of phase formations in order

to achieve a single-phase structure in HEAs and this includes

the enthalpy of mixing (DHmix), the entropy of mixing (DSmix),

the atomic size difference (d) and the electronegativity on the

Pauling scale (DcP) as defined by Eqs. (1)e(4) [3e6]. The calcu-

lations to obtain these parameters for the equiatomic CoCr-

FeNiMn HEA are given by

DHmix ¼
Xn

i¼1:isj

4Hijcicj (1)

where Hij is the mixing enthalpy of binary liquid alloys as in

Table 1 and

DSmix ¼ � R
Xn

i¼1

cilnci (2)

where R is the gas constant and

d¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

cið1� ri=rÞ2
s

(3)

where r ¼ Pn
i¼1ciri, ci and ri are the atomic percentage and

atomic radius of the ith element, and

DcP¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

ciðci � cÞ2
s

(4)

where c ¼ Pn
i¼1cici and ci is the Pauling electronegativity for

the ith element.

Calculations revealed that DHmix and DSmix are �3.36 kJ

mol�1and 13.38 J. K�1 mol�1, respectively, for the equiatomic

CoCrFeNiMn HEA. The criteria for the formation of the simple

disorder phase in HEAs are�15�DHmix�5 kJmol�1, d� 4.3, and

12�DSmix�17.5 J (K mol)�1 [7,8]. In practice, a large d leads to

excess strain energy and therefore destabilizes simple struc-

tures. This parameter is equal to 3.27% for the equiatomic

CoCrFeNiMn HEA and this is sufficiently low to encourage the

formation of a single-phase alloy. It has been shown that the

formation of a topologically close-packed phase like the sigma

phase can be observed when DcPauling > 13.3% [9]. The calcu-

lation of this parameter in the Cantor alloy (DcP ¼ 13.84%)

predicted the formation of the sigma phase and many in-

vestigations subsequently confirmed the formation of this

phase in this HEA after heat treatment at <800 �C.
The Cantor alloy exhibits an excellent strain hardening

capability, exceptional ductility at ambient and cryogenic

temperatures; and a promising fracture toughness at cryo-

genic temperatures [10e12] which designates it as a structural

material with extraordinary properties for many industrial

applications. Basically, the equiatomic CoCrFeNiMn HEA

shows a relatively low yield stress (YS z 300 MPa) and ulti-

mate tensile strength (UTS z 500 MPa) at room temperature

which has led to many efforts to modify the alloy in order to

improve the mechanical properties for practical applications

[11e13].

There are four fundamental methods in physical metal-

lurgy bywhich the resistance to plastic deformation of ametal

may be increased, including solid solution strengthening by

adding interstitial and substitutional elements, strain hard-

ening by plastic deformation, grain refinement through the

application of severe plastic deformation (SPD) and appro-

priate thermomechanical treatments, and precipitation or

particle hardening by aging or appropriate thermomechanical

effects. It is well known that one or more of these effects are

often used in the production of modern high-strength alloys.

In the general perspective, improving the strength without

losing the ductility denotes themicrostructural engineering of

the alloy. Therefore, it is apparent that many methods are

now available to tailor the microstructure of the CoCrFeNiMn

HEA to cover the requirements of any applications in industry.

Solid solution strengthening in the Cantor alloy, as in other

materials, depends on the size mismatch and the chemical

bonding of the added solutes. Although most of the added

substitutional alloying elements make no effective contribu-

tion to this mechanism, interstitial solutes such as C, N, B and

even H may play a significant role in this mechanism in the

Cantor alloy. However, precipitates appearing in the micro-

structure when the concentration of the sixth alloying

element goes further than its solubility are found to be espe-

cially effective in enhancing the mechanical properties. For

example, adding 2 at. % of Ti leads to an ultimate tensile

strength (UTS) as high as ~2220 MPa. Moreover, adding in-

terstitials such as B by only 30 ppm leads to a high elongation

of ~55% and a UTS of ~1000 MPa so that this is one of the best

alloying elements to overcome the strength-ductility trade-

off. Deformation mechanisms such as mechanical twinning

and transformation-induced plasticity may also be triggered

by alloying elements such as H and Si.

A good balance between strength and ductility is one of the

most important issues associated with the CoCrFeNiMn HEA.

Many attempts have been made to overcome the strength-

ductility trade-off such as adding oxide or carbide particles,
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adding minor elements and/or numerous types of thermo-

mechanical processing to obtain tailored microstructures.

Amongst these approaches, thermomechanical processing is

a well-established industrial method for overcoming the

strength-ductility trade-off. One of the most popular methods

is through the use of cold deformation followed by annealing

within a specific temperature range. The formation of Cr-rich

precipitates (bcc and sigma), ultrafine grain sizes, bimodal

microstructures and heterogeneous microstructures

including both recrystallized and non-recrystallized regions

play vital roles in determining the mechanical properties. In

addition, CoCrFeNiMn composites have remarkable mechan-

ical properties at high temperatures [14].

Since studies of the behaviour of HEAs under cyclic loads

extend over a period of less than one decade, this field of study

may be regarded as generally premature. However, initial re-

ports show that the CoCrFeNiMn alloy exhibits an interme-

diate fatigue resistance among engineering alloys. The

fatigue-crack growth resistance and low-cycle fatigue of the

Cantor alloy outperform those of austenitic stainless steels, Al

and Mg alloys, and in general they are similar to those of

twinning-induced plasticity (TWIP) steel but less than for Ni-

base superalloys, copper, titanium alloys and metastable

HEAs. The alloy also shows a much better fatigue limit than

most other engineering alloys such as stainless steels, TWIP

steels and pure titanium.

Surprisingly, the mechanical characteristics of the CoCr-

FeNiMn HEA, including the yield stress (YS), UTS and elon-

gation to fracture, increase simultaneously with decreasing

temperature from room to liquid nitrogen temperature. This

behavior is attributed to the new interfaces that form due to

nano-deformation twinning and the dynamic Hall-Petch

mechanism. This phenomenon effectively postpones the

early onset of necking instability and improves the degree of

work hardening and fracture toughness at low temperatures

[12,15,16].

Obviously, even after almost twenty years since the

introduction of the Cantor alloy, it is now only the beginning

of developing a fundamental understanding of this alloy as a

new structural material which may be used in industry.

Accordingly, this review was undertaken to provide a sum-

mary of the main attempts undertaken to date to improve the

mechanical properties, and specifically the strength, of the

CoCrFeNiMn HEA through the use of microstructure

engineering.
2. Plastic deformation and strain hardening

2.1. Deformation mechanisms in the CoCrFeNiMn HEA

During plastic deformation, the microstructure of materials

changes based on the two important factors of (1) the intrinsic

characteristics of the material such as the crystal structure,

Young's modulus, stacking-fault energy (SFE) and melting

point and (2) the processing parameters such as strain, strain

rate and the temperature of deformation. It is well-known

that three deformation mechanisms of dislocation slip,

deformation-induced twinning and deformation-induced

martensitic transformations are introduced in face-centered
cubic (fcc) materials mainly based on the SFE and deforma-

tion temperature/pressure. Based on the difficulty of cross slip

in metals with low values of the SFE, deformation-induced

twinning and martensitic-phase transformations may occur

to accommodate the applied strain during deformation. It is

well-established that deformation-induced twinning is a

major deformation mechanism in fcc metals having SFEs

lower than ~25 mJ m�2 and deformation-induced martensitic

phase transformations may appear in fcc metals with SFEs

lower than ~15 mJ m�2 [17]. In addition, lowering the defor-

mation temperature or increasing the pressure promotes the

appearance of other plastic deformation mechanisms

together with dislocation slip.

Basically, the CoCrFeNiMn HEA with a single-phase fcc

crystal structure has amajor potential for easy deformation by

dislocation slip due to the high activity of its slip systems. It

was reported that during tensile testing the initial plasticity

occurred exclusively by planar glide of 1/2<110> dislocations

on the {111} planes and at higher strains the slip becamemore

homogeneous with the development of cell structures [11].

However, the low value of SFE in this alloy affects the role of

slip during plastic deformation. It was proposed that the en-

ergy difference between the energy state of the stacking fault

and that of the matrix is inherently reduced due to the high

energy level of the heavily-distorted matrix in the CoCrFe-

NiMn HEA [18]. This mechanism is fundamentally different

from the Suzuki mechanism in which solute segregates form

in stacking faults to reduce their energy [19]. An SFE of

~21 mJ m�2 was proposed for the CoCrFeNiMn HEA at room

temperature after ab initio calculations [20]. Accordingly,

deformation twinning is one of the anticipated deformation

mechanisms in this HEA after plastic deformation and this

was confirmed by many investigations after deformation of

the alloy with different grain sizes, ranging from several tens

to a few micrometers, at room and cryogenic temperatures

[11,12,16,21e23]. The formation of deformation twins, known

as the dynamic Hall-Petch effect, decreases the dislocation

mean free path and thereby should increase the strength of

the material.

The appearance of deformation twins depends on the

magnitude of the applied strain in fcc metals having low

values of SFE. Planar dislocation glide is the deformation

mechanism in the early stage of plastic deformation up to ~2%

strain in tensile testing [11] or an equivalent strain of 0.05 [24]

regardless of the grain size and temperature of plastic defor-

mation in the Cantor alloy. Stacking faults were also observed

consistent with the splitting of planar dislocations into

Shockley partials at lower strains at different deformation

temperatures. The slip becamemore homogeneous when cell

structures developed at higher strain values at room or

elevated temperatures. However, nanoscale deformation

twins were observed at higher strains, typically >20% during

tensile testing, at cryogenic temperatures [11] or at an equiv-

alent strain of ~0.14 at room temperature [24]. The thickness

of these twins was in the range of ~0.2e0.3 nm and in these

nano-twins the twin-parent repeat distance within the bands

ranged from 0.5 to 3 nm. The formation of deformation twins

leads to the introduction of new interfaces and therefore

produces a high degree of work hardening and a significant

increase in strength. It is important to note also that twinning

https://doi.org/10.1016/j.jmrt.2023.01.181
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Fig. 1 e TEM images of CoCrFeNiMn HEA after deformation

at room (aee) and cryogenic (at¡196 �C) (fej) temperatures.

Microstructure after small plastic deformation: (a,f) (2.4%

tensile) [11], (b) 5% tensile testing [24], (c) 28% cold rolling

[27], (g) 5% cold rolling and (h) 15% cold rolling [21].

Microstructures after medium (40e60% cold rolling) and

large (up to 80% cold rolling) plastic deformation are shown

in (d,i) and (e,j), respectively [21]. Arrows show stacking

faults in (a,f), twins in (c) and shear bands in (i,j).
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is responsible for the high ductility at low temperatures by

providing an additional deformation mode [11]. Microstruc-

tural evolution during medium (~40e70%) and large (up to

~90%) plastic deformation by rolling at room temperature

confirms the important role of twinning together with the

motion and generation of dislocations during plastic defor-

mation. Microstructural evolution during wire drawing

showed the formation of discrete dislocations, Lomer-Cottrell

locks and Taylor lattices in the early stage of deformation after

straining of <0.28. Dislocation cells, deformation twins and

irregular dislocations appear in the microstructure by

increasing the equivalent strain up to ~1.96 and even further

increasing the strain leads to the formation of lamellae

structures parallel to the metal flow direction that contain

twins and shear bands [25].

The microstructural hierarchy during deformation is

shown in Fig. 1(a-e) which confirms the proposed scenario. In

addition, the role of twinning becomes more prominent dur-

ing cryogenic plastic deformation as shown in Fig. 1(f-j). The

twins are rotated into alignment with the direction of defor-

mation (the rolling plane) as plastic deformation proceeds.

Micro-shear bands also appear to form in the microstructure

in the later stages of deformation. Isolated shear bands are

first seen at medium plastic deformation and specifically in

regionswhere twin alignmentwith the rolling plane is already

well established. These procedures improve the ultimate

tensile strength from ~440MPa before deformation to ~1500 or

1200 MPa after deformation at �196 or 25 �C, respectively [21].

Strongly localized deformation areas associated with exten-

sive shear bands were reported after rotary swaging, as a high

stress/strain process, at room temperature [26]. Finally, it is

important to note that plastic deformation and strain hard-

ening can improve the strength significantly by operating

twining at the expense of reducing the ductility.

2.2. Heavy and severe plastic deformation

Many attempts have been undertaken to gain a fundamental

understanding of the microstructural evolution in the CoCr-

FeNiMn HEA during heavy and severe plastic deformation at

different temperatures where this is recognized as an effec-

tive procedure for improving the strength [11,28e34]. It is well-

known that the application of SPD produces significant grain

refinement which can improve the mechanical properties of

materials [35e37]. Nanostructured alloys fabricated by SPD

show significant strength but remarkably limited ductility due

to their low rate of strain hardening [38,39]. Accordingly,

short-term annealing after deformation is normally manda-

tory in order to improve the overall ductility with a minimum

effect on strength. Thus, a good combination of strength and

ductility may be achieved with an opportunity to specifically

tailor the microstructure after SPD processing in the CoCrFe-

NiMn HEA. In practice, however, this short-term annealing of

the CoCrFeNiMn alloy is challenging due to a significant po-

tential for decomposition and the formation of new phases

which may reduce the ductility (see section 4.3). This low SFE

alloy reveals mechanical twinning as an important deforma-

tionmechanism at room and cryogenic temperatures and this

mailto:Image of Fig. 1|tif
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Fig. 2 e TEM images of microstructure of CoCrFeNiMn after SPD by HPT at (a) room temperature and (b) cryogenic

temperature. Arrows show grains contain nano-twins [32,40].

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 3 ; 2 3 : 3 3 6 2e3 4 2 33366
plays an important role in grain refinement, as in Fig. 2,

through the introduction of extra interfaces within the grains

during deformation twinning, thereby reducing the disloca-

tion mean free path and increasing the dislocation density

[11,21,32,40]. Moreover, the advent of a deformation-induced

martensitic transformation, that is a well-known deforma-

tion mechanism accommodating strain during heavy and

severe plastic deformation in materials with low SFE [41], was

also reported in the CoCrFeNiMn HEA [40] (see section 2.3).

The most important and well known techniques for

imposing SPD are high-pressure torsion (HPT) [42] and equal-

channel angular pressing (ECAP) [43]. Processing by HPT is

especially attractive because it provides ameans of tuning the

structures of the materials in a manner that is not achievable

by conventional processing techniques and this gives an op-

portunity to study unique nanostructures in materials [42]. In

this procedure, a disk-shaped specimen is deformed by simple

shear between two anvils where it is constrained under high

pressure and subjected to concurrent torsional straining

[35,36,44].

Intensive deformation twinning and significant grain

refinement are the two main features of microstructural

evolution in the CoCrFeNiMn HEA during HPT (Fig. 2) [32].

These twin boundaries may have a significant influence on

the evolution and/or the refinement of the microstructure

during further straining following the saturation of twinning

[21,45e47]. The very high ductility of the alloy in the homog-

enized condition is primarily associated with the intensive

twinning [21] and therefore the decrease in ductility in the

HPT-processed samples is a consequence of the cessation of

twining at large strains [32]. In fact, the introduction of extra

interfaces within the grains during deformation twinning

leads to significant grain refinement and extraordinary in-

crements in hardness and strength after HPT processing at

room temperature [48]. It is expected that the formation of

deformation twins will lead to continuous grain subdivision

through the introduction of new interfaces which effectively

reduce the dislocation mean free path and cause hardening.

Another hardeningmechanism is substructure hardening due

to the dislocation density [47]. The CoCrFeNiMn alloy was

processed by HPT under 6.0 GPa pressure up to 10 turns at
room temperature and this processing gave a single-phase

nano-grained microstructure (<50 nm) with an exceptional

increase in the hardness and strength of ~4.41 and ~1.75 GPa

but with a relatively low elongation to fracture of ~4% [32].

In ECAP processing, a rod or bar is forced through a die

constrained within a channel that is bent through a sharp

angle near the center of the die. The material in this pro-

cessing method experiences a high shearing strain in a single

pass through the die but without any change in its cross-

sectional dimensions. Repeating the process through several

passes leads to exceptionally high strains in the material.

Since relatively large bulk samples may be used in ECAP pro-

cessing, it is generally considered as a superior method to

most other SPD techniques. Furthermore, long rods can be

produced easily in a combination of ECAP with subsequent

appropriate thermo-mechanical treatments due to the gen-

eral simplicity of the operation [43,49,50].

The Cantor alloy was successfully processed by ECAP at

400 �C for up to four passes which led to a gradual increase in

the hardness from ~1.32 to ~3.09 GPa by increasing the

numbers of ECAP passes. The YS and UTS reached ~0.98 and

~0.99 GPa, respectively, with an acceptable elongation to

failure of ~35% for the sample processed through four passes.

The microstructure after processing through four passes

showed a single-phase ultrafine-grained CoCrFeNiMn HEA

with an average grain size of ~100 nm and a high dislocation

density of ~1.3 � 109 cm�2 [33].

It is well established that processing by SPD can produce an

excess free volume including vacancies in the lattice aswell as

crystal interfaces, dislocations, grain boundaries, nano-voids

at triple junctions and micro-cracks in the microstructure

[51]. Nano-voids with average sizes of less than 10 nm were

detected in the CoCrFeNiMn HEA associated with an excess

free volume (~1%) after processing by severe cold shape rolling

(SCSR) to an equivalent strain of 4.2 at room temperature

where a study of the microstructure revealed significant grain

refinement to ~50 nm and a high dislocation density of

2.1 � 1011 cm�2 [34]. It is important to note that this remark-

able excess free volume is the highest reported value for an fcc

material processed by SPD and this is probably due to the low

value of the SFE in the CoCrFeNiMn HEA and the deformation

mailto:Image of Fig. 2|tif
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Fig. 3 e Electron back-scatter diffraction (EBSD) inverse pole figure (IPF) (a, e), kernel average misorientation (KAM) (b, f),

image quality (IQ) (c, g), and phase distribution (d, h, i) maps of CoCrFeNiMn HEA after a quarter turn HPT at (aed) room

temperature (RT) and (eei) cryogenic temperature (CT). High-angle grain boundaries (HAGB) and twin boundaries (TB) are

shown in the IPF, KAM, and IQ images [40].
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mode conducted by severe cold shape rolling [34,52]. It is

important to note also that the relatively low amounts of

excess free volume inmaterials processed by HPT is due to the

imposition of a high hydrostatic pressure which decreases the

probability of void or crack formation [53,54].

2.3. Significance of phase transformations

Basically, a deformation-induced martensitic transformation

is a well-known phenomenon as a deformation mechanism

which accommodates strain during heavy and severe plastic

deformation in materials with low SFE [41]. The fcc to hcp

phase transformation usually occurs during plastic deforma-

tion when the SFE is < 15 mJ m�2 [17]. The SFE of the Cantor

alloy is ~21 mJ m�2 at room temperature and it may reach to

~5e10 mJ m�2 at temperatures as low as �196 �C [56]. An fcc to

hcp martensitic transformation was reported in the Cantor

alloy under high pressures of >14 GPa and the results revealed

an almost complete transition to the hcp phase at ~40 GPa
[57,58]. The superior strain imposed during HPT, due to

applying both high pressure and shear straining, may stimu-

late a diffusionless transformation in manymaterials [59e61].

No phase transformation was detected in an earlier investi-

gation after HPT processing of the CoCrFeNiMn HEA under

6e7.8 GPa up to 10 turns at room temperature [31,32]. Never-

theless, an fcc to hcp martensitic transformation was detected

during cryogenic HPT processing under 5 GPa in a non-

equiatomic CoCrFeNiMn HEA with a lower SFE (~3.5 mJ m�2

[62]) by comparison with the equiatomic CoCrFeNiMn HEA

[63]. A further investigations revealed a dual-phase micro-

structure of fcc and hcp in the equiatomic CoCrFeNiMn HEA

after a high level of straining by HPT processing under

6e7.8 GPa at cryogenic temperatures [64,65].

Other investigations provide a clear demonstration of the

formation of the bcc-martensitic phase plus the hcp-

martensitic phase induced by HPT processing under 10 GPa in

the Cantor alloy. The microstructures exhibited significant

grain refinement and deformation-induced fcc to hcp and bcc

mailto:Image of Fig. 3|tif
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Fig. 4 e (a) X-ray diffraction patterns of the homogenized condition (H) and near the edge of the disks processed by 1/4 and 5

turns HPT at RT and CT and (b) Values of the Vickers microhardness plotted against equivalent strain after processing by

HPT through 5 turns at RT and CT [32,40].
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martensitic transformations. The hcp and bcc-martensitic

phases formed with Shoji-Nishiyama and Kurdjumov-Sachs

orientation relationships, respectively, with the parent fcc

phase at the early stage of deformation as in Fig. 3 [40]. In

addition, X-ray diffraction patterns are shown in Fig. 4(a)

which agree with the electron back-scatter diffraction (EBSD)

characterization. Additionally, hardness results show that
Fig. 5 e Deformation microstructure of the swaged CoCrFe
bcc-martensite can play an important role in increasing the

strength and hardness as documented in Fig. 4(b).

An fcc to hcp martensitic phase transformation and twin-

ning was reported in the Cantor alloy processed by ECAP at

high temperatures and a relatively complicated microstruc-

ture was achieved containing dislocations, twins and an hcp-

phase together with fine grains. These microstructural
NiMn HEA subjected to quasi-static compression [67].
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Fig. 6 e Proposed hierarchical deformation mechanism for

the CoCrFeNiMn HEA subjected to increasing degrees of

deformation at different temperatures.
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features provide a strain hardening capability and postpone

any necking instability, thereby producing a uniform plastic

deformation [66].

The application of SPD through swaging followed by either

quasi-static compression or dynamic deformation in shear

forms a complex microstructure containing dislocations,

stacking faults, twins, an hcp phase and nano-size amorphous

islands (Fig. 5) [67]. The first three microstructural features

were expected even after small and medium amounts of

plastic deformation but the hcp phase and nano-size amor-

phous islands were obtained due to the application of SPD. A

localized amorphization was proposed as an additional

deformation mechanism together with dislocations, defor-

mation twins and martensitic phase transitions after SPD

through swaging followed by either quasi-static compression

or dynamic deformation in shear at low temperatures [67]. It

was proposed that the coordinated propagation of stacking

faults and twins along {111} planes generates regions of high

deformation which can easily reorganize into hcp packets.

Increasing the defect density in these regions reaches a crit-

ical level and therefore generates islands of amorphous pha-

ses as shown in Fig. 5 [67].

The three governing factors promoting the martensitic

transformation during deformation are the large amounts of

imposed strain/stress, the applied pressure and the defor-

mation temperature (see Fig. 6). The HPT processing provides

a high imposed strain and a high pressure. It is well estab-

lished that Shockley partials are responsible for the nucle-

ation of both twins and themartensitic transformation [68,69].

Thus, the high level of applied strain and the strain rate in SPD

methods facilitate the partial separation of dislocations in

grains with favorable orientations and this reduces the

effective SFE [70,71]. Decreasing the deformation temperature

is an effective way for decreasing the SFE that promotes

deformation-induced phase transformations in place of

dislocation glide and deformation twinning. The activation of

the martensitic transformation in the early stage of defor-

mation and the formation of a significant amount of bcc phase

in the steady-state stage of microstructural refinement shows

the importance of the applied pressure and the processing

temperature. It is important to note also that the formation of

hcp and bcc phases can play a significant role in the process of

phase engineering and strengthening of the Cantor alloy [40].

The general concept is that the formation of martensitic or

amorphous phases in the microstructure provides

outstandingmechanical properties and improves the strength

which then enhances the capability of the Cantor alloy to

withstand extreme loading conditions.

2.4. Warm and Hot deformation

Understanding thewarmand hot deformationmechanisms of

the materials during plastic deformation at elevated temper-

atures is important for determining the optimum conditions

to control the grain size and properties. It is well known that

deformation mechanisms change by increasing the defor-

mation temperature due to the increasing importance of

diffusive processes. Increasing the temperature can change

the slip systems and activate deformation along grain

boundaries [72]. In addition, the thermal stability in materials
containing precipitates or having a deformed microstructure

may be affected under exposure at elevated temperatures.

Thermo-mechanical treatments via warm or hot deformation

are well established procedures that can significantly refine

the microstructure by the dynamic recrystallization

mechanism.

The microstructural evolution of the Cantor alloy during

plastic deformation at elevated temperatures was studied in

detail in the temperature interval of 600e1100 �C at different

strain rates from 10�4 to 10�2 s�1 and the results showed that

the mechanical behavior was different based on whether the

deformation was at warm (<800 �C) or hot (>800 �C) temper-

atures [73]. In the early stage of deformation, the deformation

mechanism is planar dislocation glide which is similar to

other fccmaterials regardless of the value of the SFE [11]. High

temperature deformation behavior revealed a hardening stage

continuously up to the maximum strain during compression

of the alloy in the interval of 600e800 �C. Nevertheless,

increasing the deformation temperature revealed deforma-

tion curves with a well-defined steady-state flow stage

following a short hardening stage at the very beginning of

deformation in the temperature interval of 900e1100 �C.
The sluggish diffusion [74] or low SFE [62] of the Cantor

alloy may significantly affect its dynamic recrystallization

behavior. As discussed in section 2.3, a severely distorted

matrix is responsible for decreasing the SFE and grain

boundary energy so that discontinuous recrystallization and

grain growth are hindered. In addition, sluggish diffusion can

have an effect on recrystallization and coarsening [18].

It is well known that discontinuous and continuous dy-

namic recrystallization are two types of mechanisms during

deformation at elevated temperatures and they can be

distinguished by the characteristics of the deformation

behavior and by the nature of the microstructural evolution.

Discontinuous dynamic recrystallization produces a grain

structure with a decreased dislocation density and this is

associated with the formation of nuclei via a bulging
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Fig. 7 e EBSD IPF maps of the CoCrFeNiMn alloy after compression at a strain rate of 10¡3 s¡1 and a compressive true strain

of ~1.4 at different temperatures of (a) 600, (b) 700, (c) 800, (d) 900 and (e) 1000 �C [73].
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mechanism followed by growing to consume the deformed

matrix. However, continuous dynamic recrystallization con-

sists of the formation of a stable network of low-angle grain

boundaries (LAGBs) that is followed by their gradual trans-

formation into high-angle grain boundaries (HAGBs) upon

straining [72]. Dynamic recrystallization in the CoCrFeNiMn

HEA during plastic deformation in the warm interval mainly

appeared in the form of adiabatic shear bands. However,

during deformation in the hot interval a discontinuous dy-

namic recrystallization appeared throughout the material

[73]. Accordingly, the volume fraction of the recrystallized

structure of 0.085 reaches to the significant value of 0.95 by

increasing the deformation temperature from 600 to 1000 �C
as demonstrated in Fig. 7.

It is important to note that the recrystallized grain size

increased from 0.2 to 40.4 mm for deformation temperatures of

600e1100 �C [73]. In addition to the deformation mechanisms

within these two temperature intervals, the measured activa-

tion energies for the hot and warm intervals were ~291 and

~213 kJ mol�1, respectively. An activation energy of

~321.7 kJ mol�1 was proposed earlier for grain growth in the

Cantor alloy [75]. The process can be controlled in turn by

diffusion ofNiwith anactivation energy of 317.5 kJmol�1which

is the slowest element in the CoeCreFeeMneNi alloy system

[74]. An activation energy of ~330 kJ mol�1 was determined

during tensile testing at a temperature of �1023 K and strain

rate of >10�5 s�1 and this value lies within the range of the

above reported values [76]. Dynamic recrystallization in the

CoCrFeNiMn HEA was also observed in other investigations

during hot deformation at various temperatures ranging from

800e1000 �C and at different strain rates from 10�3 to 1 s�1. The

apparent activation energy was estimated as ~350 kJ mol�1 for

the hot deformation and this is comparable to the activation

energy for diffusion of the slowest diffusing element of Ni in

this alloy. This gave fairly fine recrystallized grain sizes at high

temperatures which are consistent with sluggish diffusion in

the HEA [77].

Very recently, the deformation mechanisms of the CoCr-

FeNiMn HEA were investigated at the elevated temperature of

800 �C and it was suggested that the presence of both a

concentrated solid solution and forest dislocations effectively

controlled the high temperature plastic deformation [78]. It is

well established that the flow behavior in the Cantor alloy is

controlled by a combination of a rate-dependent Hall-Petch

strengthening, solid solution hardening and forest dislocation
hardening and these strengtheningmechanisms are generally

similar to conventional alloys [79]. The high temperature

deformation mechanisms in the CoCrFeNiMn HEA are

controlled by dislocation-lattice interactions due to concen-

trated solid solution hardening and dislocation-dislocation

interactions due to the forest dislocation hardening. Trans-

mission electron microscopy (TEM) observations confirmed

these mechanisms due to the presence of extensive lattice

pinning and dislocation junctions in the microstructure. This

clearly shows a suppression of recovery and other diffusion-

related mechanisms such as subgrain boundary formation

and solute atmosphere migration due directly to the pinning

effect of the concentrated solid solution matrix at elevated

temperatures as in Fig. 8 [78]. It was suggested, therefore, that

the plastic deformation theories for the CoCrFeNiMn HEA at

room and cryogenic temperaturesmay be directly extended to

elevated temperatures [80].
3. Grain refinement

3.1. Fine-grained microstructures

The thermomechanical processing, including cold working

followed by annealing or plastic deformation at a controlled

elevated temperature, is a typical procedure for achieving

fine-grained materials. Refining the grain size to the range of

fine and ultrafine grains leads to an enhancement in the

strength level [13,55,81]. However, it is important to note that

refining the grain size in the CoCrFeNiMn alloy to the range of

fine and ultrafine grains led to only a minor improvement in

strength [13,55,81] such that even a fine-grained CoCrFeNiMn

HEA exhibited a low yield strength at room temperature

[13,40]. Mechanical twinning as a deformation mechanism

plays a significant role in the evolution and/or refinement of

the microstructure in the CoCrFeNiMn alloy during cold

working [21]. Moreover, the large plastic deformation due to

heavy cold rolling produces a submicrometer cell structure

characterized by the presence of dense shear bands in the HEA

[18]. In order to reach the desired ductility in the deformed

material, a subsequent annealing heat treatment is necessary.

Annealing at >800 �C leads to grain refinement by comparison

with the pre-deformation condition in the CoCrFeNiMn alloy

and increasing the annealing temperatures significantly in-

creases the fraction of Ʃ3 boundaries that forms in the
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Fig. 8 e Schematic of the dislocation configuration applied to separate the contributions of solid solution hardening and

forest dislocation hardening. The values of the spacing between two adjacent pinning points for the twomechanisms are lss
and lf, respectively [78].
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recrystallized microstructure [18]. However, this is accompa-

nied by a decrease in the fraction of HAGBs while the fraction

of LAGBs remains almost unchanged. This is reasonable

because of the much higher energy of the HAGBs compared

with the Ʃ3 boundaries [18].

The recrystallization temperature in metals is usually

~0.5Tm where Tm is themelting temperature in degrees Kelvin

[72]. Accordingly, it is anticipated that the recrystallization

temperature in the CoCrFeNiMn HEA should be ~500 �C.
However, there are many reports confirming recrystallization

at higher temperatures of the order of ~800 �C [11,18,32,40].

This behaviour was attributed to the severely distortedmatrix

which decreases the dislocation energy, the SFE and the grain

boundary energy that hinder discontinuous recrystallization

and grain growth [18]. It then becomes more difficult for

dislocation motion in the HEA due to its severely distorted

crystal lattice which significantly affects the recrystallization

process [75]. In addition, the sluggish diffusion can have a

significant effect on recrystallization and coarsening [18].

Medium to large plastic deformation, such as 61e96% cold

rolling followed by annealing at 800 �C for 1 h, leads to a

single-phase microstructure with complete recrystallization

and no variation in grain size (~4e5 mm). Nevertheless, partial

recrystallization occurs after annealing at the same temper-

ature but with a smaller prior plastic deformation such as

21e41% by cold rolling [13]. Increasing the annealing tem-

perature from 800 to 1200 �C for 1 h after ~87% cold rolling led

to grain growth from ~4.4 to ~150 mm [11]. It was reported that

coarsening in the CoCrFeNiMnHEA exhibits a classical power-

law behaviour with an exponent of 3 which suggests that the

grain boundary motion is controlled by a solute-drag mecha-

nism [75] (see Table 2).
Table 2 e The grain size, d, dislocation density, r, Vickers mic
CoCrFeNiMn HEA after heavy and severe plastic deformation.

Processing Equivalent strain d (nm) r (cm

Homogenized 0 e e

ECAP-1st pass ~1 160 3.5 � 1

ECAP-2nd pass ~2 130 8.1 � 1

ECAP-4th pass ~4 100 1.3 � 1

HPT >40 <50 e

Cold rolled (>90%) ~4 130 e

Cold drawn 1.4 e e

Cold shape rolled (>90%) 4.2 50 2.1 � 1
The variation of hardness with grain size, as defined by the

HallePetch relationship, is shown in Fig. 9(a) for the fine-

grained CoCrFeNiMn HEA. The hardening coefficient of this

HEA is larger than the upper-bound value obtained in con-

ventional fccmetals (677 vs. 600 MPa mm�0.5) [75]. The effect of

grain size on the YS in the CoCrFeNiMn HEA was reported in

several studies as also illustrated in Fig. 9(b) [11,81,82]. The

consequent Hall-Petch relationship of YS ¼ 508D�0.5 þ 183 is

true in a broad range of grain sizes from ultrafine (<1 mm) to

coarse-grained (>100 mm) [83]. It is worth nothing also that the

Hall-Petch strengthening coefficient of the CoCrFeNiMn HEA

in this presentation (~508 MPa mm0.5) is less than for conven-

tional materials such as 304 L and 316 L stainless steels (558

and 546 MPa mm0.5, respectively) [84]. Table 3 and Table 4

summarize, respectively, the reported Hall-Petch parameters

and the effect of different annealing conditions on tensile

properties in the CoCrFeNiMn HEA.

3.2. Ultrafine/nano grained microstructures

Experiments show that even by refining the grains to a size of

~1 mm itwas not possible to improve the YS in the CoCrFeNiMn

HEA tomore than ~600MPa, [13,32]. However, with a grain size

of <0.1 mm an exceptional strength of >1 GPa was achieved at

room temperature [31,32]. It was confirmed that a recrystal-

lized microstructure with a grain size between 0.1 and 1.0 mm

revealed an excellent balance of strength and ductility. Thus,

an ultrafine-grained Cantor alloy with an average grain size of

~0.5 mm gave a YS and ductility of ~0.89 GPa and ~20%,

respectively [55,81]. Deformation twinning is responsible for

significant grain refinement in this HEA during plastic defor-

mation [22,23,32]. Nevertheless, it was reported that grain
rohardness, YS, UTS, and elongation to failure (d) of the

�2) Hv YS (MPa) UTS (MPa) d (%) Ref.

135 ± 4 240 500 90 [32]

08 260 ± 8 670 770 55 [33]

08 285 ± 3 810 890 45 [33]

09 315 ± 3 980 990 35 [33]

455 ± 15 1400 1740 4 [32]

e 1199 1335 5 [55]

e e 1330 6 [25]

011 450 ± 10 e e e [52]
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Fig. 9 e (a) Hardness as a function of grain size in the CoCrFeNiMn HEA [75] and (b) yield stress as a function of grain size to

develop a general Hall-Petch relationship for the CoCrFeNiMn HEA alloy [11,81e83].
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refinement suppressed the formation of deformation twinning

by increasing its critical activation stress. Specifically, defor-

mation twinning was observed clearly at a grain size of >3 mm

after tensile testing but it was not detected when testing with

an ultra-fine grain size of ~0.5 mm [23].

The effect of refining to an ultrafine grain size on the

properties of HEAs was studied through the use of HPT, ECAP,

severe cold rolling, and cryogenic rolling at �196 �C
[13,21,32,33,75,87]. In practice, HPT and ECAP are the most

important andwell known techniques for using SPD to achieve

significant grain refinement where HPT processing provides a

procedure for tuning the structures of the materials to attain a

nano-grain structure in a manner that is not possible using

conventional processing techniques [42]. It was reported that

HPT processing leads to a significant incremental increase in

the YS, up to ~1400MPa, at the expense of a decreased ductility

with a total elongation lower than 5% in the CoCrFeNiMn HEA

after imposing an equivalent strain of >20 [32]. However, the

Cantor alloy was processed by four passes of ECAP at 400 �C
and showed a YS of ~1 GPa with an elongation to failure of

~35%. In this condition, the microstructure is single-phase

with an average grain size of ~100 nm and a high dislocation

density [33]. It is important to note that no decomposition was

detected in the microstructures after ECAP due to the sluggish

diffusion in the CoCrFeNiMn HEA at 400 �C and the short

duration of the process [74,88].

Severe cold rolling is a simple and a very useful method for

imposing a remarkable strain in the microstructure and

therefore promoting grain refinement. Themain advantage of

this method is the ability to fabricate rod or wire as a
Table 3 e Summary of the Hall-Petch relationships at
different grain size ranges after cold rolling followed by
annealing in the CoCrFeNiMn HEA.

Type Grain
size (mm)

Hall-Petch
slope

(MPa.mm�0.5)

Ref.

YS vs. D�0.5 4e160 494 [11]

HV vs. D�0.5 3.9e26.1 677 [75]

YS vs. D�0.5 0.6e100 497 [82]

YS vs. D�0.5 0.5e100 490 [81]
continuous processwith a potential for industrial applications

[89,90]. It was reported that an 80% reduction of the thickness,

with an equivalent strain of magnitude 1.6, by cold rolling

gave an increment of YS and UTS up to ~1120 and ~1175 MPa,

respectively, with a very low uniform elongation of 1.5% [85].

The CoCrFeNiMn HEA was subjected to shape rolling

through equivalent strains of 0.5, 1.1, 1.4, 2.5, 3.7 and 4.2 at

room temperature in order to study the microstructural evo-

lution and the formation of excess free volume during SPD.

Themicrostructure of the processed sample taken through an

equivalent strain of 4.2 revealed a single fcc phase with an

average grain size of ~50 nm and an excess free volume of

~0.96% due to the formation of nano-voids and defects after

severe shape rolling. Microhardness measurements showed a

saturation level but therewere no nano-voids in the processed

samples with equivalent strains less than ~4.2 [34].

An ultrafine-grained structure was also achieved in the

CoCrFeNiMn HEA by a twinning-induced grain refinement
Fig. 10 e A CreMn oxide in a homogenized equiatomic

CoCrFeNiMn HEA [32].
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Fig. 11 e (a) Thermo-Calc predictions of the equilibrium phase for the CoCrFeNiMn HEA using TCHEA v2.1 database [99] and

(b) phase diagram of (CoCrMnNi)1-xFex HEAs [100].

Table 4 e Summary of the available data on the strength enhancement due to grain refinement.

Processing condition Temperature (oC) t (min) Grain size (mm) UTS (MPa) YS (MPa) d (%) Ref.

Recrystalization HPT 5 turn/6 GPa 800 60 4 680 530 80 [32]

30 e 725 570 78

10 e 830 680 65

900 60 17 600 370 90

30 e 610 390 80

10 e 630 410 76

Cold Rolling 80% 800 60 3.6 735 425 52.5 [85]

900 60 17.1 630 270 60.5

Cold Rolling 90% 800 60 10 700 e 60 [86]

900 60 20 650 e 63

Cold Rolling 95% 800 60 4.6 736 495 38.7 [55]

900 60 13.5 673 367 42.6

1000 60 22.4 619 291 43.2

1100 60 30.6 599 259 45.1
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mechanism after large plastic deformation up to an equiva-

lent strain of ε ¼ 1 applied by cryogenic multi-pass caliber

rolling. This procedure led to significant grain refinement and
Table 5 e Summary of the microstructural and crystallographi

Phase Major element Crystal structure Lattice parame
(nm)

a b

Bcc Cr bcc 0.288 e e

Sigma Cr Tetragonal (TCP) 0.879 e 0

NiMn Ni & Mn Tetragonal (L10) 0.261 e 0

FeCo Fe & Co Cubic (B2) 0.285 e e

Matrix e Fcc 0.360 e e
a high strength of >1 GPa but with almost no uniform elon-

gation [89].

The HEA showed ultra-high strength together with a

superior ductility after large plastic deformation applied by
c results obtained from the matrix and precipitates.

ter Nucleation site Morphology

c

Grain boundary/inclusion/pores [95]

Shear bands [101]

Dislocation walls [101]

Deformation twins [101]

Fine spherical [87]

.455 Grain boundary/inclusion/pores [95] Blocky/faceted [95]

Rectangular [87]

.349 Grain boundary/inclusion/pores [95]

Shear bands [101]

Dislocation walls [101]

Deformation twins [101]

e

Grain boundary/inclusion/pores [95]

Shear bands [101]

Dislocation walls [101]

Deformation twins [101]

e

e e
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Table 6 e Summary of the chemical analysis (at.%) of precipitates in the CoCrFeNiMn HEA.

Precipitate Method Co Cr Fe Ni Mn Ref.

Bcc TEM EDX 3.6 86.3 5.2 0.6 4.3 [95]

TEM EDX 14.62 42.26 16.88 12.66 13.58 [52]

Sigma SEM EDX 19.0 26.0 20.0 16.0 19.0 [34]

TEM EDX 18.1 46.8 16.9 5.7 12.5 [95]

APT 18.2 46.0 17.1 6.7 12.3 [95]

TEM EDX 16.2 43.8 17.6 7.8 14.6 [85]

NiMn TEM EDX 3.6 1.9 2.2 54.9 37.4 [95]

APT 3.9 2.3 1.2 50.6 42.0 [95]

FeCo TEM EDX 45.9 2.0 46.0 0.6 5.5 [95]
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asymmetric rolling, with a total rolling reduction of 92%

followed by post-deformation annealing [91]. Improved

mechanical properties were reported in the processed alloy

by asymmetric rolling by comparison with the conventional

symmetric rolling. It was claimed that an ultra-high

strength was obtained due to the formation of fine grains

and a high back-stress and the superior ductility was due to

a gradient structure and fine grains in the annealed

sample [91].

The nanocrystalline HEA demonstrates an exceptionally

high strength of ~3 GPa at the very low temperature of 4.2 K

whilst maintaining reasonable plasticity at this tempera-

ture. The generation of dislocations from the grain bound-

aries and a transition to the grain interior was the proposed

deformation mechanism in the nanocrystalline CoCrFeNiMn

HEA [92].
Fig. 12 e (a) STEM BF contrast reveals the presence of several sec

HEA, (b) EDX maps superimposed on the image in (a) show that

after a 500 �C anneal for 500 days, (c) microstructure and EDS-m

700 �C, (d, e, f, g, h) corresponding SAD images on which the sim

NiMn, bcc Cr-rich, FeCo, sigma and matrix phases, respectively
4. Precipitation hardening

4.1. Decomposition and formation of precipitates

It is well established that the CoCrFeNiMn HEA has a single-

phase fcc solid solution structure in the as-cast and homoge-

nized conditions [93,94]. However, microstructural studies

revealed the formation of a few volume fractions of a CreMn

oxide (~0.1%) in the microstructure as inclusions as illus-

trated in Fig. 10 [13,26,28,32,76,95e98].

A phase diagram calculation of an equiatomic CoCrFeNiMn

HEA by Thermo-Calc is presented in Fig. 11 (a) [99]. These

calculations predict the formation of sigma and bcc/B2 phases

at <460 and < 820 �C, respectively. Another calculated phase

diagram using Thermo-Calc between the quaternary CoCr-

NiMnHEA and Fe shown in Fig. 11(b) suggests the formation of
ondary precipitates in a grain boundary of the CoCrFeNiMn

the precipitates have three distinct chemical compositions

ap of the CoCrFeNiMn HEA after 500 days annealing at

ulated diffraction patterns (red circles) are superimposed for

[95].

mailto:Image of Fig. 12|tif
https://doi.org/10.1016/j.jmrt.2023.01.181
https://doi.org/10.1016/j.jmrt.2023.01.181


Fig. 13 e DSC curves of CoCrFeNiMn HEA at a heating rate

of 0.5 �C.min¡1 [102].
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the sigma-phase over a wide range of chemical compositions

[100]. These predictions demonstrate the formation of sigma

and bcc phases in the Cantor alloy from room temperature to

~450 �C. The sigma precipitates are stable in the temperature

range of ~450e~700 �C wherein the bcc precipitates are dis-

solved. The present calculations clearly show the stability of

the fcc single-phase solid solution at elevated temperatures

(>~700 �C).
Fig. 14 e (a) Temperature dependence of the diffusion coefficien

Schematic TTT diagram for CoCrFeNiMn HEA [102].

Fig. 15 e (a) Relative length changes of CoCrFeNiMn samples be

measurements at 500, 525 and 550 �C after SPD [104].
The decomposition and formation of new phases in the fcc-

matrix phase was reported earlier in the Cantor alloy after

annealing within special temperature ranges [95]. It was sug-

gested that Cr promotes the formation of a bcc phase. Based on

thermodynamic calculations, the solubility of Cr in the fcc

phase is quite high at high temperatures but decreases at low

temperatures and this makes possible the formation of a Cr-

rich bcc phase. It was shown experimentally that the CoCr-

FeNiMn alloy has a single-phase fcc structure above 800 �C
while a mixture of fcc and bcc phases, or under some condi-

tions a sigma phase with a tetragonal crystal structure, forms

below this temperature [32].

The decomposition behavior was studied in a homoge-

nized CoCrFeNiMn HEA using a long-term annealing of 500

days at intermediate temperatures of 500 and 700 �C [95]. A

multitude of precipitates including Cr-rich bcc, FeCo (B2), and

NiMn (L10) with complexmorphologies were distributed at the

grain boundaries as in Fig. 12. These precipitates dissolved at

700 �C and Cr-rich sigma precipitates with a tetragonal

structure formed at the grain boundaries as in Fig. 12(c) [95].

A summary of the microstructural features and crystallo-

graphic information on the matrix and the precipitates is

shown in Table 5. It is important to note that these phases

were detected in the CoCrFeNiMn HEA subjected to SPD after
ts for Cr, Mn, Fe, Co and Ni in. Different alloys [103] and (b)

fore and after SPD [52] and (b) Isothermal dilatometric
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Fig. 16 e (a) The hardness value of SPD samples after annealing at 500, 525 and 550 �C for different holding times [104], (b)

The JMAK curve to obtain the K parameter based on the volume fraction of the bcc Cr-rich phase formation (X) calculated

according to the hardness results [104] and (c) Calculation of the activation energy for bcc Cr-rich precipitation [104].

Table 7 e Summary of the temperature range of sigma
and bcc precipitates in different conditions.

Condition bcc Cr-rich Sigma Cr-rich Ref.

Ts (
oC) Tf (

oC) Ts (
oC) Tf (

oC)

HPT 200 800 600 700 [32]

ECAP e e 500 700 [33]

Shape Roll 450 750 650 850 [52]

Cold Roll 500 700 600 800 [85]

Cold Roll 600 700 600 800 [87]

Homogenized 200 700 700 900 [102]
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short-term annealing. It appears that the severely-deformed

structure of the processed HEA facilitates the phase decom-

position due to the large numbers of defects and grain

boundaries introduced during this process. These defects

serve both as fast diffusion pathways and as preferential

nucleation sites for the formation of new phases. It is
Fig. 17 e Hardness evolution of deformed CoCrFeNiMn HEA

by different processes after annealing at different

temperatures [27,32,33,55,104].
therefore concluded that the application of SPD leads more

quickly to the formation of these stable phases [31,32].

Table 6 Summary of the chemical analysis of precipitates

of the CoCrFeNiMn HEA using different techniques. The
Fig. 18 e (a) Schematic of the process for precipitation to

increase strength [34,85], (b) engineering stress versus

engineering strain for deformed and annealed

CoCrFeNiMn samples [85] and (c) X-ray diffraction pattern

for deformed and annealed samples [32].
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results show that bcc and sigma precipitates are Cr-rich pre-

cipitates and NiMn and FeCo phases are near equiatomic.

Figure 13 illustrates the thermal stability of the CoCrFe-

NiMn HEA using differential scanning calorimetry (DSC)

thermal analysis [102]. The results show that there are two

exothermic peaks over temperature ranges of ~160e640 �C
and ~720e780 �C, respectively. It is apparent that the first

exothermic peak is not a simple Gaussian type, suggesting the

occurrence of several phase transformations including the

formation of bcc Cr-rich, NiMn and FeCo precipitates. The later

exothermic peak is a simple Gaussian type and represents the

formation of the sigma precipitates. It is particularly noted

that two endothermic peaks (~700 and ~800 �C) also appear in

the DSC curve possibly due to the dissolution of these phases

[102].

4.2. Precipitation kinetics

Many attempts were conducted to study the precipitation ki-

netics in the Cantor alloy in order to understand the procedure

of microstructure engineering. Fig. 14(a) shows the depen-

dence of the diffusion coefficient on temperature for the Ni,

Co, Cr, Fe and Mn elements in different alloys and it confirms

that the CoCrFeNiMnHEAhas the slowest diffusion coefficient

among the various alloys [103]. Generally, precipitation in-

cludes two stages containing the diffusion of atoms to achieve

the precipitation composition and the change in crystal

structure, where the first stage mainly controls the precipi-

tation [104].

Comprehensive experiments showed that the activation

energies of diffusion for Cr, Mn, Fe, Co and Ni elements in an

homogenized CoCrFeNiMn HEA are 292.9, 288.4, 309.6, 306.9

and 317.5 kJ mol�1, respectively [74]. The highest value for Ni

suggests that this element has the lowest diffusion coefficient

and therefore it controls the diffusionmechanism in this alloy
Table 8 e Summary of the available data on the increase in str

Plastic deformation method Condition T (oC) Time (m

ECAP 2 Passes e e

500 60

600 60

4 Passes e e

500 60

600 60

Cold Roll 80% e e

500 60

600 60

90% e e

500 60

600 60

60% e e

450 1080

450 2880

95% e e

300 60

400 60

500 60

600 60

e Homogenized e e

610 21,600
and also the precipitation kinetics [104]. Accordingly, the

slowness of Ni diffusion in the alloy indicates a very slow

precipitation. Sluggish diffusion facilitates maintaining the

alloy in the supersaturated state and this leads to the forma-

tion of fine precipitates during precipitation and a reduced

coarsening rate of precipitation [75,105e112]. These advan-

tages are beneficial in controlling the microstructure and

providing an improved performance.

A temperature-time-transformation (TTT) diagram of the

CoCrFeNiMn HEA is given in Fig. 14(b). The results clearly

confirm the formation of different phases over different

temperature ranges and this suggests no precipitate forma-

tion in a reasonable holding time due to the sluggish precipi-

tation kinetics in this HEA [52,104]. According to the TTT

diagram, the alloy will be a single-phase solid solution at

cooling rates faster than about 0.076 �C.s�1 which can be

readily achieved during laboratory-scale casting where the

rates usually range from 10 �C.s�1 to 100 �C.s�1 [102,113,114].

The effect of plastic deformation on the thermal stability in

the CoCrFeNiMn HEA is shown in Fig. 15(a) which clearly

demonstrates the increasing precipitation kinetics. As ex-

pected, the homogenized condition reveals no slope changes in

the heating regime which demonstrate the high thermal sta-

bility of the alloy in this condition [52,74]. Nevertheless, several

slope changes are visible in the severely deformed micro-

structure due to precipitation, recovery, recrystallization and

the dissolution of precipitates [34,52]. This suggests that plastic

deformation encourages precipitation within a reasonable

annealing time. As already noted, a large number of grain

boundaries and dislocations introduced into the microstruc-

ture during plastic deformation provide fast diffusion pathways

together with preferential nucleation sites for the formation of

new phases [31,104]. Fig. 15(b) illustrates isothermal thermal

analyses at 500, 525 and 550 �C with a heating rate of 10 �C.
min�1. Phase transformations such as recrystallization, grain
ength due to precipitation in different conditions.

in) UTS (MPa) YS (MPa) Total Elongation (%) Ref.

810 890 45 [33]

850 960 37

820 880 41

980 990 35 [33]

1015 1080 30

890 1010 32

1120 1175 14.0 [85]

1290 1415 3.6

1135 1260 6.7

1150 1175 6 [86]

1300 1300 1

1030 1060 10

1130 1180 14 [101]

1200 1250 4

1160 1230 6

1200 1335 4.4 [55]

1270 1366 1.2

1371 1403 1.6

1363 1471 3.2

1242 1325 4.3

291 657 55 [124]

319 680 54
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Fig. 19 e (a) Comparing the effect of Al [131,135,136], Ti [129,137e140], Mo [141], Nd [142], Sn [143], Si [140], B [144], N

[130,145e147], C [145,148e156], H [157e160] on tensile properties in the Cantor alloy [32,131,140,142,144,145,148e150,

153,155,156,161,162]. As-cast and homogenized (b) and cold-rolled and annealed conditions (c) are also compared

separately.
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growth and the formation of some precipitates are associated

with a decrease in volume or a reversal for some precipitations

[52]. The formation of the sigma precipitate with lattice pa-

rameters of a~8.8�Aand c~4.5�A [95,115] and the formation of bcc

Cr-rich precipitates (az2.88 �A [31,32]) in the fcc matrix

(az3.59 �A [34]) lead to a decrease and increase of the volume,
respectively. Therefore, this increase in volume indicates the

formation of Cr-rich bcc precipitates. It was suggested earlier

that Cr promotes the formation of a bcc phase and the solubility

of Cr in the fcc-matrix phase decreases with decreasing tem-

perature giving rise to the formation of a Cr-rich bcc phase in

the CoCrFeNiMn HEA [32].
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Fig. 20 e The SEM micrographs of the as-cast (FeCoNiCrMn)100-x Alx alloy (x ¼ 0e20 at. %) [131].
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Very recently, precipitation kinetics of mono-crystalline

and polycrystalline equiatomic CoCrFeNiMn HEAs were

investigated in which the polycrystalline alloy decomposed

into multiple phases during 3 min at 700 �C even though the

mono-crystalline alloy was stable at the same temperature for

5 h [116]. The philosophy behind this difference in thermal

stability relates to the volume fractions of defects and

particularly the grain boundaries and triple junctions

[117e119]. It was shown that sigma Cr-rich precipitates were

formed by hot compression at 700 �C [120]. This suggested that

the sigma phase is strongly generated as the recrystallization

progressed, thereby implying that the recrystallization pro-

cess is essential for sigma phase formation in the fcc crystal

structure. In addition, the sigma Cr-rich phase kinetics are

faster in dynamic precipitation conditions than in static pre-

cipitation [120].

The kinetics of precipitation were investigated in a

severely deformed Cantor alloy using microhardness mea-

surements and the modified JMAK relation [104]. Fig. 16(a)

shows the hardness diagram of the severely deformed CoCr-

FeNiMn HEA versus time at different annealing temperatures.

From these results it is concluded that the increase in hard-

ness with increasing annealing time is related to the forma-

tion of bcc Cr-rich precipitates. From the onset of aging up to

the peak of hardness was taken as the precipitation sequence.
Therefore, the transformed fraction (X) can be calculated

based on the following equation:

X¼ Hv�HvSPD

HvPEAK �HvSPD
(5)

where Hv, HvSPD, and HvPEAK are the measured hardness after

annealing, before annealing, and the hardness value at the

peak, respectively. It was shown that the modified JMAK

relation in the following Eq. (6) may be used to obtain the

activation energy of precipitation [104,121]:

X¼1� exp ð�KtnÞ (6)

whereX is the transformed fraction, t is the anealing time, and

K and n are the JMAK coefficient and the exponent parameters,

respectively. The following equation can be drived from Eq.

(6):

Ln

�
Ln

�
1

1� X

��
¼nLnKþ nLnt (7)

A plot of Ln
�
Ln

�
1

1�X

��
versus Lnt is shown in Fig. 16(b)

where the slope and the intercept of each plot are equal

to n and nLnK, respectively. Therefore, the values of K can

be determined directly. The K parameter has an expo-

nential relationship with the annealing temperature as

given by:
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Fig. 21 e Engineering stress-strain curves of (a) as-cast (FeCoNiCrMn)100-x Alx alloys at room temperature [131] and (b) cold-

rolled Al0.5CoCrFeNiMn alloy after annealing under different conditions [135].
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K¼K0 expð�Q =RTÞ (8)

where T is the annealing temperature in degrees Kelvin, R is

the gas constant and Q is the activation energy. The value of Q

was determined as ~226 kJ mol�1 in Fig. 16(c). The n value at

500e550 �C was ~2 which suggests that the grain edge nucle-

ation mechanism may be a possible mechanism according to

the strain applied to the material [104,122]. The activation

energy of the bccCr-rich precipitation, obtained in the severely

deformed sample, is less than the activation energy of diffu-

sion for different elements in the homogenized CoCrFeNiMn

HEA [74]. The reason for this difference lies in the presence of

many defects, including dislocations and non-equilibrium
Fig. 22 e The as-cast microstructure (aeb) and the compression

alloy at room and elevated temperatures [166].
grain boundaries [32]. It is worth noting that the value ob-

tained for the activation energy of bcc Cr-rich precipitates is

approximately equal to the value for the activation energy for

grain boundary diffusion in nickel [123]. This suggests that the

bcc-Cr rich precipitation is controlled directly by grain

boundary diffusion of Ni [104].

Table 7 shows the temperature range of sigma and bcc

precipitate formation under different conditions. It is

apparent that there are several discrepancies between the

results. For example, no bcc Cr-rich precipitates were reported

in an ECAP-processed sample after annealing [33] but data

suggest the bcc Cr-rich precipitates form and dissolve earlier

than sigma Cr-rich precipitates.
engineering stress-strain curves (c) of the CoCrFeNiMnAl0.75
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Fig. 23 e The tensile engineering stress-strain curves of (a) homogenized CoCrFeNiMnTix (x ¼ 0.1e0.4) alloys [138] and (b) Ti

and Si-containing CoCrFeNiMn alloys annealed for 15 min at 1000 �C after homogenization and cold-rolling [140]. Broken

curves and solid curves in (b) indicate the results of two different specimens.
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4.3. Significance of precipitation during
thermomechanical treatment

It is expected that the decomposition and formation of pre-

cipitates will affect the mechanical properties of the CoCrFe-

NiMn HEA by increasing the strength and probably also

decreasing the ductility. The Cantor alloy may be classified as

an age-resistant alloy in which the mechanical properties can

be manipulated by controlling the temperature and time of

any aging treatment. The production of a well-decorated

microstructure in the HEA by different available precipitates

is amethod for improving the strengthwith no significant loss

of ductility. However, the sluggish diffusion in the Cantor

alloy dictates using an artificial aging treatment on the

deformed material to increase the kinetics of precipitation

within a reasonable time. Accordingly, many attempts were

undertaken to study precipitation in the HEA by thermo-

mechanical treatment including deformation followed by

annealing. Fig. 17 shows the hardness of the deformed CoCr-

FeNiMn HEA by different procedures after annealing at
Fig. 24 e (a) Compressive engineering stress-strain curves and

as-cast condition [143].
temperatures in the range of 200e1000 �C [32,33,55,104]. The

results demonstrate that the hardness of the deformed HEA

increases slightly after annealing at 500 �C and then decreases

rapidly with increasing annealing temperatures up to 1000 �C.
At this latter temperature, the hardness is very close to the

initial value for the homogenized condition. This behavior

clearly suggests that Cr-rich precipitates format temperatures

up to 500 �C with the dissolution of Cr-rich precipitates and

recrystallization/grain growth after annealing up to 1000 �C
[33,52]. Therefore, the temperature range of ~300e600 �C is

recommended for increasing the strength by precipitation.

Figure 18 shows a schematic of the process for precipita-

tion to increase the strength of the CoCrFeNiMn HEA. The

required process to increase strength through precipitation

strengthening consists of two separate steps: (a) applying

heavy straining or SPD and (b) post-deformation annealing at

temperatures below 600 �C. Themicrostructure of the heavily-

deformed samples is shown in Fig. 18(a) which demonstrates

a typical severely deformed microstructure containing

tangled dislocations and grain fragmentations at the
(b) tensile stress-strain curves of CoCrFeNiMnSnx alloys in
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Fig. 25 e The compressive engineering stress-strain curves of (a) (CoCrFeNiMn)100-xNbx [134], (b) (CoCrFeNiMn)100-xMox [170]

and (c) CoCrFeNiMnVx [96].
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nanoscale [32,34,52]. As already noted, heavy straining or SPD

accelerates the precipitation kinetics by introducing many

defects such as dislocations, and grain boundaries [94,104].

TEM images show bcc Cr-rich precipitates with spherical

morphology in a non-recrystallizedmicrostructure and bcc Cr-

rich and sigma Cr-rich precipitates in a partially recrystallized

microstructure after post-deformation annealing at 500 and

600 �C, respectively, as shown in Fig. 18(a) [85]. The results of

mechanical testing demonstrate that the formation of Cr-rich

precipitates increases the strength and slightly decreases the

ductility [85]. Fig. 18(c) shows the X-ray diffraction patterns for

the deformed sample and annealed samples in the tempera-

ture range of 200e600 �C which emphasizes the formation of

bcc Cr-rich precipitates at 300e600 �C and sigma Cr-rich pre-

cipitates at 600 �C.
Table 8 summarizes the available data on the increase in

strength due to precipitation after different procedures

[33,55,85,86,101] and it demonstrates that the precipitates can

be formed by conducting long-term annealing in a homoge-

nized sample in which the value of the YS is increased only

~10% and the ductility reduced only slightly. In addition, a YS

above 1 GPa can be achieved in deformed samples by post-

deformation annealing. The combination of strength and

ductility in the CoCrFeNiMn HEA by tailoring the
microstructure through thermomechanical treatment is dis-

cussed in more detail in section 7.
5. Solid solution strengthening to make a
senary alloy

Basically, the configurational entropy of an ideal solid solution

increases when the number of components increases and the

composition gets closer to equiatomic. The high configura-

tional entropy stabilizes the resultant solid solution in the

Cantor alloy. This concept is used to overcome the strength-

ductility trade-off by simultaneously using solid solution

strengthening and an appropriate ductility through the

advent of multiple slip systems in the fcc crystal structure

[125].

Solid solution strengthening is associated with the inter-

action of moving dislocations in a lattice of host atoms with

solutes. The distortion that is made by the solute in a lattice of

very dilute alloys makes a barrier to the movement of dislo-

cations. The size mismatch and the different chemical bond-

ings of the substitutional atoms with the host atoms

contribute to the interactions of the dislocations and solutes.

The extra resolved shear stress that is then needed to
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Fig. 26 e The tensile stress-strain curves of undoped and boron-doped cold-rolled Cantor alloy after annealing at (a) 800 �C
and (b) 650 �C [144].
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overcome such impediments leads to solid solution hard-

ening. The extent to which an alloy can be strengthened by

solid solution hardening depends on the distortion made by

the solute atoms [126]. Although the incorporation of a higher

number of constituent elements does not guarantee enhanced

structural properties [127], the distortion that is introduced by

adding a new element can contribute to additional hardening

[125]. Another strengthening mechanism which is important

when adding new elements to HEAs is precipitation hardening

[128].When the concentration of an alloying element becomes

more than its solubility limit, it usually segregates as a pre-

cipitate and this can contribute to strengthening. However,

the effects of these precipitates on ductility compromise their

strengthening effects which then depend on their size and

volume fraction.

The effect of adding various 6th alloying elements on the

tensile properties of the CoCrFeNiMn HEA are compared in

Fig. 19. It is apparent that, at least to date, the most effective

substitutional alloying element for increasing the UTS is Ti

after HPT as in Fig. 19(a). Adding 2 at.% of Ti was effective in

enhancing the UTS in the Cantor alloy after HPT from

1740 MPa [32] to 2220 MPa [129] with the same processing

conditions. Even after HPT of the CoCrFeNiMnTi0.1 alloy

accompanied by annealing at 750 �C for 1 h, a UTS value of

1220 MPa with a total elongation of 25% was achieved where

these values were superior to those in the alloy after HPT and

annealing at 600 �C for 1 h where there was a UTS of 1030 MPa

and an elongation of 21%.

If senary alloys are compared in the as-cast condition as in

Fig. 19(b), the benefits of adding 2 at. % of N becomes obvious

in increasing the UTS to 765 MPa at a high elongation of ~67%

[130]. Although the duplex fcc plus bcc structure that is pro-

duced by adding Al has the best strength in the as-cast con-

dition, it comes with low elongation values [131]. Without

doubt, therefore, it is reasonable to conclude that interstitials

are the best alloying elements to overcome the strength-

ductility trade-off. The decoration of grain boundaries that is

achieved by 30 ppm of B leads to a high elongation of 55% and

a UTS of 1000 MPa after cold rolling followed by annealing

[132]. Other interstitials such as C and N were also successful
in maintaining elongation values of 64% and 70% with UTS of

720 MPa [133] and 730 MPa [134], respectively.

Some of the important studies on the effect of adding new

alloying elements on the number, volume fraction and crystal

structure of stable phases, and the resultant mechanical

properties in the CoCrFeNiMn HEA, are considered in detail in

this section. The 6th alloying element is classified in substi-

tutional and interstitial forms that are reviewed in two sepa-

rate sections.

5.1. Substitutional alloying elements

5.1.1. Aluminum
Due to the low density and its affordable price, Al is a good

candidate material and among the first studied as a 6th

alloying element in the CoCrFeNiMn HEA [131]. Moreover, its

larger atomic radius (d z 143 pm) than any other alloying el-

ements in the Cantor alloy (125 < d < 137 pm) can induce solid

solution strengthening [163]. Even though Al has an fcc

structure, its effects on the microstructure of HEAs are con-

trasting. Thus, it was found that the crystalline structure of

(FeCoNiCrMn)100-x Alx in the as-cast condition changed from

an initial single fcc structure to a duplex fcc plus bcc structure

and then a single bcc structure as the Al concentration was

increased, as illustrated in Fig. 20 [131].

In single fcc structure alloys achieved by adding less than

8 at. % of Al a solid solution hardening was the most active

strengthening mechanism [131]. Adding Al was accompanied

by an increase in the lattice parameter of the fcc phase [163].

However, as a solid solution strengthener, the addition of Al is

not so effective in increasing the strength. For example, it is

possible to compare the curve for Al0 with Al4 and Al7 in

Fig. 21(a).

Even though introducing the second phase in higher

amounts ofAl, as in8%�Al< 16%, producedan increase inboth

the fracture and YS, it is readily apparent that the ductility was

reduced significantly [131]. The duplex structure in the alloys of

this region, suchasAl11with25.4%ofbcc inFig. 20, gaveaUTSas

high as 1174 MPa with a total elongation of 7.7%. Poor ductility

was achieved when addingmore Al up to >11% [131].
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In alloys that have a single fcc phase structure in the as-cast

condition, such as the CoCrFeNiMnAl0.32 alloy with 6 at. % of

Al, subsequent cold-rolling and annealing led to the intro-

duction of second phases such as B2 or sigma [136]. The

presence of these phases was effective in delaying recrystal-

lization and thereby enhancing the mechanical strength by

grain refinement and precipitation hardening. Furthermore,

even though the heterogeneous microstructure led to a YS of

1050 MPa, a UTS of 1215 MPa and a low total elongation value

of 7%, it was shown that the uniformly distributed condition of

these precipitates resulted in a YS of 620MPa, a UTS of 870MPa

and a uniform elongation of 20% [136]. In the cold-rolled

(CoCrFeNiMn)95.2Al3.2Ti1.6 alloy, there is a less brittle type of

B2 precipitates by comparison with the CoCrFeNiMnAl0.32
alloy [137]. The elongation was then doubled to ~14% at

similar high strength levels, with a YS of 927 MPa and UTS

of 1063 MPa and a heterogeneous microstructure compared

with the CoCrFeNiMnAl0.32 alloy.

Although the B2 phase may be present in the as-cast

microstructure of the CoCrFeNiMnAl0.5 alloy, a sufficient ho-

mogenization heat treatment can remove this phase and

improve the workability of the material during plastic defor-

mation [164]. The good combination of strength and ductility

in this alloy after annealing at 1000 �C for 15 min was related

to grain refinement in thematrix and ~10% volume fraction of

a hard B2 phase as shown in Fig. 21(b) [135]. The other claim in

this study was the effect of adding Al in lowering the SFE due

to studying the volume fraction ofmechanical twins in the B2-

free microstructure [135]. However, by using first-principle

methods it was shown that the probability to induce me-

chanical twins decreases with increasing Al content or at high

temperatures in the Al-doped Cantor alloy [165].
Fig. 27 e Calculated phase-diagram of CoCrFeNiMneN

[172].
It was also reported that the B2 precipitates made the

microstructure of the CrMnFeCoNiAl0.75 alloy similar to su-

peralloys and led to a high compression YS of 1194 MPa at

room temperature and 1070 MPa at 500 �C as shown in Fig. 22

[166]. Despite the low amount of ductility at room tempera-

ture, which was less than 3%, this alloy exhibited adequate

formability at temperatures as high as 500 �C at strains >20%
[166].

5.1.2. Titanium
The atomic radius of Ti (~147 pm) is larger than Al (~143 pm)

and this produces more crystal distortion and stability in the

CoCrFeNiMnHEA. In a first attempt to clarify the effect of Ti, it

was reported that adding ~2 at.% Ti can improve the hardness

and thermal stability in the CoCrFeNiMn HEA [132] and it is

important to note that no Ti-rich precipitates were detected

even after processing by HPT [129]. The finer grain size ach-

ieved after HPT and similar heat treatment conditions

enhanced the elongation in superplastic tensile testing from

570% in CoCrFeNiMn to 650% in CoCrFeNiMnTi0.1 [167]. The

maximum solubility of Ti in the alloy to maintain an fcc single

phase after a homogenization heat treatment was 5.5 at. % as

in CoCrFeNiMnTi0.3 and this increased the YS and UTS from

300 to 530 MPa in the quinary alloy to 340 and 565 MPa in the

CoCrFeNiMnTi0.3 alloy, respectively [138]. Although the

appearance of the Cr-rich s phase could enhance the YS to

485 MPa, it significantly decreased the uniform elongation

from 43% in CoCrFeNiMnTi0.3 to only ~3% in CoCrFeNiMnTi0.4
as shown in Fig. 23(a) [138].

The thermal stability and volume fraction of precipitates

such as Cr-rich bcc and Cr-rich s phases can be promoted in

the Ti-containing Cantor alloy together with the formation of

the ɳ-Ni3Ti phase [168]. The higher UTS value of 920 MPa and

reasonable elongation of 30% in the CoCrFeNiMnTi0.1 alloy

compared with the quinary alloy [85] where the UTS was 815

MPa and the elongation was 43% at a similar YS of ~590 MPa,

was attributed to the effects of these precipitates on strain

hardening [139]. However, despite higher thermal stability in

CoCrFeNiMnTi0.3, it exhibited an inferior tensile behavior with

UTS ¼ 590 MPa and a ductility of 3% under similar processing

conditions by comparison to the other two alloys [139].

5.1.3. Silicon
As an important alloying element in the steel industry, Si is

another candidate that was studied as a potential 6th con-

stituent in the CoCrFeNiMn alloying system. The atomic

radius of Si at ~111 pm is smaller than for the main alloying

elements of the Cantor alloy where 125<d < 137pm. Therefore,

and in contrast to Al and Ti, the addition of Si decreases the

lattice constant of the alloy [140]. A small amount of Si of ~4%

not only increases the UTS, similar to Ti, but also it enhances

the elongation as shown in Fig. 23(b) [140]. However, for large

amounts of Si addition, as at >7%, brittle phases such as the s

and Laves phases appear in the as-cast microstructure and

this significantly reduces the elongation. Although the YS was

not affected by Si, the higher UTS and elongation values show

their impact on the SFE and strain hardening mechanisms. It

was also reported in other HEAs with similar chemical com-

positions that the addition of Si is effective in generatingmore

strain-induced ε-martensite and crack branching in bending
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fatigue tests [169]. However, in practice more research is

needed to more fully clarify the precise active mechanisms

associated with an Si addition.

5.1.4. Tin
Sn has a large atomic radius of ~140.5 pm and this leads to

solid solution hardening in the CoCrFeNiMnHEA. Even though

adding Sn produces a higher strength, its low solubility in the

fcc phase leads to the formation of an MnNi2Sn-like phase

even in the CoCrFeNiMnSn0.03 alloy as shown in Fig. 24(a). This

amount of Sn could increase the tensile YS and UTS to

200e250MPa and 400e450MPa, respectively, at the expense of

decreasing the total elongation from 80% to 65% as in Fig. 24(b)

[143]. Although the higher amount of Sn in CoCrFeNiMnSn0.1

increases the UTS to 500 MPa, the total elongation decreases

significantly to 20%. Thus, it is hard to achieve a balance be-

tween a high strength and good elongation by adding this

alloying element to the Cantor alloy in the as-cast condition.

5.1.5. Neodymium
The positive mixing enthalpy of Nd with the main alloying

elements of the Cantor alloy, produce a liquid phase separa-

tion. However, a single fcc phase was reported after solidifi-

cation of (CoCrFeNiMn)100-xNdx alloys with x � 0.1 [142].

Higher amounts of Nd develop an Nd-rich phase with an hcp

structure that precipitates randomly at grain boundaries and

in the interior of grains. Although these precipitates have a

hardness of three times more than that of the matrix which

could increase the UTS from ~520 MPa to ~800 MPa, Nd shows

no significant solid solution strengthening effect [142].

5.1.6. Molybdenum, vanadium and niobium
Nb, Mo and V can enhance the YS of the Cantor alloy in the as-

cast condition as in Fig. 25 [96,134,141,170]. Although solid

solution hardening is active, the presence of the second phase

was suggested as themain reason for enhancing the strength.

Second brittle phases such as s and Laves will also form if the
Fig. 28 e The TEM images from carbides in CoCrFeNiMnC0.1 (ae

CoCrFeNiMn doped with 1 at. % of N (eef) [145].
amount of these alloying elements exceeds 4% forMo, 4.5% for

V and less than 4% for Nb as demonstrated in Fig. 25

[96,134,170].

5.2. Interstitial alloying elements

The distortion that arises from the great differences in the

atom sizes and binding energies suggests that the addition of

interstitial alloying elements will be a promising way to

improve the strength of HEAs via solid solution hardening. As

expected, precipitation strengthening is another mechanism

that is activated by interstitials [149]. The addition of inter-

stitial elements in austenitic stainless steels contributed to a

higher strength compared to that of substitutional elements

added in a similar amount [171]. The small size interstitial

atoms easily enter the tetrahedral or octahedral interstitial

sites of the alloys, further aggravating the lattice-distortion

effect and thereby increasing the lattice constants. In addi-

tion, adding these elements reduces the kinetics of diffusional

transformations which provide the opportunity to control the

microstructural parameters [172]. Accordingly, the effect of

adding interstitials such as B, C, N, and H on the microstruc-

ture and mechanical properties of the CoCrFeNiMn HEA are

examined in this section.

5.2.1. Boron
Adding a very small amount of B with atomic radius of ~85 pm

is known as a very appropriate method for the grain boundary

engineering of polycrystalline materials in order to improve

their mechanical properties and thermal stability [173]. Earlier

studies reported that boron segregation leads to a change in

the grain boundary structure, energy, composition and the

mechanical properties in some materials [174]. However,

segregation of B as a brittle compound has a weakening effect

on the grain boundaries and this has restricted its usage. The

addition of only 30 ppm of B significantly enhanced the YS

from 250 to 630 MPa and the UTS from 600 to 900 MPa with a
b) [178], CoCrFeNiMnC0.25 (ced) [178] and nitrides in
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Fig. 29 e Stress-strain curves of the Cantor alloy (a) at different concentrations of H [159] and (b) in comparison with other

stainless steels [157].
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decrease in the total elongation for 10% after cold rolling fol-

lowed by annealing at 800 �C as in Fig. 26 [144]. Boron deco-

rates the grain boundaries and acts both through interface

strengthening and through a grain size reduction. Even in

conditions where the grain growth is sluggish, as in annealing

at 650 �C, 30 ppm of B increased the YS for ~120 MPa without

any reduction in ductility. These effects enhance the grain

boundary cohesion and retard any capillary-driven grain

coarsening, thereby demonstrating that boron-induced grain

boundary engineering is an ideal strategy for the development

of advanced HEAs [144].

5.2.2. Carbon and nitrogen
The two most studied interstitial alloying elements in tradi-

tional alloys are C and N with atomic radii of ~70 pm and ~65

pm, respectively [175,176]. Solid solution strengthening, pre-

cipitation hardening, grain boundary strengthening and the

TWIP (twinning-induced plasticity) effect are themechanisms

that are affected by the addition of N and C [172].
Fig. 30 e Engineering stress-strain curves of the Cantor alloy afte

with 100 MPa hydrogen gas atmosphere at 270 �C for 200 h [15
Nitrogen was reported to contribute to higher local

distortion in the fcc matrix than carbon which leads to higher

strain fields and atomic misfit [177]. In addition, the binding

energy of the dislocation-interstitial atom is higher for N than

for C and this gives a greater inhibition in dislocation move-

ment [177].

The elastic properties, atomic interactions and phase-

volume fractions that have a direct effect on mechanical

properties are changed by adding interstitial alloying ele-

ments. The precipitation of carbides and nitrides increases

the hardness of the CoCrFeNiMn HEA [178e182]. It is well

established that C/N atoms tend to segregate and combine

with strong carbide/nitride forming elements to form pre-

cipitates when the C/N content exceeds the solid solubility of

HEAs. According to the solubility, the precipitate forming

alloying elements can be ranked as Cr > Mo > W > Mn > Fe

[172].

Deformation and strengthening mechanisms were also

affected by adding these interstitial elements. Solid solution

strengthening is effective in increasing the YS of HEAs by
r cold-rolling and annealing heat treatment (a) pre-charged

8] and (b) in situ H-charging [210].
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Fig. 31 e (a) Bright-field TEM image of the CoCrFeNiMn HEA with 5% Al2O3 and (b, c) SAED patterns of fcc and carbide [214].

Table 9 e Summary of the mechanical properties of CoCrFeNiMn HEA matrix composites.

Particle % Processing Hardness E (GPa) YS at RT (MPa) Ref.

CoCrFeNiMn e e MA þ HIP 418 HV 185 1180a [214]

Al2O3 5 wt MA þ HIP 545 HV 210 1600a

e e MA þ SPS 1.96 GPa e e [215]

Y2O3 3 wt MA þ SPS 5.36 GPa e e

e e MA þ SPS þ AN at 900oC-5h 1.83 GPa e e

Y2O3 3 wt MA þ SPS þ AN at 900oC-5h 5.16 GPa e e

e e MA þ SPS þ AN at 900oC-10 h 1.86 GPa e e

Y2O3 3 wt MA þ SPS þ AN at 900oC-10 h 5.33 GPa e e

e e MA þ SPS 3.63 GPa 204 971b [14]

Y2O3 0.3 wt MA þ SPS 4.24 GPa 204 1005b

TiO(C) e MA þ SPS þ HE e 1298b [216]

Al0.3CoCrFeNiMn e e MA þ SPS e e 970a [217]

Y2O3 0.5 vol MA þ SPS e e 1150a

Y2O3 1 vol MA þ SPS e e 1600a

Y2O3 1.5 vol MA þ SPS e e 1650a

Y2O3 2 vol MA þ SPS e e 1660a

Y2O3 3 vol MA þ SPS e e 1760a

CoCrFeNiMn M23C6þ (Cr,Mn)3O4 e MA þ HE at 1000 �C e e 820b [218]

M23C6þ (Cr,Mn)3O4 e MA þ HE at 1150 �C e e 464b

e e SPS 181 HV e 271a [219]

Cr3C2 10 wt SPS 323 HV e 578a

Cr3C2 20 wt SPS 417 HV e 713a

Cr3C2 40 wt SPS 682 HV e 2045a

e e MA þ SPS e e 507a [220]

TiC 5 wt MA þ SPS e e 698a

e e MA þ HPT 577 HV e e [221]

e e MA þ HPT at 700 �C-1h 380 HV e e

e e MA þ HPT at 700 �C-1h 300 HV e e

e e MA þ HPT at 700 �C-1h 240 HV e e

TiC 5 wt MA þ HPT 626 HV e e

TiC 5 wt MA þ HPT at 700 �C-1h 450 HV e e

TiC 5 wt MA þ HPT at 700 �C-1h 390 HV e e

TiC 5 wt MA þ HPT at 700 �C-1h 300 HV e e

e e MA þ HIP 484 HV 184 1180a [222]

SiC 5 wt MA at 100 rpm þ HIP 485 HV 229 1480a

SiC 5 wt MA at 200 rpm þ HIP 699 HV 214 1900a

a and.
b are representative results of compression and tensile tests, respectively.
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Fig. 32 e (a, b) X-ray diffraction patterns and SAED patterns of the as-synthesized ODS CoCrFeNiMn HEA sample and after

annealing at 900 �C for 5 and 10 h [215], (c, d) Tensile stress-strain and compression stress-strain curves of HEA and ODS

HEA tested at room temperature (RT) and at 800 �C, respectively [14].
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adding C/N [172,183,184]. However, the main strengthening

effect of adding C/N is due to the precipitation hardening of

carbides and nitrides [161]. Most of the reports show that

these particles are incoherent with thematrix in the alloy and

mobile dislocations bypass the particles through conventional

Orowan looping [161]. The grain refinement that was noted

earlier as one of the advantages in doping with C/N extends

the dislocation accumulation at the grain boundaries and

significantly improves the strength of the material [152].

As noted in earlier sections, the formation of deformation

twinning and twin boundaries can be beneficial for improving

the plasticity and strength simultaneously in HEAs [148,172].
Fig. 33 e (a) TEM bright-field image for CoCrFeNiMn HEA contain

further HE process and (b) schematic illustration of the three m
Although adding N to the alloy led to a higher SFE [145,185],

the effect of C on the SFE and mechanical twin formation are

in debate and the claimed mechanisms are not fully

convincing [172]. It was reported in some investigations that

adding C atoms increases the SFE of the HEA [150,151,181,186]

but there are other claims that the solid solution hardening

induced by interstitials increases the activation energy for

dislocation slip and facilitates the activation of twinning

[153,154,187]. Although for conditions that carbon remains in

a solid solution state (~0.99 at.%) the occurrence ofmechanical

twinningwas promoted in the alloy [148,154], in N-doped alloy

a deformation-induced twinning was not observed even after
ing TiO(C) particles produced by MA followed by SPS and a

echanisms enhancing the back stress [216].
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Fig. 34 e (a) X-ray diffraction patterns before and after the consolidation of CoCrFeNiMnmatrix containing carbide and oxide

particles and (b) tensile engineering stress-strain plots [218].
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tensile testing at a low temperature of �196 �C [130]. However,

mechanical twinning is hampered when any extra carbon

precipitates as carbides [150]. Similarly, N changed the

microstructure of the rolled alloy by leading to the formation

of micro-bands instead of mechanical twinning [145].

These elements have a strong effect on the planarity of slip

[188,189]. When the concentration of interstitials is more than

their solubility limits and segregates as precipitates, they

become strong obstacles to the slip of dislocations and

thereby they promote the occurrence of cross-slip. Therefore,

wavy slip is favored in this condition, and the interactions of

large numbers of dislocations contribute to the formation of
Fig. 35 e (a) X-ray diffraction patterns (a) before and (b) after SP

matrix composite reinforced by Cr3Cr2 carbide at room tempera
dislocation cells, dislocation clusters and dislocation dense

walls. When the local stress near these precipitates exceeds a

critical stress, the nucleation of micro-cracks and their prop-

agation produces a plastic instability. However, planar slip

governs the plastic deformation when these precipitates are

absent [189]. Planar slip also occurs more easily in homoge-

nous compositions or low SFE HEAs. When the strain is low,

dislocations move in a planar mode and stacking faults form

due to the low SFE. Increasing the strain values duplicates the

stacking faults and produces a Taylor lattice structure. A

mixed structure of non-cell forming structures, as with a

Taylor lattice, micro-bands and domain boundaries, and rare
S and (c) compressive stress-strain plots of CoCrFeNiMn

ture [219].
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Fig. 36 e (a) X-ray diffraction patterns after SPS and (b, c, d) Bright-field TEM image and corresponding SAED patterns of the

CoCrFeNiMn matrix and TiC [220].

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 3 ; 2 3 : 3 3 6 2e3 4 2 33390
twins appear at higher strains. At high strain values, the non-

cell forming structures are destroyed and mechanical twins

appear on these stress concentration sites [172].

The calculated phase diagram of CoCrFeNiMneN alloys by

Thermo-Calc software is presented in Fig. 27. According to the

prediction, the highest solubility of N is only ~0.18 wt. %

(0.84 at. %) near the melting point of the alloy in equilibrium

conditions. This suggests decreasing the N content from 1 to

0.5 at.% leads to a disappearance of the nitride particles after

cold-rolling followed by annealing [190]. The more sluggish

diffusion of N by comparison with C leads to a lower volume

fraction of precipitates in the as-cast condition of the N-doped

material than in the carbon-containing HEAs [130,179,191].

The reported carbides are M7C3 with elongated irregular

shapes and M23C6 with nearly-circular and rectangular or

regular shapes as shown in Fig. 28 [153,178]. However, in N-

doped alloys the extra N precipitates in the form of semi-

coherent Cr-rich M2N particles with an hexagonal structure

[145,177,192,193]. The size and the volume fraction of these

precipitates depend on the annealing temperature and this

subsequently affects the pinning force in the Zener effect and

the grain sizes [152,193]. These precipitates restrict dislocation

motion and therefore inhibit the movement of grain bound-

aries and thus decelerate recrystallization. The other reported

reason for the grain refining effect of interstitial alloying ele-

ments is their role in lowering the recovery rate that leads to a
Fig. 37 e X-ray diffraction patterns of (a) CoCrFeNiMn HEA

and (b) CoCrFeNiMneSiC composite [222].
higher storage of cold-work energy [153]. As an example, the

presence of Cr2N decreases the grain size of an alloy con-

taining ~1 at.% N from 7.6 mm to 2.5 mm after friction-stir

processing [146]. Moreover, due to the low mixing enthalpy

of CreN and CreC binding, the presence of nitrides and car-

bides prevents sigma phase precipitation that is generally

formed at low annealing temperatures [161,177]. It should be

noted that these nitride and carbide particles will dissolve

after exposure to temperatures more than 1000 �C [193] and

1125 �C [194], respectively.

The other effect of N and C is that it becomes easier to

make a heterogeneous microstructure so that, as discussed in

section 5.2, it combines soft and hard domains and is benefi-

cial for enhancing the strength-ductility trade-off

[150,151,195]. This heterogeneous microstructure increases

the interaction of dislocations during deformation and this

leads to back-stress hardening. The increase in C-content

changes the fully recrystallized microstructure to a bimodal

microstructure [151]. A unique complex heterogeneous

microstructure consisting of fine recrystallized grains, large

non-recrystallized grains and nanoscale Cr2N precipitates was

obtained in a nitrogen-doped (0.3 wt. %) CoCrFeNiMn HEA

[196]. Although the YS and UTS doubled by this process by

comparison to those of the quinary alloy, it is apparent that an

optimization of the processing conditions to reach a reason-

able combination of strength and ductility needs further

investigations.

According to the numerous reports on the effect of adding

interstitial elements such as C and N on the tensile properties

of the HEA [130,145,146,148e155,161,181e184,190,196e198],

they can be assumed as good candidates for increasing the

low strength level. Despite the beneficial effect of adding C or

N on the strength level of the alloy, they have a different effect

on elongation [130,154,190]. It was well established that their

elongation value is preserved as far as the concentration of

interstitials that are in their solubility limit but nevertheless

the ductility degrades after the segregation and forming of

precipitates. It was reported that adding C has a more severe

effect on the deterioration of ductility by comparison with N.

The elongation significantly decreased at room temperature

from 65% to 38% by doping with only 0.5 at.% of C [154] but it

changed slightly from 65% to 60% by increasing N from 0.5 to

mailto:Image of Fig. 36|tif
mailto:Image of Fig. 37|tif
https://doi.org/10.1016/j.jmrt.2023.01.181
https://doi.org/10.1016/j.jmrt.2023.01.181


Fig. 38 e Ultimate tensile strength versus total elongation of the CoCrFeNiMn HEA for different processing.
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~1% [190]. The addition of more of these elements (~3 at.%)

significantly decreases the ductility [149].

5.2.3. Hydrogen
Hwith an atomic radius of ~53 pm is the smallest, lightest and

most unwanted alloying element that can cause catastrophic
Fig. 39 e Microstructural evolution of deformed CoCrFeNiMn HE

[34,52,85e87,104,230].
failures in engineering metallic alloys [199]. The embrittle-

ment that is induced by H has been under extensive investi-

gation for more than a century [200]. In practice, hydrogen

atoms are usually trapped at vacancies, dislocations and other

lattice defects and they can cause damage by mechanisms

such as hydrogen-enhanced localized plasticity [201],
A during annealing at elevated temperatures
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Fig. 40 e (a) Engineering stress versus engineering strain for different PDA conditions (at 750 and 850 �C from 10 to 60 min)

and (b) Temperature-Time-Transformation (TTT) plot for deformed CoCrFeNiMn HEA [52].
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hydrogen-enhanced decohesion [199] and hydride formation

[202].

The effect of adding hydrogen to the Cantor alloy was also

studied in recent years. Despite engineering alloys such as

Inconel 718 and stainless steels that become brittle with the

presence of hydrogen, a different behavior was observed

when the CoCrFeNiMn HEA was pre-charged with hydrogen

[157,159,160]. Thus, it was reported that the tensile strength

and ductility of the alloy were enhanced simultaneously at

low amounts of H (�33.25 ppm) as shown in Fig. 29(a) [159].

Moreover, the hydrogen embrittlement resistance was main-

tained at 54 ppm of H even under cryogenic conditions

[203,204]. It was reported that H promotes the formation of

stacking faults and mechanical twinning during plastic

deformation due to the decrease in the SFE [159,205] and these

defects subsequently hinder the diffusion of hydrogen [206].

Even though hydrogen charging to 76 ppm decreases the

elongation, it shows more ductility than stainless steels as

shown in Fig. 29(b) under similar charging conditions

[157,207]. Furthermore, the pre-straining that was reported as

an accelerator of hydrogen embrittlement in stainless steels

[208] shows no significant change in properties for the CoCr-

FeNiMn HEA containing 54 ppm of H [209].

As expected, grain refinement increases the diffusible

hydrogen content in the CoCrFeNiMn HEA [158]. Although a

high hydrogen content of �100 ppm degraded the tensile

elongation, the grain refinement improved the strength-

elongation balance in the pre-charged condition as demon-

strated in Fig. 30(a). Basically, the reported results in Fig. 30

show clearly the effect of H addition on the mechanical

properties of the Cantor alloy. It was suggested that the area of

the brittle-fractured zone decreased and its fracture

morphology changed from intergranular to transgranular

with increasing annealing time or temperature and this in-

dicates an improved hydrogen embrittlement resistance. The

remaining dislocations along grain boundaries in the speci-

mens annealed at lower temperatures were proposed as the

reason for this intergranular fracture [210]. However, the slip
bands and dislocations along a certain slip system are

responsible for transgranular fracture in coarser grain

structures.

It was suggested that the major site of diffusible hydrogen

in the alloy is not grain boundaries so that hydrogen trapping

at interstitial sites is the key factor. These sites were distorted

by the large amount of solute atoms in the HEA [158]. The

presence of a sigma phase can significantly decrease the work

hardening rate and tensile strength in the H-charged

ultrafine-grained Cantor alloy because hydrogen assists in

producing cracking at the interfaces of the sigma and fcc

phases [158,210]. Therefore, in order to improve the hydrogen

embrittlement resistance through the grain refinement

approach, an optimal annealing temperature and time must

be selected.

It was reported that the diffusibility of hydrogen in the

CoCrFeNi alloy is remarkably lower than in the CoCrFeNiMn

alloy which confirms the role of the MneH interaction in the

high diffusible hydrogen content of the Cantor alloy [158,211].

Decreasing theMn content was also another attempt that was

undertaken to improve the hydrogen embrittlement resis-

tance of the CoCrFeNiMn alloying system [212]. The higher H

content of the Cantor alloy by comparison with the CoCrFeNi

alloy at similar charging conditions leads to an inferior

hydrogen embrittlement resistance for the quinary alloy

compared with the quaternary alloy [207,211]. The absence of

the MneH interaction led to a nearly complete resistance to

hydrogen embrittlement even after pre-charging by 100 MPa

hydrogen gas both in the fine and coarse-grained CoCrFeNi

alloy [212].

Despite the beneficial effects of adding H to the tensile

behavior of the Cantor alloy, experiments showed that the

fatigue crack growth was accelerated by adding H [213]. It was

shown also that under in situ electrochemical hydrogen

charging, deformation twinning at the high DK region and

dislocation cells at the low DK region were enhanced in the

presence of H. Thus, the active hydrogen embrittlement

mechanisms changed from hydrogen-enhanced decohesion
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Fig. 41 e EBSD inverse pole figure images of CoCrFeNiMn HEA after (a) cold rolling and (b) asymmetric cold rolling followed

by annealing [91], (c) the grain size distribution of CoCrFeNiMn HEA after cold rolling and asymmetric cold rolling followed

by annealing [91], (d,e) Microstructure of CoCrFeNiMn after SPS [225] and (f) grain size distribution of CoCrFeNiMn after SPS

[225].
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under low stress conditions to a combination of hydrogen-

enhanced localized plasticity and hydrogen-enhanced deco-

hesion in the high stress state.
6. CoCrFeNiMn matrix composites or oxide
dispersion strengthened HEAs

Metal matrix composites, reinforced with nano-particles, are

promising materials that exhibit many interesting properties.

The nano-particles, having typically physical and chemical

properties drastically different from thematrix, have an effect

on the mechanical strength, hardness, dimensional stability,
Fig. 42 e (a,b,c,d) The EBSD image quality of annealed and twin

density versus applied strain [244] and (f) schematic of the mic
ductility, wear resistance and/or fracture toughness at room

and elevated temperatures. Very recently, there were many

attempts to improve the mechanical properties of the CoCr-

FeNiMn HEA by adding particles to form an HEA matrix

composite. The strengthening mechanism in these HEA ma-

trix composites is mainly particle strengthening as in the

Orowan mechanism and grain boundary strengthening as in

the Hall-Petch effect. It is important to note that the presence

of ceramic particles is very effective in preventing grain

growth and improving the thermal stability of the HEA.

These composites are usually processed by themechanical

alloying (MA) method followed by consolidation procedures

including hot isostatic pressing (HIP), spark plasma sintering
ning engineered CoCrFeNiMn samples [242], (e) dislocation

rostructure during the twinning engineering [242].
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(SPS) or hot extrusion (HE). It was well established that com-

posites with ultrafine or nanoscale structures can be achieved

by SPS because of its rapid heating and cooling rate [223]. A

summary of the mechanical properties of the CoCrFeNiMn

composites described in this section is given in Table 9.
6.1. Oxides

Experiments successfully produced HEA matrix nano-

composites with Al2O3 reinforcement particles using MA fol-

lowed by HIP for consolidation [214] The microstructure

obtained from this process was in the form of equiaxed grains

with an average size of ~30e150 nm, nano-particles of Al2O3

having a size of ~5e35 nm and a small amount of M23C7 car-

bides as shown in Fig. 31. The presence of carbon was related

to the dissolution of heptane which was used as a milling

agent where this reacted afterwards with the Cr-enriched

particles and formed carbides [214]. The mechanical proper-

ties showed that the presence of Al2O3 nanoparticles

improved the YS from ~1180 to ~1600MPa and the value of the

Young's modulus reached ~210 GPa which is almost 25 GPa

higher than for the particle-free HEA.

In another study, the effect on the properties of an addition

of yttria-reinforcement particles of Y2O3 was considered for

the CoCrFeNiMn HEA by producing through MA followed by

SPS. It was reported that there was an ultra-grain growth

resistance at 900 �C due to the high pinning effect of the yttria

dispersions and the absence of a phase transformation at

�900 �C as in Fig. 32(a, b) [215]. In another study on an oxide

dispersion strengthened CoCrFeNiMn HEA using yttria parti-

cles [14], the results showed that the YS in tensile testing at

room temperature increased from ~971 to ~1269 MPa and the
Fig. 43 e EBSD image quality, and EBSD kernel average misorien

temperature rolling (28%) followed by annealing at 500 �C, (e,f) c
temperature rolling followed by annealing at 500 �C samples, (i)

annealing at 500 �C, (j) presence of bcc Cr-rich in the bright-field

samples on the annealing time and (l) schematic illustration of th
YS in compression testing at room temperature increased

from ~1005 to ~1232 MPa as in Fig. 32 (c, d) [14]. Additionally,

the measured creep strain rates for the strengthened alloy

were significantly lower, by three orders for a 30 MPa stress

level, compared with the initial condition which confirmed

the presence of very effective pinning [14]. In another study,

the effect of the composite production method as ex situ or in

situ was investigated [224] and this showed that the Y pre-

alloying method was efficient in achieving fine coherent dis-

persoids with an ultrafine-grained microstructure leading to

an incremental increase in the tensile strength of the CoCr-

FeNiMn HEA [224].

In another study, a CoCrFeNiMn HEA containing TiO(C)

particles was produced using MA followed by SPS and a

further HE process as in Fig. 33 [216]. The produced micro-

structure was inhomogeneous consisting of an area with

ultrafine-grains and TiO(C) particles as well as an area con-

taining coarse grains without TiO(C) particles [216]. This

microstructure exhibited remarkable tensile mechanical

properties including a YS of ~1300 MPa, UTS of ~1400 MPa and

a uniform elongation of ~10% which showed better properties

by comparison with other CoCrFeNiMn composites

[14,216,225]. These mechanical properties demonstrate that a

multilevel heterogeneous structure provides an influential

strategy for overcoming the strengtheductility synergy of al-

loys [216]. It was indicated that this heterogeneous structure

provides a strain gradient associatedwith the nanoparticles to

thereby enhance the back stress. In addition, nanoparticles

effectively increase the resistance to the forward stress,

leading to a better strengtheductility synergy than may be

achieved using a simple heterogeneous structure with only

ultrafine-grains or a coarse-grained microstructure [216].
tation for (a,b) room temperature rolling (28%), (c,d) room

ryogenic temperature rolling (28%), and (g,h) cryogenic

selected area electron diffraction of the sample after

STEM image, (k) dependence of hardness of the deformed

emicrostructure during themicrostructural engineering [27].
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Fig. 44 e (a,b) X-ray diffraction patterns of CoCrFeNiMnTix (x ¼ 0.1 and 0.3) HEAs after homogenizing and cold rolling

followed by annealing at different temperatures [139], (c,d) Microstructures (STEM images) of the CoCrFeNiMnTi0.1 HEA after

PDA at 800 �C [168], (e) EDS elemental map analyses [168], (f) Microstructures of the CoCrFeNiMnTi0.3 HEA after PDA at 800 �C
[168] and (g,h,i) HRTEM image, fast fourier transform (FFT) for the ƞ-Ni3Ti phase and the fcc-matrix, and EDS elemental map

analyses [168].
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6.2. Carbides

Basically, carbide particles similar to oxide particles can be

produced in situ during the consolidation process in which the

strength increases simultaneously with grain growth resis-

tance in thematrix due to the Zener pinning effect [226]. An in

situ CoCrFeNiMn composite was produced containing carbide

and oxide particles using MA followed by HE for the
consolidation operation [218] These experiments showed that

the microstructure included an ultrafine-grained matrix of

<1 mm, randomly distributed M23C6 particles which were Cr-

rich and spinel (Cr, Mn)3O4 oxide particles after the consoli-

dation process as shown in Fig. 34(a). It was demonstrated that

the oxide particles coarsened, the M23C6 particles dissolved

and plate-like carbides were precipitated at the grain bound-

aries after increasing the temperature of extrusion from 1000
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Fig. 45 e (a) X-ray diffraction patterns of the Al0.3CoCrFeNiMn HEA after homogenizing and cold rolling followed by

annealing at different temperatures [99], (b) bright-field TEM image for PDA at 800 �C [99], (c,d) corresponding selected area

electron diffraction for bcc-B2 and sigma particles [99] and (e) HRTEM image, Fast Fourier Transform (FFT) for the bcc-B2

phase, the fcc-matrix, and the interface [133].
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to 1150 �C. It is important to note that the C and O in this

microstructure come from the process control agent. Thus, a

good combination of strength and ductility including a YS of

~820 MPa, a UTS of ~980 MPa and a total elongation of ~11%

were reported after HE at 1000 �C as shown in Fig. 34(b) [218].

There is a report of an investigation of the effect of adding

different masses of Cr2C3 carbide to the CoCrFeNiMn HEA for

creating a composite by SPS in which the microstructure

included an fcc matrix and Cr3C2 or Cr7C3 before or after SPS,

respectively, as in Fig. 35 [219]. It was claimed that the Cr7C3

carbide provides a higher hardness, more strength and

excellent thermal stability which may enhance the wear

resistance and strength of the CoCrFeNiMn matrix composite

[227]. The compressive strength increased sharply by

increasing the amount of Cr3C2 as in Fig. 35(c) but nevertheless

the fracture toughness decreased. It was reported that the

composite reinforced by Cr7C3 carbides exhibited outstanding

performances including low density, high strength, excellent

oxidation resistance and a wear resistance at high tempera-

tures [219].
The effect of TiC carbide on the CoCrFeNiMn HEA was also

investigated [220] and it was shown that themicrostructure of

this composite consisted of a fine-grained fcc of ~5 mm as the

matrix, nano-TiC carbides of <100 nm along the grain

boundaries and a small amount of oxide as in Fig. 36. It was

suggested that the formation of a surface oxide during water

atomization led to the observation of oxide peaks in the

CoCrFeNiMneTiC composite. Due to the highmixing enthalpy

of TiC, it is the most stable carbide compared to all other

carbides that were studied in the Cantor alloy [228]. An

investigation of mechanical properties showed an increment

in compressive strength with a fracture strength increase

from~1.5 to ~2.2 GPa andwith no decrease in ductility through

the addition of TiC of 5 wt. %. Additionally, the strain hard-

ening rate was higher in the SPS HEA TiC composite. The high

compressive strength and strain hardening rate were attrib-

uted to the higher volume fraction of interfaces. It is impor-

tant to note that the TiC/matrix interfaces provide higher

dislocation densities during deformation and the strain dis-

tribution after compressive deformation was not localized to
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Fig. 46 e (a) TEM bright-field images of the (СoCrFeNiMn)98N2 HEA after post-deformation annealing at 900 �C [190], (b) grain

growth curves for (CoCrFeNiMn)100-xNx [190] and (c) room temperature tensile stress-strain curves of the (СoCrFeNiMn)98N2

HEA after and before post-deformation annealing [190].
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the TiC/matrix interfaces leading to an enhanced strength

without decreasing the ductility [220].

Another method to process this composite includes use of

the MA and HPT procedures followed by post-deformation

annealing [221]. The results from this approach show

remarkable hardness together with a microstructure

including an ultrafine-grained fcc of <1 mm, TiC carbides and

also Cr-rich carbides [221].

The effect of SiC carbide on the mechanical properties and

microstructure of the CoCrFeNiMn HEA was also investigated

[222] where this composite is produced by MA followed by HIP

[222,229]. The microstructure included an fcc solid solution, a

sigma phase, in situ M23C6/M7C3 carbides and SiC particles of

~15e55 nmwith the latter particles distributed along the grain

boundaries of the fcc matrix as in Fig. 37 [222]. Additions of

5 wt.% of SiC nano-particles enhanced the compressive yield

strength of the CoCrFeNiMn HEA from ~1180 to ~1480 MPa

[222].
7. Excellent combinations of strength and
ductility

Many attempts were conducted to fabricate the HEA with an

excellent combination of strength and ductility. A summary of

these results is illustrated in Fig. 38 which provides compre-

hensive data on themechanical properties of the CoCrFeNiMn

HEA after different strengthening processes as discussed in
Fig. 47 e (a) X-ray diffraction patterns of the annealed interstitial

tomography analysis revealing elemental distributions across a

and (c) room temperature tensile stress-strain curves of the (Сo

[151].
sections 4.3 and 5. These results suggest that the micro-

structure of the CoCrFeNiMn HEA has the potential for

manipulation by changing the process parameters such as the

amount of imposed strain, the annealing temperature and the

time and deformation temperature in order to achieve an

optimum condition that facilitates superior mechanical

properties. The results show that an ultra-high tensile

strength of ~1.8 GPa, a high ductility with a total elongation of

~90% and/or a good balance of mechanical properties

including a UTS of ~1.25 GPa and total elongation of ~20%may

be achieved in the CoCrFeNiMn HEA by microstructural en-

gineering. Accordingly, this section focuses on the procedures

which may be undertaken to improve the mechanical prop-

erties of the CoCrFeNiMn HEA.

7.1. Heavy straining or SPD followed by annealing at
600e800 �C

In section 4.3 it was stated that the benefits of the presence of

precipitates can be used to increase the strength of the

CoCrFENiMn HEA by applying heavy straining or SPD followed

by annealing at <600 �C. However, this leads to a sharp

increment in strength at the expense of a significant decrease

of the ductility due to the lack of recrystallization at temper-

atures below 600 �C together with a high volume fraction of

precipitates. Therefore, in order to optimize the mechanical

properties, it is necessary to understand the microstructural

evolution of the heavily deformed samples during annealing.
HEAs in different amounts of carbon [151], (b) atomic probe

particle-matrix interface in (СoCrFeNiMn)99.2C0.8 HEA [151]

CrFeNiMn)100-xCx HEAs (x ¼ 0-0.8) after annealing at 900 �C
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Fig. 48 e Fatigue-crack growth behaviour of the Cantor alloy tested at room temperature, 198 and 77 K [251].
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This microstructural evolution is represented in Fig. 39 which

determines the thermal stability of a heavily deformed

CoCrFeNiMn HEA [34,52,85e87,104,230]. The results suggest

there is no recrystallization in the temperature range of

450e550 �C [52,104]. In addition, bcc Cr-rich precipitates are

formed even though sigma Cr-rich precipitates are not

observed [104]. In the temperature range of 550e650 �C, partial
recrystallization occurs together with a brittle sigma Cr-rich

phase and bcc Cr-rich precipitates [86]. Some studies re-

ported complete recrystallization and the formation of an

ultrafine-grained microstructure in the temperature range

between 650 and 750 �C [230] but nevertheless there are also

some studies confirming partial recrystallization at these

temperatures [34]. It was suggested that the recrystallization

temperature is very high in this HEA at ~700 �C due to the

sluggish diffusion, high lattice distortion energy and the low

SFE [18,230e232]. In addition, in this temperature range most

of the bcc Cr-rich precipitates are dissolved and only some

sigma Cr-rich precipitates are present at the grain boundaries

[34]. There are many reports which confirm the dissolution of

precipitates, the existence of a single fcc phase and the acti-

vation of grain growth at temperatures above 800 �C
[52,86,87,233].
Accordingly, the temperature range of 600e800 �C ismainly

recommended in order to achieve remarkable mechanical

properties with a good combination of strength and ductility

[32,33,52,85,86]. The microstructure in this temperature range

contains fine recrystallized grains, non-recrystallized regions

in the deformed areas and also the presence of some Cr-rich

precipitates where this is known as a heterogeneous micro-

structure. Figure 40(a) shows a plot of engineering stress versus

engineering strain in different post-deformation annealing

conditions of 750 and 850 �C which presents a good balance

between strength and ductility at 750 �C due to preventing

grain growth and the low volume fraction of brittle precipitates

such as Cr-rich bcc precipitates [52]. The Temperature-Time-

Transformation (TTT) diagram illustrated in Fig. 40(b) sug-

gests that short-term annealing in the temperature range of

600e800 �C provides a microstructure containing an appro-

priate volume fraction of Cr-rich precipitates, fine recrystal-

lized grain and also a non-recrystallized area which leads to

superior mechanical properties [52].

Table 10 shows a summary of themechanical properties of

the CoCrFeNiMn HEA in different post-deformation annealing

conditions to achieve optimal mechanical properties

[32,33,52,55,85,86]. The results clearly confirm the importance
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Fig. 49 e The deflection in fatigue crack of (a) SS316 and (b) the CoCrFeNiMn HEA in addition to (c) comparison of their fatigue

crack growth rates plotted with respect to the stress intensity factor [254].
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of the temperature range of 600e800 �C for post-deformation

annealing in order to achieve superior mechanical proper-

ties. For example, the heavily cold-rolled alloy followed by
Table 10 e Summary of the available data for the CoCrFeNiMn

Processing Condition T (oC) Time (min) YS

HPT 5 turn/6 GPa/1 rpm 600 60

700 60

800 10

30

60

Shape Roll 97% 750 10

30

60

ECAP 2 passes/Bc route 600 60

700 60

4 passes/Bc route 600 60

700 60

Cold Roll 80% 600 60

3000

700 60

800 60

Cold Roll 90% 600 60

650 60

700 60

800 60

Cold Roll 95% 600 60

650 60

700 60

800 60

Cold Roll 60% 600 30
annealing at 700 �C led to a tensile strength of ~1 GPa, a yield

stress of ~930 MPa and a total elongation (TE) of ~20%. In this

condition, a significant value of UTS*TE, a representative of
HEA in different conditions.

(MPa) UTS (MPa) TE (%) UTS*TE (MPa.%) Ref.

1010 1060 2 2120 [32]

950 1030 21 21,630

680 830 65 53,950

570 725 78 56,550

530 680 80 54,400

1020 1110 12 13,320 [52]

970 1040 14 14,560

920 1000 20 20,000

820 880 41 36,080 [33]

530 750 50 37,500

890 1010 6 6060

560 800 26 20,800

1135 1260 6.7 8442 [85]

e 890 22 19,580

585 815 42.7 34,800

425 735 52.5 38,587

1050 1080 10 10,800 [86]

560 820 50 41,000

520 770 47 36,190

320 680 59 40,120

1242 1325 4.4 5830 [55]

930 1021 19 19,399

729 902 26.3 23,722

495 736 38.7 28,483

1210 1250 7 8750 [235]
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tensile toughness [52,234], can be achieved by this designated

procedure on the CoCrFeNiMn HEA [55].

7.2. Significance of a bimodal microstructure

In sections 5.1 and 5.2 there are demonstrations of the

importance of thermomechanical treatment including severe/

heavy cold working followed by annealing at 600e800 �C to

achieve remarkable mechanical properties. However, there

are also many studies that demonstrate a deterioration effect

of the brittle sigma phase formation at these temperatures

[27,32]. As discussed in a previous sections, oneway to achieve

a good balance between strength and ductility is through the

formation of heterogeneous microstructures and bimodal

microstructures. A bimodal grain structure is defined as a

composite structure in which different strengths and work-

abilities are carried by the coarse and fine grain regions [236].

In fact, high strength is provided by the fine grain regions but

strain hardening arises from the coarser grains that are

capable of accommodating many dislocations and improving

the workability.

Fig. 41(a-c) represents the microstructures of a cold-rolled

sample and an asymmetric cold-rolled sample after post-

deformation annealing at 800 �C. The results show that the

microstructure of the cold-rolled sample is fully homoge-

neous but a heterogeneous microstructure is observed in the

microstructure of the asymmetric cold-rolled sample. The

results of the mechanical properties show that the asym-

metric cold-rolled sample has a tensile strength of ~930 MPa

and an elongation to fracture of ~50%, whereas in the cold-

rolled sample there is a tensile strength of ~700 MPa and an

elongation to fracture of ~40%. This superior combination of

strength and ductility for the asymmetric cold-rolled CoCr-

FeNiMn HEA implies the formation of a heterogeneous

microstructure [91]. It was well established that plastic

deformation firstly occurs in the large grains due to the lower

yield strength during plastic deformation in heterogeneous

microstructural materials so that, accordingly, larger plastic
Fig. 50 e Comparison of the fatigue crack growth behaviour

of the CoCrFeNiMn alloy with other engineering metals

[250,259].
strains are accommodated in these regions [236e238]. The

strain gradient due to a heterogeneous microstructure could

constrain the geometrically-necessary dislocations that pile

up at the interfaces, leading to a long-range back stress [239].

This back stress significantly increases the yield strength of

the gradient microstructure materials [240,241]. Figure 41(d-f)

shows a bimodal microstructure in a CoCrFeNiMn HEA fabri-

cated by SPS [225]. The grain size distribution shows that 56%

and 44% of the microstructure contains grains of sizes be-

tween 100 nm and 1 mm (ultrafine grain) and 1e5 mm (coarse

grain), respectively. The results of tensile testing show sig-

nificant mechanical properties including a UTS of ~1.1 GPa

and a total elongation of ~20% [225]. It is important to note also

that the coarse-grained CoCrFeNiMn HEAs have high ductility

and low yield strength but nevertheless nanostructured

CoCrFeNiMn HEAs exhibit high yield strength but low

ductility. Accordingly, the production of ultrafine-grained

HEAs or using a bimodal approach provide a better strength

and ductility trade-off.

7.3. Light plastic deformation followed by low
temperature annealing

Very recently, a new strategy was introduced to provide a

good combination of strength and ductility in the Cantor alloy

where a light plastic deformation was applied followed by

annealing at low temperatures. The results show that this

method is one of the simplest, and also one of the best,

methods for achieving extraordinary mechanical properties.

Fig. 42(a-d) shows the microstructure of a CoCrFeNiMn HEA

after thermomechanical treatment, including a pre-strain

using a tensile machine at a cryogenic temperature which

led to the formation of deformation-induced twins, followed

by a heat treatment at 500 �C [242]. Basically, deformation-

induced twins can act as strong barriers against dislocation

movement and this leads to an increase in the strength of the

alloys [243]. Fig. 42(e) shows the dislocation density plot in

terms of the value of the applied strain [244]. It was reported

that the dislocation density decreases slightly and there is

only partial recovery after annealing at 500 �C. A schematic of

the resultant microstructure is shown in Fig. 42(f). The ability

to increase the dislocation density in the recovered micro-

structure facilitates a significant strain hardening rate capa-

bility which ensures good tensile ductility. It was claimed that

there was a good balance between the mechanical properties

by applying a strain of 20% at a cryogenic temperature and

post-deformation annealing at 500 �C including a yield stress

of ~820 MPa and a uniform elongation of ~20% [242].

Figure 43 illustrates the microstructure after light cryo-

genic rolling followed by post-deformation annealing at 500 �C
[27]. The results show that by applying a small strain of 28%

area reduction at a cryogenic temperature (CT) many more

deformation-induced twins are produced by comparison with

similar straining at room temperature, where the ratios for

these two procedures were ~7% and ~16%, respectively.

Lowering the deformation temperature is beneficial by

decreasing the SFE from ~21 mJ m�2 at RT to ~10 mJ m�2 at CT

and this encourages deformation-induced twins rather than

dislocation slip [20,40]. It is important to note that

deformation-induced twins remain after annealing at 500 �C.
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Fig. 51 e (a) Tensile stress-strain curves and (b) SeN curves of the ultrafine-grained CoCrFeNiMn alloy and its coarse-grained

counterparts [162].

Fig. 52 e Engineering tensile stress-strain curves of the

CoCrFeNiMn HEA before cyclic loading and after 10,000

cycles at smax ¼ 300 MPa [98].

Fig. 53 e (a) The SeN curves of the untreated CoCrFeNiMn alloy (

temperature with a load of 1200 N and (b) the SeN curves of su
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The results presented in Fig. 43(i,j) clearly show the formation

of bcc Cr-rich precipitates after thermomechanical treatment

which lead to the hardness increment (Fig. 43(k)). The peak

hardening reveals that the particles have an optimum size

and volume fraction in such a way that both dislocations

cutting through particles or dislocations bowing around par-

ticles are active hardening mechanisms that contribute

essentially evenly to the hardness peak value [104]. It is worth

noting also that no sigma precipitates were detected in the

microstructure.

Precipitates such as Cr-rich bcc and brittle sigma phases

play the most important role in the mechanical behavior

where, as already discussed, the latter is formed at higher

temperatures of 600e800 �C than bcc precipitates. Fig. 43(l) il-

lustrates schematically the microstructure after this proced-

ure which displays different microstructural features

including (a) sustained deformation-induced twins, (b) the

prevention of the introduction of too many defects, (c) partial

recovery, (d) the formation of nano Cr-rich bcc precipitates

under optimumprecipitation conditions and (e) the avoidance

of the formation of the brittle sigma Cr-rich precipitates. This

tailored microstructure provides extraordinary mechanical
initial state) in comparison with that of deep rolled at room

rface-treated specimens under different conditions [263].
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properties including a UTS of ~1.25 GPa and a total elongation

of ~20%.

7.4. The addition of a minor element followed by
appropriate thermomechanical processing

Another method of optimizing the mechanical properties of

the CoCrFeNiMn HEA is by adding a minor element to the

CoCrFeNiMn HEA, as discussed in section 5, followed by an

appropriate thermomechanical process. It is important to
Table 11 e Mechanical properties of (CoCrFeNiMn)100-xEx HEAs

Alloying
element

Processing Annealing

E X T (oC) Time (min

Ti 2 Homogenized e e

80% CR 600 60

700 60

800 60

900 60

HPT 700 60

750 60

800 60

850 60

5.5 Homogenized e e

80% CR 700 60

800 60

900 60

Al 5.5 80% CR 700 60

800 60

900 60

9.1 1000 15

1100 10

1200 5

Nd 0.1 80% CR 900 60

0.5 900 60

1 900 60

N 0.5 80% CR 700 60

800 60

900 60

1000 60

1 700 60

800 60

900 60

1000 60

2 700 60

800 60

900 60

1000 60

N 0.5 80% CR 900 2

900 30

N 1 60% CR 500 60

600 60

700 60

800 60

900 60

N 2 90% CR 750 60

850 60

900 60

950 60

1000 60

C 0.2 60% CR 900 3

0.5 900 3

0.8 900 3
note that the nature of the element added and the amount of

the addition both have a significant effect on the type and the

volume fraction of the secondary phases which play a key role

in determining the mechanical properties of the material

[139,168,245].

CoCrFeNiMnTix (x ¼ 0.1 and 0.3) alloys were processed by

thermomechanical treatment including heavy cold rolling

followed by post-deformation annealing at 500e900 �C for up

to 60 min. The results suggested a significant enhancement in

the mechanical properties with a combination of high
after different thermomechanical processing.

Mechanical Properties Ref.

) YS (MPa) UTS (MPa) d (%)

320 540 80 [139]

650 760 3 [139]

590 920 30

530 860 40

373 690 55

1490 1540 4 [129]

1190 1220 25

910 1060 40

620 810 50

340 565 55 [139]

590 590 3 [139]

530 530 3

618 990 7

e 1320 2 [99]

e 1100 7.5

e 850 11.5

730 968 29.1 [135]

409 755 43.9

278 619 60.4

219 590 56 [142]

270 700 46

322 820 35

579 864 57 [190]

464 798 58

326 702 65

248 638 69

604 894 45

539 900 56

453 852 60

336 770 66

985 1195 16

726 1020 24

673 1021 47

570 988 42

e 840 43 [184]

e 730 48

1125 1150 7 [145]

1100 1120 5

875 1020 20

450 800 42

400 770 50

706 920 46 [246]

556 840 51

444 798 60

362 744 68

254 710 69

e 800 45 [151]

e 975 28

e 1165 14
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Fig. 54 e (a) The SeN diagram of the cryogenic (CT) and room temperature (RT) pre-strained CoCrFeNiMn alloy and (b) their

fatigue strength by comparison with other engineering alloys [261].
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strength and ductility. The initial microstructures of senary

alloys consisted of a single fcc phase while post-deformation

annealing led to the formation of a complicated microstruc-

ture due to precipitation and recrystallization. It was reported

that adding Ti promoted the thermal stability of precipitates

as in Fig. 44 and postponed recrystallization and grain growth

by solute drag and Zener pinning. Fig. 44(c-i) shows the

microstructure of CoCrFeNiMnTi0.1 and CoCrFeNiMnTi0.3 al-

loys after post-deformation annealing at 800 �C in which Cr-

rich precipitates are distributed in the fully recrystallized

microstructure of the CoCrFeNiMnTi0.1 HEA [168]. Neverthe-

less, the microstructure of the CoCrFeNiMnTi0.3 alloy after a

similar procedure indicates the formation of ƞ-Ni3Ti pre-

cipitates due to a high DHmix between Ni and Ti

(�34.5 kJ mol�1) together with Cr-rich precipitates [138,168].

Fig. 44(g) shows a representative HRTEM image corresponding

to the matrix and Ni3Ti precipitates and Fig. 44(h,i) illustrates

Fast Fourier Transforms (FFT) of the two phases. The results

indicate an orientation relationship of ð111Þ fcc kð0001Þh and

011 fcc k2110h between the precipitate and the matrix which

suggests a coherent interface between the two phases [168].

The presence of coherent precipitates in the microstruc-

ture can have a significant impact on the mechanical
Fig. 55 e (a) The stress amplitude and (b) fatigue ratio versus num

to other HEAs [259].
properties. The CoCrFeNiMnTi0.3 alloy presented high

strength even after annealing at 900 �C due to the stability of

the Cr-rich precipitates at this elevated temperature. How-

ever, a similar procedure led to the dissolution of precipitates

which facilitated coarsening and reduced the strength

significantly in the alloy with the lower amount of Ti. The

latter alloy showed remarkable mechanical properties with a

tensile strength and total elongation of ~900 MPa and ~30%,

respectively, after annealing at 700 �C [139,168]. It is impor-

tant to note that the fcc phase of the Cantor alloy is capable of

dissolving substantial amounts of titanium up to 5.5 at.%

(CoCrFeNiMnTi0.3) and the matrix repulses extra titanium to

encourage the formation of the brittle sigma phase in the

CoCrFeNiMnTi0.4 alloy [138].

A CoCrFeNiMnAl0.3 HEA was subjected to thermomechan-

ical processing to develop a material with superior mechani-

cal properties [99,133]. Fig. 45(a) shows the XRD patterns of the

CoCrFeNiMnAl0.3 HEA in homogenized, heavily deformed, and

post-deformation annealing conditions. In this material,

sigma and bcc precipitates appeared at 600 �C and these pha-

ses are stable up to 900 �C. These phases are shown in

Fig. 45(b,c,d) after annealing at 800 �C. Chemical analyses

suggest that the bcc precipitates are Ni and Al in the NiAl
ber of reversals to failure of the Cantor alloy by comparison
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Fig. 56 e LCF life of the Cantor alloy compared with TWIP steel and SS304 based on (a) plastic strain amplitude and (b) total

strain amplitude [264].

Fig. 57 e Cyclic stress response at different strain amplitudes of the Cantor alloy with grain sizes of (a) ~10 mmand (b) ~66 mm

[265].

Fig. 58 e TEM micrographs revealing (a) dislocation tangles, (b) dipoles, and (c) stacking faults in the Cantor alloy (GS ~ 6 mm)

after 20 cycles at Dεt
2 ¼ 0:5 % [267].
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phase [99]. The formation of this phase is expected due to the

high DHmix between Ni and Al of �22.3 kJ mol�1. In another

study it was shown that NiAl precipitates in a

(CoCrFeNiMn)91Al9 HEA after post-deformation annealing at

800 �C have a coherent interface with the matrix and their

orientation relationship is KurdjumoveSachs as shown in

Fig. 45(e) [133]. In another investigation, a CoCrFeNiMnAl0.32
HEA (6 at.% Al) alloy was subjected to thermomechanical

processing including cold rolling of 80% followed by annealing

at 900 �C for 5 min which provided a heterogeneous micro-

structure containing 60% recrystallized grains and 40% non-

recrystallized grains, B2 and sigma precipitates. This hetero-

geneous microstructure exhibited remarkable mechanical

properties including a UTS of ~1.2 GPa and a uniform elon-

gation of ~10% [136]. It was claimed that the remarkable

strengthening of the heterogeneous microstructure was due

to the deformed area of non-recrystallized grains [136].

Recently, there was an investigation of the effect of the

synergistic addition of both Al and Ti and thermomechanical

processing of the CoCrFeNiMn HEA [137]. Microstructural an-

alyses showed the formation of sigma Cr-rich and B2 pre-

cipitates during thermomechanical processing in the

(CoCrFeNiMn)95.2Al3.2Ti1.6, which is similar to the effect of Al.

Remarkable mechanical properties including a UTS of

~1050 MPa and a total elongation of ~15% were reported after

post-deformation annealing at 800 �C. The mechanisms

behind these mechanical properties are the partially recrys-

tallized microstructure, precipitation hardening and
Fig. 59 e Microstructure of the Cantor alloy with a grai
maintaining a moderate ductility due to the less brittle char-

acter of the B2 phase by Ti alloying [137].

Recently, a new method was used to increase the strength

of the CoCrFeNiMn HEA by the addition of an interstitial

element, as for example N and C, and thermomechanical

processing [151,177,184,190]. Fig. 46(a) shows the microstruc-

ture of a nitrogen-containing CoCrFeNiMn HEA

((CoCrFeNiMn)98N2) after thermomechanical processing

including heavy cold rolling followed by annealing at 900 �C
[190]. The results demonstrate the formation ofM2N (M: Cr, Fe,

Mn, Co and Ni) particles during thermomechanical process-

ing, and the volume fraction of these phases increases as the

amount of nitrogen is increased. The strong affinity and high

solubility of N with Cr were responsible for the formation of

CreN type nitrides in theN-containing CoCrFeNiMnHEA [246].

It is important to note that nitrides in the form of Cr2N are

formed more favorably in the CoeCreFeeNieMn system

because of the lower Gibbs free energy of formation of Cr2N

compared to that of CrN [193,247]. These particles prevent

grain growth due to their strong pinning effect as shown in

Fig. 46(b) [190]. It was reported that post-deformation

annealing at 700 �C led to a remarkable UTS of ~1.2 GPa and

an acceptable total elongation of ~20% in the

(СoCrFeNiMn)98N2 HEA as shown in Fig. 46(c) [190]. It was also

noted that the addition of N significantly increases the

strength of the alloy without significantly decreasing the

ductility by increasing lattice frictional forces and maintain-

ing planar slip and twinning [184]. In addition, it was reported
n size of ~6 mm after 500 cycles at Dεt
2 ¼ 0:5 % [267].
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Fig. 60 e Microstructure of the Cantor alloy with a grain size of ~6 mm after fatigue failure at Dεt
2 ¼ 0:5 % [267].
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that the presence of N in the CoCrFeNiMnHEA can prevent the

formation of undesirable brittle sigma phases in the low

temperature annealing [177].

Fig. 47 illustrates information on the (CoCrFeNiMn)100-xCx

(x ¼ 0.2e0.8) HEAs subjected to thermomechanical treatment

[151]. These results indicate the formation of nano M23C6

carbides (M: Cr, Fe, Mn, Co, and Ni) during post-deformation
Fig. 61 e TEMmicrographs after fatigue failure of the Cantor allo

0:7 % [267].
annealing in which increasing amounts of carbon improve

the strength at the expense of decreasing ductility [151].

Table 11 summarizes the effect of different interstitial and

substituents elements and subsequent thermomechanical

treatment on the mechanical properties of the CoCrFeNiMn

HEA [99,129,139,142,151,184,190]. The results demonstrate

that a wide range of strength and ductility can be achieved by
y with a grain size of ~6 mm at (aeb) Dεt2 ¼ 0:3% and (ced) Dεt2 ¼
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Fig. 62 e Fatigue crack initiation along (a) slip-bands and (b) TBs during LCF test in the CoCrFeNiMn alloy [272].
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adding an element and conducting appropriate thermo-

mechanical treatment in the CoCrFeNiMn HEA.
8. Cyclic deformation behaviour and fatigue
resistance

Mostmaterials generally experience cyclic loading rather than

monotonic loading in typical engineering applications and the

accumulated damage because of this cyclic loading is then the

main reason for failure. Therefore, the cyclic deformation

behaviour is a very important area of study for HEAs and in

practice research on the fatigue behaviour of HEAs was

commenced less than a decade after their discovery [248]. The

initial studies showed that HEAs had an encouraging fatigue

endurance limit under cyclic bending loads [248,249] and high

fatigue thresholds, DKth, in fatigue-crack growth tests.

8.1. Fatigue-crack growth

The first study of fatigue behaviour in the Cantor alloy was

conducted by fatigue-crack growth tests with a constant load

ratio of R ¼ 0.1 at �75 and 20 �C [250] and this study was
Fig. 63 e Comparing the LCF life of the Cantor alloy with

other studied HEAs [264e266,276].
further developed at other stress ratios and at a lower tem-

perature of �196 �C [251]. Although the fatigue-crack growth

rate at the high stress intensity ranges showed no change by

decreasing the temperature from 20 to �75 �C, it was decel-

erated significantly at �196 �C as shown in Fig. 48. Moreover,

changing the test temperature from 20 to �75 �C enhanced

DKth by 30% from ~4.8 to ~6.3 MPa √ m at R ¼ 0.1. Increasing

the load ratio, as in other materials, led to faster fatigue-crack

propagation in the alloy at all testing temperatures as shown

in Fig. 48. Geometrically-necessary dislocations emitted from

the crack tip during cyclic loading can result in plastic defor-

mation in the grains that neighbour the crack path. Further-

more, local deviations from a straight crack path and a

physical contact of the mating crack surfaces can produce a

plastically-deformed area. This phenomenon, which was

named roughness-induced fatigue crack closure, can decrease

the crack growth driving force at the tip of the crack especially

near threshold levels [252]. Despite a lower yield strength at

room temperature than at 198 K, the physical contact of the

crackmating surfaces flattensmore the crack path locally and

this leads to faster crack growth at room temperature as in

Fig. 48 [253].

The occurrence of deflection is the other feature of fatigue-

crack propagation during its progress. Thus, although the

fatigue-crack followed a transgranular path in the alloy at

room temperature, an intergranular character was detected at

a temperature of 198 K [250]. Thus, there is a greater deviation

in the crack path because of intergranular crack propagation

and this significantly promotes a roughness-induced fatigue

crack closure at lower temperatures. This can be the main

reason for an enhanced DKTH value at 198 K compared with

293 K.

The observed deflection in fatigue-cracks of the CoCrFe-

NiMnHEAwasmore significant than in an austenitic stainless

steel (SS316) as shown in Fig. 49(a-b) [254]. Furthermore, the

fatigue-crack path in the Cantor alloy was along the disloca-

tion cell structure boundaries and this was different from that

of the SS316 steel in which blunting/re-sharpening was the

dominant mechanism [254]. Therefore, the better fatigue-

crack growth resistance of the Cantor alloy than SS316 in

Fig. 49(c), despite the lower SFE of the latter, is related to the

greater activation of the roughness-induced fatigue crack

closure effect in the CoCrFeNiMn HEA.

Deformation twinning was considered the main mecha-

nism for fracture toughness resistance of the Cantor alloy [12]

mailto:Image of Fig. 62|tif
mailto:Image of Fig. 63|tif
https://doi.org/10.1016/j.jmrt.2023.01.181
https://doi.org/10.1016/j.jmrt.2023.01.181


j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 3 ; 2 3 : 3 3 6 2e3 4 2 33408
but it was not detected either at room temperature or at�75 �C
at R ¼ 0.1 and it was claimed that the imposed cyclic stress

was not sufficiently high to activate deformation-induced

twins [250]. However, decreasing the test temperature to

�196 �C and increasing the load ratio to R ¼ 0.7 led to defor-

mation twinning near fatigue cracks [251]. In addition, the

fracture surfaces were mostly occupied by periodic striations

that were associated with cyclic slip steps due to the advent of

planar slip. Therefore, despite some deformation twins

observed at cryogenic temperatures, the main cyclic defor-

mation mechanism of the Cantor alloy is planar slip and the

improved fatigue-crack growth resistance of the alloy at lower

temperatures relates to an enhancement of the roughness-

induced fatigue crack closure effect [251].

The Cantor alloy exhibits a high planarity of dislocation

slip during monotonic loading [255] and this characteristic

can delay the self-accommodation of local stress which in-

creases the stored strain energy and prevents further motion

and multiplication of dislocations [256]. The planarity of slip

hampers dislocation annihilation and facilitates fatigue-

crack nucleation on a single slip plane and leads to a higher

volume fraction of cracks in the Cantor alloy than in a

stainless steel with a similar SFE [257]. However, the fatigue-

crack initiation time was longer in the CoCrFeNiMn HEA than

in stainless steel due to the higher proof stress and the
Fig. 64 e A 3D processing map plotted as a function of grain size

sizes of 1 mm, 10 mm and 100 mm in 2D (lower) for the CoCrFeN
greater work hardening effect of the HEA [257]. Nevertheless,

slip planarity led to better fatigue-crack propagation resis-

tance in the Cantor alloy than in stainless steel due to the

activation of a different mechanism. The damage accumu-

lation fatigue-crack propagation mechanism (Mode II) was

more prevalent in the HEA than the usual plastic deformation

crack growth mechanism (Mode I) [258]. In contrast to Mode I

that is driven by dislocation emission from the crack tip, the

Mode II type is associated with an accumulation of disloca-

tions on limited slip planes [257]. However, as the fatigue-

crack becomes longer so the effect of slip planarity is weak-

ened, the crack is propagated in Mode I and fatigue striations

appear on the fracture surface.

The fatigue-crack growth resistance of the Cantor alloy is

compared with other engineering alloys and HEAs in Fig. 50

[250,259]. Although the fatigue-crack growth resistance of

the CoCrFeNiMn HEA outperforms that of austenitic stainless

steels, single-phase BCC HEAs, and Al and Mg alloys, it was

similar to those of TWIP steel and less than for the Ni-base

superalloy, copper, titanium alloy and duplex and meta-

stable HEAs as shown in Fig. 50 [250,254]. Accordingly, the

CoCrFeNiMn alloy exhibits an intermediate fatigue-crack

growth resistance and therefore, in order to reach a superior

fatigue resistance, duplex and metastable HEAs should be

developed.
(upper) and processing maps constructed at different grain

iMn HEA [284].
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Fig. 65 e True stresseelongation (%) curve at room

temperature and 750 �C for different strain rates [295].
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8.2. High-cycle fatigue

When the imposed cyclic stress is predominantly elastic and

the material can survive more than 104 cycles, loading is

located in the high-cycle fatigue (HCF) region. The stress-life

approach, as in the conventional SeN curve, that is usually

employed at this loading condition uses the Basquin equation

to compare the behaviour of materials [260] so that

Ds

2
¼ s0

f

�
2Nf

�B
(9)

where Ds is the imposed stress amplitude, Nf is the number of

reversals, and s0f and B are the fatigue-strength coefficient and

exponent, respectively.

In the first reported HCF test of the CoCrFeNiMn alloy, the

fatigue behaviour of an ultrafine-grained structure with

d ¼ 0.65 mm was compared with its coarse-grained counter-

part with d ¼ 30 mm as shown in Fig. 51 [162]. The uniform

grain size distribution of the ultrafine-grained microstructure

with its higher strength level in Fig. 51(a) led to a superior HCF

resistance than for the coarse-grained structure. The unex-

pectedly lower B value of the ultrafine-grained structure
Fig. 66 e Examples of superplasticity in the Cantor alloy

after processing by HPT and then testing in tension at a

temperature of 700 �C [294].
where B ¼ �0.187 compared with a value of B ¼ �0.058 for the

coarse-grained structure at R ¼ �1 was attributed to the pre-

existing cracks that were developed during the cold-rolling

process.

A similar fatigue strength exponent to the coarse-grained

microstructure, with �0.08 <B < �0.09, was achieved by HCF

testing on the CoCrFeNiMn alloy with a grain size of 10e15 mm

in another study [261]. Although, the fatigue strength, sf ; of

the coarse-grained structure at 190 MPa was less than for the

ultrafine-grained structure where the value is 280 MPa, they

had comparable fatigue ratios, defined as r ¼ sf
sUTS

. However,

another HCF study with R ¼ 0.1 reported sf ¼ 280 MPa and

B ¼ �0.19 for a grain size of ~245 mm [98].

The role of deformation twins in the fatigue is another

debate. Deformation twins unexpectedly formed during HCF

tests [98,262] at stress levels that were below the critical stress

for the initiation of deformation twins in monotonic loading

[23]. Stacking faults were proposed as the nuclei for the for-

mation of deformation twins in metals with an fcc crystal

structure [69]. Therefore, the formation of stacking faults that

is possible at cyclic stress levels less than the critical stress for

deformation twins inmonotonic loading was suggested as the

reason for observing deformation twins during the HCF tests

[98]. The much higher tensile strength that was achieved by

interrupting the HCF after 10,000 cycles at smax ¼ 300 MPa was

attributed tomechanical twins that were formed during cyclic

loading as represented in Fig. 52. Thus, it was claimed that

these mechanical twins contributed to the HCF resistance of

the CoCrFeNiMn alloy.

In a more recent study [263], it was shown that the HCF life

of a CoCrFeNiMn alloy thatwas surface-treated by deep rolling

at cryogenic or room temperatures was similar as in Fig. 53(a).

Although the deformation twins were absent before HCF in

the latter, large numbers of deformation twins were detected

on the surface of the former. Therefore, deformation twins

near the surface made no contribution to either improving or

reducing the fatigue life in this condition. The residual

compressive stress that is imposed by a surface treatment

may delay fatigue at high stress values by changing the crack

initiation sites from the surface to the interior as in Fig. 53(b).

However, a surface treatment is harmful for the fatigue-crack

growth resistance at lower stress levels because the fatigue

cracks are already initiated in the interior at low stresses in

the untreated specimen and deep-rolling produces residual

tensile stresses in the interior [263].

The deteriorating effect of deformation twins onHCF of the

CoCrFeNiMn alloy was reported in another study performed

by rotational bending fatigue testing [261]. A pre-straining at

room temperature and cryogenic conditions were chosen as

the methods to make a dislocation cell structure and defor-

mation twins in the CoCrFeNiMn alloy, respectively. A similar

strength level was achieved in both conditions by controlling

the value of the imposed pre-strains. A large quantity of voids

was formed during HCF testing at the intersection of defor-

mation twins and grain boundaries in the specimens pre-

strained at �196 �C. Therefore, deformation twins that pre-

vented reversibility of dislocations during HCF tests also

accelerated the fatigue-crack initiation and this led to a lower

fatigue life as in Fig. 54(a). Moreover, the wider striation
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spacing on the fracture surface showed that the fatigue-crack

growth rate was much higher in the specimen pre-strained at

�196 �C than in the specimen tested at room temperature.

Although pre-straining at cryogenic conditions decreased the

HCF resistance of the CoCrFeNiMn alloy, it showed a much

better fatigue limit thanmost other engineering alloys such as

stainless steels, TWIP steels and pure titanium as demon-

strated in Fig. 54(b). However, the Cantor alloy has inferior

fatigue resistance as in Fig. 55(a) and fatigue ratio as in

Fig. 55(b) by comparison to duplex and metastable HEAs and

this is similar to the fatigue-crack growth test results in Fig. 50

[261].

8.3. Low-cycle fatigue

When the cyclic loading leads to significant plastic deforma-

tion, the material fails by low-cycle fatigue (LCF). Since it is

easier in practice to maintain a specific strain than stress at

each cycle of an LCF test, this experiment is usually conducted

in a strain-controlled mode. The Coffin-Manson equation is
Fig. 67 e (a, b) Initial microstructure and elemental map chemica

strain curves with different strain rates for HPT-processed Al9(C
then used to compare the fatigue behaviour in the strain-life

approach [260] so that

Dεp

2
¼ ε

0
f

�
2Nf

�C
(10)

where Dεp is the plastic strain amplitude, Nf is the number of

reversals, ε0f is fatigue-ductility coefficient and C is the expo-

nent. Equation (10) and the following equation (11) deal with

the elastic and plastic parts of the cyclic loads, respectively,

and they are combined to reach a relationship that is useful

over a wide range of loads so that

Dεt
2

¼Dεe
2

þDεp

2
¼s0

f

E

�
2Nf

�B þ ε

0

f

�
2Nf

�C
(11)

where E is the elastic modulus and Dεt and Dεe are the total

and elastic strain amplitudes, respectively. The reported fa-

tigue parameters for the CoCrFeNiMn alloy with different

grain sizes and test temperatures in the Coffin-Manson

equation were given by �0.46 � C � 0.55 and 0.31 � ε
0
f � 0.61

[264e268].
l analysis of Al9(CoCrFeNiMn)91 HEA and (c) Tensile stress-

oCrFeNiMn)91 HEAs [133].
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In the first published study on LCF life for the CoCrFeNiMn

alloy, its fatigue life and cyclic deformation mechanism were

compared with those of two conventional counterparts,

namely stainless steel 304 (SS304) and a TWIP steel [264]. As

with the results of fatigue crack growth testing in Fig. 47, the

LCF behaviour of the CoCrFeNiMn alloy was analogous to

TWIP steel at the same grain size of ~65 mm in the Coffin-

Manson plot as shown in Fig. 56(a). However, the cyclic

strength of the CoCrFeNiMn alloy was lower than for TWIP

steel and this led to an inferior performance based on Dεt as in

Fig. 56(b). When the amount of plastic strain increases, the

strain-induced a0-martensite in SS304 significantly decreases

its fatigue life by comparison to that of the HEA [264]. The

higher yield strength and cyclic hardening ability of the

CoCrFeNiMn alloy also led to a better LCF resistance than in

SS316 with a similar SFE [267].

The cyclic stress response of the CoCrFeNiMn alloy with

two different grain sizes are presented in Fig. 57. According to

these plots, the cyclic deformation behaviour of the alloy can

be divided into different stages. The first stage is hardening

that is active for less than 100 cycles and becomes more sig-

nificant at higher strain amplitudes. This initial hardening in

metals with an fcc structure usually deals with interactions of

statically stored dislocations [269]. TEM micrographs of the

alloy with a grain size of ~6 mm at the end of this stage at an

intermediate strain amplitude of Dεt
2 ¼ 0:5 % are shown in

Fig. 58. Stacking faults, dipoles and dislocations are arranged

in the form of tangles with planar slip bands formed in this

condition. The dislocations in tangles have different Burgers

vectors, b, suggesting that multiple slip systems are activated

at this strain amplitude. However, planar slip bands consist of

arrays of undissociated dislocations on primary slip systems

[267].

The next stage of the cyclic stress response is softening in

which dislocations are arranged into a substructure, such as

ill-definedwalls and veins as in Fig. 59(a-b). Stacking faults are

also detected rarely at this stage in Fig. 59(c). There are

different values of the Burgers vector in these substructures

that became apparent by using a conventional g.b analysis as

in Fig. 59(d-f) and this makes it clear that, in addition to cross-

slip, multiple-slip is also active [267].

Microstructural evaluations after fatigue failure at Dεt
2 ¼ 0:5

% in Fig. 60 show well-developed dislocation substructures

such as walls, veins and cells that indicate an activation of

wavy slip at the last stage [267]. The near saturation state of

the dislocations led to a dynamic equilibrium between the

multiplication and annihilation of dislocations and a near

steady-state condition at this last stage of cyclic stress as in

Fig. 57. A secondary hardening is observed at high strain

amplitudes in the fine-grained microstructure as in Fig. 57(a).

The large number of grain boundaries in the fine-grained

microstructures led to an increase in density of

geometrically-necessary dislocations at the cell walls as the

numbers of cycles increased. This may activate more dislo-

cation cross-slip that will change cells to sub-grains and pro-

duce hardening in finer grain size microstructures [265,270].
The microstructures observed in Figs. 58e60 belong to an

intermediate strain amplitude where Dεt
2 ¼ 0:5 %. Although

dislocation walls rarely form during cyclic loading at low

strain amplitudes of Dεt
2 ¼ 0:3 % as in Fig. 61(a), the micro-

structure mostly consists of planar slip bands as in Fig. 61(b)

that show the dominant cyclic deformation mechanism in

this condition is the planar slip of dislocations. By increasing

the strain amplitudes to Dεt
2 ¼ 0:7%, the more condensed

dislocation cells and labyrinth structure in Fig. 61(c-d) indicate

prominent wavy slip. Therefore, increasing Dεt
2 from 0.3% to

0.7% produces a change in the slip mode from planar to wavy.

Deformation twins were not detected in the CoCrFeNiMn

alloy with an average grain size of ~15 mmeven at a high strain

amplitude of Dεt
2 ¼ 0:85% d ue to a stress level lower than the

critical stress [265]. Increasing the grain size to ~66 mm or the

strain amplitude to 1% led to the formation of deformation

twins in grains with their <111> axes parallel to the loading

direction [264,265,267,270]. Although, the small volume frac-

tion of deformation twins at Dεt
2 � 0:7% seems to have no sig-

nificant effect on the overall LCF life [267], the twinning-

dominated cyclic deformation was reported to have a posi-

tive effect on extending the fatigue life of the CoCrFeNiMn

alloy with a grain size of ~184 mm at Dεt
2 ¼ 1% [270].

An interstitial carbon added to enhance the planarity of

slip could improve the fatigue life of the CoCrFeNiMn alloy at
Dεt
2 � 0:55% [265]. However, this strategy was not applicable at
Dεt
2 � 0:7% where the formation of distinct dislocation cells

shows the activation of wavy slip. Moreover, the coarse car-

bides that may form during the thermomechanical process

can stimulate fatigue crack initiation and decrease the fatigue

life [265]. In other research it was also claimed that the higher

planarity of slip in a CoCrNi medium entropy alloy compared

with the CoCrFeNiMn alloy could produce a superior LCF life at

all studied ranges of Dεt
2 [266].

Decreasing the grain size either by conventional rolling

and heat treatment to ~10 mm [265] or by ECAP to � 1 mm [271]

was beneficial at low Dεt
2 due to the impact on the strength.

However, a microstructure with a coarser grain size exhibited

a better fatigue life when the plastic part became more sig-

nificant in cyclic loading. The other effect of decreasing the

grain size is stimulating the fatigue crack initiation at

annealing twin boundaries (TBs) rather than in slip bands

(Fig. 62) [272]. Although the main fatigue-crack initiation sites

are slip bands, the critical difference in Schmid factor between

the matrix and the twinned area is decreased by reducing the

grain size that produces more cracks at TBs [272].

The LCF behaviour of the CoCrFeNiMn alloy with a grain

size of ~6.4 mm was also studied at 550 �C [268]. This micro-

structure was achieved by cold rolling and annealing at 800 �C
for 1 h and it was a single phase before LCF. Although the

cyclic stress response and microstructural evolutions were

similar to those at RT [268], a high temperature produced a

serrated plastic flow in the initial cycle hysteresis loops at

550 �C. It was proven that these serrations were due to cyclic

load-stimulated precipitation of Cr-rich andNiMn-rich phases
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near the grain boundaries. Since dynamic strain aging in

SS316 reduced the fatigue life [273], these precipitates also

appear to have a detrimental effect on the LCF life of the

CoCrFeNiMn alloy. However, due to the simultaneous activa-

tion of oxidation at a high temperature and precipitation,

more studies are now needed to clarify the exact effect of

these precipitates on the fatigue life.

The LCF life of the CoCrFeNiMn alloy is compared with

other HEAs in Fig. 63 and it is noted that different efforts were

made recently to investigate the LCF behaviour of HEAs

[265e268,270e272,274e277]. Although multiple deformation

mechanisms are active in cyclic loading of Al0.5CoCrFeNi [276]

with a duplex fcc-B2microstructure, its durability was inferior

to that of the HEAs with an initial single fcc phase. Increasing

the planarity of slip by engineering the chemical composition

from the CoCrFeNiMn to the CoCrNi alloy was the most

effective way at low strain amplitudes [266]. It is noted also

that the activation of a reversible fcc to hcp martensitic phase

transformation at high strain amplitudes helps tomaintain an

improved planarity of slip in the fcc phase and this produces

the best fatigue behaviour in the coarse-grained metastable

HEAs (FeMnCoCr) [274,277,278]. Therefore, instructions for

reaching a better LCF life can be developed by increasing the

planarity of slip under different loading conditions.
9. Creep and superplasticity

9.1. Creep

For high temperature applications, the CoCrFeNiMn HEA

shows superior oxidation and corrosion resistance and lower

cost compared to their bcc refractory counterparts. Never-

theless, their inadequate strength tends to inhibit their direct

utility for these specific applications. Understanding and

predicting the creep behavior of HEAs is important for their

use in industrial applications in high temperature services.

Some investigators evaluated the high temperature properties

of the CoCrFeNiMnHEA using different tests over awide range

of grain sizes and it is important to examine these results.

It is well known that the correlation of the steady-state

creep rate _ε in metallic materials with the applied stress s

can be described by a power-law equation of the form [279]:

_ε¼AD0Gb
kT

�
b
d

�p�s
G

�n

exp

�
� Q
RT

�
(12)

where A is a dimensionless material-dependent constant, G is

the shearmodulus,D0 is the frequency factor, k is Boltzmann's
constant,Q is the activation energy for creep deformation, and

p and n are the inverse grain size and stress exponents,

respectively. The values of n and Q are determined by plotting

_ε against s on a double logarithmic scale and against 1/T at

constant stress levels on a semi-logarithmic scale, respec-

tively. It is important to note that the anticipated strain rate

sensitivity, m, is equal to 1/n.

Compression tests on a coarse-grained CoCrFeNiMn alloy

with a grain size of ~420 mm at 750e1050 �C and in the strain

rate range of 10�3 to 10 s�1 gave an n value of ~5 at low strain

rates and power-law breakdown at high strain rates [30]. A
fine-grained CoCrFeNiMn HEA with a grain size of ~25 mm led

to n z 5e6 at 500e600 �C below 10�7 s�1 [280] and n close to

~3.7 at 750e900 �C [80] during creep tests.

The tensile creep behavior of the CoCrFeNiMn HEA was

investigated over the temperature range of 500e600 �C under

applied stresses of 140e400 MPa. The alloy exhibited two

distinct regions with a stress-dependent transition from a low

stress to a high stress region. This transition was observed

under an applied stress of 350 MPa at 500 �C and it decreased

to 200MPa by increasing the temperature to 600 �C. The values

of n and Q were reported as ~5e6 and ~268 kJ mol�1, respec-

tively, for the former region and ~8.9e14 and ~380 kJ mol�1,

respectively, for the latter region. It was suggested that stress-

assisted dislocation climb controlled by lattice diffusion is the

operative creep mechanism in the low stress region [280]. The

activation energies for lattice diffusion of the constituent el-

ements in the CoCrFeNiMn HEA are within the range of

~288e317 kJ mol�1 [74]. The high stress exponents and acti-

vation energy in the high stress region was related to the

occurrence of dynamic recrystallization together with the

formation of nano precipitates at grain boundaries during

testing under higher stress. It was claimed that dislocation

climb controlled by lattice diffusion is responsible for the

deformation mechanism under higher stresses [280].

A stress exponent of ~3 was also reported in another fine-

grained Cantor alloy with a grain size of ~12 mm. This alloy

was processed by a thermomechanical treatment including

cold rolling followed by an annealing treatment. Strain rate

change tensile testing was used over the temperature range of

750e850 �C at low strain rates of 6.41 � 10�7�6.41 � 10�6 s�1

[76]. It was proposed that solute drag creep [76,281,282] or

dislocation climb creep [30,282] may operate as the rate-

controlling deformation process in the fine and coarse

grained CoCrFeNiMn HEA at elevated temperatures. Solute

drag creep most likely governs the creep behaviour when

n ¼ 3.

It was suggested in another investigation that the creep

mechanisms in the CoCrFeNiMn HEA are controlled by

dislocation-lattice interactions due to the concentrated solid

solution hardening and dislocation-dislocation interactions

that arise from forest dislocation hardening. These mecha-

nisms were confirmed by observing extensive lattice pinning

and dislocation junctions in the microstructure [80]. The

microstructure of the alloy after deformation at elevated

temperatures and long-term creep at intermediate tempera-

tures revealed a high density distribution of curved and

entangled dislocations within the grain interiors with no evi-

dence for any subgrain formation [78,80,283].

A systematic investigation was conducted by calculating

and constructing deformation mechanism and processing

maps for the CoCrFeNiMnHEA over awide range of grain sizes

at 600e1200 �C as illustrated in Fig. 64. It was proposed that in

the typical strain rate range for hot working between 10�3 and

10 s�1 creep by dislocation climb is the dominant mechanism

in the coarse-grained Cantor alloy with a grain size of

~100 mm. Grain boundary sliding appears at high temperatures

and low strain rates inmaterial with a grain size of ~10 mmand

at a grain size of ~1 mmCoble creep and grain boundary sliding

are the operative mechanisms. At lower strain rates of 10�4

https://doi.org/10.1016/j.jmrt.2023.01.181
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s�1, which is within the range of typical creep strain rates,

grain boundary sliding and Coble creep domains expand as

the grain size decreases, and Coble creep is dominant over

almost the entire temperature range when the grain size is

~1 mm. It is important to note that grain refinement due to

dynamic recrystallization leads to an increase in the contri-

bution of grain boundary sliding [284].

9.2. Superplasticity

Superplasticity refers to the exceptionally high strains that

may be achieved in materials before failure during pulling in

tension under a constant rate of straining and this is an

important feature of materials that are used for industrial

superplastic forming operations where complex curved

shapes are fabricated for use in a range of applications [285].

Basically, two essential requirements for attaining super-

plasticity in bulk metals include a very small grain size of

<10 mm and deformation at elevated temperatures of at least
Table 12 e Summary of results for superplasticity and near-su

Minor element Processing T (oC

e Thermomechanical processinga 750

Thermomechanical processingb 1000

HPT 500

600

700

800

2 at.% Ti HPT 600

700

800

9 at.% Al Thermomechanical processingc 1000

9 at.% Al HPT 600

700

800

a Cold rolling (reduction of thickness~50%), post deformation annealing

and finally annealing at 700 �C for 15 min to reach the average grain si
b High-ratio differential speed rolling followed by annealing at 1000 �C fo
c High-ratio differential speed rolling followed by annealing at 1000 �C fo
~0.5Tm since superplastic flow is a diffusion-controlled pro-

cess [286].

Thermomechanical treatment is a typical industrial

method that is generally capable of reducing the grain size to

~2e5 mm. Nevertheless, the application of SPD was demon-

strated to have a great potential for achieving ultrafine-

grained materials and therefore providing superplasticity

during plastic deformation [287] and this approach is now

used extensively for achieving excellent superplastic forming

capabilities [288].

There is a definitive criterion for the occurrence of super-

plastic flow in which the measured tensile elongation should

be at least 400% with a strain rate sensitivity of m z 0.5 [289]

and the main mechanism of this behaviour is the occurrence

of grain boundary sliding [290]. A theoretical model based on

grain boundary sliding accommodated by intragranular glide

and climb leads to a superplastic strain rate, _εsp, which is given

by a power-low relationship as represented in Eq. (12) where

Dgb ¼ D0 exp(-Q/RT) is the coefficient for grain boundary
perplasticity in the Cantor alloy.

) Strain rate (s�1) Elongation (%) Ref.

0.1 160 [295]

0.001 280

0.0001 320

0.1 85 [284]

0.05 89

0.01 84

0.005 85

0.001 70

0.0005 61

0.001 160 [296]

0.1 340

0.01 400

0.001 510

0.1 425

0.01 500

0.001 610

0.1 320

0.01 370

0.001 400

0.01 460 [167]

0.1 630

0.01 830

0.001 650

0.01 570

0.1 108 [284]

0.05 146

0.01 251

0.005 309

0.001 330

0.0005 290

0.01 ~400 [133]

0.1 ~1000

0.01 ~1250

0.01 ~1600

0.05 ~2000

0.01 ~1250

at 800 �C for 1 h, warm rolling at 200 �C (reduction of thickness~85%)

ze of 1.4 mm.

r 1 h to reach the average grain size of 2.6 mm.

r 5 min to reach the average grain size of 16.3 mm.
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diffusion, p and n are both equal to 2 and A z 10 [279]. This

equation provides an excellent description of the superplastic

flow of fine and ultrafine-grained materials [291e293] and it

was shown that there is very good agreement between pub-

lished data and the predictions of the equation with the above

values for p and n for HEAs [294].

There is a report of an attempt to achieve superplasticity in

the CoCrFeNiMn HEA where, after vacuum arc melting and

homogenization, a fine-grained HEA with a grain size of

~1.4 mm was achieved by thermomechanical processing [295].

This thermomechanical processing included cold rolling with

a reduction in thickness of ~50%, post-deformation annealing

at 800 �C for 1 h, warm rolling at 200 �C with a reduction in

thickness of ~85% and finally annealing at 700 �C for 15 min.

The results showed that with increasing temperature until

750 �C the flow stress dropped significantly. Furthermore, it

was not possible to reach a high ductility at a strain rate of 0.1

s�1 where the elongation was only ~150%. Additionally, it was

shown that by decreasing the strain rate from 0.1 to 0.0001 s�1

the total elongation increased from ~150% to ~325% as shown

in Fig. 65 [295]. It is important to note that these results do not

meet the criterion of an elongation of at least 400% for true

superplastic flow.

Nano-grained CoCrFeNiMnHEAwith a grain size of <50 nm

was processed by HPT and then subjected to tensile testing at

600e800 �C under strain rates of 10�3�10�1 s�1. The results

revealed superplastic behavior at temperatures of 600 and

700 �C in which the maximum total elongation was 570% at

700 �C under a strain rate of 10�3 s�1 as shown in Fig. 66 with

grain boundary sliding as the operating mechanism during

deformation. This remarkable superplasticity is related to the

presence of second phases of bcc and sigma Cr-rich pre-

cipitates which are effective for preventing grain growth by

the Zener pinning mechanism [296]. The reported values for

the stress exponent and the activation energy were ~3.3 so

thatmz 0.3 and ~113 kJ mol�1, respectively. This value ofm is

not consistent with the predicated valuewherem corresponds

to the inverse of the stress exponent and n z 2 so that the

anticipated strain rate sensitivity ismz 0.5. Nevertheless, it is

important to note that the m value of 0.3 suggests that

deformation is controlled by an intragranular dislocation glide

process [15] which is clearly not capable of achieving elonga-

tions up to 500%. It was suggested instead that this anoma-

lously low strain rate sensitivity was attained due to the

occurrence of significant grain growth during tensile testing

where the grains in the CoCrFeNiMn alloy grew from <50 nm

after HPT processing to ~1.0 mm after tensile testing at 700 �C
[296].

As already noted, the second phase plays a very important

role in grain growth because it can prevent the growth of

grains by the Zener pinning method. Therefore, the second

phase can improve the occurrence of superplasticity in the

alloys. For improving the superplasticity, attempts were un-

dertaken to improve the superplasticity of the Cantor HEA by

adding 2 at.% Ti [167]. The results showed that nanocrystalline

CoCrFeNiMnTi0.1 HEA, processed by HPT, had a higher total

elongation at 700 �C than a Ti-free Cantor HEA. The reason for

this result is the higher volume fraction of the second phase at

700 �C which is ~12% compared with ~6% and the smaller

grain size of ~0.6 mm compared with ~1 mm in the Ti-
containing CoCrFeNiMn HEA [167]. This result highlights

again the exceptional importance of minor additions of

alloying elements in dictating the mechanical properties of

HEAs.

As noted in section 6.1, the superplasticity of the Cantor

HEA was improved by adding 9 at.% Al. Specifically, a dual-

phase Al9(CoCrFeNiMn)91 HEA was developed where the

microstructure included fcc grains and Ni- and Al-rich B2

particles as shown in Fig. 67(a,b) and then a nanocrystalline

Al9(CoCrFeNiMn)91 HEA was formed by the HPT technique

[133]. The results showed that an extraordinary superplasti-

city of ~2000%was achieved in the Al9(CoCrFeNiMn)91 HEA at a

high strain rate of 0.05 s�1 at 800 �C as in Fig. 67(c). It was

concluded that the presence of the B2 phase due to the pres-

ence of Al and the newly formed sigma phase during super-

plastic testing served to prevent grain growth and this was the

reason for the superplasticity [133]. Table 12 summarizes the

results now available for superplasticity in the Cantor alloy.
10. Summary and conclusions

1. The CoCrFeNiMn HEA alloy has a great potential for future

industrial applications due to an excellent strain hardening

capability, exceptional ductility at ambient and cryogenic

temperatures and a promising fracture toughness at

cryogenic temperatures. A relatively low yield stress at

room temperature has led to many efforts to make modi-

fications by microstructure engineering during thermo-

mechanical treatments.

2. The thermomechanical processing, including cold working

followed by annealing or deformation at a controlled

elevated temperature, is a typical procedure to control the

grain size and achieve fine-grained materials to improve

the strength of the alloy. It was confirmed that the

recrystallized microstructure after severe plastic defor-

mation with a grain size of <1 mm revealed an excellent

balance of strength and ductility in the alloy.

3. One of themost important ways to overcome the strength-

ductility trade-off in the alloy is the use of post-

deformation annealing at 600e800 �C where this can lead

to remarkable mechanical properties. The resultant het-

erogeneous microstructures consist of a series of pre-

cipitates, recrystallized regions and deformed regions

which promote the mechanical properties.

4. The strategy of adding minor amounts of a sixth intersti-

tial, such as C, N, B and H or substitutional elements Al, Ti,

Sn, Nb, Mo and V, was widely considered for improving the

strength by solid solution or precipitation hardening

mechanisms.

5. This alloy shows a much better fatigue limit than most

other engineering alloys such as stainless steels, TWIP

steels and pure titanium. Additionally, its fatigue-crack

growth resistance outperforms that of austenitic stainless

steels, Al and Mg alloys.

6. Dislocation-climb creep is the dominant mechanism in the

coarse-grained alloy and with a grain size of ~1 mm. Coble

creep and grain boundary sliding are also operative

mechanisms. Grain boundary sliding appears at high

temperatures and low strain rates in materials with grain
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sizes of <10 mm and this facilitates superplasticity with

elongation >600% for quandary alloys and senary alloys

containing Ti or Al.
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