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a b s t r a c t

Single-phase face-centered cubic (fcc) medium- and high-entropy alloys (MEAs/HEAs) have

high ductility but low yield strength and hardness. In this work, the microstructures of

single-phase fcc Ni2CoFe MEAs were tuned via thermo-mechanical treatment (cold-rolling

plus annealing). Microhardness and tensile tests revealed that the as-rolled Ni2CoFe MEA

had a high hardness of 331.2 HV and a high yield strength of 913 MPa but a poor fracture

elongation of 7.9%, resulting from high-density lattice defects. With increasing annealing

temperature, the hardness and strength gradually decreased and meanwhile the ductility

gradually improved, due to the microstructural recovery, recrystallization and grain

growth. The heterostructured sample annealed at 530 �C for 1 h exhibited simultaneous

improvement in ultimate tensile strength and uniform elongation compared with those of

as-rolled sample. For the heterostructured sample annealed at 550 �C for 1 h, a good

fracture elongation of 13.6% and a decent ultimate tensile strength of 867 MPa were ach-

ieved. Extra hardening and strengthening were produced, benefiting from the construction

of heterostructure. Moreover, the Ni2CoFe MEA exhibited more superior combination of

strength and ductility compared to pure Ni. The severe lattice distortion existing in the

Ni2CoFe MEA enhances the strain hardening and ductility by enhancing the dislocation

accumulation capability.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

High-entropy alloys (HEAs), consisting of five or more multi-

principal elements with equiatomic or near equiatomic
Zhao).
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composition, were invented by Ye et al. [1] and Cantor et al. [2]

in 2004. Over the past decade, single-phase face-centered

cubic (fcc) HEAs such as CrMnFeCoNi Cantor alloy and its

derived medium-entropy alloy (MEAs) [3e7], body-centered
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cubic (bcc) HEAs composed of refractory elements (Zr, Nb, Mo,

Hf, Ta, W) [8e10], eutectic HEAs [11e15], and ordered phase

strengthened HEAs [16,17], have been widely investigated.

Currently, single-phase fcc HEAs/MEAs have high ductility but

low strength and bcc refractory HEAs have high-temperature

strength but low ductility at room temperature. Besides, a

variety of excellent performances, for instance, high hardness

[18e20], extremely low coercivity [21], outstanding irradiation

resistance [22,23] andwear resistance [24,25], have been found

in the multisystem HEAs/MEAs. Owing to these exciting

properties, HEAs/MEAs have attracted extensive attention of

materials researchers.

For single-phase fcc HEAs/MEAs, the yield strength (YS)

can be effectively improved by introducing a large number of

lattice defects, including dislocations and grain boundaries

(GBs) [26]. Cold-rolling is an economical and effective method

to obtain bulk ultrafine-grained (UFG) materials with grain

size smaller than 1 mm. Inevitably, the strain hardening ca-

pacity and tensile ductility would be reduced, analogous to

conventional alloys [27e30]. This classical phenomenon is

known as strength-ductility trade-off. Normally, subsequent

annealing on severely deformed materials is an uncompli-

cated method to achieve the controllable and desired combi-

nation of strength and ductility. However, most HEAs/MEAs

are unstable and easy to produce second-phase during heat

treatment at medium temperature, resulting from their high

mixing enthalpy. Gu et al. [31] reported that long-range or-

dered structure formed in the stable single-phase Cantor alloy

after annealing treatment at 500 �C and then induced the

abnormal hardening and severe brittleness. Furthermore,

Zhang et al. [32] found that topological close-packed phase

(TCP) s-phase formed in the cold-rolled Co34.5Cr30Ni26.5Al5.4-
W3.6 HEA after annealing at 800 �Ce900 �C. Likewise, the

(CoCrFeNi) (100-x-6) (WMo)x (AlTi)6 (x ¼ 1, 3, 5) HEAs also pro-

duced the submicron s phase, nano g0 phase and micron (Ti,

W, Mo)-rich phase after aging at 700 �C or 650 �C [33]. These

precipitated phases, especially for TCP phases, are hard to

deform and even brittle. Although the strength can be

enhanced substantially by these second-phases, the tensile

ductility may be destroyed disastrously. Moreover, the size

and morphology of the precipitates also affect the strength-

ductility trade-off. The large-sized precipitated phases in

HEAs result in the severe reduction of ductility [34]. Therefore,

the phase stability at medium temperature is significant for

tailoring the synergy of strength and ductility.

In recent years, based on the regulation of microstructure,

heterostructured materials, composed of heterogeneous

zones with dramatically different (>100%) mechanical or

physical properties, are well-designed [35]. An additional

synergistic effect between heterogeneous zones contributes

to excellent mechanical or physical properties, surpassing the

evaluated properties by the rule of mixture [35]. For hetero-

structured metallic materials, extra hetero-deformation

induced (HDI) strengthening and hardening are conducive to

the superior mechanical properties [36e38]. It is attributed to

more geometrically necessary dislocations (GNDs) pile-ups at

the interfaces of soft/hard zones, providing the additional HDI

stress. Therefore, introducing heterogeneous grain structure
in single-phase fcc HEAs/MEAs can obtain the unexpected

combination of strength and ductility.

In this work, the microstructures of single-phase fcc Ni2-
CoFe MEAs were tuned by cold-rolling combined with subse-

quent partial or full recrystallization annealing. The

microstructural evolutions of the cold-rolled and annealed

samples were investigated by electron backscattered diffrac-

tion (EBSD) characterization in details. Finally, the micro-

hardness and tensile behaviors of all thermo-mechanically

treated samples were tested.
2. Experiments

2.1. Sample preparation

The MEA ingots with a nominal chemical composition Ni2-
CoFe (in at.%) were prepared by arc-melting a mixture of

commercial metals (Purity >99.9%). The ingots were re-melted

at least four times to improve composition homogeneity. The

as-cast MEAs were cut into plates and then were cold-rolled

with the thickness reduction of ~90% at room temperature

(labeled as CR90 sample). Specimens cut from the cold-rolled

sheet were isochronally annealed at temperatures ranging

from 500 �C to 900 �C for 1 h under Ar atmosphere (labeled as

A500 - A900 samples).

2.2. Mechanical testing

The tensile tests were performed on a LTM-20KN testing

machine with a constant strain rate of 1 � 10�3 s�1 at ambient

temperature. Flat dog-bone-shaped tensile specimens with

gauge dimensions of 10 � 2.5 � 1.5 mm3 were electro-

discharge machined from the cold-rolled and as-annealed

specimen sheets. At least three tensile specimens were

tested for each sample to obtain repeatable experimental re-

sults. The Vickers hardness was characterized on SHIMADZU

HMV-G21 tester with a load of 4.9 N for 15s and at least ten

randomly indentations were tested to obtain a mean value.

2.3. Microstructure characterizations

Microstructural evolutions of the cold-rolled Ni2CoFe MEAs

after annealing were characterized by scanning electron mi-

croscopy equipped with EBSD detectors. The EBSD specimens

weremechanically polished first and then followed by electro-

polishing using an electrolyte consisting of 90 vol% acetic acid

and 10 vol% perchloric acid with a voltage of 35 V at room

temperature. EBSD measurements were performed on an

Oxford Instruments Aztec system and the quantitative ana-

lyses were implemented using a commercial channel 5 soft-

ware. The scanning step size was chosen as 0.5 mm for all

samples. X-ray diffraction (XRD) were performed by Bruker-

AXS D8 with the angle of 2q scanning from 30� to 90� and a

scanning speed of 2� min�1. The specimens for transmission

electron microscopy (TEM) observation were electro-polished

in a twin jet electro-polishing system containing an electro-

lyte consisting of 10% perchloric acid, 20% glycerol and 70%
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Fig. 1 e XRD patterns of the as-rolled and subsequently

annealed Ni2CoFe MEAs.
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methanol at �20 �C, and then observed by an FEI-Tecnai G2

20 S-TWIN microscope operating at 200 kV.
3. Results and discussion

The CR90 sample exhibits a single-phase fcc structure with a

very strong (111) peak and a weak (200) peak along normal
Fig. 2 e The microstructures of the cold-rolled Ni2CoFe MEA. (a)

RD: rolling direction; TD: transverse direction; ND: normal direc

GBs (LAGBs: 2�e15�, HAGBs: >15�) marked by yellow and black

plane. (d) The distribution of GB misorientation angle.
direction, as shown from the XRD patterns in Fig. 1. After

annealing at medium temperatures (530 �C and 600 �C), no
second-phase formed and the Ni2CoFe MEA still had a stable

single-phase fcc structure. The relative intensity of (200) peaks

of A530 and A600 samples increased, indicating that the roll-

ing textures changed and a small minority of recrystallization

textures existed. With increasing the annealing temperature

to 900 �C, the peak intensity of (200) increases significantly.

The microstructures of the CR90 sample are shown in

Fig. 2. The CR90 sample is composed of elongated sub-

millimeter-sized grains along rolling direction (which are

separated by dashed lines) and plenty of randomly oriented

fine grains formed by dynamic recrystallization during cold-

rolling processing (Fig. 2a). These elongated sub-millimeter-

sized grains evolved from the as-cast sample, which consists

of coarse grains with several hundreds of micrometers, as

shown in our previous work [24]. Low-angle GBs (LAGBs,

2�e15�) and high-angle GBs (HAGBs, >15�) are marked by yel-

low and black lines in Fig. 2b, respectively. The LAGBs are

found throughout the whole CR90 sample and the volume

fraction reaches up to ~91%. From the bright-field TEM image,

the CR90 sample consists of ultrafine lamellar sub-grains with

an average thickness of ~130 nm, in which there are high-

density dislocations (Fig. 2c). No deformation twin formed

during cold-rolling (Fig. 2c), further verified by EBSD result. As

shown in Fig. 2d, there is no peak of 60� twin boundaries (TBs).

This is because the Ni2CoFe MEA has a high stacking fault

energy (SFE), which deform plastically via dislocation slip

instead of mechanical twinning. As reported in the literature
EBSD crystal orientation map with IPF color code of Z1//TD.

tion. (b) Grain boundary (GB) map with low- and high-angle

lines, respectively. (c) Bright-field TEM image from RD-ND
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Fig. 3 e EBSD crystal orientation and GBmaps of partially-recrystallized Ni2CoFe MEAs: (a, d) A530; (b, e) A550 and (c, f) A600.

The LAGBs, HAGBs and twin boundaries (TBs: 60�) are marked by yellow, black and red lines in (def), respectively. The

corresponding distributions of GB misorientation angle of (g) A530, (h) A550 and (i) A600 samples. The recrystallized zones

are pointed by red arrows in (aef).
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[39], the Ni2CoCrFe alloy had a reduced SFE due to the heavy

addition of Cr element, but still deformed through dislocation

glide, bringing about the formation of dislocation cells and

high dense dislocation walls during tensile testing. With

further decreasing the content of Ni element, the SFE of NiC-

oCrFe HEA reduced to ~32.5 mJ m�2 at 293 K and deformation

twinning was activated at room temperature [40]. For Cantor

alloy with a lower SFE (~25 mJ m�2) [41], high-density inter-

sected deformation twins were produced by asymmetric

rolling [42].

After annealing at 530 �Ce600 �C for 1 h, the as-rolled

samples were partially recrystallized (Fig. 3). The A530, A550

and A600 samples are all composed of non-recrystallized

grains (NRGs) and recrystallized equiaxed micro-grains

(marked by red arrows). With increasing annealing tempera-

ture, the recrystallization fraction increased from 2.1% of A530

to 26.6% of A550, then to 50.6% of A600. Fig. 3def shows the GB

map with LAGBs, HAGBs and S3 coincident-site lattice TBs
(marked by red lines). In the recrystallized grains (RGs), there

are almost no LAGBs but plentiful annealing twins, resulting

from dislocations migration, rearrangement, and annihilation

during annealing. Moreover, RGs in the A600 sample have the

lager average grain size (Fig. 3f) compared with the A550

sample (Fig. 3e), which are respectively ~5.4 mm and ~3.2 mm,

indicating grain growth occurred in recrystallization zone

during annealing at relatively high temperature. The corre-

sponding distributions of GB misorientation angle of A530,

A550 and A600 samples are shown in Fig. 3gei, respectively.

The A530 sample still has a large amount of LAGBs with the

volume fraction of ~90%, close to the CR90 sample (~91%). For

the A550 and A600 samples, the visible peaks of 60� TBs can be

found, which are annealing TBs (marked by black arrows in

Fig. 3hei). The volume fraction of TBs are 4% of A550 sample

and 18% of A600 sample, respectively. TEM observation

focusing on A600 sample was further performed in order to

supplement EBSD information, as shown in Fig. 4. The

https://doi.org/10.1016/j.jmrt.2023.02.066
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Fig. 4 e (aec) Bright field TEM images of partially-recrystallized Ni2CoFe MEA after annealing at 600 �C for 1 h. (d) The

selected area electron diffraction pattern of the recrystallized grain (RG) in (c).

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 : 4 2 5 8e4 2 6 74262
equiaxed RGs have a very low dislocation density and are

surrounded by NRGs which have high-density dislocations.

No second phase or precipitated particle can be found. The

single-phase fcc structure is further verified by selected area

electron diffraction pattern in Fig. 4d.

The local misorientation maps and corresponding Kernel

average misorientation (KAM) value distributions of A530,
Fig. 5 e The local misorientation maps and corresponding Kern

A530; (b, e) A550 and (c, f) A600 Ni2CoFe MEAs. The inset in (c)

misorientation). The recrystallized zones are pointed by red arr

recrystallized zones are marked by blue and green arrows in (d
A550 and A600 Ni2CoFe samples are shown in Fig. 5. The

rainbow color bar from blue to red represents the local

misorientation from low to high, indicating low-to high-den-

sity GNDs. The recrystallized zones (marked by red arrows)

have lower GNDs densities and the non-recrystallized zones

have higher stored strain energy (Fig. 5aec). The KAM values

of all three samples exhibit a bimodal distribution with the
el average misorientation (KAM) value distributions of (a, d)

is the rainbow color bar (blue to red represent low to high

ows in (aec). The KAM peaks of recrystallized and non-

ef), respectively.
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Fig. 6 e EBSD crystal orientation and GB maps of fully-recrystallized Ni2CoFe MEAs: (a, b) A700 and (c, d) A900. The LAGBs,

HAGBs and 60� TBs are marked by yellow, black and red lines in (b, d), respectively.
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peaks of recrystallized (marked by blue arrows) and non-

recrystallized zones (marked by green arrows), as shown in

Fig. 5def. The A600 sample has relatively lower dislocation

densities in the non-recrystallized zones compared with the

A530 and A550 samples. It also can be quantificationally
Fig. 7 e Distributions of grain size and GB misorientation angle

A900.
verified that the KAM peak of non-recrystallized zones in the

A600 sample shifts to the left (Fig. 5f), indicating plenty of

GNDs recovered when annealing at 600 �C. The average KAM

values of A530, A550 and A600 samples are 2.58�, 1.92� and

1.25�, respectively. The GNDs density has linear relation with
of fully-recrystallized Ni2CoFe MEAs: (a, c) A700 and (b, d)
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Fig. 8 e Microhardness evolution of as-rolled Ni2CoFe

MEAs after isochronally annealing for 1 h.
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the average KAM value and can be calculated by the formula

from the strain gradient theory by Gao [43] and Kubin [44]:

r¼ qKAM

ub

where r is the density of GNDs; u is the step size, which is

0.5 mm, used in EBSD acquisition; b is the Burgers vector

(0.252 nm in use, b ¼
ffiffi

2
p

a
2 , a ¼ 0.356 nm calculated from XRD

results); qKAM is the averaged KAM value. The calculated GNDs

densities are 3.6 � 1014 m�2 for A530, 2.7 � 1014 m�2 for A550

and 1.7 � 1014 m�2 for A600 samples.

After annealing at 700 �C and 900 �C for 1 h, the as-rolled

samples were fully recrystallized (Fig. 6). Both A700 and

A900 samples consist of randomly oriented equiaxed micron-

sized grains. Almost uniform color distribution in individual

grain interior shows no change of interior misorientation and

low density of dislocations. Both samples have a high density

of annealing twins (red lines) inside the RGs, as shown in

Fig. 6b and d. The corresponding distributions of grain size

and GBmisorientation angle are shown in Fig. 7. The A700 and

A900 samples have the averaged grain sizes of 7.1 mm and

16.3 mm (excluding annealing twins), respectively. The A700

sample has ~97% HAGBs and ~49% TBs. In contrast, the A900

sample has the reduced HAGBs fraction of ~93% and TBs

fraction of ~47%. With further annealing, the proportion of

LAGBs slightly increased due to the lower GB energy. More-

over, the A700 sample shows a strong peak at ~39� (marked by

black arrow in Fig. 7c), which corresponds to S9 annealing TBs

with 38.9� <110> misorientation [45]. This strong S9 peak also

can be found in the A600 sample (Fig. 3i) but becomes
Table 1 e Lists of yield strength (YS), ultimate tensile strength
microhardness of Ni2CoFe MEAs after thermo-mechanical trea

Samples CR90 A500 A530

YS, MPa 913 900 880

UTS, MPa 914 908 917

εue, % 1.6 1.8 3.9

εef, % 7.9 7.2 8.8

Hardness, HV 331.2 325.8 307.5
weakened in the A900 sample (Fig. 7d), indicating its insta-

bility at high temperature.

The measured microhardness of thermo-mechanical

treated Ni2CoFe MEAs are plotted in Fig. 8. In general, the

hardness decreased monotonously with the increasing

annealing temperature, as listed in Table 1. The CR90 sample

has an average hardness of 331.2 HV. After annealing at 500 �C
for 1 h, the hardness value barely changed and only decreased

to 325.8 HV, which may be attributed to the recovery of a small

number of lattice defects. Further increasing annealing tem-

perature to 530 �C, the hardness slightly decreased to 307.5 HV,

resulting from the partial recrystallization (Fig. 5a). Notably, the

A600 sample exhibits extremely fluctuating hardness values

and has a mean value of 231.7 HV, due to the existence of

~50 vol% hard NRGs and ~50 vol% soft RGs. Annealing induced

softening is universal at high temperature derived from

recrystallization and grain growth. The fully-recrystallized

A700 and A900 samples have the averaged hardness of 164.5

and 149.3 HV, respectively. On the contrary, annealing induced

hardening was usually found in severely deformed HEAs/MEAs

especially annealing at medium temperatures [46,47]. Liang

et al. [46] found that annealing induced hardening occurred

below600 �C in a nanocrystalline FeNi2CoMo0.2V0.5 HEAwithout

precipitated phase, derived from the sustained deformation

twin barriers and annihilation of mobile dislocations.

Commonly, the formation of precipitated phases during

medium-temperature annealing would pin dislocations and

GBs, thereby causing hardening [48].

The representative engineering stress-strain curves of

thermo-mechanical treated Ni2CoFe MEAs are compared in

Fig. 9a. The CR90 sample exhibits a high YS of 913 MPa but a

poor fracture elongation of 7.9%. Besides, there is almost no

uniform elongation (1.6%) and necking occurred instantly after

yielding. High-density LAGBs and dislocations in the CR90

sample contributed to the high YS but led to the inferior

dislocation storage capability. After annealing at 500 �C for 1 h,

the tensile behavior remained almost unchanged. Further

elevating annealing temperature, the uniform and fracture

elongations gradually improved but at the same time the YS

and ultimate tensile strength (UTS) gradually decreased

(Fig. 9b), derived from the microstructural recovery, recrystal-

lization and grain growth. The A550 sample composed of

26.6 vol% RGs has a good fracture elongation of 13.6% and a

decent UTS of 867 MPa. On the basis of the rule of mixture, the

YS of A550 sample was estimated to be ~740 MPa based on the

YSs of A500 and A700 samples with 900 MPa and 288 MPa,

slightly lower than the experimental value of 776MPa. Itmeans

that extra HDI strengthening was produced by the synergistic

effect of hard (NRGs) and soft (RGs) zones. Likewise, Wu et al.
(UTS), uniform elongation εue, elongation to failure εef and
tments with different conditions.

A550 A600 A700 A900

776 519 288 214

867 706 577 537

7.2 15.3 31.7 38.5

13.6 22.9 40.7 53.4

288.8 231.7 164.5 149.3
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Fig. 9 e Tensile properties of Ni2CoFe MEAs after thermo-mechanical treatments with different conditions. (a) Engineering

stress-strain curves. (b) Evolution of yield strength (YS), ultimate tensile strength (UTS), uniform elongation (UE) and

elongation to fracture (FE).
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[49] reported that heterostructured Ti samples containing over

20% softer recrystallized lamellae were as strong as the UFG Ti.

They found that back stresses in softer zoneswere conducive to

the high strength [49]. For the A900 sample, the YS and UTS

reduced to 214 MPa and 537 MPa, respectively, and the elon-

gation to fracture increased to 53.4%. Nevertheless, the A900

Ni2CoFe MEA exhibits more superior combination of strength

and ductility compared to the coarse-grained (CG) pure Ni [36].

This is because the Ni2CoFe MEA is concentrated solid solution

and has more severe lattice distortion compared with pure Ni.

The resistance of dislocation slip could be enhanced by

chemical short-range order [50,51], thus maximizing the solid-

solution strengthening effect in HEAs/MEAs.
4. Conclusions

In summary, the microstructures of the stable single-phase

fcc Ni2CoFe MEAs were tailored by low-cost and high-

efficiency method combined cold-rolling with annealing and

then their mechanical properties were tested. High-density

dislocations in the UFG CR90 Ni2CoFe MEA contributed to a

high hardness of 331.2 HV and a high YS of 913 MPa. Inevi-

tably, the tensile ductility of CR90 sample was sacrificed

because of the inferior dislocation storage capability. With the

microstructural recovery, recrystallization and grain growth

during annealing, the hardness and tensile strength gradually

decreased and meanwhile the tensile ductility gradually

improved. The heterostructured A530 sample exhibited

simultaneous improvement in ultimate tensile strength and

uniform elongation compared with those of as-rolled sample,

which increased from 914 to 917 MPa and from 1.6% to 3.9%,

respectively. For the heterostructured A550 Ni2CoFe MEA

containing 26.6 vol% RGs, a good fracture elongation of 13.6%

and a decent UTS of 867 MPa were achieved. Based on the rule

of mixture, the YS of A550 sample was estimated to be

~740 MPa slightly lower than the experimental value of

776 MPa, indicating extra HDI strengthening was produced by

the synergistic effect of hard (NRGs) and soft (RGs) zones.

Moreover, the CG A900 Ni2CoFe MEA exhibited more superior

strength and ductility synergy with a YS of 214 MPa and a

fracture elongation of 53.4%, compared to the CG pure Ni. This
is due to severe lattice distortion existing in the Ni2CoFe MEA,

which can be conducive to enhance the resistance of dislo-

cation slip.
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