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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 duc- 

tility but low yield strength. In this work, the microstructures of single-phase fcc Ni 2 CoFeV 0.5 MEAs 

were tailored by cold-rolling and subsequent annealing and typical heterogeneous lamella (HL) struc- 

tures composed of recrystallized micro-grain lamellae (with an averaged grain size of ∼4 μm) and non- 

recrystallized nano-/ultrafine-grain lamellae were obtained. Tensile tests revealed that most HL samples 

exhibited excellent strength and ductility synergy. The HL sample with ∼23 vol% recrystallized grains an- 

nealed at 590 °C for 1 h had a high yield strength of 1120 MPa and a good fracture elongation of 12.3%, 

which increased by 5% and 46%, respectively compared with those of as-rolled sample. Annealing-induced 

yield strength increase is attributed to high-density annealing twin boundaries (TBs) in the recrystal- 

lized grains, the annihilation of mobile dislocations inside the non-recrystallized grains, and extra hetero- 

deformation-induced strengthening produced by the HL structure. Hall-Petch relationship of Ni 2 CoFeV 0.5 

MEA can be reasonably described by counting both TBs and grain boundaries, with lattice friction stress 

of 87.3 MPa and coefficient of 722.8 MPa μm 

1/2 . Our work provides optional and controllable solutions 

for preparing MEAs/HEAs with excellent mechanical properties by low-cost and high-efficiency thermo- 

mechanical treatments. 

© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

The development of advanced structural materials has been 

lagued by a well-known strength-ductility trade-off. In most 

ases, the tensile yield strength (YS) enhances at the expense of 

uctility, and vice versa. Among the four traditional strengthen- 

ng theories, solid-solution strengthening, i.e. microalloying, is the 

est method to improve strength while maintaining ductility as 

uch as possible. Based on this, a class of super solid solution al- 

oys, that is medium- and high-entropy alloys (MEAs/HEAs) pro- 

osed in 2004, are reported to exhibit an outstanding combina- 

ion of strength and ductility [1–5] . Normally, equiatomic or near- 

quiatomic principal elements of MEAs are greater than three, and 

ounterparts of HEAs are greater than five, and their configura- 

ional entropies are larger than 1 R and 1.5 R ( R = 8.314 J mol –1 K 

–1 ),

espectively [6] . In the last twenty years, multisystem MEAs/HEAs 
∗ Corresponding authors. 
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ave been developed and exhibit outstanding performances, such 

s high strength [ 3 , 7 , 8 ], high hardness [9–11] , excellent irradiation

esistance [ 12 , 13 ], high plasticity [14] , and so on. Typically, multi-

omponent high-entropy Cantor alloy (CrMnFeCoNi) and its deriva- 

ives with single-phase face-centered cubic (fcc) structure have 

igh strength, good ductility, and excellent fracture toughness at 

oom and cryogenic temperatures [15–17] . 

A growing body of research suggests that increasing the lat- 

ice distortion by introducing different-sized atoms in single-phase 

cc MEAs/HEAs can elevate simultaneously the strength and duc- 

ility, resulting from the enhanced resistance of dislocation slip 

y chemical short-range order [ 18 , 19 ]. For instance, the large- 

ized Al and Ti added into Ni 2 CoCrFe alloy [20] , the small- 

ized Si substituting Mn in Cantor alloy [21] and interstitial N- 

oped FeMnCoCr HEA [22] can effectively break the strength- 

uctility trade-off. Nevertheless, the improvement of strength only 

y solid-solution strengthening is limited. Actually, introducing 

he nano-precipitated phase in the ductile fcc MEAs/HEAs ma- 

rix can greatly increase the YS [23–27] . Precipitation strengthen- 

ng plays an important role in strengthening HEAs because the 
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econd phase can easily form due to high mixing enthalpy. Cre- 

tively, Yang et al. [23] designed a nanoprecipitate-strengthened 

FeCoNi) 86 Al 7 Ti 7 alloy with high-density L1 2 -type multicomponent 

ntermetallic nanoparticles. This dual-phase alloy exhibits supe- 

ior ultimate tensile strength (UTS) of 1.5 GPa and high ductil- 

ty of 50% at ambient temperature [23] , drastically surpassing Fe- 

oNi MEA matrix (UTS: ∼510 MPa, ductility: ∼32%) [24] . Like- 

ise, a bi-functional L1 2 nanoprecipitate, which can strengthen the 

atrix and constrain martensitic transformation after quenching, 

as introduced into Fe-Ni-Al-Ti MEA and cause simultaneous en- 

ancement of UTS and uniform elongation [25] . Although the duc- 

ile L1 2 -phase can efficaciously achieve an excellent strength and 

uctility synergy, most precipitated phases in MEAs/HEAs, such as 

2, σ , μ, Laves, and carbide, are hard to deform and even brit- 

le, which destroy the ductility [26] . With the volume fraction 

f Laves phase increased, the YS of CoCrFeNi-(Nb, Mo) HEAs in- 

reased from 160 to 692 MPa but the total elongation sharply de- 

reased from 65% to 7.5% [27] . The cleavage fracture of the hexag- 

nal close-packed (hcp) Laves phase brought about poor ductil- 

ty. Moreover, the size and geometry of the precipitates largely af- 

ect the strength-ductility trade-off. The large-sized precipitates are 

ard to overcome the strength-ductility trade-off [26] . In general, 

he ductility of fcc MEAs/HEAs is severely reduced by bringing in 

he precipitated phases. Besides, as an auxiliary deformation mech- 

nism, mechanical twinning and phase transformation are able to 

mprove the tensile strength dynamically in MEAs/HEAs with low 

tacking fault energy (SFE) [ 15 , 28 , 29 ], due to twinning-induced-

lasticity (TWIP) and transformation-induced-plasticity effects. Li 

t al. [29] contrived a metastable Fe 50 Mn 30 Co 10 Cr 10 HEA with UTS 

f ∼860 MPa and excellent ductility of ∼75% at the average grain 

ize of ∼4.5 μm. Dynamic phase transformation from the fcc γ
hase to the hcp ε phase and deformation-induced twinning in the 

cp ε phase contributed to the enhanced strain hardening capacity 

n Fe 50 Mn 30 Co 10 Cr 10 HEA. Regrettably, the YS of fully-recrystallized 

e 50 Mn 30 Co 10 Cr 10 HEA was less than 350 MPa, limiting the struc- 

ural engineering applications. 

In addition to compositional design, tuning the microstructures 

an also balance the strength and ductility in both MEAs/HEAs and 

raditional alloys [30–34] . For single-phase fcc MEAs/HEAs, grain 

oundary (GB) strengthening and dislocation strengthening are the 

ominant methods to improve the YS. However, the total tensile 

longation inevitably diminishes with the decreased grain size and 

he increased dislocation density. Recently, to obtain the optimal 

ombination of strength and ductility, heterogeneous structures 

ncluding gradient structure, bi-/multi-modal structure, heteroge- 

eous lamella (HL) structure, harmonic structure, etc., were widely 

onstructed in traditional alloys [35] . In a similar vein, a handful 

f studies have shown that the heterostructured MEAs/HEAs over- 

ame the strength-ductility trade-off [36–38] . Pan et al. [36] intro- 

uced a heterogeneous gradient dislocation cell structure (GDS) in 

 fine-grained (FG) Al 0.1 CoCrFeNi HEA and enhanced the strength 

ithout apparent loss of ductility. Both GDS HEAs had higher YSs 

f ∼362 and ∼539 MPa, about two to three times as strong as 

he FG sample (YS: ∼185 MPa). Furthermore, the ductility of both 

DS HEAs was ∼65%, which is slightly reduced relative to the FG 

ample ( ∼70%). Yin et al. [37] tried to construct an HL structure 

n Fe 35 Ni 35 Cr 25 Mo 5 MEA, which consists of coarse-grained (CG) 

cc matrix lamellae, and ultrafine-grained lamellae together with 

anoprecipitates. This HL MEA had an excellent tensile property 

ith the YS over 1.0 GPa and total elongation of ∼13%. In addition 

o extra hetero-deformation induced (HDI) strengthening, precip- 

tation strengthening also contributed to the high YS. SF-induced 

lasticity and TWIP played a key role in retaining good ductility of 

oth the above-mentioned Al 0.1 CoCrFeNi HEA and Fe 35 Ni 35 Cr 25 Mo 5 
EA [ 36 , 37 ]. 
s

20 
In this work, the microstructures of single-phase fcc 

i 2 CoFeV 0.5 MEAs were tailored by cold-rolling combined with 

ubsequent annealing. Specifically, the HL structures were intro- 

uced into Ni 2 CoFeV 0.5 MEAs by long-time annealing at interme- 

iate temperature, in order to obtain controllable properties with 

he optimal strength and ductility synergy. The microstructural 

volutions of the cold-rolled and annealed samples were investi- 

ated by electron backscattered diffraction (EBSD) characterization 

n detail. Transmission electron microscopy (TEM) and high- 

esolution TEM focusing on the HL sample annealed at 600 °C for 

 h revealed that dislocation slip is the dominating deformation 

echanism and high-density annealing twin boundaries (TBs) 

trengthen the recrystallized grains (RGs) by hindering dislocation 

lip. Furthermore, the cyclic load-unload-reload (LUR) tensile tests 

ere performed to reveal the effect of HDI strengthening and 

ardening. 

. Experimental materials and procedures 

.1. Sample preparation 

The bulk Ni 2 CoFeV 0.5 (atomic ratios) MEA ingot was prepared 

ith commercial metals (Purity > 99.95%) by induction melting 

nd was re-melted at least four times to ensure chemical homo- 

eneity. The MEA ingot was cut into a plate and then was cold- 

olled from 16 to 1.6 mm with a thickness reduction of ∼90% 

t room temperature (designated as CR90 sample). Specimens cut 

rom the cold-rolled sheet were annealed at temperatures ranging 

rom 590 to 900 °C for 30 min to 3 h under an Ar atmosphere.

he as-annealed samples with HL structures were labeled as HL- 

90 °C-1 h, HL-600 °C-3 h, HL-620 °C-30 min, and HL-620 °C-1 h 

amples, respectively, based on different annealing conditions. 

.2. Tensile testing 

The tensile tests were performed using an LTM-20KN testing 

achine with a constant strain rate of 10 –3 s –1 at room temper- 

ture. Flat dog-bone-shaped tensile specimens with a gauge cross- 

ection of 2.5 mm × 1.5 mm and a length of 10 mm were electro- 

ischarge machined from the cold-rolled and as-annealed speci- 

en sheets. The tensile specimen axis was parallel to the rolling 

irection. At least three tensile specimens were prepared for each 

ample to obtain repeatable experimental results. The cyclic LUR 

ensile tests were performed to measure the HDI stresses. During 

he LUR tensile tests, the specimens with HL structures were ten- 

ioned to an assigned strain of 1%, unloaded to 50 N, and then 

eloaded. 

.3. Microstructure characterizations 

Microstructural evolutions and element distribution of the as- 

ast and cold-rolled Ni 2 CoFeV 0.5 MEA samples after partial and full 

ecrystallization annealing were characterized by scanning electron 

icroscopy (SEM) equipped with energy dispersive spectroscopy 

EDS) and EBSD detectors. The EDS and EBSD specimens were me- 

hanically polished first and then followed by electro-polishing us- 

ng an electrolyte consisting of 90 vol.% acetic acid and 10 vol.% 

erchloric acid with a voltage of 35 V at room temperature. EBSD 

easurements were performed on an Oxford Instruments Aztec 

ystem and the scanning step size was chosen as 0.5 μm for all 

amples. The commercial channel 5 software was used to ana- 

yze the EBSD data. The phase structures were characterized by 

ruker-AXS D8 Advance X-ray diffraction (XRD) with the angle of 

 θ scanning from 30 ° to 90 ° and a scanning speed of 2 ° min 

–1 . The

pecimens for TEM observation were electro-polished in a twin jet 
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Fig. 1. (a) SEM image, (b) the corresponding EDS mappings, and (c) EBSD crystal 

orientation map of the as-cast Ni 2 CoFeV 0.5 MEA. The inset in (c) is Inverse Pole 

Figure (IPF) color code. (d) XRD patterns of the as-cast and subsequently thermo- 

mechanical treated Ni 2 CoFeV 0.5 MEAs. 

Table 1 

Chemical compositions of the as-cast Ni 2 CoFeV 0.5 MEA 

(at.%). 

Elements Ni Co Fe V 

Concentration 43.7 22.5 22.6 11.2 
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lectro-polishing system containing an electrolyte consisting of 10% 

erchloric acid, 20% glycerol, and 70% methanol at –20 °C, and then 

bserved by an FEI-Tecnai G 

2 20 S-TWIN microscope operating at 

00 kV. High-resolution TEM observations were performed by a Ti- 

an G 

2 60-300 microscope operating at 300 kV. 

. Results 

.1. Microstructural evolution during thermo-mechanical treatments 

.1.1. Initial microstructures 

All the alloying elements (Ni, Co, Fe, V) in the as-cast 

i 2 CoFeV 0.5 MEA are homogeneously distributed in the range of 

rain scale ( Fig. 1 (a, b)), indicating a single-phase solid solution 

ithout the secondary phase. The measured chemical composi- 

ion from EDS data is shown in Table 1 , which is generally con-

istent with the nominal composition. It consists of randomly ori- 

nted sub-millimeter-sized grains with an average grain size of 

320 μm, as shown in Fig. 1 (c). The as-cast Ni 2 CoFeV 0.5 MEA is

 single-phase fcc structure, further confirmed by the XRD result 

n Fig. 1 (d). 

.1.2. Microstructures of cold-rolled sample 

EBSD and TEM results of the CR90 Ni 2 CoFeV 0.5 sample are 

hown in Fig. 2 . The crystal orientation map with the color code 

red, green, and blue indicate grains have < 001 > , < 110 > , and

 111 > directions parallel to transverse direction) shows that the 

nitial sub-millimeter-sized grains were flattened and elongated 

long the rolling direction, and a large number of randomly ori- 

nted fine grains were produced by dynamic recrystallization dur- 

ng cold-rolling processing ( Fig. 2 (a)). Moreover, local severe de- 

ormation generated large lattice distortion, resulting in poor reso- 

ution (black regions in Fig. 2 (a)), including plentiful shear bands 
21 
marked by white arrows). The color variations in each individ- 

al grain interior indicate the large changes in interior misorienta- 

ion ( Fig. 2 (a)). Low-angle GBs (LAGBs, 2 °–15 °) and high-angle GBs 

HAGBs, > 15 °) are marked by yellow and black lines in Fig. 2 (b),

espectively. The LAGBs spread all over the CR90 sample and have 

 volume fraction of ∼85%. There is no 60 ° TB from the inset in 

ig. 2 (b), indicating that deformation twinning did not occur dur- 

ng cold-rolling. It was further verified by TEM observation from 

he view of the RD-ND plane that the CR90 sample is composed of 

ano-lamellar sub-grains with an average thickness of 72 nm and 

igh-density dislocations ( Fig. 2 (c)). The corresponding selected 

rea electron diffraction (SAED) pattern shows no twins in the 

R90 sample. High-density dislocations existing in the nano lamel- 

ae are further revealed by high-resolution TEM image ( Fig. 3 (a)) 

nd the corresponding inverse fast Fourier transform (IFFT) pat- 

ern ( Fig. 3 (b)). Moreover, some stacking faults (SFs) are observed 

long LAGBs in the nano lamellae, and two SFs on two conjugated 

lip planes interact with each other (marked by green arrows in 

ig. 3 (c)). The IFFT pattern shows the LAGB in Fig. 3 (c) is 6.1 °
 Fig. 3 (d)), which is formed by dislocations (marked by white “⊥ ”).

rom the RD-TD plane ( Fig. 2 (d)), high-density dislocation walls 

nd cells exist. Therefore, the CR90 sample is a nano-lamella struc- 

ure, filled with a mass of deformed structures containing disloca- 

ion entanglements, walls, cells, SFs, and LAGBs. 

.1.3. Microstructures of as-annealed samples 

The microstructures of as-annealed Ni 2 CoFeV 0.5 MEAs with the 

aried HL structures are shown in Fig. 4 (a–d). These HL samples 

re all partially recrystallized and composed of millimeter-sized 

longated grains along the rolling direction and a large amount of 

Gs. Interestingly, most RGs agglomerated into the long lamellae 

long the rolling direction in all HL samples. Moreover, some RGs 

re distributed in shear bands with high strain energy, as marked 

y white arrows in Fig. 4 (a–c). As shown in Fig. 4 (e), the grain

ize distributions disregarding TBs show the RGs in all HL samples 

ave similar size distribution trends and a similar average size of 

bout 4 μm ( Table 2 ). The corresponding distributions of the GB 

isorientation angle are shown in Fig. 4 (f). The peak at 60 ° corre- 

ponds to �3 coincident-site lattice TBs, as marked by the black 

rrow. The HL-620 °C-1 h sample has the highest volume fraction 

f HAGBs with ∼66% and the other three HL samples have the ap- 

roximate HAGB fraction, as listed in Table 2 . High-density LAGBs 

till spread in the elongated deformed grains and high-density TBs 

ere produced in the RGs by annealing. The volume fraction of TBs 

s 5.8% of HL-590 °C-1 h, 9.3% of HL-600 °C-3 h, 10.7% of HL-620 

C-30 min, and 25.2% of HL-620 °C-1 h, respectively. Considering 

hat TBs are a kind of HAGBs with specific angles and exhibit supe- 

ior improvement of strength and ductility synergy compared with 

AGBs [39] , the volume ratio of TBs and HAGBs was calculated and 

esignated as T/H. The HL-60 0 °C-3 h and HL-620 °C-30 min sam- 

les have the approximate volume fractions of T/H ( Table 2 ), indi- 

ating the densities of annealing TBs have similar levels. With the 

ncrease in annealing temperature, the volume fractions of T/H in- 

reased from 17.8% of the HL-590 °C-1 h sample to 38.1% of the 

L-620 °C-1 h sample, indicating the increased density of anneal- 

ng TBs. 

Due to the limited resolution of the EBSD technique, TEM 

bservation focusing on the HL-590 °C-1 h and HL-600 °C-3 h 

amples were further performed in an attempt to supplement 

BSD information. In the HL-590 °C-1 h sample, it can be found 

hat some submicron-grains with nano-twins recrystallized in the 

ano-lamellar grains after annealing ( Fig. 5 (a)). The typical double- 

riented twin relationship is verified by the SAED pattern in 

ig. 5 (b). Moreover, high-density annealing twins including plenty 

f nano-twins exist in the recrystallized micro-grains ( Fig. 5 (c)). 
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Fig. 2. The microstructures of the cold-rolled Ni 2 CoFeV 0.5 MEA. (a) EBSD crystal orientation map with IPF color code of Z 1 // TD. RD: rolling direction; TD: transverse 

direction; ND: normal direction. (b) GB map with low- and high-angle GBs (LAGBs: 2 °–15 °, HAGBs: > 15 °) marked by yellow and black lines, respectively. The inset in (b) 

is the distribution of the GB misorientation angle. Bright-field TEM images from (c) RD-ND and (d) RD-TD plane. The inset in (c) is the corresponding selected area electron 

diffraction (SAED) pattern with the zone axis of [011]. 

Table 2 

Lists of the volume fraction of HAGBs ( F HAGBs ), TBs ( F TBs ), and T/H ( F T/H ), recrystallization fraction ( F C ), average grain 

size ( ̄d ) and the density of GNDs ( ρ) of the HL Ni 2 CoFeV 0.5 MEAs from EBSD data. 

Samples F HAGBs (%) F TBs (%) F T/H (%) F C (%) d̄ ( μm) ρ ( × 10 14 m 

–2 ) 

HL-590 °C-1 h 32.5 5.8 17.8 23.3 3.7 2.7 

HL-600 °C-3 h 36.6 9.3 25.4 39.2 4.3 2.3 

HL-620 °C-30 min 37.5 10.7 28.5 45.6 4.0 2.2 

HL-620 °C-1 h 66.2 25.2 38.1 76.4 4.3 1.2 
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As shown in Fig. 6 (a), a typical HL structure consisting of re- 

rystallized lamellae (green dashed areas) and non-recrystallized 

amellae exists in the HL-600 °C-3 h sample. Moreover, some non- 

ecrystallized grains (NRGs) are distributed in the recrystallized 

amellae, surrounded by blue lines in Fig. 6 (a). In the RGs, there 

re high-density annealing twins with an average lamella thickness 

f 145 nm, as marked by white arrows. The enlarged view of a re-

rystallized grain shows double-oriented twins (T3, T4) including 

ano-twins and low-density scattered dislocations ( Fig. 6 (b)). The 

ypical double-oriented twin relationship is verified by the SAED 

attern in Fig. 6 (c). The magnified view in Fig. 6 (d) shows non-

ecrystallized zone in the HL-600 °C-3 h sample is composed of 

ano-lamellar sub-grains with an average thickness of 94 nm, in- 

icating slight growth of nano-lamellar sub-grains after annealing 

or a long time. Notably, the stable single-phase fcc structure was 

aintained and no nanoparticle was produced in this severely de- 

ormed Ni 2 CoFeV 0.5 MEA after annealing at 600 °C for 3 h, as veri-

ed by the TEM results, in accord with the XRD result in Fig. 1 (d). 

The local misorientation maps of HL-590 °C-1 h, HL-600 °C-3 

, HL-620 °C-30 min, and HL-620 °C-1 h Ni 2 CoFeV 0.5 MEAs are 

hown in Fig. 7 (a–d). The rainbow color bar from blue to red rep-

esents low to high local misorientation, indicating low- to high- 

ensity geometrically necessary dislocations (GNDs). The recrys- 

allized areas in all HL MEAs have lower GNDs densities and the 

on-recrystallized areas have higher stored strain energy. The un- 

ven distribution of strain pre-existed in all HL MEAs. The HL-600 
22
C-3 h sample shows more green and the other three samples are 

eddish in the non-recrystallized areas, indicating the lower GNDs 

ensities in the remaining deformed grains of the HL-600 °C-3 h 

ample. The quantitative Kernel average misorientation (KAM) dis- 

ributions are shown in Fig. 7 (e). Intuitively, the KAM values of all 

L samples exhibit a bimodal distribution with the peaks of RGs 

nd NRGs. Comparatively speaking, the peak of NRGs (marked by 

reen arrow) in the HL-600 °C-3 h sample shifts to the left, ex- 

ibiting the lowest GNDs densities of NRGs compared to the other 

hree HL samples. Grains with KAM values smaller than 1 ° were 

onsidered as RGs and the recrystallization fraction was calculated, 

ased on the pixel ratio in EBSD data. The volume fractions of RGs 

n HL-590 °C-1 h, HL-600 °C-3 h, HL-620 °C-30 min, and HL-620 

C-1 h samples are 23.3%, 39.2%, 45.6%, and 76.4%, respectively, as 

isted in Table 2 . The average KAM values of these HL samples are

.95 °, 1.65 °, 1.62 °, and 0.85 °, respectively. The GNDs density has 

 linear relation with the average KAM value and can be calcu- 

ated by the formula from the strain gradient theory by Gao et al. 

40] and Kubin et al. [41] : 

= 

θKAM 

ub 
(1) 

here ρ is the density of GNDs; u is the step size, which is 500 

m, used in EBSD acquisition; b is the Burgers vector (0.252 nm 

n use, b = 

√ 

2 /2 a, a = 0.357 nm calculated from XRD results);
KAM is the averaged KAM value. The calculated GNDs densities 
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Fig. 3. (a, c) High-resolution TEM images of nano lamellae in the cold-rolled 

Ni 2 CoFeV 0.5 MEA. The stacking faults (SFs) are marked by green arrows. (b, d) The 

inverse fast Fourier transform (IFFT) patterns obtained from {11 ̄1 } reflection, de- 

duced from the white square in (a) and yellow square in (c), respectively. The dis- 

locations are marked by white “⊥ ”. 
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re 2.7 × 10 14 m 

–2 for HL-590 °C-1 h, 2.3 × 10 14 m 

–2 for HL-600 

C-3 h, 2.2 × 10 14 m 

–2 for HL-620 °C-30 min and 1.2 × 10 14 m 

–2 

or HL-620 °C-1 h samples, as listed in Table 2 . 

Fig. 8 (a–d) shows the crystal orientation maps of Ni 2 CoFeV 0.5 

EAs annealed at 650 to 900 °C for 1 h. The corresponding dis- 

ributions of grain size and GB misorientation angle are shown 

n Fig. 8 (e, f). There are a few residual non-recrystallized zones 

fter annealing at 650 °C for 1 h (marked by black lines in 

ig. 8 (a)), which have high-density dislocations, further confirmed 

y Fig. 9 (a). With the annealing temperature increased to 700 °C, 

he sample consists of fully-recrystallized grains with an average 

rain size of 5.5 μm. With further increasing the annealing tem- 

erature from 800 to 900 °C, the average grain sizes increase from 
ig. 4. EBSD crystal orientation maps of the as-annealed Ni 2 CoFeV 0.5 MEAs with the va

nd (d) HL-620 °C-1 h. The insets in (a, b) are the local enlarged details. IPF color code 

isorientation angle. TBs: twin boundaries. 

23 
.5 to 14.8 μm. All the fully-recrystallized samples consist of ran- 

omly oriented equiaxed grains. After complete recrystallization, 

he volume fraction of LAGBs drastically reduced to less than 10% 

nd the counterpart of TBs increased to more than 40%. A few 

cattered LAGBs with higher strain energy (green lines) can be 

ound in the RGs and the corresponding volume fraction increases 

ith the grain growth, as marked by white arrows in Fig. 9 (b–d). 

he average KAM values decrease from 0.36 ° to 0.24 ° with the in- 

reased annealing temperature from 650 to 900 °C, as shown in 

ig. 9 (e), indicating a continuous decrease in dislocation density. 

he densities of GNDs are 5 × 10 13 , 4.2 × 10 13 , 3.6 × 10 13 , and

.3 × 10 13 m 

–2 after isochronal annealing at 650, 70 0, 80 0, and 

00 °C, respectively, calculated by the Eq. (1) . 

.2. Tensile properties 

The representative engineering stress-strain curves of 

i 2 CoFeV 0.5 MEAs after thermo-mechanical treatments with 

ifferent conditions are compared in Fig. 10 (a). First, the CR90 

ample composed of nano-lamellar grains has a high YS of 1071 

Pa and UTS of 1138 MPa but a poor fracture elongation of 8.4%. 

urthermore, there is almost no uniform elongation (2.3%) and 

ecking occurs instantaneously after yielding, resulting from the 

lummeting strain hardening rate ( Fig. 10 (b)). Interestingly, after 

nnealing at 590 °C for 1 h, the YS and UTS increase to 1120 

nd 1223 MPa, respectively. Meanwhile, the uniform elongation 

nd fracture elongation of the HL-590 °C-1 h sample increase 

o 6.1% and 12.3%, respectively. Simultaneous enhancement of 

trength and ductility occurred in the HL-590 °C-1 h sample. After 

ong-time annealing, the HL-600 °C-3 h sample exhibits a high YS 

f 981 MPa and a good uniform elongation of 10.2%. In contrast, 

he HL-620 °C-30 min sample has a lower YS of 860 MPa and a 

lightly improved uniform elongation of 12.5%. In reality, although 

he HL-620 °C-1 h sample has a relatively low YS of 783 MPa, the 

TS of 982 MPa is comparable to the counterpart of the HL-620 

C-30 min sample (1014 MPa) and the uniform elongation rapidly 

ncreased to 17.9%, benefiting from its high strain hardening 

apacity ( Fig. 10 (b)). Further increasing the isochronal annealing 

emperature from 650 to 900 °C, the strength decreases and the 

uctility increases step by step, as listed in Table 3 . Moreover, 

he drop of strain hardening rates gradually slows and a plateau 
ried HL structures: (a) HL-590 °C-1 h; (b) HL-600 °C-3 h; (c) HL-620 °C-30 min 

of Z 1 is parallel to TD. The corresponding distributions of (e) grain size and (f) GB 
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Fig. 5. TEM images of HL-590 °C-1 h Ni 2 CoFeV 0.5 MEA from RD-ND plane. (a) A recrystallized submicron-grain embedded in nano lamellae. (b) The SAED pattern of the 

recrystallized grain in (a), showing double-oriented twins, T1 and T2. (c) High-density annealing nano-twins (NTs) in the recrystallized micro-grains, pointed by white arrows. 

Fig. 6. (a) A low magnification TEM image of HL-600 °C-3 h Ni 2 CoFeV 0.5 MEA from RD-ND plane. Green dashed areas in (a) show the recrystallized lamellae and blue areas 

are the remaining deformed grains. (b) The enlarged view of the square area in (a). NTs: nano-twins. (c) The SAED pattern of the recrystallized grain in (b). (d) The nano 

lamellae in the non-recrystallized zone and the corresponding SAED pattern. 

Fig. 7. The local misorientation maps of (a) HL-590 °C-1 h; (b) HL-600 °C-3 h; (c) HL-620 °C-30 min, and (d) HL-620 °C-1 h Ni 2 CoFeV 0.5 MEAs. The inset in (c) is the rainbow 

color bar (blue to red represents low to high misorientation). (e) The corresponding KAM value distributions. K̄ : average KAM value. RGs ( K < 1 °): recrystallized grains; NRGs 

( K > 1 °): non-recrystallized grains. The peak KAM values of the non-recrystallized zone are pointed by green arrows in (e). 
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ppears in the curve after annealing at 900 °C for 1 h, as shown

n Fig. 10 (b). 

.3. Microstructures after tensile deformation 

TEM analysis in the recrystallized zone of HL-600 °C-3 h 

i 2 CoFeV 0.5 MEA at necking was performed to reveal the defor- 

ation mechanisms. The dark-field TEM image ( Fig. 11 (a)) shows 

here are high-density dislocations and a small number of twins 

n the micron-sized grain. The typical coherent twin relationship is 

onfirmed by the inserted SAED pattern. Notably, these twins are 
24
tepped or isolated, which are annealing twins, different from the 

orphology of deformation twins [42] . In our previous study [43] , 

he lathy deformation twins are parallel with each other and emit 

rom HAGBs. Therefore, deformation twinning did not occur in the 

i 2 CoFeV 0.5 MEA under tension at ambient temperature. Fig. 11 (b) 

hows a micro-sized grain divided by twin networks accumulated 

 large number of dislocations. The enlarged details indicate that 

here are various dislocation configurations, including parallel dis- 

ocation arrays, pile-ups, and entanglements, as shown in Fig. 11 (c, 

). High-density dislocations piled up at the annealing TBs and 

lso accumulated inside the annealing twins. Moreover, the dif- 
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Fig. 8. EBSD crystal orientation maps of Ni 2 CoFeV 0.5 MEAs annealed at (a) 650 °C; (b) 700 °C; (c) 800 °C, and (d) 900 °C for 1 h. IPF color code of Z 1 is parallel to TD. The 

corresponding distributions of (e) grain size and (f) GB misorientation angle. 

Fig. 9. The local misorientation maps of Ni 2 CoFeV 0.5 MEAs annealed at (a) 650 °C; (b) 700 °C; (c) 800 °C, and (d) 900 °C for 1 h. The sub-grain boundaries are pointed by 

white arrows. (e) The corresponding distributions of KAM value. 

Fig. 10. Tensile properties of Ni 2 CoFeV 0.5 MEAs after thermo-mechanical treatments with different conditions. (a) Engineering stress-strain curves. (b) True stress and strain 

hardening rate versus true strain. NLG: nano-lamellar grain. 
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usely distributed nano-twins in the HL-600 °C-3 h sample can 

lso act as an efficient barrier to impede the movement of disloca- 

ions ( Fig. 12 (a)). It can be found that abundant fine SFs transmit-

ed from the TB, indicating SFs mediated the plastic deformation 

nd avoided the stress concentration at TBs ( Fig. 12 (b)). 

.4. HDI stress measurement 

To reveal the contribution of HDI stresses on the tensile prop- 

rties of Ni 2 CoFeV 0.5 MEAs with HL structures, the LUR tensile 

ests were performed to estimate the effect of HDI strengthening 

nd hardening. Fig. 13 shows the typical true stress-strain curves 
25
nd the evolution of HDI stresses with the increased strain of HL- 

90 °C-1 h, HL-600 °C-3 h, HL-620 °C-30 min, and HL-620 °C-1 

 Ni 2 CoFeV 0.5 MEAs. The hysteresis loops indicate the existence of 

nhomogeneous deformation in all HL samples. The HDI stresses 

 σHDI ) at different strains were calculated by the following equa- 

ion [ 44 , 45 ]: 

HDI = 

σr + σu 

2 

(2) 

here the σr and σu are the reloading and unloading yield 

tresses, respectively, measured from each hysteresis loop. For all 

L samples, the measured HDI stresses almost monotonically in- 
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Fig. 11. Typical microstructures in the recrystallized zone of HL-600 °C-3 h Ni 2 CoFeV 0.5 MEA at necking. (a) Dark-field TEM image and the SAED pattern of the circled 

area, showing reserved annealing twins and dislocation structures. (b) Bright-field TEM image of micro-sized grain divided by twin networks. (c, d) Magnified regions in (b) 

showing various dislocation configurations, including parallel dislocation arrays, pile-ups, and dislocation tangles. 

Table 3 

Lists of YS, ultimate tensile strength (UTS), uniform elongation εue , 

and elongation to failure εef of Ni 2 CoFeV 0.5 MEAs after thermo- 

mechanical treatments with different conditions. 

Samples YS (MPa) UTS (MPa) εue (%) εef (%) 

CR90 1071 1138 2.3 8.4 

590 °C/1 h 1120 1223 6.1 12.3 

600 °C/3 h 981 1114 10.2 16.7 

620 °C/30 min 860 1014 12.5 19.3 

620 °C/1 h 783 982 17.9 25.9 

650 °C/1 h 583 872 27.4 35.0 

700 °C/1 h 492 821 33.2 41.8 

800 °C/1 h 411 764 37.6 46.2 

900 °C/1 h 317 711 44.9 53.7 

Fig. 12. (a) Bright-field TEM image of nano-twins and (b) high-resolution TEM im- 

age magnified from TB (blue square in (a)) in the recrystallized zone of HL-600 °C-3 

h Ni 2 CoFeV 0.5 MEA at necking. High-density dislocations entangled at TBs, and SFs 

(marked by green arrows) transmitted from TB. 
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Fig. 13. The cyclic load-unload-reload curves and the evolution of hetero- 

deformation-induced stresses with an applied strain of HL Ni 2 CoFeV 0.5 MEAs. 
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rease with the continuous plastic deformation due to the accu- 

ulation of GNDs at the HAGBs, TBs, and the interface of soft/hard 

omains. The HL-620 °C-30 min and HL-620 °C-1 h samples have 

he approximative HDI stresses at the same strain levels, indicating 

ittle difference in the contribution of HDI strengthening and hard- 

ning. Nonetheless, the HDI stresses in HL-590 °C-1 h and HL-600 

C-3 h samples are significantly elevated, and increased from 634.9 

o 716.5 MPa and 554.6 to 617.7 MPa within the strain range from 

.01 to 0.04, respectively. 
26 
. Discussion 

.1. Microstructure-property relationship of HL structure 

The HL Ni 2 CoFeV 0.5 MEAs were constructed by partial recrystal- 

ization annealing on the cold-rolled sample. Firstly, the CR90 sam- 

le underwent severe plastic deformation and plenty of deforma- 

ion structures were produced inside. High-density LAGBs, disloca- 

ions, and SFs contributed to the high YS of the CR90 sample over 

 GPa. There is no surprise that the CR90 sample rapidly became 

lastic instability and necking occurred after yielding, due to its 

early null strain hardening capability and poor dislocation storage 

apability. After intermediate temperature annealing, the recrystal- 

ized lamellae with micro-sized RGs ( ∼4 μm) formed. Typical HL 

tructures with soft domains (micro-grain lamellae) and hard do- 

ains (nano-/ultrafine-grain lamellae) formed in all HL-590 °C-1 

, HL-600 °C-3 h, HL-620 °C-30 min, and HL-620 °C-1 h samples 

 Fig. 4 ). Nevertheless, these HL samples exhibited varied tensile be- 

aviors ( Fig. 10 ), resulting from their different microstructural pa- 

ameters. 

For the HL-590 °C-1 h sample, simultaneously improved 

trength and ductility occurred after annealing, compared with 

he CR90 sample. The YS and UTS increased by 5% and 7%, and 

he uniform elongation and total elongation increased by 165% 
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Fig. 14. Hall-Petch relationship of Ni 2 CoFeV 0.5 MEAs: yield strength as a function of 

grain size at the micro-sized level. Blue and red dashed lines are the fitted curves 

including and excluding annealing TBs, respectively. 
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nd 46%, respectively. Normally, softening occurs in most metal- 

ic materials along with the recrystallization process [46–49] . How- 

ver, annealing-induced strengthening occurred in the HL-590 °C- 

 h sample, which had ∼23 vol% RGs. This phenomenon may be 

ainly attributed to the following three reasons. First, high-density 

nnealing TBs exist in the RGs, which can increase the critical 

tress for dislocation slip, thereby increasing the strength of recrys- 

allized zones. Likewise, Lu et al. and Duan et al. [50] fabricated 

ano-twinned Cu and Ni, respectively, both of which had ultra- 

igh strength compared with CG counterparts. Second, the anni- 

ilation of mobile dislocations inside the NRGs results in higher 

pplied stress for the activation of dislocations. This can be verified 

y the slightly decreasing dislocation density from 3.6 × 10 14 m 

–2 

f the CR90 sample to 2.5 × 10 14 m 

–2 of the non-recrystallized 

ones in the HL-590 °C-1 h sample. Liang et al. [51] also found 

hat annealing-induced hardening occurred below 600 °C in a 

anocrystalline fcc FeNi 2 CoMo 0.2 V 0.5 HEA without precipitation ef- 

ect, resulting from the annihilation of mobile dislocations and sus- 

ained deformation twin barriers. Third, extra HDI strengthening 

roduced by the HL structure enhances the global YS. At the ini- 

ial stage of tensile deformation, although the recrystallized zones 

soft domains) had plastically deformed, the non-recrystallized 

ones (hard domains) were still elastically deformed. The domi- 

ating hard domains led to global elastic deformation. Moreover, 

he dispersed RGs lamellae in shear bands were restricted by the 

on-recrystallized matrix during deformation. Extra HDI stresses 

ormed at the interfaces of soft/hard lamellae, contributing to the 

igher YS of the HL-590 °C-1 h sample. For most MEAs/HEAs, the 

xtensive mechanism of annealing-induced strengthening is the 

ormation of a precipitated phase after intermediate temperature 

nnealing [52–54] . However, in these Ni 2 CoFeV 0.5 MEAs, no sec- 

nd phase was detected by XRD ( Fig. 1 (d)) and TEM ( Figs. 5 and

 ) results after annealing at 590 °C for 1 h and 600 °C for 3 h and

 stable fcc single-phase was retained. Moreover, the HL-590 °C-1 

 sample had a decent ductility of ∼12%, distinctly different from 

he precipitate-strengthened MEAs/HEAs, which have poor ductil- 

ty [ 53 , 54 ]. After partial recrystallization via annealing, the HL-590 

C-1 h sample consists of ∼23 vol% RGs, which can accumulate 

lenty of dislocations during tensile deformation, provide strain 

ardening, and regain tensile ductility. 

With further recrystallization, the strength gradually decreased 

nd the ductility was gradually restored. The HL-600 °C-3 h and 

L-620 °C-30 min samples had an approximate fraction of re- 

rystallization, which are 39.2% and 45.6%, respectively. Nonethe- 

ess, the HL-620 °C-30 min sample had similar ductility but lower 

trength compared with the HL-600 °C-3 h sample, as listed in 

able 3 . Although the above-mentioned two samples had similar 

olume fraction ratios of soft and hard lamellae, the spatial dis- 

ribution of soft lamellae, i.e. interface spacing, are visibly differ- 

nt ( Fig. 4 (b, c)). Soft lamellae in the HL-600 °C-3 h sample are

ore diffusely distributed and the interface spacing of soft and 

ard lamellae is smaller, which is conducive to producing more 

DI stresses, as verified in Fig. 13 . Huang et al. [55] have reported

hat the optimal interface spacing of 15 μm achieved the maxi- 

ized strength and ductility synergy in the lamella structure mate- 

ial. While the interface spacing is larger than 15 μm, the strength 

nd ductility synchronously enhanced with the decreasing inter- 

ace spacing [ 55 , 56 ]. In addition, the difference in flow stress be-

ween soft/hard domains also can influence the role of HDI hard- 

ning. If hard domains cannot plastically deform or are hard to de- 

orm, stress concentration may occur at the interface of soft/hard 

omains, leading to crack initiation at the interface. For the HL- 

00 °C-3 h sample, the hard lamellae had lower dislocation den- 

ities ( Fig. 7 (e)), benefiting from long-time annealing. Compara- 

ively speaking, the HL-620 °C-30 min sample had higher dislo- 

ation densities in the hard lamellae, which may lead to excessive 
27 
tress concentration at the interface of soft/hard domains, thereby 

ausing premature failure fracture at the interface. Furthermore, af- 

er annealing at 620 °C for 1 h, the volume fraction of recrystal- 

ization increased to 76.4%. The HL-620 °C-1 h sample had a high 

S of ∼780 MPa and good ductility of ∼26%. The ∼25 vol% hard 

amellae embedded in the RGs matrix can effectively improve the 

trength. Therefore, for metallic materials with HL structure, in ad- 

ition to the volume fraction ratio of soft and hard lamellae, the 

trength difference and the interface spacing or interface densities 

an also influence the role of synergistic strengthening of soft and 

ard lamellae. 

.2. Hall-Petch relationship 

For polycrystalline metallic materials, the YS ( σ YS ) often has a 

ood inverse relation with the average grain size ( d ), that is the YS

ncreases with the grain size decreases, which can be described by 

he classical Hall-Petch relation [ 57 , 58 ]. 

YS = σ0 + kd −1 / 2 (3) 

here σ 0 is the lattice friction stress, and k is the Hall-Petch coef- 

cient for GB strengthening. According to the experimental results 

f the YS obtained by different thermo-mechanical treatments, the 

all-Petch relationship of Ni 2 CoFeV 0.5 MEA including and exclud- 

ng annealing TBs were plotted in Fig. 14 , respectively. It can be 

ound that the lattice friction stress of Ni 2 CoFeV 0.5 MEA is a con- 

tant of ∼90 MPa whether TBs are included or not. However, the 

all-Petch coefficients are quite different, 722.8 MPa μm 

1/2 when 

ncluding TBs and 962.2 MPa μm 

1/2 when excluding TBs, respec- 

ively. Similar results were reported in CrCoNi MEA, which also 

as a large number of annealing TBs in the RGs [59] . The au-

hors believed that crystallite size (which counts both annealing 

Bs and GBs) is a more relevant length scale to characterize Hall- 

etch strengthening because TBs do act as obstacles to dislocation 

otion at the early stage of plastic deformation [59] . Therefore, 

onsidering the TB is a kind of GB with a specific angle, which has 

 function of strengthening, the TBs were counted to calculate the 

verage grain size. After linear fitting (blue dashed line), σ 0 and 

 of Ni 2 CoFeV 0.5 MEA were calculated to be 87.3 MPa and 722.8 

Pa μm 

1/2 , respectively. Chung et al. [60] found that σ 0 increased 

rom 216 to 383 MPa with increasing V content from CrCoNi to 

CoNi. For our Ni 2 CoFeV 0.5 MEA, the lattice friction stress also in- 

reases from ∼60 MPa of CoFeNi MEA [61] to ∼90 MPa with the 

ddition of V. It means that adding V in MEAs/HEAs can effectively 

inder dislocation slip, thereby strengthening and toughening ma- 

erials. Yin et al. [62] also reported that V is an optimal element for 

trengthening in both fcc and bcc HEAs because of its large misfit 

olume. Moreover, the large Hall-Petch coefficient of Ni CoFeV 
2 0.5 
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EA indicates the prominent effect of GB strengthening, which is 

early twice as much as CoFeNi MEA (366 MPa μm 

1/2 ) [61] . 

. Conclusions 

In this work, we tuned the microstructures of single-phase fcc 

i 2 CoFeV 0.5 MEAs by means of cold-rolling followed by annealing 

nd then tested their tensile properties. Systematic investigations 

ere performed by EBSD and TEM to investigate the microstruc- 

ural evolution after thermo-mechanical treatments and reveal the 

eformation mechanisms under tension. The main conclusions are 

s follows: 

1) The Ni2CoFeV0.5 MEA had a high YS of 1071 MPa but a poor 

ductility of 8.4% after cold-rolling, attributed to numerous de- 

formed structures containing high-density dislocation entan- 

glements, walls, cells, SFs, and LAGBs. After partial annealing, 

the typical HL structure consisting of recrystallized micro-grain 

lamellae and non-recrystallized nano-/ultrafine-grain lamellae 

were obtained. 

2) Simultaneous enhancement of strength and ductility occurred 

in the HL-590 °C-1 h sample, compared with the CR90 sample. 

Extraordinarily, with ∼23 vol% RGs, the YS and UTS of the HL- 

590 °C-1 h sample increased by 5% and 7%. Annealing-induced 

strengthening is attributed to high-density annealing TBs in the 

RGs, the annihilation of mobile dislocations inside the NRGs, 

and extra HDI strengthening produced by the HL structure. 

3) The HL-620 °C-30 min sample had approximate ductility but 

lower strength compared with the HL-600 °C-3 h sample. Both 

samples have similar volume fraction ratio of soft and hard 

lamellae, but the spatial distribution of soft lamellae are visibly 

different. That is because smaller interface spacing and higher 

interface density of soft/hard lamellae contributed to more sig- 

nificant HDI strengthening and hardening. Moreover, the HL- 

620 °C-30 min sample had higher dislocation densities in the 

hard lamellae, which will lead to excessive stress concentration 

at the interface of soft/hard lamellae. 

4) The Hall-Petch relationship of Ni2CoFeV0.5 MEA can be reason- 

ably described by counting both TBs and GBs. The lattice fric- 

tion stress ( σ 0 ) and the Hall-Petch coefficient ( k ) are 87.3 MPa 

and 722.8 MPa μm1/2, respectively. 
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