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a b s t r a c t 

Metallic wires with high strength-ductility at both room and cryogenic temperatures are always pur- 

sued for engineering applications. However, traditional metallic wires are tortured inevitably by strength- 

ductility trade-off dilemma. In this work, a gradient heterogeneous lamella structure, characterized 

with hard gradient-distributed B2 lamellae embedded in soft FCC lamellae matrix, is introduced into 

AlCoCrFeNi 2.1 eutectic high entropy alloy (EHEA) wire by well-designed multiple-stage heavy-drawn and 

heat treatment processes, which achieves an outstanding strength-ductility synergy. This EHEA wire ex- 

hibits not only high tensile strength of 1.85 GPa and sufficient uniform elongation of ∼12% at room tem- 

perature, but also ultra-high tensile strength of 2.52 GPa and even slightly elevated uniform elongation 

of ∼14% at cryogenic temperature. In-depth microstructure characterization indicates that the gradient 

heterogeneous lamella structure facilitates a radial gradient distribution of geometrically necessary dis- 

location (GND) during tension, i.e., the GND density decreases gradually from the surface region to the 

central region of EHEA wire, which induces pronounced strain gradient strengthening effect and thus 

greatly benefits the mechanical properties. Intriguingly, at cryogenic temperature, dense cross-slip which 

gives rise to intensively dynamic microstructure refinement is firstly observed in the B2 phase of EHEA 

wire. The activation of cross-slip provides sufficient ductility while inducing evidently dynamic Hall-Petch 

effect, becoming the most effective deformation mechanism contributing to the unprecedented cryogenic 

tension properties. This work sheds light on designing ultra-strong EHEA wire and other advanced metal- 

lic wires. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Metallic wires with high strength and ductility are highly de- 

ired for various engineering applications, such as large cable- 

tayed bridge, heavy lift slings, offshore platform rigging and so on, 

mong which pearlitic steel wires stand out to be the most mature 

nd widely used materials [1–3] . However, high strength is usu- 

lly accompanied with low ductility, known as trade-off dilemma 

4] . Besides, the environments in which metallic wires served have 

lso become much more complex and extreme, e.g., cryogenic en- 

ironments, which poses a great challenge to conventional metal- 

ic wires. Hence, developing high performance metallic wires that 
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an safely serve under various harsh circumstances is urgently re- 

uired. 

During past decade, high entropy alloys (HEAs) or complex con- 

entrated alloys (CCAs), i.e., the material systems with multiple 

rincipal elements in equi-molar or near-equimolar ratio, have at- 

racted a constant upsurge [5–17] . The unique design concept en- 

ows these alloys with a variety of unexpected mechanical proper- 

ies [18–29] , such as excellent fracture toughness at cryogenic tem- 

erature [30] and extraordinary self-sharpening ability [31] , which 

aking them novel and potential candidates for engineering appli- 

ation. Recently, Lu et al. [ 32 , 33 ] proposed a design strategy of eu-

ectic high entropy alloys (EHEAs) and produced an AlCoCrFeNi 2.1 

HEA with regular FCC/B2 lamellar structures, which could ac- 

omplish more excellent combination of strength and ductility at 

oth room and cryogenic temperatures [34] . Then, significant ef- 

orts have been devoted to optimizing the mechanical properties 

f AlCoCrFeNi 2.1 EHEAs [35–41] . For example, Shi et al [37] de- 

eloped a two-hierarchical heterogeneous structure in EHEAs and 

hus achieved a superior strength-ductility combination, Reddy 
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http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2022.118515&domain=pdf
mailto:chenyan@lnm.imech.ac.cn
mailto:lhdai@lnm.imech.ac.cn
https://doi.org/10.1016/j.actamat.2022.118515


J.-X. Chen, T. Li, Y. Chen et al. Acta Materialia 243 (2023) 118515 

e

e

i

t

d

E

m

d

r

t

F

(

f

t

t

b

d

f

t

a

p

p

i

e

w

t

b

t

s

e

a

t

2

2

p

a

i

5

c

T

m

l

h

t  

h

a

T

w

w

s

d

a

2

U

r  

t

w

t

i

f

w

2

n

a

u

s

i

T

a

t

r

fi

3

3

s

s

d

m

c

t

F

G

l

a

p

t

e

f

r

i

r

o

p

r

g

i

s

q

i

i

s

e

p

t

t

s

f

e

i

w

i

n

m

t al [38] developed a unique dual structure-compositional het- 

rogeneities EHEA and thereby achieved almost the best strength 

n EHEAs, Ren et al [41] recently used laser powder bed fusion 

o print nanolamellar EHEA and obtained a remarkable strength- 

uctility combination. Therefore, the appearance of AlCoCrFeNi 2.1 

HEA provides us with huge possibilities for fabricating advanced 

etallic wires with ultra-high strength and sufficient ductility un- 

er extreme circumstances. 

It is noteworthy that, heterogeneous materials, such as mate- 

ials with gradient structure [19] or heterogeneous lamella struc- 

ure [ 37 , 38 , 42 ], usually possess superior mechanical properties. 

ortunately, it is reported that the conditions of drawn process 

die angle and amount of reduction per pass) can effectively af- 

ect strain distribution along the radial direction of wire [43] , and 

he mechanical properties of the drawn wire are correlated with 

he heterogeneous microstructures, such as grain refinement effect 

rought about by deformation twinning [44] . Accordingly, in or- 

er to achieve unprecedented mechanical properties in EHEA wire 

or extreme engineering applications, introducing a gradient struc- 

ure combined with the internal lamellar structures of EHEAs by 

ppropriately adjusting the drawn and subsequent heat treatment 

rocesses becomes an attractive strategy. 

In this work, multiple-stage heavy-drawn and heat treatment 

rocesses are elaborately designed to fabricate EHEA wire. Follow- 

ng this strategy, an AlCoCrFeNi 2.1 EHEA wire with a gradient het- 

rogeneous lamella structure is successfully fabricated. This EHEA 

ire with a diameter of 500 μm exhibits not only extraordinary 

ension properties at room temperature (293 K) but also much 

etter tension properties at cryogenic temperature (77 K). Then, 

he internal relationships between thermomechanical processing, 

tructural features, deformation mechanisms and mechanical prop- 

rties are systematically studied by a series of microstructure char- 

cterizations, e.g., electron backscattered diffraction (EBSD) and 

ransmission electron microscope (TEM). 

. Method 

.1. Materials 

Ingots of AlCoCrFeNi 2.1 EHEA were prepared from commercially 

ure metals of 99.9 wt.% purity. The raw materials were alloyed in 

 BN crucible in the vacuum induction melting furnace. The pour- 

ng temperature was set to be 1773 K. Master alloys ingots about 

.0 kg were melted, superheated and poured into a cylindrical MgO 

rucible with the length of 300 mm and inner diameter of 30 mm. 

he casting was turned on a lathe to reduce its diameter from 30 

m to 26 mm, cut into a 280-mm-long piece. 

The casting rod was hot-rolled to 8.5 mm in steps along the 

ongitudinal direction. Before the first rolling pass, the rod was pre- 

eated at 1213 K for 1 h; between all subsequent passes, reheating 

o 1213 K was done for about 30 min. The 8.5 mm rod was then

ot-drawn to 4 mm at 1073 K. The drawing speed was 4 m/min, 

nd the initial holding time of the heat-treatment was 10 min. 

o remove the oxide coating from the surface, the 4.0 mm wire 

as then simply polished to 3.5 mm. After that, the 3.5 mm wire 

as cold-drawn to 500 μm at room temperature, and the drawing 

peed was also 4 m/min. Besides, after every five passes, the cold- 

rawn wire was annealed at 1323 K for about 10 min. Finally, the 

s-drawn wire was annealed at 813 K for about 20 h. 

.2. Tension test 

Specimens with a gauge length of 50 mm were tested using a 

TM 4204 electromechanical universal testing machine at a strain 

ate of 1 × 10 −3 s −1 . Both ends of the specimens were fixed be-

ween two pieces of aluminum alloy plates. Uniaxial tension tests 
2 
ere performed at room and liquid-nitrogen temperatures, respec- 

ively. In the cryogenic tests, the samples and clamps were fully 

mmersed in liquid nitrogen all the time, and held for 30 min be- 

ore the tests began. For each temperature, at least three samples 

ere tested. 

.3. Microstructure characterization 

Morphologies of the EHEA wires were characterized by scan- 

ing electron microscope (SEM, JSM-7900F). The phase thickness, 

verage grain size and aspect ratio were all measured by EBSD 

sing a field emission SEM equipped with EDAX-TSL OIM EBSD 

ystem, the step size was 100 nm. The focused ion beam (FIB) 

nstrument (Scios2) was applied to fabricate TEM samples, the 

EM foils were all cut from the center of wires. TEM images 

nd corresponding selected area electron diffraction (SAED) pat- 

erns, high-resolution TEM (HRTEM) images, energy-dispersive x- 

ay spectroscopy (EDS) mapping and the high-angle annular dark 

eld (HAADF) images were all conducted on JEM-210 0F at 20 0 kV. 

. Result 

.1. Microstructure evolution during thermomechanical processes 

In order to introduce the ideal gradient heterogeneous lamella 

tructure into EHEA wire, we carried out well-designed multiple- 

tage processes, mainly including hot-rolling, hot-drawing, cold- 

rawing and subsequent annealing, as described in the section of 

ethod. Here, we demonstrate our design thought for the mi- 

rostructure evolution hidden in the procedure by taking advan- 

age of the schematic diagram, as shown in Fig. 1 a, where the 

CC and B2 phases are represented in cyan and pink, respectively. 

enerally, the as-cast AlCoCrFeNi 2.1 EHEA exhibits a typical lamel- 

ar eutectic morphology composed of mutual alignment of the FCC 

nd B2 phases, but the FCC and B2 lamellae within a single colony 

ossess their own similar orientation, while completely differ with 

hose in the neighboring colonies [45] . In order to adjust the ori- 

ntation of FCC and B2 lamellae into similar direction for better 

ormability and maintain the integrity of lamella structure, hot- 

olling and hot-drawing are selected. By using these two processes 

n turn, the microstructure of EHEA can be well rearranged and 

efined. Then, in order to introduce a gradient structure based 

n its lamella structure and strengthen EHEA wire, cold-drawing 

rocess should be designed elaborately. Since the B2 lamellae are 

elatively brittle at room temperature, by increasing the die an- 

le and amount of reduction appropriately, the lamella structure 

n the surface region will be severely broken, while the lamella 

tructure in the central region will be almost unaffected. Conse- 

uently, the gradient heterogeneous lamella structure is introduced 

nto EHEA wire by multiple-stage heavy-drawn processes. Finally, 

n order to endow the EHEA wire with sufficient ductility and pre- 

erve the gradient heterogeneous lamella structure, partial recov- 

ry should be promoted while recrystallization should be com- 

letely prevented, thereby careful control of annealing is much vi- 

al. 

To verify the effectiveness of our design, we selected three dis- 

inct positions, i.e., surface, middle (about 120 μm away from the 

urface) and center of as-drawn wire and annealed wire, and per- 

ormed EBSD analysis. As expected, there is no detectable differ- 

nce in the phase maps and IPF maps before and after anneal- 

ng, implying that the recrystallization was completely prevented, 

here the phase maps and IPF maps of annealed wire are shown 

n Fig. 1 b–g. The overall morphologies of as-drawn wire and an- 

ealed wire still maintain the lamellar structure and mutual align- 

ent of two phases, where the FCC and B2 phases are represented 
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Fig. 1. (a) Schematic diagram shows the design thought of the gradient heterogeneous lamella structure, where the FCC and B2 phases are shown in cyan and pink, 

respectively. EBSD (b–d) phase maps and (e–g) IPF maps of annealed EHEA wire from the central region to surface region show the gradient heterogeneous lamella structure, 

where the FCC and B2 phases are shown in red and green, respectively. (h) The distributions of average aspect ratio and average width of B2 phase in EHEA wire from the 

central region to surface region. (i) The distributions of phase thicknesses in EHEA wire, plotted in terms of the area fraction. (j) The distributions of average widths and 

average diameters of FCC and B2 grains in EHEA wire, plotted in terms of the area fraction. The FCC and B2 phases are shown in red and green, respectively. 
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n red and green, respectively. Most importantly, a gradient het- 

rogeneous lamella structure is clearly observed from the central 

egion to the surface region, where the hard gradient-distributed 

2 lamellae that embedded in soft FCC lamellae matrix are more 

ontinuous in the central region but more discontinuous in the 

urface region. More specifically, as shown in Fig. 1 h, the average 

spect ratio of B2 phase decreases significantly from the central 

egion ( ∼3.2) to the surface region ( ∼2.2), but the average width 

f B2 phase can be regarded as almost unchanged from the cen- 

ral region ( ∼0.72 μm) to the surface region ( ∼0.67 μm), further 

mplying the gradient-distribution of the B2 lamellae. Besides, the 

rain shapes of two phases, especially the B2 grains, also show 

imilar trends, that the closer to the center, the longer the grains 

re. Then, the IPF maps ( Fig. 1e–g ) imply that the preferred ori-

ntations of the FCC and B2 phases in EHEA wire along the ax- 
3 
al direction (marked by black arrow in Fig. 1 b) are < 111 > FCC and

 101 > B2 , respectively. By statistics, the volume fractions of FCC 

nd B2 phases are ∼61% and ∼39%, the average phase thicknesses 

f FCC and B2 phases are ∼1.33 and ∼0.70 μm ( Fig. 1 i), the av-

rage widths of FCC and B2 grains are ∼0.42 and ∼0.39 μm, the 

verage diameters of FCC and B2 grains are ∼0.74 and ∼0.98 μm 

 Fig. 1 j), and the aspect ratios of FCC and B2 grains are ∼2.80 and

4.64, respectively. 

Fig. 2 a further shows the IPFs of FCC and B2 phases in EHEA 

ire in radial (R), hoop ( θ ) and axial directions (Z). In both ra- 

ial and hoop directions, the preferred orientations of FCC and 

2 phases are < 101 > FCC and < 111 > B2 , respectively, while in the

xial direction, the preferred orientations of FCC and B2 phases 

hange to < 111 > FCC and < 101 > B2 , respectively, which confirms 

 Kurdjumov–Sachs (K-S) type orientation relationship between 
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Fig. 2. (a) IPFs of FCC and B2 phases in EHEA wire in radial (R), hoop ( θ ) and axial (Z) directions. (b, c) Relevant ODF sections obtained from the EBSD analysis of FCC and 

B2 phases in EHEA wire. The symbols indicate the positions of typical texture components in FCC-based and BCC-based crystal. 
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Cr and Fe. 
CC and B2 phases, i.e., { 111 } F CC ‖ { 011 } B 2 and 〈 ̄1 01 〉 F CC ‖ 〈 ̄1 ̄1 1 〉 B 2 . 
hen, as shown in Fig. 2 b and 2 c, the developments of textures in

HEA wire are obtained by the orientation distribution functions 

ODFs), where the main deformation texture components listed be- 

ow are indicated by different symbols and overlaid on ODF sec- 

ions. Fig. 2 b shows the ϕ 2 = 0 ◦ and 45 ◦ sections of the ODFs of

CC phase. It can be clearly observed that the FCC phase in EHEA 

ire shows the strongest intensity at the G/B(T) location, followed 

y Copper (Cu) and G. Fig. 2 c shows the ϕ 2 = 0 ◦ section of the

DFs of B2 phase, where the B2 phase in EHEA wire develops a 

redominant {111} < 110 > component, followed by {112} < 110 > and 

114} < 110 > components. By comparison with cold-rolled EHEAs 

45] , current EHEA wire develops a special combination of textures 

f two phases in EHEAs. 

To further reveal the effects of multiple-stage heavy-drawn pro- 

ess and subsequent heat treatment on the microstructure evolu- 

ion of EHEA wire, TEM analyses were conducted. From here on, 

nless otherwise noted, the “EHEA wire” appearing later in this 

rticle refers to the “annealed EHEA wire”. Fig. 3 shows bright- 

ght TEM (BF-TEM) images and corresponding SAED patterns of 

s-drawn EHEA wire. As can be seen in Fig. 3 a, the as-drawn EHEA 

ire is composed of ultrafine lamellar structure, among which high 

ensity of dislocations and dislocation cells (DCs) are extensively 

istributed. Additionally, some deformation twins (DTs) can be oc- 

asionally seen. Two SAED patterns imply that the as-drawn EHEA 

ire only contains disordered FCC phase and ordered B2 phase, 

o L1 2 phase or nano-precipitates are detected. Moreover, enlarged 

F-TEM image of B2 phase ( Fig. 3 b) reveals high density of disloca-

ions piling up at grain and phase boundaries. By contrast, enlarged 
4 
F-TEM image of FCC phase ( Fig. 3 c) shows the activation of some 

ano-DTs besides the accumulation of dislocations. 

Then, Fig. 4 shows the microstructures of annealed EHEA wire. 

ompared with as-drawn EHEA wire ( Fig. 3 a), although there is an 

bvious decrease tendency on the dislocation density of annealed 

HEA wire ( Fig. 4 a), the dislocation density is still very high. Two 

AED patterns imply that the EHEA wire still consists of only FCC 

nd B2 phases without any L1 2 phase or nano-precipitates. All the 

henomena mentioned above together indicate that the EHEA wire 

uccessfully processes a partial recovery. Moreover, the HRTEM im- 

ge uncovers semi-coherent phase boundaries between FCC and B2 

hases ( Fig. 4 b), indicating that the combination of two phases in 

HEA wire is at the atomic level and strong enough to bear high 

tress [46] . The fast Fourier transformation (FFT) further confirms 

he K-S type orientation relationship between FCC and B2 phases. 

he semi-coherent phase boundaries and K-S type orientation re- 

ationship in EHEA wire are consistent with previous research on 

ulk AlCoCrFeNi 2.1 EHEAs [ 46 , 47 ]. By comparison with as-drawn 

ire, the difference between the microstructures of as-drawn wire 

nd annealed wire is confirmed to be only dislocation density. 

Then, Fig. 5 shows enlarged bright-field imaging STEM image 

t local position in Fig. 4a and corresponding EDS elemental map- 

ing images for Al, Co, Cr, Fe and Ni. Obviously, the EDS map- 

ing images reveal that the FCC phase in EHEA wire is enriched 

n Co, Cr and Fe, while the B2 phase is enriched in Al and Ni.

able 1 gives a more accurately summary of the average chemical 

ompositions by EDS in TEM. It can be clearly seen that the FCC 

hase is only depleted in Al, while the B2 phase is depleted in Co, 
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Fig. 3. (a) BF-TEM image of as-drawn EHEA wire, two corresponding SAED patterns are taken along [011] and [001] zone axis, respectively. Enlarged BF-TEM images of (b) 

B2 phase and (c) FCC phase. The dislocation cells are marked by cyan arrows, the deformation twins are marked by blue arrows. 

Table 1 

Chemical composition (in at.%) of the EHEA wires analyzed by EDS in TEM. 

Phase Elements 

Al Co Cr Fe Ni 

Nominal 16.39 16.39 16.39 16.39 34.43 

FCC 4.88 ±0.09 21.52 ±0.37 24.55 ±0.43 22.40 ±0.40 26.65 ±0.49 

B2 29.23 ±0.47 9.19 ±0.19 9.93 ±0.17 8.17 ±0.16 43.48 ±0.83 
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.2. Tension properties 

Fig. 6 a shows the tensile engineering stress-strain curves of as- 

rawn EHEA wire tested at 293 K and annealed EHEA wires tested 

t 293 K and 77 K. Obviously, after multiple-stage heavy-drawn 

rocesses, the as-drawn EHEA wire shows higher yield strength 

YS) of ∼1.75 GPa and ultimate tensile strength (UTS) of ∼1.94 

Pa, but its total tensile elongation is much limited ( ∼2.3%). How- 

ver, after annealing at a moderate temperature, the EHEA wire 

uccessfully exhibits excellent strength-ductility balance at 293 K, 

hose YS, UTS and uniform elongation are about 1.57 GPa, 1.85 

Pa and 12.1%. Intriguingly, it is found that the EHEA wire could 

ven achieve ultra-high strength by decreasing temperature from 

93 K to 77 K, whose YS and UTS are increased to 2.25 and 2.52

Pa, respectively, meanwhile the uniform elongation could also 

e slightly improved to 14.3%. Then, the tensile true stress-strain 

urves and hardening rate curves of EHEA wires are calculated, as 

hown in Fig. 6 b. Evidently, the work-hardening capability of EHEA 

ires is much more pronounced and stable at 77 K, but exhibits 
w

5 
 relatively continuous decrease tendency at 293 K. To the best of 

ur knowledge, the strength-ductility combination achieved at 293 

 is ahead of most previously reported EHEAs [ 33–41 , 46 , 48–54 ], as

hown in Fig. 6 c. Furthermore, the strength-ductility combination 

chieved at 77 K are extremely difficult to achieve for traditional 

etallic wires [55–58] and even major bulk metals [ 34 , 57–83 ], as

hown in Fig. 6 d, which successfully exhibits a giant potential for 

tructural applications under various harsh circumstances. 

.3. Deformation mechanisms 

In order to uncover the underlying mechanisms at 293 K and 77 

, the microstructures of EHEA wires that conducted uniaxial ten- 

ion tests were further characterized in detail. Fig. 7 a shows the 

F-TEM images of fractured EHEA wire tested at 293 K. Massive 

islocations tangle and form abundant dislocation cells in both FCC 

nd B2 phases, deviding grains into smaller sub-grains. Enlarged 

F-TEM image of B2 phase demonstrates the motion of dislocations 

ithout any other special features ( Fig. 7 b). By contrast, as shown 
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Fig. 4. (a) BF-TEM image of annealed EHEA wire, two corresponding SAED patterns are taken along [011] and [001] zone axis, respectively. (b) HRTEM image shows the 

semi-coherent phase boundaries between FCC and B2 phases. 
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n Fig. 7 c and 7 d, enlarged BF-TEM images of FCC phase demon-

trate plenty of fine and short stacking faults (SFs) extending in 

he same direction, some of which have already evolved into nano- 

T lamellar. Therefore, it can be determined that the B2 phase in 

HEA wire exhibits dislocation-induced plasticity, while the FCC 

hase exhibits both dislocation-induced plasticity and SF-induced 

lasticity at 293 K. 

Then, two samples conducted different levels of accumulated 

train at 77 K were investigated to obtain a better comprehension 

n the unprecedented cryogenic tension properties of EHEA wire. 

s shown in Fig. 8a, at an engineering strain of 5%, several wavy 

lip patterns in B2 phase are clearly observed, indicating that the 

ross-slip is already activated at this stage. Then, at an engineer- 

ng strain of 14.3% (i.e., fracture strain), not only abundant defor- 

ation twins and dislocation cells are still widely distributed in 

CC phase, but also extensive slip traces of the {112} slip planes 

re visible in many B2 grains ( Fig. 8 b, c). Therefore, at 77 K, the

112} < 111 > becomes one of the main slip systems in B2 struc- 

ure, which has been observed in NiAl-type B2 structure and sev- 

ral BCC structure by many reported studies [ 84 , 85 ]. According to

ouble-beam BF-TEM image ( Fig. 8 d), it can be clearly observed 

hat the activation of cross-slip results in strong interaction of slip 

races in B2 phase, as reported in recent work about FeCoNiCrMn 

86] . It is noted that previous research revealed the cross-slip be- 

ng occasionally activated in the FCC phase [ 18 , 46 , 47 ], but never in

he B2 phase of EHEAs. Here, it is the first time to demonstrate 
d

6 
he activation of cross-slip in the B2 phase of EHEAs, which re- 

ults in strong grain refinement during deformation. By contrast, 

RTEM image and corresponding FFT detect quantities of stacking 

aults extending along multiple {111} planes in FCC grains ( Fig. 8 e, 

), some of which have also evolved into nano-DTs. The stacking 

aults and nano-DTs have strong interactions with each other and 

radually form unusual 3D SF-DT structure networks, also induc- 

ng efficiently dynamic microstructure refinement and becoming 

he main deformation mechanism in FCC phase, as reported in gra- 

ient cell-structured HEAs [19] . 

.4. Fracture morphologies 

As shown in Fig. 9 a, the fracture surface of as-drawn EHEA 

ire consists of a less rugged central region and a more rugged 

ateral region at 293 K. At high magnification ( Fig. 9 b), numer- 

us small dimples could be observed at central region, indicat- 

ng its ductile fracture. Then, the fractured EHEA wire tested at 

93 K shows a relatively flat fracture surface at low magnifi- 

ation ( Fig. 9 c) but still a clearly ductile fracture surface con- 

isting of massive dimples at high magnification ( Fig. 9 d). When 

he temperature drops from 293 K to 77 K, the fractured EHEA 

ire exhibits a clearly cup-and-cone fracture surface ( Fig. 9 e). Be- 

ides, at high magnification ( Fig. 9 f), it is clearly observed that the 

epth of the dimple increases, which further implies the better 

uctility at 77 K. 
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Fig. 5. Elemental mapping results show that the FCC phase in EHEA wire is enriched in Co, Cr and Fe, while the B2 phase is enriched in Al and Ni. 
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. Discussion 

.1. Tension properties at 293 K 

By carefully selecting materials and elaborately carrying out 

ultiple thermomechanical processes, numerous structural fea- 

ures introduced, i.e., the gradient heterogeneous lamella structure, 

pecial combination of textures, semi-coherent phase boundaries 

nd the K-S type orientation relationship, endow EHEA wire with 

uantities of advantages for better mechanical properties. 

First, the inherited lamella structure greatly favors the syner- 

ies of strength and ductility, where the FCC matrix mainly under- 

oes severe plastic deformation while the long B2 lamellae play 

 vital role in strengthening materials by hindering the disloca- 

ion motion, which is a typical superiority of lamellar EHEAs [35–

1] . Then, the gradient distribution of B2 lamellae further bene- 

ts the combination of strength and ductility. In the surface re- 

ion, since the B2 phase is more discontinuous, the restriction to 

he FCC lamellae on both sides is greatly relaxed, so that the plas- 

ic deformation of FCC lamellae could be effectively coordinated 

hrough the gap between two discontinuous B2 lamellae upon ap- 

lication of strain. Accordingly, it is speculated that the surface re- 

ion acts as “soft” domain mainly coordinating non-uniform plastic 

eformation while the central region acts as “hard” domain mainly 

trengthening materials. 

In addition, previous research on FCC alloys revealed that the 

CC single crystals loaded along the < 111 > direction presented 

he highest strength while those tested along < 110 > showed 

he lowest strength [87] . Therefore, it is speculated that the FCC 

hase in current EHEA wire could exhibit its strength as much 
7

s possible due to its predominant textures along the “hardest”

 111 > direction, which is consistent with typical cold-drawn 

CC-based wires, such as Cu-Ag composite [88] . On the one hand, 

he change of preferred textures in FCC phase is thought to be 

eneficial to the whole strength of EHEA wire. On the other hand, 

he relevant decrease of hardness difference between two phases 

lso reduces the probability of early cracking in local domains and 

hus facilitates the whole ductility of EHEA wire. 

Besides, given that current EHEA wire has semi-coherent phase 

oundaries, which are strong enough to accommodate high stress 

ue to their chemically disordered features [47] and thus could be 

egarded as barriers and sinks for dislocations, the K-S type ori- 

ntation relationship could further offer strong interfacial bonding 

nd numerous possibilities for slip transfer between two phases, 

nd thus have great contributions to both strength and ductility 

40] . Moreover, current EHEA wire is composed of two types of 

olumnar grains with ultrafine widths, which could induce inten- 

ive grain boundary hardening and thus result in high strength, 

nown as Hall-Petch relation [89] . Finally, it is reported that no ob- 

ious dislocations were observed in the B2 phase of as-cast EHEA 

75] . However, according to systematical characterizations above, 

assive dislocations detected in B2 grains imply that the B2 phase 

n current EHEA wire can plastically deform and sustain hardening 

n tension, which could significantly reduce the possibility of early 

ailure, even with ultra-high strength. 

Kernel Average misorientation (KAM) is an OIM analysis tool 

hat characterizes the local misorientation [90] , which can clearly 

isualize the intragranular rotations during deformation. In order 

o further investigate the effect of structural features on de- 

ormation behavior, half the cross-sectional areas of EHEA wire 
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Fig. 6. (a) Tensile engineering stress-strain curves of as-drawn EHEA wire, annealed EHEA wires and as-cast EHEA. (b) True stress-strain curves and hardening rate-true 

strain curves of EHEA wires at 293 K and 77 K. (c) Maps of ultimate tensile strength vs. uniform elongation of current EHEA wire and bulk EHEAs [ 33–41 , 46 , 48–54 ] at 293 

K. (d) Maps of ultimate tensile strength vs. uniform elongation of current EHEA wire, metallic wires [55–58] and bulk metals [ 34 , 57–83 ] at 77 K. 
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efore and after tension were characterized by EBSD KAM maps. 

s shown in Fig. 10 b, before tension, the overall distribution of 

ocal misorientation angles is relatively homogeneous, indicating 

 relatively uniform deformation state of EHEA wire. Combined 

ith previous phase maps ( Fig. 1 b–d), current KAM map ( Fig. 10 b)

uggests that the uneven strain distribution and corresponding 

islocations introduced during multiple-stage heavy-drawing pro- 

ess are almost eliminated through effective recovery while the 

radient heterogeneous lamella structure is well preserved. 

After tension at 293 K, the distribution of local misorientation 

ngles changes dramatically. As shown in Fig. 10 c, a distinct gra- 

ient on the distribution of local misorientation angles is detected 

rom surface to center. The closer it is to the surface of EHEA wire,

he greater the average misorientation angles are, indicating the 

urface region experienced much more severe plastic deformation 

uring tension. Geometrically necessary dislocation (GND) repre- 

ents an extra storage of dislocations required to accommodate the 

attice curvature that arises whenever there is a non-uniform plas- 

ic deformation [ 91 , 92 ]. In order to quantify the heterogeneity of

lastic deformation, the GND densities of two phases before and 

fter tension at 293 K are calculated. The average GND density can 

e estimated from KAM by the equation [93] : ρGND = 

αθKAM 
Xb 

, where 

is a parameter that depends on the grain boundary type and is 

qual to 2 for tilt boundaries, θKAM 

is the average misorientation, 

 = np is the kernel size, n is the defined nearest neighbor and

s equal to 1 here, p is the scan step and is equal to 0.1 μm, b is

he Burgers vector (0.254 nm for the FCC matrix, 0.498 nm for B2 

amellae [39] ). 
8 
Consequently, the distributions of GND densities are shown in 

ig. 10 d. It is confirmed that the GND densities of both FCC and B2

hases in EHEA wire before loading are truly high but relatively 

niform, which are 1.8 × 10 15 and 0.8 × 10 15 m 

−2 , respectively. 

he high yield strength of current EHEA wire is enabled by the gra- 

ient heterogeneous lamella structure and further enhanced by the 

igh density of dislocations preserved after partial recovery. After 

ension at 293 K, it is noted that the GND densities of both FCC and

2 phases display gradient distributions, that the closer to the sur- 

ace, the higher the GND densities are. More specifically, the GND 

ensity of FCC phase decreases from 2.6 × 10 15 m 

−2 in the surface 

egion to 1.8 × 10 15 m 

−2 in the central region, the GND density of 

2 phase decreases from 2.0 × 10 15 m 

−2 in the surface region to 

.0 × 10 15 m 

−2 in the central region, the average GND densities of 

CC and B2 phases are approximately 2.3 × 10 15 and 1.7 × 10 15 

 

−2 , respectively. Since the B2 phase is still much harder than FCC 

hase, the GNDs required to accommodate non-uniform plastic de- 

ormation could easily accumulate near phase boundaries. Our re- 

ults also agree with this, because the local misorientation angles 

hat are greater than 5 ° (marked by red) are all found to distribute 

ear phase boundaries ( Fig. 10 c). 

To further comprehend the effect of gradient-distributed B2 

amellae on the deformation behavior of EHEA wire, a shear-lag 

odel commonly used in fiber-reinforced composite is quoted, in 

hich the B2 lamellae are regarded as reinforcing fibers. As shear- 

ag model suggested, the fiber-reinforced composites derive their 

trength and stiffness wholly or mainly from thin fibers capable 

f transmitting high loads along their length through the cylindri- 
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Fig. 7. (a) BF-TEM image of fractured EHEA wire tested at 293 K. Enlarged BF-TEM images of (b) B2 phase and (c, d) FCC phase. The stacking faults are marked by pink 

arrows. 

Fig. 8. The evolution of microstructures of EHEA wire with increasing tensile strain at 77 K. (a) BF-TEM image shows wavy slip pattern in B2 phase at an engineering strain 

of 5.0%. (b) BF-TEM image of fractured EHEA wire (at an engineering strain of 14.3%), and (c) corresponding SAED pattern of cross-slip in B2 phase, taken along [011] zone 

axis. (d) Double-beam BF-TEM image shows dense cross-slip in B2 phase, where the white arrow with the g vector marks the double-beam diffraction condition utilized. (e) 

HRTEM image and (f) FFT of 3D SF-DT structure networks in FCC phase at an engineering strain of 14.3%. The wavy slip is marked by orange arrows, the cross-slip is marked 

by yellow arrows, the stacking faults are marked by a series of pink arrows. 
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al surface of the fiber [94] . Due to the elastic modulus mismatch 

etween matrix and fiber, the crystal distortion and corresponding 

hear stress reach the peak at the fiber end. However, it is gener- 

lly accepted that the distribution of shear stress and crystal dis- 

ortion is fairly sensitive only within a certain zone near fiber end 

95] , called “fiber end affected zone” here. In the surface region 
9 
f current EHEA wire, given that the “B2 fibers” are more discon- 

inuous (or have a much smaller aspect ratio), a higher density 

f “fiber ends” results in a higher volume fraction of “fiber end 

ffected zone” with severe crystal distortion, which could induce 

igher GND density during tension. Therefore, the observed gra- 

ient distribution of GNDs is thought to be tightly attributed to 
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Fig. 9. SEM images of fracture surfaces of (a, b) as-drawn EHEA wire tested at 293 K, (c, d) annealed EHEA wire tested at 293 K and (e, f) annealed EHEA wire tested at 77 

K. 
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he gradient-distributed B2 lamellae. Besides, according to shear- 

ag model, the fiber axial stress is influenced significantly by the 

ber aspect ratio, that the fiber with larger fiber aspect ratio would 

ubject higher the fiber axial stress and thus has greater stress 

ransfer efficiency [95] . Thus, it is again speculated that the central 

egion of EHEA wire acts as “hard” domain while the surface re- 

ion acts as “soft” domain at the early stage of plastic deformation. 

Generally, too much GNDs could lead to higher stress concen- 

ration and early nucleation of cracks when lacking ability to co- 

rdinate non-uniform plastic deformation, and thus limit the over- 

ll ductility of EHEAs. In current EHEA wire, the high GND den- 

ity near phase boundaries in turn proves the effectiveness of nu- 

erous structure features. Furthermore, according to strain gradi- 

nt theory [96–98] , the strain gradient associated with the GNDs 

s able to cause efficient strengthening effect, which induces high 

ork-hardening capability and homogeneous plastic flow ability. 

herefore, during plastic deformation, not only the “hard” domain 

ould greatly strengthen the EHEA wire all the time, but also the 

soft” domain could gradually strengthen the EHEA wire through 

ronounced strain gradient strengthening effect when coordinating 

e

10 
on-uniform plastic deformation. Hence, numerous structural fea- 

ures, especially the gradient heterogeneous lamella structure, play 

he most significant roles in the extraordinary tension properties 

f EHEA wire at 293 K. 

.2. Tension properties at 77 K 

At 77 K, besides the numerous structural features still greatly 

ontributing to the cryogenic tension properties of EHEA wire, 

ultiple deformation mechanisms activated in two phases further 

nhance the strength-ductility synergy. 

Generally, the dislocation motion can be patterned with two 

revalent types of mesoscopic deformation modes, planar slip and 

avy slip [99] . It is known to all that continuous planar propa- 

ation of dislocations often prevails in FCC metals, whereas plas- 

icity in BCC metals is strongly influenced by frequent cross-slip 

wing to the similarly close-packed {110} and {112} slip planes, re- 

ulting in wavy slip patterns [20] . As indicated by TEM analyses 

 Fig. 8 ), the cross-slip events in current EHEA wire occurred at an 

arly stage of plastic deformation and developed quickly with the 
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Fig. 10. (a) Schematic representations of the specimens for the EBSD analyses. The KAM maps of EHEA wires (b) before tension and (c) after tension at 293 K. (d) The 

distributions of GND densities of two phases in EHEA wires before and after tension at 293 K. 
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ncrease of plastic deformation. It is reported that the operation of 

 111 > {112} and < 111 > {110} slip systems in B2 phase could occur

t a very high stress [85] , thereby the ultra-high operating stresses 

uring plastic deformation of EHEA wire at 77 K are thought to be 

esponsible for the activation of cross-slip. 

Additionally, as for AlCoCrFeNi 2.1 EHEAs, lacking sufficient slip 

ystems in B2 phase is one of the most tortured problems limiting 

heir ductility [46] . Fortunately, the extensive activation of cross- 

lip in the B2 phase of current EHEA wire could effectively allevi- 

te this problem and thus greatly contribute to the unprecedented 

ryogenic tension properties of EHEA wire. First, the earlier activa- 

ion of cross-slip could avoid local stress concentration peak during 

he early stage of plastic deformation so that inhibit the instability 

f plasticity. Then, the extensive cross-slip activities could facilitate 

he strong interactions among dislocations in the primary and sec- 

ndary slip systems, which may lead to activation of a new slip 

ystem [100] . Besides, the high frequency and density of cross-slip 

vents resulted in homogeneously distributed cross-slip networks 

nside the B2 grains of EHEA wire. The cross-slip networks divided 

2 grains into more ultrafine sub-grains, which could induce pro- 

ounced high strain hardening by strong dynamic Hall-Petch effect 

101] and thus facilitate the plastic flow stability. Finally, double 

ross-slip could further promote high multiplication rates of dislo- 

ations and formation of new Frank-Read sources, thereby facilitate 

ore uniform work-hardening capability [20] . 

As for FCC phase, it is noted that much more stacking faults are 

xtensively activated and developed at 77 K, which is thought to 

e relevant to the lowering of SFE on cooling [16] . The extensive 

ctivations of stacking faults along multiple {111} planes resulted 

n unusual 3D SF-DT structure networks ( Fig. 7 d), which becomes 

nother significant source of high work-hardening capability. First, 
11 
he 3D SF-DT structure networks can also divide FCC grains into 

ore sub-grains so that induce strong dynamic Hall-Petch effect 

102] . Then, due to the strong interaction between dislocations and 

tacking faults, the additional stress required could hinder the mo- 

ion of dislocations and thus give rises to the work-hardening ca- 

ability [103] . Finally, the interaction between two partials proba- 

ly leads to the formation of Lomer-Cottrell (L-C) locks, which have 

ot only a good ability to accumulate different types of dislocations 

ut also a good stability to resist dissociation [104] , when the dis- 

ance between locks is small, high strengthening could be induced. 

herefore, the extensive activations of cross-slip in B2 phase and 

D SF-DT structure networks in FCC phase are two of the most 

ignificant sources that allow the EHEA wire to maintain sufficient 

niform elongation even with ultra-high strength, for which the 

nique structural features also provide sufficient preconditions and 

ossibilities. 

. Conclusion 

In present study, multiple-stage heavy-drawing and heat treat- 

ent processes are carefully designed and harnessed to fabricate 

HEA wire. For the first time, a gradient heterogeneous lamellar 

HEA wire with ultra-high strength is successfully fabricated. The 

elationships between structural features, tension properties and 

eformation mechanisms are detailed investigated and discussed. 

he following conclusions can be drawn. 

1 The gradient heterogeneous lamella structure is characterized 

with hard gradient-distributed B2 lamellae embedded in soft 

FCC lamellae matrix, the closer to the surface, the more discon- 

tinuous the B2 lamellae are. Then, both FCC and B2 lamellae 

are composed of columnar grains with ultrafine widths, which 



J.-X. Chen, T. Li, Y. Chen et al. Acta Materialia 243 (2023) 118515 

t

f

d

d

D

a

A

1

v

s

M

(

g

C

t

a

e

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

could induce intensive grain boundary hardening. Besides, nu- 

merous structural features, e.g., the K-S type orientation rela- 

tionship, semi-coherent phase boundaries and special combina- 

tion of textures, could offer strong interfacial bonding and thus 

contribute to the mechanical properties. 

2 With numerous structural features, the EHEA wire exhibits ex- 

traordinary tension properties at 293 K, with YS of ∼1.57 GPa, 

UTS of ∼1.85 GPa and uniform elongation of ∼12.1%. Most im- 

portantly, the EHEA wire could even achieve unprecedented 

tension properties at 77 K, with YS of ∼2.25 GPa, UTS of ∼2.52 

GPa and uniform elongation of ∼14.3%. 

3 During plastic deformation, the gradient heterogeneous lamella 

structure causes evident gradient-distributed GND densities in 

both FCC and B2 phases, i.e., the GND densities decrease grad- 

ually from the “soft” surface region to the “hard” central region 

of EHEA wire, which could induce pronounced strain gradient 

strengthening effect and thus postpone the necking instability 

during tension. 

4 At 293 K, the B2 phase in EHEA wire exhibits dislocation- 

induced plasticity, while the FCC phase exhibits both 

dislocation-induced plasticity and SF-induced plasticity. At 

77 K, dense cross-slip is firstly observed in the B2 phase of 

EHEAs along {112} slip planes, while the stacking faults are 

extensively activated in the FCC phase along multiple {111} 

planes and form unusual 3D SF-DT structure networks. The 

multiple mechanisms in B2 and FCC phases are the most vital 

factors for the unprecedented cryogenic properties of EHEA 

wire. 

Our investigations not only shed light on the structural fea- 

ures and deformation mechanisms underlying the excellent per- 

ormance of EHEA wire, but also open up an innovative route for 

eveloping new advanced metallic wires that can safely serve un- 

er various extreme circumstances. 
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