
Journal of Materials Science & Technology 110 (2022) 109–116 

Contents lists available at ScienceDirect 

Journal of Materials Science & Technology 

journal homepage: www.elsevier.com/locate/jmst 

Research Article 

Ultrastrong and ductile BCC high-entropy alloys with low-density via 

dislocation regulation and nanoprecipitates 

Xuehui Yan 

a , Peter K. Liaw 

b , Yong Zhang 

a , ∗

a Beijing Advanced Innovation Center of Materials Genome Engineering, State Key Laboratory for Advanced Metals and Materials, University of Science and 

Technology Beijing, Beijing 10 0 083, China 
b Department of Materials Science and Engineering, The University of Tennessee, Knoxville, TN 37996, United States of America 

a r t i c l e i n f o 

Article history: 

Received 8 June 2021 

Revised 14 July 2021 

Accepted 1 August 2021 

Available online 9 November 2021 

Keywords: 

High-entropy alloys 

Mechanical properties 

Dislocation 

Nanoprecipitates 

Strain hardening 

a b s t r a c t 

The high strength is a typical advantage of body-centered-cubic high-entropy alloys (BCC –HEAs). How- 

ever, brittleness and weak strain-hardening ability are still their Achilles’ heel. Here, extraordinary 

strength together with good tensile ductility are achieved in (Zr 0.5 Ti 0.35 Nb 0.15 ) 100- x Al x alloys (at.%, x = 10 

and 20) at room temperature. Relatively low densities of less than 6 g/cm 

3 are exhibited in these alloys. 

Designing nanoprecipitates and diversifying dislocation motions are the keys to achieving such salient 

breakthrough. It is worth noting that the tensile strength of 1.8 GPa in (Zr 0.5 Ti 0.35 Nb 0.15 ) 80 Al 20 alloy is 

a record-high value known in reported BCC –HEAs, as well as a tensile strain over 8%. Furthermore, the 

maximum strain of ∼25% in (Zr 0.5 Ti 0.35 Nb 0.15 ) 90 Al 10 alloy can challenge existing limit value, and is ac- 

companied with a tensile strength of 1.2 GPa. The current work does not only provide novel ultra-strong 

and tough structural materials with low density, but also sheds new light on designing BCC –HEAs with 

attractive performances and strain-hardening ability. 

© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Next-generation high-performance structural materials are re- 

uired to possess ultrahigh strength, excellent ductility, as well as 

ow-density design [1] . High-entropy alloys (HEAs), a kind of typ- 

cal complex materials, have generated considerable excitement in 

he advanced structural materials due to its attractive comprehen- 

ive mechanical properties [ 2 , 3 ]. The HEAs generally derive their 

roperties not from a dominant component, but rather from mul- 

iple based elements, which provides possibility to explore desir- 

ble performances in a wide composition space. In most of stud- 

ed HEAs, the alloys with face-centered-cubic (FCC) structures or 

FCC-based” structure show excellent ductility, but generally ac- 

ompanied with low yield strengths [4–6] . In comparison, the al- 

oys dominated by body-centered-cubic (BCC) structures possess 

elatively-high intrinsic yield strengths [ 7 , 8 ]. Recently, many effort s 

ave been made to develop novel ultra-strong structural materials 

ased on the BCC 

–HEAs. 

However, the tensile ductility of BCC 

–HEAs seems relatively 

onventional. Brittleness and short-term strain-hardening ability 

re their Achilles’ heel [9–12] . Some BCC 

–HEAs with ultra-high 
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trengths fail to be stretched, while others can undergo plastic de- 

ormation and generally have weak strain-hardening abilities, mak- 

ng materials unstable after yielding. Overall, the lattice mismatch 

f BCC 

–HEAs is larger than that of other HEAs [3] . In this case,

CC 

–HEAs have a significant local stress fluctuation effect, which 

s not conductive to the dislocation slip and leads to intrinsic brit- 

leness. Many effort s have been devoted to obtaining tensile duc- 

ility in BCC alloys, including reducing the sample size, inducing 

hase metastability and decreasing valence electron number [13–

5] . At present, limited alloy systems possess tensile ductility, such 

s TiZrHfNb, TiZrHfNbTa, and NbMoTaW, etc. [ 11 , 13-15 ]. Develop- 

ng ultra-strong BCC 

–HEAs with good ductility and effective strain- 

ardening is a key to making them potential structural materials 

n technological applications. 

To date, the strengthening mechanisms of HEAs can be con- 

luded into three aspects: (i) Intrinsic strengthening via concen- 

rated solid solution structures [16–18] ; (ii) Tailoring the stability 

f the constituent phases by designing transformation / twinning- 

nduced ductility, and regulating the chemical short-order and 

anoprecipitates [19–22] ; (iii) Industrial thermo-mechanical treat- 

ents via severe deformation and subsequently heat treatments 

 23 , 24 ]. In fact, many effort s on strengthening mechanisms are fo-

used on the FCC 

–HEAs [ 25 , 26 ]. It is still weak to regulate the
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lastic deformation behavior of BCC 

–HEAs via above mechanisms, 

specially breaking through tensile brittleness at room tempera- 

ure. 

Another intriguing issue here is that how to achieve effec- 

ive strain hardening to further ensure the stable tensile deforma- 

ion in BCC 

–HEAs? Remarkably, plastic deformation of BCC 

–HEAs 

lso shows some unique characterizations [27–31] . Researches have 

roved that composition inhomogeneities in HEAs play a positive 

ole on kink nucleation of screw dislocations [32–34] , which means 

hat the kink nucleation in BCC 

–HEAs is easier than traditional BCC 

lloys. In this case, the kink nucleation promoted by local compo- 

ition fluctuations significantly increases the density of screw dis- 

ocations, which causes extra dislocation pinning effect and forms 

igh-density cross-kinks in BCC 

–HEAs. Although the strength is 

mproved, high-density cross-kinks are not benefit for uniform and 

table plastic deformation, and thereby accelerating the appearance 

f stress concentration [35] . Hence, it is inferred that regulating 

islocation mobility is the key to solving the brittleness and weak 

train-hardening. 

On this basis, this work has made effort s from two aspects: 

i) inducing precipitation via composition control, and (ii) diver- 

ifying the dislocation modes by through thermomechanical pro- 

essing. Here, we successfully develop BCC 

–HEAs in the compo- 

ition of (Zr 0.5 Ti 0.35 Nb 0.15 ) 100- x Al x (at.%, x = 10 and 20), which

ossess ultrahigh strengths and good tensile ductility. The design 

hilosophy is to enhance comprehensive properties and strain- 

ardening abilities of brittle BCC 

–HEAs by designing nanoprecip- 

tates and simultaneously diversifying dislocation motions. The 

Zr 0.5 Ti 0.35 Nb 0.15 ) 90 Al 10 alloy is treated as a model composition to 

larify the deformation mechanism and strain-hardening capability. 

. Material and methods 

.1. Processing 

Alloy with nominal composition of (Zr 0.5 Ti 0.35 Nb 0.15 ) 100- x Al x 
at.%, x = 10 and 20), were prepared by arc-melting a mixture of 

he constituent elements with purity higher than 99.9% under a 

i-gettered argon atmosphere. For simplicity, the two BCC 

–HEAs, 

amely (Zr 0.5 Ti 0.35 Nb 0.15 ) 100- x Al x (in at.%, x = 10 and 20) are re-

erred to as Al10 and Al20, respectively. The alloy ingots were re- 

elted at least five times to improve the compositional homo- 

eneity, and eventually drop-cast into a copper mold with size of 

0 mm (width) × 10 mm (thickness) × 80 mm (length). Two sam- 

les were produced through thermomechanical process based on 

s-cast (Zr 0.5 Ti 0.35 Nb 0.15 ) 90 Al 10 alloy. One was fabricated by cold- 

olling as-cast ingot to a reduction of 50%, and then carried out 

 recovery annealing treatment for 30 min at 700 °C (referred to 

s “recovery Al10 alloy”). The other was fabricated by cold-rolling 

s-cast ingot to a reduction of 80%, and then subjected to a re- 

rystallization treatment for 30 min at 750 °C (referred to as the 

recrystallization Al10 alloy”). Both were followed by air-cooled. 

.2. Mechanical testing 

Sheet tensile samples with a gage length of 46 mm and cross- 

ection of 5 mm × 1.2 mm were cut and mechanically polished to 

0 0 0 grit size. Cylindrical compression samples with a dimeter of 

 mm and height of 4 mm were cut and mechanically polished to 

0 0 0 grit size. Room-temperature tension and compression tests 

ere evaluated using a CMT4105 universal electronic tensile test- 

ng machine with an initial strain rate of 1.0 × 10 −3 s − 1 . For each

lloy, at least three samples were conducted by tensile and com- 

ressive tests. 
110 
.3. Microstructural characterization 

Crystal structure of the alloy was conducted using X-ray diffrac- 

ion (XRD, BRUKERD8 Discover) with Cu K α radiation. The θ−2 θ
canning was conducted in the range of 20 °−100 ° with a scan- 

ing speed of 4 °/min. Morphologies were characterized by a 

eiss Supra55 filed emission scanning electron microscopy (SEM) 

quipped with electron back-scattering diffraction (EBSD) spec- 

rometer. Microstructure of deformed specimens was characterized 

y a transmission electron microscope (TEM, Tecnai F30) oper- 

ted at 300 kV. The chemical concentration of alloys was investi- 

ated using the local electrode atom probe tomography (APT, LEAP 

0 0 0 × SI), and the sharp APT tip was prepared by the conven- 

ional Focused Ion Beam (FIB, FEI Helios Nanolab 600i) milling pro- 

ess. 

.4. Processing method of strain hardening curve 

The strain-hardening rate were calculated: 

= d σt / d ε t (1) 

here εt and σ t are true strain and true stress, calculated from 

he engineering strain ( εE ) and engineering stress ( σ E ). The specific 

unctional relationships are as follows: 

 t = ln ( 1 + ε E ) (2) 

t = σE × ( 1 + ε E ) (3) 

In fact, the original resultant curves are accompanied by obvi- 

us short-range noises. To better exhibit the strain-hardening be- 

avior, the experimental curve was smoothed by fitting a high or- 

er polynomial (using Origin software) to remove the irregularities 

nd fluctuations. 

. Results 

.1. Alloy design, structure, and chemical composition 

It should be noted that the two (Zr 0.5 Ti 0.35 Nb 0.15 ) 100- x Al x al- 

oys are developed on the basis of the ternary Zr 0.5 Ti 0.35 Nb 0.15 

lloy, which was designed by high-throughput screening utiliz- 

ng the multi-target co-sputtering combined with physical mask- 

ng ( Fig. 1 (a-I): Screening) and exhibited excellent comprehensive 

echanical properties in our previous work [ 36 , 37 ]. To inspire the 

ual effect of entropy and enthalpy, the Al element was added into 

he ternary Zr 0.5 Ti 0.35 Nb 0.15 alloy ( Fig. 1 (a-II): Regulation). Accord- 

ng to the binary mixing enthalpy illustrated in Fig. 1 (a), there are 

on-negative mixing enthalpies between Zr, Ti, and Nb, while the 

ixing enthalpies between the Al and other components are nega- 

ive [38] , which provides thermodynamic possibilities for designing 

anostructures in BCC 

–HEAs. As indicated by XRD patterns, both 

l10 and Al20 alloys possess a single BCC solid-solution structure 

 Fig. 1 (a)). The specific nominal composition, actual composition, 

nd theoretical densities of BCC 

–HEAs are presented in Table 1 . Re- 

arkably, the densities of the two alloys are relatively low, ranging 

rom 5.0 to 5.8 g/cm 

3 . 

Here, taking the as-cast Al10 alloy as an example, the mor- 

hology and crystal structure are discussed. The alloy was even- 

ually drop cast into a rod with a rectangular cross-section. The 

BSD map taken from the cross-section of the as-cast bar dis- 

lays a typical casting structure ( Fig. 1 (b)), which contains both 

quiaxed and columnar grains with grain sizes ranging from tens 

f nanometers to 10 0 0 μm. The TEM image and the corresponding 

elected area electron diffraction (SAED) pattern confirm no other 

rystalline phases in the BCC matrix ( Fig. 1 (c)), further demonstrat- 

ng that the as-cast alloy has a single BCC solid-solution structure. 
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Fig. 1. Composition design and structure of (Zr 0.5 Ti 0.35 Nb 0.15 ) 100- x Al x alloys. (a) Schematic diagram of composition-design philosophy. The internal XRD shows a single BCC 

lattice structure of as-cast (Zr 0.5 Ti 0.35 Nb 0.15 ) 100- x Al x alloys. (b) EBSD maps of the (Zr 0.5 Ti 0.35 Nb 0.15 ) 90 Al 10 alloy. (c) TEM bright-field image of the as-cast (Zr 0.5 Ti 0.35 Nb 0.15 ) 90 Al 10 

alloy. The corresponding selected area electron diffraction (SAED) pattern is as an inset. (d, e) 3D APT reconstructions: atomic distributions and concentration of components. 

Table 1 

Nominal composition, actual composition, and theoretical densities of the (Zr 0.5 Ti 0.35 Nb 0.15 ) 100- x Al x alloy. 

Nominal composition (at.%) Actual composition (at.%) Theoretical densities (g/cm 

3 ) Formula: 

(Zr 0.5 Ti 0.35 Nb 0.15 ) 90 Al 10 Zr 45.9 Ti 31.0 Nb 12.7 Al 10.4 5.79 ρ= 

∑ 

C i A i 
∑ C i A i 

ρi (Zr 0.5 Ti 0.35 Nb 0.15 ) 80 Al 20 Zr 41.3 Ti 27.8 Nb 11.4 Al 19.5 5.58 

Note: C i , A i , and ρ i are the concentration, atomic weight, and density of i th element, respectively. 
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o reveal chemical distribution at the atomic scale, 3D APT tests of 

ip specimens were taken from the Al10 alloy ( Fig. 1 (d)). Clearly, 

he distribution of all the elements is uniform. The component ra- 

io is show in Fig. 1 (e), which is consistent with the nominal com-

osition. 

.2. Initial mechanical behaviors 

The tensile and compressive testing of BCC 

–HEAs was carried 

ut at room temperature. The compressive stress-strain curves ex- 

ibit ultrahigh tensile strength and outstanding plasticity of the 

wo alloys, as presented in Fig. 2 (a). The average yield strengths of 

l10 and Al20 alloys are 978 MPa and 1368 MPa, respectively. No 

racture is observed in Al10 and Al20 alloys with a compression 

eformation of up to 50%. The compressed morphologies of Al10 

nd Al20 specimens are illustrated as insets in Fig. 2 (a), showing 

ypical plastic deformation with a drum-shape. 

The tensile stress-strain curves of (Zr 0.5 Ti 0.35 Nb 0.15 ) 100- x Al x al- 

oys are shown in Fig. 2 (b). Even without any microstructural ho- 

ogenization or optimization, Al10 alloy exhibits a fracture elonga- 

ion of 14.3% together with a yield strength larger than 10 0 0 MPa. 

evertheless, the as-cast Al20 alloy failed to be stretched due to 

asting defects. Here, a cold rolling process with a reduction of 50% 

as performed in alloys to eliminate casting defects. After cold- 

olling, Al10 alloy exhibits a fracture elongation of ∼9.2% together 

ith a yield strength of 1143 MPa, and an ultimate tensile strength 
111 
f 1286 MPa, as seen in Fig. 2 (b). It is exciting to find that the ten-

ile strength of the cold-rolled Al20 alloy is as high as 1803 MPa, 

nd still maintain a tensile strain of 8.1%, which is a record-high 

trength known in BCC 

–HEAs. The specific values of the tensile test 

re illustrated in the inset of Fig. 2 (b). 

.3. Mechanical behaviors after thermomechanical processing 

Taking (Zr 0.5 Ti 0.35 Nb 0.15 ) 90 Al 10 alloy as a model composition, we 

ext examine tensile properties of alloys with different microstruc- 

ures, in order to further optimize the comprehensive proper- 

ies and explore effective strain hardening mechanism ( Fig. 3 ). 

ere, two samples were produced through controlled thermo- 

echanical treatments. One is subjected to cold rolling and recov- 

ry annealing, referred to as the “recovery Al10 alloy”; The other 

s subjected to cold rolling and recrystallization annealing, referred 

s the “recrystallization Al10 alloy”. 

The EBSD images of recovery and recrystallization Al10 alloys 

re indicated in the of Fig. 3 (a) and (b), respectively. For the recov- 

ry Al10 alloy, the broken grains caused by cold rolling did not re- 

tored after short-term annealing. The orientation map in Fig. 3 (a- 

) proves that a relative low residual stress exists in the recovery 

lloy. In this case, it is desirable that some residual dislocations are 

eserved in the grain, which can be further confirmed by Fig. 3 (a- 

I). In contrast, the complete recrystallization is performed in the 
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Fig. 2. Compressive and tensile properties of (Zr 0.5 Ti 0.35 Nb 0.1 5 ) 100- x Al x alloys at 

room temperature. (a) Compressive engineering stress-strain curves. Morphologies 

of compressed Al10 and Al20 samples as insets. (b) The true tensile stress-strain 

curves of Al10 and Al20 alloys. (Abbreviation: yield strength (YS), tensile strength 

(TS), and tensile strain ( ε)). 
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ecrystallization Al10 alloy, with grain sizes ranging from several 

anometers to 50 μm, as shown in Fig. 3 (b). 

The true stress-strain curves of recovery and recrystallized al- 

oys are shown in Fig. 4 (b). The recovery Al10 alloy show a sig-
ig. 3. Microstructure and tensile properties of recovery and recrystallization (Zr 0.5 Ti 0.35

ap, a-II: grain map). (b) Microstructure of the recrystallization Al10 alloy (b-I: recrystall

112 
ificant improvement in the tensile strength of 1330 MPa with an 

cceptable ductility of 9.7%. It is exciting to conclude that the re- 

rystallization alloy possesses a tensile strength of 1185 MPa and 

n outstanding ductility of 24.9%. Compared with the as-cast alloy, 

he tensile strength and strain of the recrystallization Al10 alloy 

re increased by ∼8% and ∼75%, respectively. The excellent duc- 

ility of ∼25% in recrystallization Al10 alloy can challenge existing 

imit value of reported BCC alloys. Moreover, the strain-hardening 

bility of recovery and recrystallized alloys was significantly im- 

roved. 

. Discussion 

.1. Deformation mechanism of as-cast alloys 

To clarify the deformation mechanism in the as-cast Al10 alloy, 

he deformed microstructures were analyzed from different ten- 

ile strains. The dislocation patterns are illustrated by Fig. 4 (a), 

ncluding the low strain ( ∼1%) of a-I, medium strain ( ∼3%) of a- 

I, and larger strain ( ∼10%) of a-III. Three different tensile strains 

ere sampled at the front, middle, and back of the tensile sam- 

les, which is corresponding to Fig. 4 (b). As illustrated in Fig. 4 (a-

), under slight deformation, one visible slip system of screw dislo- 

ations is observed in the form of straight dislocation lines parallel 

o each other. Certainly, there are already many curved edge dis- 

ocation lines. It indicates that the screw dislocations have nucle- 

ted and slipped in the early stage of deformation. Subsequently, 

he poly slip systems are activated as the deformation strain in- 

reases ( Fig. 4 (a-II)). Under high strain, the highly-concentrated 

islocation-band structures, consisting of long and straight dislo- 

ation lines, are the typical sub-structure of dislocations. A grid 

tructure is formed due to the interaction between dislocation 

ands, as demonstrated in Fig. 4 (a-III). 

The aggregation of dislocations in the dislocation bands in- 

vitably cause dislocation tangles, accompanied with many dipoles 

nd loops ( Fig. 4 (c)), which slows down the dislocation movement 

ate and has the possibility to cause stress concentration [ 39 , 40 ].

n this case, the occurrence of cross-slip contributes to the stabil- 

ty of plastic deformation. In addition to common cross-slip, dou- 

le cross-slip is also observed ( Fig. 4 (d)), indicating good mobility 

f these long and straight dislocations. Frequent cross-slipping is 

elpful to the plastic deformation, but it is not beneficial to ob- 

ain effective strain hardening. Moreover, the microstructure of as- 

ast Al10 alloy is clearly heterogeneous with dislocations gathering 
 

Nb 0.15 ) 90 Al 10 alloys. (a) Microstructure of the recovery Al10 alloy (a-I: Orientation 

ization map, b-II: grain map). (c) The true tensile stress-strain curves. 
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Fig. 4. Deformed microstructure of the as-cast Al10 alloy. (a) TEM observation of the dislocation pattern in different tensile strains ( ε): low strain of a-I, middle strain of a-II, 

and high strain of a-III. (b) EBSD image of tensile fracture. The regions I, II, and III correspond to a-I, a-II, and a-III, respectively. (c) A magnified view of loops and dislocation 

tangles. (d) A magnified view of double dislocation cross-slip. 
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n dense bands, and some dislocation-free regions in-between the 

ands. Hence, it can be inferred that slowing down the frequency 

f cross-slip and homogenizing the deformation microstructure are 

he keys to obtain better ductility and strain hardening capacity. 

.2. Deformation mechanism of recovery and recrystallization alloys 

Totally different deformation mechanisms were captured in the 

ecovery and recrystallization Al10 alloys. Precipitates and different 

islocation motion modes were obtained after thermo-mechanical 

reatments. For the recovery Al10 alloy, high-density dislocation 

ells are formed around the nanoprecipitates ( Fig. 5 (a)). As we 

iscussed, the dislocations caused by cold rolling are partially re- 

ained in the recovery Al10 alloy after short-term annealing. Dur- 

ng the plastic deformation, reserved dislocations significantly pro- 

ote the dislocation tangling and pinning, and further form high- 

ensity dislocation cells. The interaction between the nanopre- 

ipitates and high-density dislocation cells can improve deforma- 

ion resistance and suppress ineffective strain hardening caused by 

ross-slip. 

For the recrystallization Al10 alloy, precipitation strengthening 

s still the main mechanism for ultrahigh strength and ductility. As 

ndicated in Fig. 5 (b), unlike the dislocation cells in the recovery 

l10 alloy, there are many short rod dislocations dispersed in the 

eformed grains. The magnified view of short-rod dislocations is 

xhibited in the inset picture. The appearance of short rod dislo- 

ations is attributed to the refined grains, which makes the defor- 

ation more uniform. Compared with the as-cast Al10 alloy, the 

eformation microstructure of recrystallization Al10 alloy is more 

omogeneous. The uniform and dense short-rod dislocations pro- 

ote to obtain effective pinning and flexible interactions, which 

urther ensure the excellent comprehensive mechanical properties 

nd strain-hardening ability. 
113 
Magnified views provide the direct evidence of the interaction 

etween precipitates and dislocation ( Fig. 5 (c)). In fact, both the 

hearing and Orowan bypass mechanisms occur in nanoprecipi- 

ates, which are two major mechanisms for precipitate strength- 

ning [41] . In particular, the shearing mechanism is more active 

n some small-sized precipitations, while a pure bypass mecha- 

ism usually occurs in large-sized precipitates. The Fig. 5 (d) ex- 

ibits the morphology and composition of nanoprecipitates, reveal- 

ng that the spherical precipitate also contains multiple compo- 

ents. The element Zr and Al are concentrated in precipitates com- 

ared with matrix. The corresponding SAED pattern in Fig. 5 (e) 

roves that these precipitates possess a BCC lattice structure. And 

he precipitate and matrix phase follow an orientation relationship 

f ( 01 1 ) matrix // ( 2 1 1 ) precipitate and [011] matrix // [011] precipitate . The

nterplanar spacings of matrix and precipitates are 0.249 nm and 

.287 nm, respectively, as show in HRTEM image of Fig. 5 (f). The 

isfit between matrix and precipitates is about 6.2%, indicating 

hat it is a semi-coherent interface. 

.3. Analysis of strain-hardening ability 

It is clearly observed that effective strain-hardening abilities are 

btained in recovery and recrystallization Al10 alloys, as shown in 

ig. 6 (a). Unlike as-cast alloys that soften after yielding, the re- 

overy alloy exhibits a high strain-hardening rate, while the strain 

ardening of the recrystallization alloy is stable and durable. Here, 

he nanoprecipitates and dislocation motion significantly affected 

he strain-hardening ability. The schematic diagrams of strain- 

ardening mechanisms are demonstrated in the inset of Fig. 6 (a). 

For the as-cast Al10 alloy, the plastic deformation is totally 

ominated by the dislocation glide, especially the long and straight 

islocation. Heterogenous dislocation microstructure and frequent 

ross-slip result in weak strain hardening ability. The improve- 

ent in strain hardening capability is attributed to two key factors: 
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Fig. 5. Deformed microstructure of recovery and recrystallization Al10 alloys. (a, b) Deformation microstructure in recovery and recrystallization Al10 alloy. Magnified view 

of short-rod dislocations is as an inset in Fig. 5 (b). (c) Morphology of the interaction between nanoprecipitates and dislocations: (c-I) dislocation bypass mechanism; (c-II) 

dislocation-shearing mechanism. (d) Morphology and composition of spherical precipitates. (e) SAED pattern of matrix and nanoprecipitates. Matrix and precipitates are 

highlighted in yellow and red, respectively. (f) HRTEM image of the matrix and nano-precipitates. 
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i) Designing nanoprecipitates to obtain the significant interaction 

ith dislocation; (ii) Diversifying dislocation motions to improve 

obility and achieve homogeneous dislocation microstructure. For 

ecovery Al10 alloys, the high-density dislocation cells formed by 

angling between reserved dislocations and tensile dislocations 

ontribute to achieve higher deformation resistance, thereby im- 

roving the strain hardening ability. Simultaneously, nanoprecipi- 

ates also play a positive role in the pinning of dislocations. Unlike 

he notable but short-live strain hardening effect in the recovery 

10 alloy, the recrystallization Al10 alloy possesses a stable and 

urable strain-hardening ability. On the one hand, precipitates sig- 

ificantly increase local slip resistance, and slow down the disloca- 
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ion motions. On the other hand, refined grains in recrystallization 

l10 alloy make the deformation more uniform. Thus, a compact 

nd homogeneous short-rod dislocation microstructure is obtained. 

n this case, the effective pinning and frequent interactions of dis- 

ocations are easily achieved, which plays a positive role on stable 

train hardening and makes the alloy tougher and stronger simul- 

aneously. 

The essential factors of deformation are briefly illustrated in 

ig. 6 (b). The as-cast Al10 alloy is only dominated by dislocations, 

hile recovery and recrystallization Al10 alloys are affected by 

anoprecipitates and dislocations. For the recovery Al10 alloy, the 

ey factors are concluded as dislocation cells and nanoprecipitates. 
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Fig. 6. Discussion of strain-hardening ability. (a) Strain-hardening ability and related microstructures. (b) Schematic illustration of deformation mechanisms. [Residual dislo- 

cations: reserved after cold-rolling and recovery annealing. (Tensile dislocations: generated during the tensile deformation). 

Fig. 7. Comparison of the current BCC –HEAs with existing HEAs and amorphous alloys. (a) Maps of yield strength versus tensile strain of HEAs and amorphous alloys 

reported previously at room temperature (Abbreviation: Yield strength (YS), Tensile strength (TS), Amorphous alloy (AM)). (b) Maps of specific strength versus density of 

HEAs and amorphous alloys reported previously at room temperature. 
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or the recrystallization Al10 alloy, short-rod dislocation and nano- 

recipitates are the key factors, and the flexible interactions be- 

ween dislocations and nanoprecipitates help to achieving effective 

train-hardening ability. 

.4. Comparison of the mechanical properties 

To demonstrate the performance advantage of BCC 

–HEAs in 

uch a design concept, a comparison of tensile properties is con- 

ucted in the Fig. 7 . Here, the intriguing HEAs are classified 
115 
nto six types, including FCC structure, BCC structure, hexagonal- 

lose-packed (HCP) structure, and dual-phase structures between 

ach other. Overall, the FCC 

–HEAs generally show excellent duc- 

ility but low yield strengths, while BCC 

–HEAs exhibit high yield 

trengths but poor ductility. The HCP-HEAs and dual-phase al- 

oys occupy the middle region. Amorphous alloys generally have 

igh strengths but fail to undergo tensile deformation. The data 

f the tensile properties and theoretical density of reported 

EAs and amorphous alloys are acquired from Supplementary 

able 1. 
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Fig. 7(a) shows the yield strengths and strains of current 

CC 

–HEAs compared with those of reported HEAs and amor- 

hous alloys. Remarkably, the cold-rolling (Zr 0.5 Ti 0.35 Nb 0.15 ) 80 Al 20 

lloy exhibits extremely high strength comparable to the amor- 

hous alloys, together with pretty good tensile ductility. This is 

 record-high strength known in BCC 

–HEAs. The recrystallization 

Zr 0.5 Ti 0.35 Nb 0.15 ) 90 Al 10 alloy has significant advantages, including 

igh strength and an excellent strength −ductility balance. It is 

orth noting that the tensile strain of ∼25% in recrystallization 

l10 alloy is almost the limit value over existing BCC 

–HEAs. Hence, 

he current BCC 

–HEAs show great potentials to fill the gap be- 

ween the amorphous alloys and ductile BCC 

–HEAs, in the terms 

f both strength and toughness. We also compare the specific 

trength and density of current BCC 

–HEAs with those of reported 

EAs in Fig. 7 (b). The density of current (Zr 0.5 Ti 0.35 Nb 0.15 ) 100- x Al x 
lloys is lower than that of most reported HEAs and amorphous 

lloys. Obviously, the developed BCC 

–HEAs occupy an unexplored 

pace, where is both light and strong. The (Zr 0.5 Ti 0.35 Nb 0.15 ) 100- x Al x 
lloys exhibit significant advantages over existing bulk HEAs in 

erms of specific strength, showing the enormous potential for ad- 

anced structural applications. 

. Conclusion 

In summary, the (Zr 0.5 Ti 0.35 Nb 0.15 ) 100- x Al x BCC 

–HEAs show 

ltra-high strength together and good tensile ductility, which can 

e developed as a potential low-density structural material. We 

emonstrate that the semi-coherent nanoprecipitates strengthen- 

ng and flexible dislocation motion are the key factors to achieving 

his remarkable breakthrough. To overcome the weak strain hard- 

ning ability and further obtain outstanding mechanical properties, 

igh-density dislocation cells and dense short-rod dislocations are 

esigned via controlled thermo-mechanical treatments, which sig- 

ificantly improves the dislocation mobility and homogenizes dis- 

ocation microstructure. At the same time, semi-coherent nanopre- 

ipitates also play a positive role on excellent comprehensive me- 

hanical properties. The current results do not only provide a gen- 

ral method for developing BCC 

–HEAs with excellent comprehen- 

ive mechanical properties, but also prove the feasibility of obtain- 

ng effective strain-hardening capability. We expect that this de- 

ign philosophy has significant implications in developing promis- 

ng ultra-strong and ductile BCC 

–HEAs superior to existing com- 

ercial alloys. 
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