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a b s t r a c t 

The twinning-induced plasticity (TWIP) effect has been widely utilized in austenite steels, β-Ti alloys, 

and recently developed face-centered-cubic (FCC) high-entropy alloys (HEAs) to simultaneously enhance 

the tensile strength and ductility. In this study, for the first time, the TWIP effect through hierarchical 

{332 < 113 > mechanical twinning has been successfully engineered into the TiZrHfNb refractory HEAs by 

decreasing temperature and tailoring the content of Nb to destabilize the BCC phase. At cryogenic tem- 

perature, the comprehensive hierarchical {332} < 113 > mechanical twins are activated in TiZrHfNb0.5 alloy 

from micro- to nanoscale and progressively segment the BCC grains into nano-scale islands during de- 

formation, ensuring sustainable strain hardening capability and eventually achieving a substantial 35 % 

uniform tensile elongation. In addition, at 77 K, the tensile strength and uniform elongation of TiZrHfNbx 

alloys can further be adjusted by a moderate increase of Nb. The results above shed new light on the de- 

velopment of high-performance refractory HEAs with a high and adjustable strength and ductility com- 

bination down to the cryogenic temperature. 

© 2024 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

In the past decade, refractory high-entropy alloys (RHEAs) 

hich usually contain at least 4 of the 9 refractory elements (Cr, 

f, Mo, Nb, Ta, Ti, V, W, and Zr) have attracted extensive research 

nterest due to their promising properties under extreme condi- 

ions [1–4] . As a prototype RHEA, an equiatomic TiZrHfNbTa pro- 

osed by Senkov [5] exhibits high strength and ductility combina- 

ion [6–8] . However, rooted in the dominant deformation mech- 

nism of screw dislocation glide [ 6 , 8 ], it remains challenging to

eep substantial uniform ductility which relies on sufficient strain 

ardening ability under uniaxial tensile deformation [ 9 , 10 ]. By pro- 

oting mechanical twinning in competition with the motion of 

islocations, the twinning-induced plasticity (TWIP) effect can be 

ctivated to govern the plastic deformation of solid solution al- 

oys [11–14] . This TWIP effect fundamentally results from the huge 
∗ Corresponding authors. 
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train hardening capability which delays the onset of plastic insta- 

ility (necking) [15–18] . Therefore, in this study, the TWIP effect 

s explored to endow RHEAs with strong strain-hardening behavior 

nd thereby the high strength-ductility combination. 

The TWIP effect has been widely adopted in advanced Fe- 

n-based austenitic steels [ 11 , 12 , 17 , 19 , 20 ], metastable β titanium

lloys [ 13 , 18 , 21–23 ], and face-centered-cubic (FCC) 3d-transition 

EAs [ 15 , 24–28 ] with low stacking fault energy. Compared with 

he extensively investigated FCC HEAs, the TWIP effect is rarely 

bserved in the BCC-structured RHEAs [ 9 , 29 ]. Based on the de- 

ign strategy of “metastable engineering”, the transformation- 

nduced plasticity (TRIP) effect has been utilized to improve 

he strain-hardening rate of refractory HEAs with the compo- 

itions of Ti35 Zr27.5 Hf27.5 Nb5 Ta5 [30] , TiZrHfTax ( x = 0.4, 0.5, 

nd 0.6) [31] and Ti55–x Zr20 Hf15 Al10 Nbx ( x = 4–8) [32] . Differ- 

nt from Ti35 Zr27.5 Hf27.5 Nb5 Ta5 and Ti55–x Zr20 Hf15 Al10 Nbx alloys 

bove which activate the orthorhombic αʹʹ phase during defor- 

ation, the improvement of tensile ductility of the metastable 

iZrHfTax alloys resorts to the hexagonal α phase. However, the 

eformation-induced β→ αʹ and β→ αʹʹ transformation revealed in 

he metastable TiZrHfNbx ( x = 0.2, 0.4) alloys strongly deterio- 
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ate the compression plasticity compared to the stable TiZrHfNbx 

 x = 0.6, 1) alloys rather than improving it [33] . The TWIP ef-

ect is usually accompanied by the TRIP effect in both FCC HEAs 

 24 , 25 ] and metastable β-Ti alloys [ 21 , 34 ]. A moderate increase

f the stacking fault energy in FCC HEAs [24–26] or appropri- 

tely increasing the stability of the BCC phase of metastable β- 

i [22] can promote the mechanism transition from TRIP to TWIP. 

owever, twinning-induced plasticity has not yet been discovered 

or metastable refractory HEAs, which indicates that the composi- 

ional space that can trigger this effect may be quite narrow. 

Apart from the alloy composition, the temperature is another 

rucial factor to affects the competitive-deformation mechanisms 

etween the dislocation slip and mechanical twinning [ 15 , 35–38 ]. 

xtensive twinning is expected to occur at low temperatures when 

he critical stress for dislocation slips sharply increases while the 

winning stress remains almost constant with decreasing temper- 

ture [38] . With reducing the temperature, the predominated de- 

ormation mechanisms of CrMnFeCoNi [ 15 , 36 ] and CrCoNi [ 35 , 37 ]

lloys transform from the dislocation slip at 293 K to mechani- 

al twinning at 77 K. Attributing to the strong strain-hardening 

ehavior caused by mechanical twinning, the uniform ductility 

nd fracture toughness of FCC HEAs are significantly improved 

t cryogenic temperature [ 15 , 35 , 39 ]. The {111} < 112 > mechanical

winning makes the CrCoNi alloy a strong competitor to the best 

ryogenic alloy even at the liquid-helium temperature [39] . The 

ield strength of BCC metals and alloys is strongly dependent on 

he deformation temperature [38] , which could provide sufficient 

ritical shear stress to trigger mechanical twinning [38] . For the 

quiatomic TiZrHfNbTa alloy [7] , the {112} < 111 > mechanical twin- 

ing can be activated at cryogenic temperatures, which contributes 

o moderate tensile ductility. However, the strain-hardening rate is 

till negligible due to the lack of sufficient twin fractions and twin- 

win intersections. 

To explore refractory high-entropy alloys with twinning- 

nduced plasticity (TWIP-RHEAs), in this investigation, we destabi- 

ize the BCC structure of a prototype TiZrHfNb high-entropy alloy 

y decreasing the Nb content combined with decreasing deforma- 

ion temperature to activation of {332} < 113 > mechanical twinning. 

oth the alloy composition and deformation temperature are con- 

rolled to provide a comprehensive understanding of the TWIP ef- 

ect in metastable TiZrHfNbx HEAs. 

. Experimental methods 

.1. Alloys preparation 

Three ingots weighed 500 g of non-equiatomic TiZrHfNbx 

 x = 0.5, 0.55, 0.6) alloys were prepared by levitation melting in a 

old crucible under argon atmosphere. The purity of the raw ma- 

erials of Ti, Zr, Hf, and Nb blocks was above 99.9 wt.%. The ingots

ere melted at least four times to achieve a homogeneous distri- 

ution of alloy elements. After the last melting process, the alloy 

elts were finally dropped to the bottom of the crucible and so- 

idified into ingots. The ingots were annealed at 1300 °C for 10 h 

n a circulating argon atmosphere to homogenize the microsegre- 

ation, followed by water quenching. The cold rolling with a to- 

al thickness reduction of about 80 % (from 10 to 2 mm) com- 

ined with recrystallization treatments at 10 0 0 °C for 30 min was 

sed to acquire microstructures with equiaxed grains. Table S1 in 

upplementary Materials gives the chemical compositions of these 

iZrHfNbx alloys and also O/N/H impurities content. 

.2. Tensile tests and microstructure characterization 

The tensile specimens with a gauge length of 16 mm and a 

ross-section area of 4 mm × 1.8 mm were sectioned from the 
73
lates along the rolling direction (RD). The tensile specimens were 

round step by step using SiC sandpapers from #80, #120, #240, 

40 0, and #80 0 to remove the surface oxidation and other de- 

ects. The uniaxial tensile tests were conducted employing an MTS- 

ANS CMT50 0 0 mechanical testing system equipped with a dewar 

ank to ensure the test temperature was continuously adjustable 

rom 77 K to room temperature. Before each test, the specimen 

as immersed at the set temperature for at least 10 min to main- 

ain a uniform temperature distribution of the sample. The crys- 

allographic structures of the samples were identified on a D8 AD- 

ANCE Da Vinci X-ray diffraction (XRD) device with Cu-Kα1 radia- 

ion ( λ = 0.154 nm) at a 2 θ range of 20 °−100 ° at a scanning speed

f 2 ° min–1 and with a step size of 0.02 ° The samples for XRD 

ests were ground with sandpaper (20 0 0 mesh). The alloy compo- 

ition was measured by the EDS quantitative area scanning using a 

ira3 Field Emission scanning electron microscope (SEM). The de- 

ormation substructures were characterized by backscattered elec- 

ron (BSE) and electron backscattered diffraction (EBSD) detectors 

sing an SEM and transmission electron microscope (TEM, FEI Ta- 

os F200X G2). Samples for SEM-BSE and EBSD were mechanically 

nd electrochemically polished with 10 vol.% HClO4 in a CH4 O so- 

ution at –35 °C. Samples for TEM were prepared by using twin-jet 

lectro-polishing, followed by ion-beam milling. 

. Results 

.1. Temperature-dependent tensile properties and microstructure of 

iZrHfNb0.5 alloy 

The tensile properties of the TiZrHfNb0.5 alloy and related 

icrostructure evolution are shown in Fig. 1 . Fig. 1 (a) presents 

he engineering tensile stress-strain curves of TiZrHfNb0.5 alloy at 

oom temperature (RT, ∼ 300 K), 127 K, and 77 K, respectively. 

t RT, the uniform elongation is less than 5 % although the total 

ensile elongation reaches 20 %, indicating poor strain-hardening 

nd a long period of necking stage soon after yielding. At 127 K, 

he sustaining strain-hardening ability enables nearly 30 % uniform 

ensile strain. With the deformation temperature continuing down 

o 77 K, the uniform tensile strain increases to 35 %. With de- 

reasing temperature, the tensile strength, especially the engineer- 

ng tensile strength is significantly improved. According to X-ray 

iffraction (XRD) results, in Fig. 1 (b), the TiZrHfNb0.5 alloy always 

aintains a single-phase BCC structure after tensile deformation at 

hree temperatures. 

As exhibited in Fig. 1 (c), the initial microstructure of single- 

hase BCC equiaxed grains with coarse grains was obtained 

hrough homogenization, cold rolling, and recrystallization pro- 

esses. At the nanoscale, Fig. S1(a1–a3) shows a small number 

f athermal ω nanoparticles dispersed in the BCC matrix of the 

s-recrystallized TiZrHfNb0.5 alloy. Fig. 1 (d1–d3) shows the frac- 

ure morphologies of the samples at RT, 127 K, and 77 K, respec- 

ively. For these samples, micron-sized dimples dominate the frac- 

ure processes and are consistent with the significant necking be- 

avior in these stress-strain curves, which confirms the intrinsic 

uctility of TiZrHfNb0.5 alloy at cryogenic temperatures. Fig. 1 (e) 

hows the deformation substructures evolution of the TiZrHfNb0.5 

lloy interrupted at different tensile strains at 77 K. These straight 

eformation bands are distributed in almost all grains with variant 

rientations in the entire field of view. With increasing the tensile 

train from 5 % to 35 %, the continuously activated deformation 

ands progressively divide the matrix into micron-scale fine do- 

ains. In Fig. S2(a1–c1), when deformation at RT, a small number 

f thick kink bands [40] with arbitrary misorientation range from 

5 ° to 20 ° rather than high-density straight bands distributed in- 

ide the deformed grains. As shown in Fig. S2(d1), the deformation 
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Fig. 1. Microstructures and tensile properties of the TiZrHfNb0.5 alloy: (a) engineering tensile stress-strain curves with an inset of the tensile sample and (b) X-ray diffraction 

(XRD) patterns at room temperature (RT), 127 K, and 77 K, respectively; (c) initial as-recrystallized microstructure; (d1–d3) fracture morphologies at RT, 127 K, and 77 K, 

respectively; (e) deformation substructures under (BSE) image with increasing the tensile strain from 5 % to 35 % at 77 K. 

m

b

3

a

t

b

t

t

t

 

o

B

g

(

a  

r

c  

f

m

p

o

B

t

o  

t

fi

o

v

d

y

s

f

echanism of the TiZrHfNb0.5 alloy is completely controlled only 

y dislocation slip at RT. 

.2. Deformation-driven hierarchical twinning in the TiZrHfNb0.5 alloy 

The wide-field deformation microstructure of TiZrHfNb0.5 alloy 

t 77 K is presented in Fig. 2 . Using electron backscattered diffrac- 

ion (EBSD), these deformation bands above are characterized to 

e {332} < 113 > mechanical twins. The {332} < 113 > deformation 

wins are activated in almost all of the recrystallized grains, and 

heir density improved with increasing the tensile strain from 10 

o 20 %. 

In Fig. 3 (a, b), two variants of {332} < 113 > twins with a width

f several micrometers intersect with each other and divide the 

CC matrix into regular block regions. In Fig. 3 (c), the crystallo- 

raphic misorientations cross these two variants, and the matrix 

red line in Fig. 3 (b)) plotted is exactly consistent with the rotation 

ngle of {332} < 113 > twins (50.5 ° rotation about the 〈 011 〉 axis cor-
74
esponding to the coincidence site lattice, �11 interfaces), which 

ommonly activated in metastable β titanium alloys [ 22 , 34 , 41 ]. To

urther illustrate the crystallographic orientations between the BCC 

atrix and two different twin variants, in Fig. 3 (d–f), stereographic 

rojection pole figures are constructed based on crystallographic 

rientation information. The (32 ̄3 ) pole and [ ̄1 31] direction of the 

CC matrix coincides with the ( ̄2 ̄3 3 ) pole and [ 31̄ 1] direction of 

he twin variant 1. Meanwhile, the ( ̄3 23) pole and [13 ̄1 ] direction 

f the BCC matrix coincides with the ( ̄3 ̄2 3 ) pole and [ ̄1 3 1] direc-

ion of the twin variant 2. The corresponding relations above con- 

rm the (32 ̄3 )[ ̄1 31] and ( ̄3 23)[13 ̄1 ] deformation twinning variants 

f these bands. In addition, coincidentally, these two intersected 

ariants share a common rotation axis of [101] of the BCC matrix 

uring twinning. 

In Fig. 4 , using the EBSD characterization and pole-figures anal- 

sis, the evolved hierarchical {332} < 113 > twinning structures con- 

isting of multiple and high-order twin variants span the scale 

rom the micrometer to nanometer are activated in the TiZrHfNb0.5 
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Fig. 2. Deformation microstructure of the TiZrHfNb0.5 alloy after (a–c) 10 % and (d–f) 20 % tensile strain at 77 K: (a, d) phase diagrams; (b, e) inverse pole figures (IPFs) and 

(c, f) band contrast map overlapped with {332} < 113 > twin boundaries. 

Fig. 3. {332} < 113 > mechanical twins in the TiZrHfNb0.5 alloy after a 10 % tensile strain at 77K: (a) band contrast map overlapped with {332} < 113 > twin boundaries; (b) 

inverse pole figure (IPF) shows two twinning variants; (c) misorientation profiles of two twin variants along the red line in Fig. 2 (b); (d–f) stereographic projection pole 

figures of the BCC matrix (green matrix), twin variant 1 (blue bands), and twin variant 2 (purple bands). 

75
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Fig. 4. Hierarchical {332} < 113 > mechanical twins of the TiZrHfNb0.5 alloy at 77 K after 20 % tensile strain: (a) IPF; (b) stereographic projection of the BCC matrix and 

primary twins variants (PV1, PV2) and secondary twins variants (SV1, SV2, SV3, and SV4). 
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lloy during tensile at 77 K. Fig. 4 (a) shows the zoom-in images 

f a grain Fig. 2 (e). The matrix (with green color) is divided by

rimary twins variant 1 (PV1) (3 ̄2 ̄3 )[ ̄1 ̄3 1] and primary twins vari- 

nt 2 (PV2) ( ̄2 3 ̄3 )[ ̄3 ̄1 1] although the PV1 is dominant. Within the

oarse PV1 bands, four secondary twin variants (SV1 (3 ̄2 ̄3 )[13 ̄1 ], 

V2 (32 ̄3 )[ ̄1 31], SV3 ( ̄3 3 ̄2 )[1 ̄1 ̄3 ], and SV4 ( ̄3 2 ̄3 )[ ̄1 ̄3 ̄1 ]) are triggered

o further refine the coarse PV1 bands themself. 

In Fig. 5 , transmission electron microscope (TEM) is used to 

urther reveal the fine substructures of {332} < 113 > deformation 

wins at the nanoscale. Fig. 5 (a) gives a bright-field (BF) image of 

 (2 ̄3 ̄3 )[311] twinning band with a [0 ̄1 1]-axis selected area diffrac- 

ion (SAED) pattern in Fig. 5 (b). A high density of straight dislo- 

ation lines is arranged within the twin and on the twin interface 

n the (211) lattice plane in Fig. 5 (a). Such a dislocation decorated 

332} < 113 > mechanical twins structure has been reported previ- 

usly in metastable β titanium alloys [ 22 , 34 , 42 , 43 ]. These dislo-

ations were considered to be related to the intrinsic formation 

echanisms of {332} < 113 > twinning, such as the atomic shuffling 

rocess [42] , the detwinning-induced reverse motion of twin inter- 

ace during unloading [43] , or the detwinning and stress-relaxation 

ccompanied by the reverse αʹʹ martensitic transformation [ 22 , 34 ]. 

hese high-density dislocations would render the twinned area 

arder than the BCC matrix and further impede the dislocation 
76
lip [22] . Fig. 5 (c) shows a hierarchical {332} < 113 > twinning mor-

hology with its corresponding SAED patterns on the twin bound- 

ries. The selected areas SA1, SA2, and SA3 are located on the 

oundaries of the matrix-primary twins, primary-secondary twins, 

nd secondary-ternary twins, respectively. When these hierarchi- 

al twins are all tilted to the [0 ̄1 1] zone axis, the BCC matrix is

riented near [135]. This approximated [0 ̄1 1]–[135] zone-axis re- 

ationship between the primary band and matrix also corresponds 

o {332} < 113 > twinning [44–46] . In addition to {332} < 113 > type

igh-order twinning, as shown in Fig. 5 (d–f), {112} < 111 > nan- 

twins can also be activated in primary {332} < 113 > twin. In 

ig. 5 (d), the (112)[11 ̄1 ] twins and parallel dislocations are trig- 

ered on the (112) and ( ̄1 ̄1 2) plane of a primary {332} < 113 > twins

and, respectively. The formation of these high-density dislocations 

nd high-order twins inside the primary twin further strengthens 

he primary twin itself and contributes to the work-hardening ef- 

ect associated with {332} < 113 > mechanical twinning [22] . 

Probably due to the complexity of the local stress concentration, 

s shown in Fig. 6 , the hierarchical mechanical twinning process is 

uch more complex from area to area even inside a single primary 

332} < 113 > twinning band. The matrix is near the [531] axis cor- 

esponding to the [1 ̄1 0] axis of primary {332} < 113 > twins. There

re secondary {332} < 113 > twins, {112} < 111 > twins variant 1, and



S. Wang, D. Shu, P. Shi et al. Journal of Materials Science & Technology 187 (2024) 72–85

Fig. 5. Nanoscale hierarchical twinning structure in the deformed TiZrHfNb0.5 alloy at 77K: (a, b) BF image of the {332} < 113 > twin and corresponding SAED pattern after a 

10 % tensile strain; (c) primary, secondary, and ternary {332} < 113 > twins with corresponding SAEDs of zones of SA1, SA2 and SA3 after a 10 % tensile strain; (d–f) BF image, 

SAED and DF image of secondary {112} < 111 > secondary twins after a 20 % tensile strain. 
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112} < 111 > twins variant 2 in selected areas SA1, SA2, and SA3, 

espectively. In SA4, also shown in Fig. 6 (d), ternary {112} < 111 >

wins activated in relatively coarse secondary {332} < 113 > twins 

ithin the primary {332} < 113 > twin band. Generally, the width 

f activated {332} < 113 > twins has a range from micrometer to 

anometer. The high-order {332} < 113 > and {112} < 111 > twins are

ore prone to be activated inside {332} < 113 > twin bands. How- 

ver, the width of {112} < 111 > twins is only limited to the nanome-

er scale. As shown in Fig. 6 , the {112} < 111 > twins can only

e activated as the high-order twins in the hierarchical twinning 

tructure meanwhile without other twins inside. The high-stress 

oncentration in primary or secondary {332} < 113 > twin bands 

ould contribute to the activation of high-order {112} < 111 > nano 

wins. 

Besides the high-order twinning process inside primary 

332} < 113 > twin bands, the intersection of different {332} < 113 >

win variants plays an important role in the formation of the hi- 
77
rarchical twinning substructure. In Fig. 7 (a), with increasing the 

ensile strain from 10 to 35 % (the largest uniform tensile strain), 

he BCC matrix is fragmented into sub-micron areas, which are dif- 

cult to characterize by EBSD. Fig. 7 (b–e) shows the process of the 

winning intersection-induced matrix refinement under the same 

one axis of [011]Matrix -near [135]Twin . In Fig. 7 (b, c), after a 10 % 

ensile strain, {332} < 113 > twin bands including variants 1 and 2 

ith a thickness of 100 nm or less are activated in the BCC ma- 

rix. In Fig. 7 (c), a high density of dislocations is formed in asso- 

iation with the {332} < 113 > twins. In addition, the intersection of 

hese twins also triggers internal high-order twinning. With ten- 

ile strain increasing to 35 %, the complex high-order twinning 

ubstructure combined with high-density dislocations makes it dif- 

cult to distinguish twins and the BCC matrix. The BCC matrix 

egmented by highly deformed twinning channels becomes regu- 

arly arranged nano-scale islands. Fig. 7 (f) shows the intersection 

f two {332} < 113 > twin variants that share a common rotation 
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Fig. 6. The complexity of hierarchical twins in the 10 % tensile deformed TiZrHfNb0.5 alloy at 77K: (a) BF of primary {332} < 113 > twin and SAEDs of the areas SA1, SA2, SA3, 

and SA4 with corresponding DF images attached; (b–d) zoom-in images of secondary {332} < 113 > twins, secondary {112} < 111 > variant 1, secondary {112} < 111 > variant 2, 

and ternary {112} < 111 > twins. 
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xis [101] of the BCC matrix during twinning with the BCC matrix 

ecorated with high-density dislocations. These twins’ intersection 

ogether with high-order twinning contributes to the progressive 

efinement of the initial BCC matrix. 

.3. Strength-ductility adjustment by increasing the Nb content 

To further adjust the strength-ductility of the TiZrHfNb0.5 al- 

oy, the niobium content is appropriately increased. As shown in 

ig. 8 (a), the mechanical properties of TiZrHfNbx alloys are signif- 

cantly affected by slightly increasing the Nb content at 77 K. The 

ield strength increased from 865 MPa of the TiZrHfNb0.5 (Nb0.5 ) 

lloy to 890 MPa of the TiZrHfNb0.55 (Nb0.55 ) alloy and 1075 MPa 

f TiZrHfNb (Nb ) alloy. A 20 % uniform elongation is still ob- 
0.6 0.6 

78
ained for Nb0.55 and Nb0.6 alloys, though the increase of Nb in- 

vitably decreases the tensile elongation of TiZrHfNbx alloys at 

7 K. In comparison, the RT tensile properties have little change in 

oth tensile strength and elongation, which can be interpreted by 

he same dislocation slip-dominated mechanisms (Fig. S2). At RT, 

lthough these alloys exhibit excellent plasticity (no cracking after 

0 % cold rolling and over 20 % total elongation), the intrinsic poor 

train-hardening ability makes them immediately enter the dif- 

use necking process soon after yielding. During the uniaxial ten- 

ile test, sufficient strain-hardening ability is a necessary prerequi- 

ite for high ductility, i.e., large uniform elongation [ 10 , 29 , 47 ]. The

rue stress-strain curves and strain-hardening rates, �, of Nb0.5 , 

b0.55 , and Nb0.6 alloys at 77 K are plotted in Fig. 8 (b). At the be-

inning of plastic deformation, corresponding to the elastic-plastic 



S. Wang, D. Shu, P. Shi et al. Journal of Materials Science & Technology 187 (2024) 72–85

Fig. 7. Twins intersection in the deformed TiZrHfNb0.5 alloy at 77 K: (a) deformation substructure evolution after 10 %, 20 %, and 35 % tensile strains; (b–e) intersected 

{332} < 113 > twins after 10 % and 35 % tensile strains along the [531]twin axis, respectively; (f) intersected {332} < 113 > twins after a 20 % tensile strain along the [1 ̄1 0]twin 

axis. 
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ransition, the strain-hardening rate, �, drops sharply for all alloys. 

hen, the � decreases monotonously until the initiation of necking 

n the Nb0.6 alloy, while they recover obviously from a 5 to 15 % 

rue strain for Nb0.5 and Nb0.55 alloys. According to the Consid- 

re criterion [48] , the necking points, i.e. the intersections of the 

rue stress-strain curves and corresponding strain-hardening rate 

urves were marked out in Fig. 8 (b). As compared in Fig. 8 (c), in

he ultimate tensile strength versus uniform elongation map, the 

iZrHfNbx in this study and TiZrHfNbTa alloy deformed at 77 K 

tand out from all the previously reported refractory HEAs de- 

ormed at room temperature. Compared with the TiZrHfNbTa al- 

oy [7] , the uniform elongation is improved in TiZrHfNbx alloys al- 

hough the strength is sacrificed. It is worth mentioning that the 

ecently reported TiZrHfNbx Ta0.2 alloys ( x = 0.3, 0.4) [49] also ex- 

ibit great strength-ductility combination at 77 K owing to the 

ybrid mechanisms, including the planar dislocation slip, strain- 

nduced phase transition, and twinning. 
79
For TiZrHfNbx alloys, the increase of the Nb content suppresses 

he activation of {332} < 113 > twinning. As shown in Figs. 1 and

 , twinning occurs inside almost all grains of the Nb0.5 alloy at 

7 K after 10 % and 20 % strains. While twinning is only activated 

n partial grains of the Nb0.5 and Nb0.6 alloy with low multipli- 

ation during deformation, as presented in Fig. 9 (a, b). As an ex- 

mple, Fig. 9 (c) presents an enlarged view of a grain divided by 

ntersected {332} < 113 > twins confirmed by stereographic projec- 

ions pole figures ( Fig. 9 (e1–e5)). The further detailed hierarchical 

332} < 113 > deformation twins were identified in Figs. S3 and S4. 

At 77 K, according to Fig. 9 , the deformation process of par- 

ial grains of the TiZrHfNb0.6 alloy is dominated by the intersected 

332} < 113 > mechanical twins, while the rest of grains are solely 

ominated by the dislocation glide. To further confirm this result, 

igs. 10 and 11 present the nanoscale deformation substructures 

ithin the {332} < 113 > mechanical twinning-dominated and dislo- 

ation slip-dominated grains, respectively. In Fig. 10 , after 10 % ten- 
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Fig. 8. Tensile properties of TiZrHfNbx ( x = 0.5, 0.55, and 0.6) alloys at RT and 77 K: (a) tensile engineering stress-strain curves; (b) the intersections of true stress-strain 

curves and corresponding strain-hardening rate curves indicates the necking points; (c) tensile strength versus uniform elongation of the TiZrHfNbx alloys at 77 K, compared 

with the existing refractory HEAs in the Refs. [ 4 , 30 , 31 , 49–57 ]. 
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ile strain at 77 K, two {332} < 113 > twin variants intersected with

ach other to divide the original BCC matrix. At the same time, 

igh-density dislocations are activated inside the matrix and twin 

ands to accommodate the overall plastic deformation. In Fig. 11 , 

ultiplanar screw dislocation slip and dislocation bands can be ob- 

erved along with the formation of dislocation pinning loops and 

ipoles. 

For comparison, as exhibited in Fig. 12 , tensile tests of the 

quiatomic TiZrHfNb alloy are also performed at 77 K. In Fig. 12 (a), 

he equiatomic TiZrHfNb alloy presents sound tensile plasticity at 

7 K given nearly the 20 % total elongation and ductile dimples 

n the fracture surface. However, the deformation relying solely on 

islocation glide ( Fig. 12 (b, c)) results in a poor strain-hardening 

bility, which generates negligible ductility after yielding. 

. Discussion 

For metallic materials, plasticity is important for forming metals 

nto the desired shape, which is mostly controlled by the available 

lip systems with mobile dislocations [ 47 , 58 ]. However, good plas- 

icity does not guarantee high ductility which needs enough strain- 

ardening to evade strain localization by activating effective bar- 

iers, including short-range order [ 4 , 59 ], nano-precipitates [ 60 , 61 ],

islocations substructures [ 62 , 63 ], twins [ 12–14 , 64 ], phase bound-
80
ries [ 30 , 65 , 66 ], heterogeneous grains structures [ 67 , 68 ], etc., to

lock gliding dislocations and force them to accumulate. 

At RT, TiZrHfNbx alloys in this study exhibit excellent plastic- 

ty (can be rolled to an 80 % thickness reduction without crack- 

ng and exhibit significant necking until ductile fracture during 

ension) despite the strain-hardening ability being negligible. For 

iZrHfNbx and other series metastable HEAs/MEAs within Ti-Zr-Hf- 

b-Ta compositional space, the formation of {332} < 113 > mechan- 

cal twinning in BCC phase is extremely rare at room temperature. 

his would be caused by the inherently large lattice distortion and 

hort-range order [69] , which inhibits the lattice shear and shuf- 

e process for twinning [70] . For TiZrHfNb alloy, the favored Ti-Zr 

airs’ chemical short-range order has been theoretically predicted 

 71 , 72 ]. 

According to the results above, it can be summarized that de- 

reasing the deformation temperature can effectively improve the 

train-hardening ability of TiZrHfNbx alloys to ensure apprecia- 

le ductility by activating hierarchically mechanical twinning. With 

ecreasing the temperature, if the flow stress rises more rapidly 

han the twinning stress, a transition from the dislocation slip 

o mechanical twinning can be envisaged [ 38 , 73 ]. Different from 

CC alloys (e.g., austenite steels [ 12 , 19 , 74 ] and 3d transition HEAs

 14 , 36 , 37 , 75 ]), which rely on strong strain hardening to reach criti-

al twinning stress after significant dislocation accumulation, the 

trong temperature-dependent yield stress originated from non- 
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Fig. 9. Microstructure of TiZrHfNb0.55 and TiZrHfNb0.6 alloys after 10 % tensile strain at 77K: (a, b) IPFs and band contrast maps with {332} < 113 > twin boundaries of 

TiZrHfNb0.55 and TiZrHfNb0.6 alloys, respectively; (c) enlarged view of grain in (a); (d) misorientation profiles along the lines in (c); (e1–e5) stereographic projection of the 

BCC matrix and primary twins variants and secondary twins variants. 
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lanar screw dislocation core [58] of BCC alloys make the twin- 

ing usually activated before macro-yielding with decreasing tem- 

erature [ 38 , 73 ]. For BCC TiZrHfNbx alloys in this investigation, the 

oor strain-hardening ability leads to premature necking with neg- 

igible ductility during RT tensile deformation. Therefore, the acti- 

ation of twinning is critical to ensure a sufficient strain-hardening 

bility soon after yielding. In Fig. 1 (e), the {332} < 113 > twinning

ands are distributed in almost all the grains after a 5 % ten- 

ile strain. Even in the 10 % strained TiZrHfNb0.5 alloy at 77 K, as 

hown in Figs. 5 (a, c) and 7 (b, c), basically no dislocations exist in

he BCC matrix subdivided by {332} < 113 > twinning bands. When 

emperature decreased to 127 K, as shown in Fig. S5, intersected 

332} < 113 > twins and {112} < 111 > nano twins have been triggered

or TiZrHfNb0.5 alloys, which confirmed once again the important 

ole of hierarchical twinning substructures. 

Fig. 13 (a–c) give the size distribution of the initial grains, 

332} < 113 > and {112} < 111 > mechanical twins. The initial struc- 

ure exhibits a single BCC phase with an average grain size of 

2 μm. The width of the activated {332} < 113 > twins spans from 

everal microns to ten nanometers with an average of 1.7 μm and 

82 nm distinguished by EBSD and TEM, respectively. In contrast, 

he {112} < 111 > nano twins with an average width of 10.6 nm 

nd only existed within the pre-activated {332} < 113 > twins. The 

chematical illustration of the TWIP effect in TiZrHfNbx alloys 

t cryogenic temperatures is shown in Fig. 13 (d). After yielding, 

he {332} < 113 > mechanical twins from the micro to nanome- 
81
er scale are activated in coarse recrystallized BCC grains. As 

he plastic deformation proceeds, the number of twins increases 

nd the widespread twin intersections contribute to forming a 

hree-dimensional twin network. At the same time, the multi- 

cale high-order twins (secondary and/or ternary twins), includ- 

ng {332} < 113 > and {112} < 111 > twins formed within the activated

win bands. These two simultaneous structural evolution processes 

ontribute to the formation of a hierarchical twinning architecture 

n the TiZrHfNbx alloy at 77 K. The hierarchical-twinning substruc- 

ure formation progressively segments the initially coarse grains 

nto the nanoscale, as shown in Fig. 6 , which contributes to the 

igh strain-hardening ability and in turn the uniform elongation 

f TiZrHfNbx alloys at 77 K. In this study, the twinning-induced 

lasticity generally has two strain-hardening origins [ 12 , 13 , 76 ], 

.e., the dynamic Hall-Petch effect-induced isotropic hardening and 

ack stress-induced kinematic hardening. At 77 K, the continuously 

ormed {332} < 113 > twins dynamically reduce the mean free path 

f dislocations by progressively segmenting the initial BCC ma- 

rix, thereby improving the dislocation storage and ensuring the 

ow stress. In addition, the dislocation pile-up in front of twin 

bstacles would generate a long-range back stress which is con- 

inuously concentrated with increasing the twinning interface. In 

his investigation, the coactivation and intersection of primary, sec- 

ndary, and even ternary {332} < 113 > twin variants construct a 

hree-dimensional architecture, thereby effectively impeding the 

ropagation of dislocations. In addition to strengthening, the de- 
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Fig. 10. {332} < 113 > twins intersection inside one grain of TiZrHfNb0.6 alloy with 10 % interrupted tensile strain at 77 K: (a) BF image; (b, c) DF images and corresponding 

SAEDs; (d–f) dislocations in the divided matrix and twinning bands. 

Fig. 11. Dislocations glide inside grains of the TiZrHfNb0.6 alloy with 10 % interrupted tensile strain at 77 K: (a, d) dislocations pinning and loops; (b, e) dislocations 

intersection on {112} planes; (c, f) deformation bands with high-density dislocations. 

82
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Fig. 12. Tensile properties and deformation substructure of equiatomic TiZrHfNb alloy at 77 K: (a) engineering tensile curve and fracture morphology; (b) IPF of deformed 

grains near tensile fracture surface and (c) TEM-BF image of dislocations. 

Fig. 13. Quantitative statistics of (a) initial grain size; (b) {332} < 113 > twins thickness and (c) {112} < 111 > twins thickness; (d) schematic illustration of the TWIP effect in 

TiZrHfNbx alloys. 
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elopment of hierarchical twinning substructures also provides the 

islocation-slip channels and {112} < 111 > nano-twinning nucle- 

tion sites to improve ductility and postpone premature cracking 

nder high-stress concentrations [ 16 , 77 ]. 

The activation of hierarchical twinning above can be attributed 

o two aspects. As an unusual twinning process, the occurrence 

f {332} < 113 > twinning is closely related to the β→ α’’ phase 

ransformation. It has been confirmed that the transformed α’’ 

hase can assist the formation of {332} < 113 > mechanical twins 

n metastable β-Ti alloys through α’’→ β reverse phase transition 

 22 , 34 ]. This α’’ transformation-assisted activation process tends to 

nduce inherent defects like dislocations ( Figs. 5 (a, d) and 6 (b)) 

hich might cause self-activated hierarchical secondary twins in- 

ide [78] . In addition, the frequent intersection of {332} < 113 > 

winning bands ( Figs. 4 (a) and 7 (c)) or dislocations pile up around
83
he twins would induce the local stress concentration and there- 

ore trigger the secondary even ternary twinning events [44] . 

his “stress concentration” explanation is consistent in that the 

112} < 111 > twin stress is higher than that of {332} < 113 > twins. 

In addition to temperature, the Nb content is another critical 

actor governing the competition between the mechanical twin- 

ing and dislocation glide of TiZrHfNbx alloys. And more specif- 

cally, decreasing the temperature and Nb-content tailoring are 

wo prerequisites to activating hierarchical {332} < 113 > twinning 

n the TiZrHfNbx system. In the TiZrHf-Nb pseudo-binary com- 

ositional space, consistent with the binary Ti-Nb, the isomor- 

hous element, Nb, can stabilize the BCC structure when added 

nto TiZrHf which consists of polymorphic elements. For TiZrHfNbx 

lloys, {332} < 113 > twinning activated within the compositional 

pace from Nb0.5 to Nb0.6 with an appropriate BCC phase stabil- 
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ty. For a much more stable TiZrHfNb alloy, the deformation is 

ully controlled by dislocation glide at 77 K (exhibits high yield 

trength and weak strain hardening ability). For BCC alloys, the 

ield strength rises steeply with decreasing temperature by dislo- 

ation slip, while the twinning stress is less changed [38] . This rule 

lso applies to the TiZrHfNbx alloys in this work, with increasing 

he Nb content (from Nb0.5 to Nb0.6 alloys), qualitatively, the dis- 

ocations glide plays an increasingly important role during defor- 

ation at 77 K which contributes to the increased yield strength 

f TiZrHfNbx alloys. At 77 K, the {332} < 113 > twinning dominated 

eformation in the Nb0.5 alloy brings excellent strain-hardening 

nd the highest elongation while the increasing role of dislocation 

lip with increasing Nb content significantly improves the yield 

trength and inevitably reduces the strain-hardening and elonga- 

ion in Nb0.6 alloy. 

. Conclusions 

In summary, this investigation demonstrates that {332} < 113 > 

ierarchical mechanical twinning dominated TWIP effect can be 

ngineered in TiZrHfNbx HEAs to dramatically improve the strain- 

ardening ability and strength-ductility combination. The explo- 

ation of these TWIP-RHEAs would provide notable insights into 

he deformation mechanisms of refractory multicomponent sys- 

ems and contribute to designing high-performance refractory 

EAs. The main conclusions can be drawn below: 

1) Within the Ti-Zr-Hf-Nb multicomponent compositional space, 

a large number of deformation twins can be activated during 

deformation by decreasing both the stability of the BCC phase 

and deformation temperature, which contributes to twinning- 

induced plasticity by dramatical improving the strain-hardening 

ability. 

2) For TiZrHfNb0.5 alloys, hierarchical complex twinning networks 

gradually formed through continuous nucleation, growth, acti- 

vation of high-order twin bands, and frequent twins intersec- 

tion process during deformation at 77 K. The width of acti- 

vated {332} < 113 > twins has a wide range from several mi- 

crons to ten nanometers with an average of 1.7 μm, which 

contributes to the generation of multiscale twining frameworks 

and dominates the dynamic Hall-Petch effect. The high-order 

{332} < 113 > and {112} < 111 > twins are activated inside primary

{332} < 113 > twin bands. In contrast, {112} < 111 > nano twins

with an average width of 10.6 nm only existed within the pre- 

activated {332} < 113 > twins and without other twins inside. 

3) It has been verified in this investigation that the strength- 

ductility of TiZrHfNbx alloys can further be flexibly adjusted by 

slightly increasing the Nb content at 77 K. With the increase 

of the Nb content from Nb0.5 to Nb0.6 , the dominant role of 

{332} < 113 > deformation twins gradually decreases meanwhile 

enhancing the yield strength for TiZrHfNb0.6 alloy. 

eclaration of competing interest 

The authors declare that they have no known competing finan- 

ial interests or personal relationships that could have appeared to 

nfluence the work reported in this paper. 

cknowledgments 

This work was supported by the National Natural Science Foun- 

ation of China (Nos. 52301163 and 51821001 ) and the National 

ey R&D Program of China (No. 2022YFB3706800 ). P.K. Liaw very 

uch appreciates the support from (1) the National Science Foun- 

ation (Nos. DMR-1611180 , 1809640 , and 2226508 ) and (2) the US 

rmy Research Office (Nos. W911NF-13–1–0438 and W911NF-19–

–0049 ). 
84
upplementary materials 

Supplementary material associated with this article can be 

ound, in the online version, at doi:10.1016/j.jmst.2023.11.047 . 

eferences 

[1] O.N. Senkov, G.B. Wilks, D.B. Miracle, C.P. Chuang, P.K. Liaw, Intermetallics 18 

(2010) 1758–1765 . 
[2] D.B. Miracle, M.H. Tsai, O.N. Senkov, V. Soni, R. Banerjee, Scr. Mater. 187 (2020) 

445–452 . 
[3] O. El-Atwani, N. Li, M. Li, A. Devaraj, J.K.S. Baldwin, M.M. Schneider, D. So- 

bieraj, J.S. Wrobel, D. Nguyen-Manh, S.A. Maloy, E. Martinez, Sci. Adv. 5 (2019) 

eaav2002 . 
[4] Z. Lei, X. Liu, Y. Wu, H. Wang, S. Jiang, S. Wang, X. Hui, Y. Wu, B. Gault, P. Kon-

tis, D. Raabe, L. Gu, Q. Zhang, H. Chen, H. Wang, J. Liu, K. An, Q. Zeng, T.G. Nieh,
Z. Lu, Nature 563 (2018) 546–550 . 

[5] O.N. Senkov, J.M. Scott, S.V. Senkova, D.B. Miracle, C.F. Woodward, J. Alloys 
Compd. 509 (2011) 6043–6048 . 

[6] L. Lilensten, J.P. Couzinié, L. Perrière, A. Hocini, C. Keller, G. Dirras, I. Guillot, 

Acta Mater. 142 (2018) 131–141 . 
[7] S. Wang, M. Wu, D. Shu, G. Zhu, D. Wang, B. Sun, Acta Mater. 201 (2020)

517–527 . 
[8] G. Dirras, L. Lilensten, P. Djemia, M. Laurent-Brocq, D. Tingaud, J.P. Couzinié, 

L. Perrière, T. Chauveau, I. Guillot, Mater. Sci. Eng. A 654 (2016) 30–38 . 
[9] E.P. George, W.A. Curtin, C.C. Tasan, Acta Mater. 188 (2020) 435–474 . 

[10] E. Ma, X. Wu, Nat. Commun. 10 (2019) 5623 . 

[11] Y. Wei, Y. Li, L. Zhu, Y. Liu, X. Lei, G. Wang, Y. Wu, Z. Mi, J. Liu, H. Wang, H. Gao,
Nat. Commun. 5 (2014) 3580 . 

[12] B.C. De Cooman, Y. Estrin, S.K. Kim, Acta Mater. 142 (2018) 283–362 . 
[13] G.H. Zhao, X. Xu, D. Dye, P.E.J. Rivera-Díaz-del-Castillo, Acta Mater. 183 (2020) 

155–164 . 
[14] Y. Deng, C.C. Tasan, K.G. Pradeep, H. Springer, A. Kostka, D. Raabe, Acta Mater. 

94 (2015) 124–133 . 
[15] B. Gludovatz, A. Hohenwarter, D. Catoor, E.H. Chang, E.P. George, R.O. Ritchie, 

Science 345 (2014) 1153–1158 . 

[16] Z. Zhang, H. Sheng, Z. Wang, B. Gludovatz, Z. Zhang, E.P. George, Q. Yu,
S.X. Mao, R.O. Ritchie, Nat. Commun. 8 (2017) 14390 . 

[17] D.R. Steinmetz, T. Jäpel, B. Wietbrock, P. Eisenlohr, I. Gutierrez-Urrutia, 
A. Saeed-Akbari, T. Hickel, F. Roters, D. Raabe, Acta Mater. 61 (2013) 494–510 . 

[18] J. Gao, Y. Huang, D. Guan, A.J. Knowles, L. Ma, D. Dye, W.M. Rainforth, Acta
Mater. 152 (2018) 301–314 . 

[19] I. Gutierrez-Urrutia, D. Raabe, Acta Mater. 59 (2011) 6449–6462 . 

20] H. Idrissi, K. Renard, D. Schryvers, P.J. Jacques, Scr. Mater. 63 (2010) 961–964 . 
[21] S. Sadeghpour, S.M. Abbasi, M. Morakabati, A. Kisko, L.P. Karjalainen, 

D.A. Porter, Scr. Mater. 145 (2018) 104–108 . 
22] M.J. Lai, C.C. Tasan, D. Raabe, Acta Mater. 111 (2016) 173–186 . 

23] X. Min, X. Chen, S. Emura, K. Tsuchiya, Scr. Mater. 69 (2013) 393–396 . 
24] D. Wei, X. Li, J. Jiang, W. Heng, Y. Koizumi, W.M. Choi, B.J. Lee, H.S. Kim,

H. Kato, A. Chiba, Scr. Mater. 165 (2019) 39–43 . 

25] J. Su, D. Raabe, Z. Li, Acta Mater. 163 (2019) 40–54 . 
26] S. Huang, H. Huang, W. Li, D. Kim, S. Lu, X. Li, E. Holmstrom, S.K. Kwon, L. Vi-

tos, Nat. Commun. 9 (2018) 2381 . 
27] Q. Lin, J. Liu, X. An, H. Wang, Y. Zhang, X. Liao, Mater. Res. Lett. 6 (2018)

236–243 . 
28] J. Liu, X. Guo, Q. Lin, Z. He, X. An, L. Li, P.K. Liaw, X. Liao, L. Yu, J. Lin, L. Xie,

J. Ren, Y. Zhang, Sci. China Mater. 62 (2018) 853–863 . 

29] O.N. Senkov, D.B. Miracle, K.J. Chaput, J.P. Couzinie, J. Mater. Res. 33 (2018) 
3092–3128 . 

30] L. Lilensten, J.P. Couzinié, J. Bourgon, L. Perrière, G. Dirras, F. Prima, I. Guillot,
Mater. Res. Lett. 5 (2017) 110–116 . 

[31] H. Huang, Y. Wu, J. He, H. Wang, X. Liu, K. An, W. Wu, Z. Lu, Adv. Mater. 29
(2017) 1701678 . 

32] L. Wang, C. Fu, Y. Wu, Q. Wang, X. Hui, Y. Wang, Mater. Sci. Eng. A 748 (2019)

441–452 . 
33] L. Zhang, H. Fu, S. Ge, Z. Zhu, H. Li, H. Zhang, A. Wang, H. Zhang, Mater. Char-

act. 142 (2018) 4 43–4 48 . 
34] P. Castany, Y. Yang, E. Bertrand, T. Gloriant, Phys. Rev. Lett. 117 (2016) 245501 . 

35] B. Gludovatz, A. Hohenwarter, K.V. Thurston, H. Bei, Z. Wu, E.P. George, 
R.O. Ritchie, Nat. Commun. 7 (2016) 10602 . 

36] F. Otto, A. Dlouhy, C. Somsen, H. Bei, G. Eggeler, E.P. George, Acta Mater. 61

(2013) 5743–5755 . 
37] G. Laplanche, A. Kostka, C. Reinhart, J. Hunfeld, G. Eggeler, E.P. George, Acta 

Mater. 128 (2017) 292–303 . 
38] J.W. Christian, S. Mahajan, Prog. Mater. Sci. 39 (1995) 1–157 . 

39] M. Yang, L. Zhou, C. Wang, P. Jiang, F. Yuan, E. Ma, X. Wu, Scr. Mater. 172 (2019)
66–71 . 

40] S. Wang, M. Wu, D. Shu, B. Sun, Mater. Lett. 264 (2020) 127369 . 
[41] X.H. Min, K. Tsuzaki, S. Emura, T. Sawaguchi, S. Ii, K. Tsuchiya, Mater. Sci. Eng.

A 579 (2013) 164–169 . 

42] T. Kawabata, S. Kawasaki, O. Izumi, Acta Mater. 46 (1998) 2705–2715 . 
43] T. Furuhara, K. Kishimoto, T. Maki, Mater. Trans. JIM 35 (1994) 843–850 . 

44] J. Zhang, Y. Fu, Y. Wu, B. Qian, Z. Chen, A. Inoue, Y. Wu, Y. Yang, F. Sun, J. Li,
F. Prima, Mater. Res. Lett. 8 (2020) 247–253 . 

45] Y. Yang, P. Castany, Y.L. Hao, T. Gloriant, Acta Mater. 194 (2020) 27–39 . 

http://dx.doi.org/10.13039/501100001809
https://doi.org/10.13039/501100012166
https://doi.org/10.13039/100000001
https://doi.org/10.13039/100014055
https://doi.org/10.1016/j.jmst.2023.11.047
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0001
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0002
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0003
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0004
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0005
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0006
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0007
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0008
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0009
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0010
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0011
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0012
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0013
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0014
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0015
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0016
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0017
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0018
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0019
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0020
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0021
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0022
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0023
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0024
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0025
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0026
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0027
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0028
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0029
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0030
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0031
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0032
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0033
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0034
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0035
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0036
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0037
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0038
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0039
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0040
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0041
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0042
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0043
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0044
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0045


S. Wang, D. Shu, P. Shi et al. Journal of Materials Science & Technology 187 (2024) 72–85

[

[
[  

[  

 

[  

[
[  

[  

[  

[  

[
[  

[  

[  

[  

[
[  

[

[

[

[  

[
[

 

[  

[

[

[
[  
46] W. Wang, X. Zhang, J. Sun, Mater. Charact. 142 (2018) 398–405 . 
[47] Y.T. Zhu, X.L. Wu, Mater. Today Nano 2 (2018) 15–20 . 

48] C.L. Yang, Z.J. Zhang, P. Zhang, Z.F. Zhang, Acta Mater. 136 (2017) 1–10 . 
49] X. Wen, L. Zhu, M. Naeem, H. Huang, S. Jiang, H. Wang, X. Liu, X. Zhang,

X.L. Wang, Y. Wu, Z. Lu, Scr. Mater. 231 (2023) 115434 . 
50] S. Wang, D. Wu, H. She, M. Wu, D. Shu, A. Dong, H. Lai, B. Sun, Mater. Sci. Eng.

C 113 (2020) 110959 . 
[51] Y. Wu, Y. Cai, T. Wang, J. Si, J. Zhu, Y. Wang, X. Hui, Mater. Lett. 130 (2014)

277–280 . 

52] C.C. Juan, M.H. Tsai, C.W. Tsai, W.L. Hsu, C.M. Lin, S.K. Chen, S.J. Lin, J.W. Yeh,
Mater. Lett. 184 (2016) 200–203 . 

53] O.N. Senkov, S.L. Semiatin, J. Alloys Compd. 649 (2015) 1110–1123 . 
54] Y. Wu, J. Si, D. Lin, T. Wang, W.Y. Wang, Y. Wang, Z. Liu, X. Hui, Mater. Sci. Eng.

A 724 (2018) 249–259 . 
55] S. Sheikh, S. Shafeie, Q. Hu, J. Ahlström, C. Persson, J. Veselý, J. Zýka, U. Kle-

ment, S. Guo, J. Appl. Phys. 120 (2016) 164902 . 

56] Z. An, S. Mao, T. Yang, C.T. Liu, B. Zhang, E. Ma, H. Zhou, Z. Zhang, L. Wang,
X. Han, Mater. Horiz. 8 (2021) 948–955 . 

57] S. Wang, S. Lu, M. Wu, D. Wang, G. Zhu, C. Yang, D. Shu, B. Sun, L. Vitos, Mater.
Sci. Eng. A 832 (2022) 142476 . 

58] D. Hull, D.J. Bacon, Introduction to Dislocations, Elsevier Ltd. 4th ed., 2001 . 
59] R. Zhang, S. Zhao, J. Ding, Y. Chong, T. Jia, C. Ophus, M. Asta, R.O. Ritchie,

A.M. Minor, Nature 581 (2020) 283–287 . 

60] T. Yang, Y. Zhao, Y. Tong, Z. Jiao, J. Wei, J. Cai, X. Han, D. Chen, A. Hu, J. Kai,
Science 362 (2018) 933–937 . 

61] S. Jiang, H. Wang, Y. Wu, X. Liu, H. Chen, M. Yao, B. Gault, D. Ponge, D. Raabe,
A. Hirata, Nature 544 (2017) 460–464 . 
85
62] B. He, B. Hu, H. Yen, G. Cheng, Z. Wang, H. Luo, M. Huang, Science 357 (2017)
1029–1032 . 

63] C. Yang, Z. Zhang, T. Cai, P. Zhang, Z. Zhang, Sci. Rep. 5 (2015) 1–7 . 
64] S. Zhao, R. Zhang, Q. Yu, J. Ell, R.O. Ritchie, A.M. Minor, Science 373 (2021)

1363–1368 . 
65] M. Marteleur, F. Sun, T. Gloriant, P. Vermaut, P.J. Jacques, F. Prima, Scr. Mater. 

66 (2012) 749–752 . 
66] S.H. Kim, H. Kim, N.J. Kim, Nature 518 (2015) 77–79 . 

67] K. Lu, Science 345 (2014) 1455–1456 . 

68] X. Wu, M. Yang, F. Yuan, G. Wu, Y. Wei, X. Huang, Y. Zhu, Proc. Natl. Acad. Sci
112 (2015) 14501–14505 . 

69] F. Walsh, A. Abu-Odeh, M. Asta, MRS Bull. 48 (2023) 753–761 . 
70] R. Niu, X. An, L. Li, Z. Zhang, Y.W. Mai, X. Liao, Acta Mater. 223 (2022) 

117460 . 
[71] A. Chen, Y. Pan, J. Dai, W. Fu, X. Song, Mater. Today Commun. 36 (2023)

106922 . 

72] K. Xun, B. Zhang, Q. Wang, Z. Zhang, J. Ding, E. Ma, J. Mater. Sci. Technol. 135
(2023) 221–230 . 

73] M. Meyers, O. Vöhringer, V. Lubarda, Acta Mater. 49 (2001) 4025–4039 . 
[74] S. Curtze, V.T. Kuokkala, Acta Mater. 58 (2010) 5129–5141 . 

75] G. Laplanche, A. Kostka, O.M. Horst, G. Eggeler, E.P. George, Acta Mater. 118 
(2016) 152–163 . 

[76] O. Bouaziz, J. Moon, H.S. Kim, Y. Estrin, Scr. Mater. 191 (2021) 107–110 . 

77] X.H. An, Science 373 (2021) 857–858 . 
78] Q. Zhu, Q.S. Huang, Y.Z. Tian, S.C. Zhao, Y.B. Chen, G. Cao, K.X. Song, Y.J. Zhou,

W. Yang, Z. Zhang, X.H. An, H.F. Zhou, J.W. Wang, Sci. Adv. 8 (2022) 
eabn8299 . 

http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0046
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0047
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0048
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0049
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0050
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0051
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0052
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0053
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0054
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0055
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0056
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0057
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0058
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0059
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0060
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0061
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0062
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0063
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0064
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0065
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0066
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0067
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0068
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0069
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0070
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0071
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0072
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0073
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0074
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0075
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0076
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0077
http://refhub.elsevier.com/S1005-0302(24)00046-X/sbref0078

	TiZrHfNb refractory high-entropy alloys with twinning-induced plasticity
	1 Introduction
	2 Experimental methods
	2.1 Alloys preparation
	2.2 Tensile tests and microstructure characterization

	3 Results
	3.1 Temperature-dependent tensile properties and microstructure of TiZrHfNb0.5 alloy
	3.2 Deformation-driven hierarchical twinning in the TiZrHfNb0.5 alloy
	3.3 Strength-ductility adjustment by increasing the Nb content

	4 Discussion
	5 Conclusions
	Declaration of competing interest
	Acknowledgments
	Supplementary materials
	References


