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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. 

1. Introduction 

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

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

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

interest due to their promising properties under extreme condi- 

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

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

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

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

keep substantial uniform ductility which relies on sufficient strain 

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

moting mechanical twinning in competition with the motion of 

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

activated to govern the plastic deformation of solid solution al- 

loys [11–14] . This TWIP effect fundamentally results from the huge 
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strain hardening capability which delays the onset of plastic insta- 

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

is explored to endow RHEAs with strong strain-hardening behavior 

and thereby the high strength-ductility combination. 

The TWIP effect has been widely adopted in advanced Fe- 

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

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

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

the extensively investigated FCC HEAs, the TWIP effect is rarely 

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

sign strategy of “metastable engineering”, the transformation- 

induced plasticity (TRIP) effect has been utilized to improve 

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

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

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

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

above which activate the orthorhombic αʹʹ phase during defor- 

mation, the improvement of tensile ductility of the metastable 

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

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

the metastable TiZrHfNbx ( x = 0.2, 0.4) alloys strongly deterio- 
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rate the compression plasticity compared to the stable TiZrHfNbx 
( x = 0.6, 1) alloys rather than improving it [33] . The TWIP ef- 

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

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

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

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

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

However, twinning-induced plasticity has not yet been discovered 

for metastable refractory HEAs, which indicates that the composi- 

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

Apart from the alloy composition, the temperature is another 

crucial factor to affects the competitive-deformation mechanisms 

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

Extensive twinning is expected to occur at low temperatures when 

the critical stress for dislocation slips sharply increases while the 

twinning stress remains almost constant with decreasing temper- 

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

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

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

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

behavior caused by mechanical twinning, the uniform ductility 

and fracture toughness of FCC HEAs are significantly improved 

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

twinning makes the CrCoNi alloy a strong competitor to the best 

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

yield strength of BCC metals and alloys is strongly dependent on 

the deformation temperature [38] , which could provide sufficient 

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

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

ning can be activated at cryogenic temperatures, which contributes 

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

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

twin intersections. 

To explore refractory high-entropy alloys with twinning- 

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

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

by decreasing the Nb content combined with decreasing deforma- 

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

Both the alloy composition and deformation temperature are con- 

trolled to provide a comprehensive understanding of the TWIP ef- 

fect in metastable TiZrHfNbx HEAs. 

2. Experimental methods 

2.1. 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 

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

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

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

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

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

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

in a circulating argon atmosphere to homogenize the microsegre- 

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

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

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

used to acquire microstructures with equiaxed grains. Table S1 in 

Supplementary Materials gives the chemical compositions of these 

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

2.2. Tensile tests and microstructure characterization 

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

cross-section area of 4 mm × 1.8 mm were sectioned from the 

plates along the rolling direction (RD). The tensile specimens were 

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

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

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

SANS CMT50 0 0 mechanical testing system equipped with a dewar 

tank to ensure the test temperature was continuously adjustable 

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

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

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

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

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

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

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

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

sition was measured by the EDS quantitative area scanning using a 

Mira3 Field Emission scanning electron microscope (SEM). The de- 

formation substructures were characterized by backscattered elec- 

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

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

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

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

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

electro-polishing, followed by ion-beam milling. 

3. Results 

3.1. Temperature-dependent tensile properties and microstructure of 

TiZrHfNb0.5 alloy 

The tensile properties of the TiZrHfNb0.5 alloy and related 

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

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

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

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

tensile elongation reaches 20 %, indicating poor strain-hardening 

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

the sustaining strain-hardening ability enables nearly 30 % uniform 

tensile strain. With the deformation temperature continuing down 

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

creasing temperature, the tensile strength, especially the engineer- 

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

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

maintains a single-phase BCC structure after tensile deformation at 

three temperatures. 

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

phase BCC equiaxed grains with coarse grains was obtained 

through homogenization, cold rolling, and recrystallization pro- 

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

of athermal ω nanoparticles dispersed in the BCC matrix of the 

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

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

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

ture processes and are consistent with the significant necking be- 

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

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

shows the deformation substructures evolution of the TiZrHfNb0.5 
alloy interrupted at different tensile strains at 77 K. These straight 

deformation bands are distributed in almost all grains with variant 

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

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

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

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

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

15 ° to 20 ° rather than high-density straight bands distributed in- 

side 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. 

mechanism of the TiZrHfNb0.5 alloy is completely controlled only 

by dislocation slip at RT. 

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

The wide-field deformation microstructure of TiZrHfNb0.5 alloy 

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

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

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

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

their density improved with increasing the tensile strain from 10 

to 20 %. 

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

of several micrometers intersect with each other and divide the 

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

graphic misorientations cross these two variants, and the matrix 

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

angle of {332} < 113 > twins (50.5 ° rotation about the 〈 011 〉 axis cor- 

responding to the coincidence site lattice, �11 interfaces), which 

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

further illustrate the crystallographic orientations between the BCC 

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

projection pole figures are constructed based on crystallographic 

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

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

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

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

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

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

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

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

during twinning. 

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

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

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

from 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). 
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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). 

alloy during tensile at 77 K. Fig. 4 (a) shows the zoom-in images 

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

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

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

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

SV2 (32 ̄3 )[ ̄1 31], SV3 ( ̄3 3 ̄2 )[1 ̄1 ̄3 ], and SV4 ( ̄3 2 ̄3 )[ ̄1 ̄3 ̄1 ]) are triggered 

to further refine the coarse PV1 bands themself. 

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

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

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

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

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

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

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

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

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

cations were considered to be related to the intrinsic formation 

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

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

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

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

These high-density dislocations would render the twinned area 

harder than the BCC matrix and further impede the dislocation 

slip [22] . Fig. 5 (c) shows a hierarchical {332} < 113 > twinning mor- 

phology with its corresponding SAED patterns on the twin bound- 

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

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

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

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

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

lationship between the primary band and matrix also corresponds 

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

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

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

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

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

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

and high-order twins inside the primary twin further strengthens 

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

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

Probably due to the complexity of the local stress concentration, 

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

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

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

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

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

{112} < 111 > twins variant 2 in selected areas SA1, SA2, and SA3, 

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

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

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

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

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

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

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

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

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

structure meanwhile without other twins inside. The high-stress 

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

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

twins. 

Besides the high-order twinning process inside primary 

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

twin variants plays an important role in the formation of the hi- 

erarchical twinning substructure. In Fig. 7 (a), with increasing the 

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

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

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

twinning intersection-induced matrix refinement under the same 

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

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

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

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

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

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

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

substructure combined with high-density dislocations makes it dif- 

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

segmented by highly deformed twinning channels becomes regu- 

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

of 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. 

axis [101] of the BCC matrix during twinning with the BCC matrix 

decorated with high-density dislocations. These twins’ intersection 

together with high-order twinning contributes to the progressive 

refinement of the initial BCC matrix. 

3.3. Strength-ductility adjustment by increasing the Nb content 

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

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

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

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

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

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

of TiZrHfNb0.6 (Nb0.6 ) alloy. A 20 % uniform elongation is still ob- 

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

evitably decreases the tensile elongation of TiZrHfNbx alloys at 

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

both tensile strength and elongation, which can be interpreted by 

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

although these alloys exhibit excellent plasticity (no cracking after 

80 % cold rolling and over 20 % total elongation), the intrinsic poor 

strain-hardening ability makes them immediately enter the dif- 

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

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

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

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

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

ginning of plastic deformation, corresponding to the elastic-plastic 
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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. 

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

Then, the � decreases monotonously until the initiation of necking 

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

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

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

true stress-strain curves and corresponding strain-hardening rate 

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

the ultimate tensile strength versus uniform elongation map, the 

TiZrHfNbx in this study and TiZrHfNbTa alloy deformed at 77 K 

stand out from all the previously reported refractory HEAs de- 

formed at room temperature. Compared with the TiZrHfNbTa al- 

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

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

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

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

hybrid mechanisms, including the planar dislocation slip, strain- 

induced phase transition, and twinning. 

For TiZrHfNbx alloys, the increase of the Nb content suppresses 

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

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

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

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

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

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

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

tions 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- 

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

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

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

Figs. 10 and 11 present the nanoscale deformation substructures 

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

cation 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 ]. 

sile strain at 77 K, two {332} < 113 > twin variants intersected with 

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

high-density dislocations are activated inside the matrix and twin 

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

multiplanar screw dislocation slip and dislocation bands can be ob- 

served along with the formation of dislocation pinning loops and 

dipoles. 

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

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

the equiatomic TiZrHfNb alloy presents sound tensile plasticity at 

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

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

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

ability, which generates negligible ductility after yielding. 

4. Discussion 

For metallic materials, plasticity is important for forming metals 

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

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

ticity does not guarantee high ductility which needs enough strain- 

hardening to evade strain localization by activating effective bar- 

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

dislocations substructures [ 62 , 63 ], twins [ 12–14 , 64 ], phase bound- 

aries [ 30 , 65 , 66 ], heterogeneous grains structures [ 67 , 68 ], etc., to 

block gliding dislocations and force them to accumulate. 

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

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

ing and exhibit significant necking until ductile fracture during 

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

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

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

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

This would be caused by the inherently large lattice distortion and 

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

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

pairs’ chemical short-range order has been theoretically predicted 

[ 71 , 72 ]. 

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

creasing the deformation temperature can effectively improve the 

strain-hardening ability of TiZrHfNbx alloys to ensure apprecia- 

ble ductility by activating hierarchically mechanical twinning. With 

decreasing the temperature, if the flow stress rises more rapidly 

than the twinning stress, a transition from the dislocation slip 

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

FCC 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- 

cal twinning stress after significant dislocation accumulation, the 

strong 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. 

planar screw dislocation core [58] of BCC alloys make the twin- 

ning usually activated before macro-yielding with decreasing tem- 

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

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

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

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

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

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

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

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

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

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

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

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

role 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- 

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

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

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

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

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

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

schematical illustration of the TWIP effect in TiZrHfNbx alloys 

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

the {332} < 113 > mechanical twins from the micro to nanome- 

ter scale are activated in coarse recrystallized BCC grains. As 

the plastic deformation proceeds, the number of twins increases 

and the widespread twin intersections contribute to forming a 

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

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

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

twin bands. These two simultaneous structural evolution processes 

contribute to the formation of a hierarchical twinning architecture 

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

ture formation progressively segments the initially coarse grains 

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

high strain-hardening ability and in turn the uniform elongation 

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

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

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

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

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

of dislocations by progressively segmenting the initial BCC ma- 

trix, thereby improving the dislocation storage and ensuring the 

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

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

tinuously concentrated with increasing the twinning interface. In 

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

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

three-dimensional architecture, thereby effectively impeding the 

propagation 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. 
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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. 

velopment of hierarchical twinning substructures also provides the 

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

ation sites to improve ductility and postpone premature cracking 

under high-stress concentrations [ 16 , 77 ]. 

The activation of hierarchical twinning above can be attributed 

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

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

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

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

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

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

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

which might cause self-activated hierarchical secondary twins in- 

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

twinning bands ( Figs. 4 (a) and 7 (c)) or dislocations pile up around 

the twins would induce the local stress concentration and there- 

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

This “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 

factor governing the competition between the mechanical twin- 

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

ically, decreasing the temperature and Nb-content tailoring are 

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

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

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

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

into TiZrHf which consists of polymorphic elements. For TiZrHfNbx 
alloys, {332} < 113 > twinning activated within the compositional 

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

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

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

yield strength rises steeply with decreasing temperature by dislo- 

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

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

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

locations glide plays an increasingly important role during defor- 

mation at 77 K which contributes to the increased yield strength 

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

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

and the highest elongation while the increasing role of dislocation 

slip with increasing Nb content significantly improves the yield 

strength and inevitably reduces the strain-hardening and elonga- 

tion in Nb0.6 alloy. 

5. Conclusions 

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

hierarchical mechanical twinning dominated TWIP effect can be 

engineered in TiZrHfNbx HEAs to dramatically improve the strain- 

hardening ability and strength-ductility combination. The explo- 

ration of these TWIP-RHEAs would provide notable insights into 

the deformation mechanisms of refractory multicomponent sys- 

tems and contribute to designing high-performance refractory 

HEAs. 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. 
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