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A B S T R A C T

The mechanical property of a low-density refractory Ti3NbVAl high-entropy alloy (HEA) with an ordered B2 
structure is investigated in the dynamic regime. The yield strength increased from 751 MPa at a strain rate of 
10–3 s-1 to 1,400 MPa at a strain rate of ~ 103 s-1, indicating an extraordinary strain-rate-hardening capability. 
Dynamic compression of the hat-shaped sample suggests that it also exhibits excellent shear resistance under a 
deviatoric strain rate of 105 s-1, which resists the adiabatic shear-band formation at a large imposed shear strain 
of ~16. The microstructure inside the shear bands shows that a severe grain refinement combined with a B2 to 
body-centered-cubic (BCC) crystal structure transition occurred during shear localization. Our results demon-
strate that the Ti3NbVAl HEA exhibits great toughness under dynamic-loading conditions. An excellent load- 
bearing capacity under high-strain rate loading conditions leads to its promising applications in aerospace, 
transportation, and energy.

High-entropy alloys (HEAs), as an emerging group of high- 
performance metallic materials, have attracted great attention since its 
origin at 2004 [1–6]. Refractory HEAs, especially low-density refractory 
HEAs (LDRHEAs) are developing due to their unique mechanical prop-
erties, such as high specific strength, good fracture toughness, excellent 
fatigue resistance and corrosion resistance at elevated temperatures, as 
well as their promising application emerges in aviation, transportation, 
and energy-saving fields [7–10].

Among all the lightweight metallic elements, titanium can obtain 
remarkable strength and replace some ceramic components and high- 
density superalloys. The titanium-containing LDRHEAs as a broader 
concept of titanium alloys can achieve the long-standing goal of sur-
passing the high-temperature structural performance of conventional 
alloys. Stepanov et al. [11,12] have reported a series of Ti-based 
LDRHEAs with different elemental additions for improving mechanical 
properties and weight reduction. The coarse-grained single-phase 
BCC-structured AlNbTiV alloy with a density of 5.59 g cm− 3 has a 
compressive yield strength of 1,020 MPa at room temperature and 685 
MPa at 800 ◦C. Its specific yield strength is comparable to the that of the 

multiphase-refractory HEA [9]. However, it does not exhibit significant 
plastic deformation and is brittle at room temperature. Later, its 
BCC-structured single phase is proved to be an ordered B2 compound 
with a considerable yield strength of 1,000 MPa and plasticity of 6.0 % 
at room temperature [12].

Due to the excellent performance of the LDRHEAs and their 
outstanding potential as candidates for aerospace applications, it is 
important to establish the mechanical behavior of the alloys especially 
under harsh environments-dynamic conditions [13–17]. Take the 
CrMnFeCoNi (Cantor) HEA an example, it shows the most remarkable 
resistance to shear localization with a critical shear strain up to ~ 7 [18,
19], which is attributed to its excellent strain-hardening ability as well 
as weak thermal-softening effect [19]. The extraordinary 
strain-hardening ability of the annealed CrMnFeCoNi HEA under a dy-
namic condition has also been attributed to dynamically formed nano-
scale twins [20]. It has been reported that a variety of deformation 
mechanisms, including stacking faults, twins, transformation from the 
face-centered-cubic (FCC) to the hexagonal-close-packed (HCP) struc-
ture, and the amorphous-structured area were found in a 
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severely-deformed equiatomic CrMnFeCoNi HEA, which provide the 
outstanding mechanical properties with additional strengthening 
and/or toughening mechanisms of the HEA alloys under extreme 
loading conditions [21]. Meanwhile, both the tensile strength and 
plasticity of the CrMnFeCoNi HEA were enhanced significantly at high 
strain rates under dynamic tension due to significant deformation 
nano-twins. However, due to the single deformation mechanism, such as 
dislocation planar slip, and the inadequate dislocation interaction, the 
strain-hardening capacity in RHEAs with a single BCC structure is 
relatively weak [22]. As for ordered B2 intermetallic compound RHEAs, 
the intrinsic brittleness bottlenecks the application of the materials, 
whose dynamic-mechanical behavior is rarely addressed.

In this investigation, we carried out dynamic tests on the newly- 
designed ordered B2 intermetallic compound in a Ti3NbVAl LDRHEA 
by the Split Hopkinson Pressure Bar to investigate its dynamic behavior. 
Special attention was paid to the formation of adiabatic shear bands and 
their microstructural evolution characteristics.

The as-received Ti3NbVAl LDRHEA was fabricated by arc-melting its 
constituent elements of Ti, Al, V, and Nb (purity > 99.9 weight percent, 
wt. %) elements and was then subjected to hot-isostatic-pressing (HIP) at 
1,204 ◦C and 103 MPa for 4 h. The quasi-static compression tests were 
performed in a Universal Testing Machine Instron 3367, using a cylinder 
specimen with 4 mm in diameter and 6 mm in length. The Split Hop-
kinson Pressure Bar (SHPB) was employed to test the normal- and shear- 

deformation behavior, with cylindrical and hat-shaped specimens. The 
hat-shaped specimens, originally designed by Meyer and Manwaring 
[19], were used to generate forced shear bands. Finally, the specimens 
were analyzed by the Rigaku D/max2500 XRD, FEI Helios G4 CX 
scanning electron microscopy (SEM), and Thermo QuasOr electron 
backscatter diffraction (EBSD). A focused ion beam (FIB) instrument was 
used to accurately prepare the FEI Themis Z Double Cs Corrector 
transmission electron microscope (HRTEM) samples inside the 
shear-band. A SuperX energy-dispersive spectrometer (EDS) and pre-
cession electron diffraction (PED) device were also utilized. The 
nano-hardness analyses were performed by an instrumented Hysitron 
TI980 nanoindenter.

The initial microstructure of the as-received LDRHEA alloy is 
composed of a single B2 intermetallic compound with a grain size 
ranging from 400 to 600 μm, as presented in Figs. 1(a) and S1. The 
density of the alloy measured by the Archimedes method is about ~ 5.4 
× 103 kg.m-3, which is a little lower than the LDRHEAs reported by 
Stepanov et al.[9]. The quasi-static compressive true stress and true 
strain curves at room temperature are also plotted in Fig. 1 (a), which 
presents a considerable strain-hardening ability at ambient temperature 
during plastic deformation. With strain rates of 10–3, 10–2, and 10–1 s-1, 
the yield stresses of 751 MPa, 912 MPa, and 940 MPa were achieved, 
respectively. The stress vs. strain curves at high strain rates are shown in 
Figs. 1(b) and (c). When subjected to a high strain rate of ε̇ ~ 103 s-1, the 

Fig. 1. The mechanical behavior of the Ti3NbVAl alloy at room temperature: (a) true stress-strain curves of cylindrical specimens under quasi-static with SADP and 
XRD patterns of the master-material inserted; (b) true stress-strain curves of cylindrical specimens under dynamic compression with macroscopic images of the 
deformed cylindrical specimens; (c) shear stress-strain curves under the dynamic-impacting condition with deformed hat-shaped specimens; (d) strain-rate sensi-
tivities at low and high strain rates.
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yield stress of σy increases to ~ 1,400 MPa. This tendency is comparable 
with the dynamic strength of the Ti-6Al-4V alloy. Thus, the Ti3NbVAl 
LDRHEA exhibits an outstanding work-hardening ability under both 
static and dynamic conditions. Furthermore, the nominal failure strain is 
larger than that of the Ti-6Al-4V alloy under both static and dynamic 
loading conditions, which indicates a superior toughness of the 
Ti3NbVAl LDRHEA alloy, as compared to the benchmark low-density tit 
anium alloy of Ti-6Al-4V [23].

At higher strain rates, the hat-shaped specimens exhibit a yield shear 
stress at ~ 650 MPa at the strain rate of ~ 105 s-1, as presented in Fig. 1 
(c). A critical shear strain for shear localization with a high value of ~16 
is found in the specimen which is much larger than that found in 
CrMnFeCoNi HEA [22]. It is suggested that this alloy also presents 
excellent shear resistance under a deviatoric strain rate of 105 s-1. 
Furthermore, the fluctuations in the stress-strain curves at different 
strain rates are observed, especially the large oscillation under a high 
strain rate of 2 × 105 -1, which are supposed to be the result from the 
dispersion effect of stress waves [24]. 

m = kT/τv∗ (1) 

where k is the Boltzmann constant, T is the temperature, τ is the stress, 
and v* is the activation volume. The higher strain-rate sensitivity of this 
LDRHEA, compared with conventional BCC alloys, should be caused by 
a smaller activation volume for dislocation motion in the LDRHEAs. This 
behavior is also observed in the single FCC Al0.3CoCrFeNi and CoCr-
FeMnNi HEAs, compared with conventional FCC alloys [18,19].

With the increase of the shear strain and strain rate, shear localiza-
tion becomes an important failure mechanism. The shear bands are 
found in the hat-shaped specimen at a critical shear strain of ~ 16 [Fig. 2
(a)]. Shear bands can be found along the largest shear-stress direction 
within the designed shear region. The width is about 20 - 30 μm. Cracks 
can be seen at the tips of the shear band. Staker [25] has proposed an 

expression for the critical shear strain for shear-band formation based on 
the competition between the strain-hardening and thermal softening 
before shear localization by neglecting the strain-rate hardening effect: 

γc =
nρCp

− ∂τ
∂T

(2) 

where ρ is the density, Cp is the specific-heat capacity, n is the strain- 
hardening power index for the constitutive equation (τ = τ0 + Kγn, 
where τ0 is the yield stress, and K is the constant), and the term, ∂τ/∂T, is 
the thermal-softening parameter. From Eqn. (2), the value of nρCp can be 
regarded as the hardening component, while the ∂τ/∂T is the competi-
tive softening counterpart. The critical shear strain of ~ 16 in LDRHEA is 
much larger than that in the FCC CrMnFeCoNi alloy as well as the other 
alloys [26]. A smaller thermal-softening effect and a larger 
strain-hardening effect can be predicted in LDRHEA.

A TEM specimen inside the shear band was prepared by FIB, as 
indicated in Figs. 2(b) and (e). The significantly refined grains with grain 
size ranging from 100 to 300 nm are observed inside the shear band, 
which is similar to the equiaxed grains obtained in a dynamically- 
impacted CoCrFeMnNi HEA [19]. Different orientations are clearly 
seen in the nano-sized grains, and the diffraction pattern in Fig. 2(c) 
exhibits a polycrystalline structure. No second phase is formed at the 
grain boundary, as seen in Fig. S2. A selected area diffraction pattern 
(SADP) taken along the [-100] zone axis is presented in Fig. 2(c). The 
crystal structure is shown to be a BCC type, which is different from the 
initial undeformed alloy. It provides an evidence of the phase transition 
from the B2 to BCC structure. The LDRHEA alloy changes the crystal 
structure from an ordered B2 to a disordered BCC structure, which 
carries plastic deformation under dynamic loading.

In addition, the microstructure in the interrupted specimens are also 
presented in Figs 2 (e)-(f). Multiple slip bands are found in the designed 

Fig. 2. The shear structure in the hat-shaped specimen: (a)-(c) microstructure characterization of the specimen with formation of ASB; (d)-(f) microstructure 
characterization of the interrupted specimen; (a) and (d) macroscopic structure of the shear zone; (b) and (e) the FIB position and EBSD map; (c) and (f) the bright- 
field TEM image with the selected area diffraction pattern (SADP) inside the bands showing the crystal structures.
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shear zone. The grains are clearly elongated and nanograins are scare 
found inside the slip bands. The phase structure also remains B2 (or-
dered BCC) structure, as presented in Fig. 2(f). It suggests that the 
B2→BCC transition may only take place once the shear strain exceeds a 
critical value. Such structure transition may also cooperates the high 
shear resistance of LDRHEA alloy.

With further analysis by EBSD and PED, the deformation features 
inside shear bands are clarified. Many dislocation lines caused by their 
pileup are clearly distinguished adjacent to the shear band, suggesting 
that there is plastic deformation through a dislocation glide, as shown in 
Figs. 3(a) and (b). It can be deduced that the deformation process of the 
LDRMEA alloy is as follows: First, with the increase of the applied strain, 
the grains deform to the elongated grains and dislocations in a single 
grain pile up along crystallographic directions (Fig. 4c); Second, sub- 
grain boundaries form along the reorganized dislocations, and the 
continued deformation increases the sub-grain misorientation (Fig. 4d); 
Third, once the shear strain exceeds a critical value, the B2 (ordered 
BCC) crystal structure transforms into disordered BCC structure. 
Meanwhile, nano-sized equiaxed grains form by the rotation of grain 
boundaries and the formation of sub-grain boundaries (Fig. 4e) [27]; 
Finally, the shear band, which is composed of fruitful recrystallized 
equiaxed nano-grains, forms along the maximum shear-stress direction 
(Fig. 4f). This feature is quite different from the other alloys, such as the 
coarse-grained beta titanium alloy, which exhibits a large deformation 
area covering several grains near the shear band [28].

Figs. 3(c) and (d) illustrate the microstructure within the shear band 
measured by the PED technique. It shows clearly that the initial coarse- 
grained structure has been replaced completely by an ultrafine-grained 
one with a grain size of ~ 300 nm. The geometric necessary dislocations 
(GND) can be computed by numerically solving the Nye tensor [29]. 

Fig. 3(d) shows that these GNDs are predominantly located along the 
grain boundaries. The crystallographic texture inside the shear band can 
be inferred from Figs. S5(d-f), which are inverse pole figures of the 
rolling (RD), transverse (TD), and normal directions (ND), respectively. 
The absence of a strong texture inside the shear band indicates a fully 
recrystallized microstructure, which is consistent with the 
electron-diffraction pattern shown in Fig. 2(c).

In order to understand the influence of the drastic microstructural 
changes on the mechanical properties, nano-hardness measurements 
were performed across the shear bands and presented in Fig. 3(f). The 
hardness inside the shear band reaches a maximum value of ~ 4.2 GPa 
near the center of the shear band. Such a value decreases gradually to an 
average value of 3.7 GPa outside the band. This 15 % increase of the 
hardness is due to the Hall-Petch effect, where the grain size decreases 
and therefore, a larger fraction of the grain boundaries reduces the mean 
free path of dislocations. The hardness enhancement in a highly 
deformed recrystallized region of the LDRHEA is consistent with the 
most related works reporting that the adiabatic shear bands composed of 
recrystallized equiaxed nano-grains exhibit hardness enhancement. 
Such phenomena are also observed in the shear bands of the pure Ti 
[30], Ti-6Al-4V [23], pure iron [31], CrMnFeCoNi [32], Al0.1CoCrFeNi 
[33], as well as Zr-based metallic glasses [34].

A comparison of the dynamic yield stress at the strain rate of ~ 103 s- 

1 as a function of the density with other major light metals/alloys and 
the classical commercial alloys is presented in Fig. 5 (a). It can be seen 
that the Ti3NbVAl LDRHEA exhibits a remarkable high dynamic yield 
strength with a relatively low density. Thus, its specific strength at 
elevated strain rates exceeds that of many other low-density engineering 
materials [10,19,23,30,35–49], such as Ti-6Al-4V and Al alloys. 
Furthermore, the absorbed strain energy of the Ti3NbVAl alloy is quite 

Fig. 3. Microstructure and nanohardness characteristics near or inside the shear band: (a) the orientation map and (b) Kernel Avg Misorientation map of the 
microstructure near the shear band; (c) orientation map and (d) geometrically-necessary dislocations (units in m-2) of the microstructure inside the shear band; (e) 
misorientation degree within different grains adjacent to the shear band; (f) nanohardness variation inside and outside the shear band.

N. Yan et al.                                                                                                                                                                                                                                     Scripta Materialia 261 (2025) 116610 

4 



superior compared to the Ti-6Al-4V and many classical engineering al-
loys [50–52], as exhibited in Fig. 5(b). The absorbed strain energy 
reaches 10 GPa at a critical shear strain (also named a failure shear 
strain) of ~ 16. It, therefore, may serve in extreme load-bearing 

conditions.
In summary, excellent mechanical properties at elevated strain rates 

were found in a newly designed, low-density refractory Ti3NbVAl high- 
entropy alloy, which is manifested by a drastic increase of the yield 

Fig. 4. Microstructure evolutions in the Ti3NbVAl alloy during severe plastic deformation: (a) initial grains, (b) a single grain, (c) pile-up of dislocations, (d) rotation 
of segments of the single grain, (e) formation of subgrains with B2 to BCC transition, and (f) shear band with equiaxed grains.

Fig. 5. Dynamic yield stress vs density (a) and absorbed strain energy (b) for the Ti3NbVAl alloy in relation to some classical-engineering materials.
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strength from 751 MPa at a quasi-static strain rate of 10–3 s-1 to ~ 1,400 
MPa at a strain rate of ~103 s-1, indicating a superior strain-rate hard-
ening ability. The Ti3NbVAl alloy possesses an outstanding resistance to 
shear localization and its shear strength can be up to approximately 650 
MPa at a shear strain rate of 105s-1. The critical shear strain for the onset 
of the shear band reaches ~ 16, which is remarkably high among many 
engineering alloys. The recrystallized grains inside the shear band are 
substantially refined to 100 ~ 300 nm, and a unique phase transition 
from a B2 to BCC phase is found during severe plastic deformation inside 
a shear band. The outstanding shear resistance as well as its intrinsic low 
mass density put Ti3NbVAl in a strategically advantageous position. 
With a global comparison of the dynamic mechanical properties, the 
superior specific strength as well as high toughness, compared with the 
most commercial lightweight structural materials, renders it a viable 
candidate for load bearing applications.
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– review & editing, Supervision, Resources, Methodology.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

The present work was financially supported by the National Natural 
Science Foundation of China (Grant Nos. 52333009 and 52088101). S. 
Zhao acknowledges the support of National Key Laboratory Foundation 
of Science and Technology on Materials under Shock and Impact 
(6142902220101). PKL very much appreciates the supports from (1) the 
National Science Foundation (DMR – 1611180, 1809640, and 2226508) 
and (2) the Army Research Office (W911NF-13–1-0438, W911NF-19–2- 
0049, and FA9550-23-1-0503). The authors would like to thank Prof. Y. 
Z. Guo for the help with the experiments.

Supplementary materials

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.scriptamat.2025.116610.

References

[1] J.-W. Yeh, S.-K. Chen, S.-J. Lin, J.-Y. Gan, T.-S. Chin, T.-T. Shun, C.-H. Tsau, S.- 
Y. Chang, Nanostructured High-Entropy Alloys with Multiple Principal Elements: 
Novel Alloy Design Concepts and Outcomes, Adv. Eng. Mater. 6 (5) (2004) 
299–303.

[2] B. Cantor, I.T.H. Chang, P. Knight, A.J.B. Vincent, Microstructural development in 
equiatomic multicomponent alloys, Mater. Sci. Eng. 375-377 (2004) 213–218.

[3] Z. Li, K.G. Pradeep, Y. Deng, D. Raabe, C.C. Tasan, Metastable high-entropy dual- 
phase alloys overcome the strength–ductility trade-off, Nature 534 (7606) (2016) 
227–230.

[4] Q. Pan, L. Zhang, R. Feng, Q. Lu, K. An, A.C. Chuang, J.D. Poplawsky, P.K. Liaw, 
L. Lu, Gradient cell–structured high-entropy alloy with exceptional strength and 
ductility, Sci. (1979) 374 (6570) (2021) 984–989.

[5] D.B. Miracle, O.N. Senkov, A critical review of high entropy alloys and related 
concepts, Acta Mater. 122 (2017) 448–511.

[6] H. Luo, W. Lu, X. Fang, D. Ponge, Z. Li, D. Raabe, Beating hydrogen with its own 
weapon: Nano-twin gradients enhance embrittlement resistance of a high-entropy 
alloy, Mater. Today 21 (10) (2018) 1003–1009.

[7] K.M. Youssef, A.J. Zaddach, C. Niu, D.L. Irving, C.C. Koch, A Novel Low-Density, 
High-Hardness, High-entropy Alloy with Close-packed Single-phase 
Nanocrystalline Structures, Mater. Res. Lett. 3 (2) (2015) 95–99.

[8] R. Feng, M.C. Gao, C. Zhang, W. Guo, J.D. Poplawsky, F. Zhang, J.A. Hawk, J. 
C. Neuefeind, Y. Ren, P.K. Liaw, Phase stability and transformation in a light- 
weight high-entropy alloy, Acta Mater. 146 (2018) 280–293.

[9] N.D. Stepanov, D.G. Shaysultanov, G.A. Salishchev, M.A. Tikhonovsky, Structure 
and mechanical properties of a light-weight AlNbTiV high entropy alloy, Mater. 
Lett. 142 (2015) 153–155.

[10] Y. Ma, F. Yuan, M. Yang, P. Jiang, E. Ma, X. Wu, Dynamic shear deformation of a 
CrCoNi medium-entropy alloy with heterogeneous grain structures, Acta Mater. 
148 (2018) 407–418.

[11] N.D. Stepanov, N.Y. Yurchenko, D.G. Shaysultanov, G.A. Salishchev, M. 
A. Tikhonovsky, Effect of Al on structure and mechanical properties of AlxNbTiVZr 
(x = 0, 0.5, 1, 1.5) high entropy alloys, Mater. Sci. Technol. 31 (10) (2015) 
1184–1193.

[12] N.Y. Yurchenko, N.D. Stepanov, S.V. Zherebtsov, M.A. Tikhonovsky, G. 
A. Salishchev, Structure and mechanical properties of B2 ordered refractory 
AlNbTiVZrx (x = 0–1.5) high-entropy alloys, Mater. Sci. Eng. 704 (2017) 82–90.

[13] N. Yan, Z. Li, Y. Xu, M.A. Meyers, Shear localization in metallic materials at high 
strain rates, Prog. Mater. Sci. 119 (2021) 100755.

[14] Y.Y. Tan, M.Y. Su, Z.Y. Yang, T. Li, J.X. Chen, Z.J. Chen, G. Mo, Y. Chen, H. 
Y. Wang, E.E. Ma, L.H. Dai, Chemical short-range ordering accompanies shear band 
initiation in CrCoNi medium entropy alloy, Scr. Mater. 255 (2025) 116381.

[15] Y. Bu, Y. Wu, Z. Lei, X. Yuan, H. Wu, X. Feng, J. Liu, J. Ding, Y. Lu, H. Wang, Z. Lu, 
W. Yang, Local chemical fluctuation mediated ductility in body-centered-cubic 
high-entropy alloys, Mater. Today 46 (2021) 28–34.

[16] Y. Tang, R. Wang, B. Xiao, Z. Zhang, S. Li, J. Qiao, S. Bai, Y. Zhang, P.K. Liaw, 
A review on the dynamic-mechanical behaviors of high-entropy alloys, Prog. 
Mater. Sci. 135 (2023) 101090.

[17] A. Huang, S.J. Fensin, M.A. Meyers, Strain-rate effects and dynamic behavior of 
high entropy alloys, J. Mater. Res. Technol. 22 (2023) 307–347.

[18] Z. Li, S. Zhao, H. Diao, P.K. Liaw, M.A. Meyers, High-velocity deformation of 
Al0.3CoCrFeNi high-entropy alloy: Remarkable resistance to shear failure, Sci. 
Rep. 7 (1) (2017) 42742.

[19] Z. Li, S. Zhao, S.M. Alotaibi, Y. Liu, B. Wang, M.A. Meyers, Adiabatic shear 
localization in the CrMnFeCoNi high-entropy alloy, Acta Mater. 151 (2018) 
424–431.

[20] Z. Yang, M. Yang, Y. Ma, L. Zhou, W. Cheng, F. Yuan, X. Wu, Strain rate dependent 
shear localization and deformation mechanisms in the CrMnFeCoNi high-entropy 
alloy with various microstructures, Mater. Sci. Eng. 793 (2020) 139854.

[21] S. Zhao, Z. Li, C. Zhu, W. Yang, Z. Zhang, D.E.J. Armstrong, P.S. Grant, R. 
O. Ritchie, M.A. Meyers, Amorphization in extreme deformation of the 
CrMnFeCoNi high-entropy alloy, Sci. Adv. 7 (5) (2021) eabb3108.

[22] R. Wang, Y. Tang, Y. Ai, S. Li, L.a. Zhu, S. Bai, Strengthening and ductilization of a 
refractory high-entropy alloy over a wide strain rate range by multiple 
heterostructures, Int. J. Plast. 173 (2024) 103882.

[23] T. Zhou, J. Wu, J. Che, Y. Wang, X. Wang, Dynamic shear characteristics of 
titanium alloy Ti-6Al-4V at large strain rates by the split Hopkinson pressure bar 
test, Int. J. Impact. Eng. 109 (2017) 167–177.

[24] Z. Xu, Y. Liu, H. Hu, X. He, F. Huang, Determination of shear behavior and 
constitutive modeling of the 603 steel over wide temperature and strain rate 
ranges, J. Mech. Phys. Solids. 129 (2019) 184–204.

[25] M.R. Staker, The relation between adiabatic shear instability strain and material 
properties, Acta Metallurgica 29 (4) (1981) 683–689.

[26] M.A. Meyers, Z. Li, S. Zhao, B. Wang, Y. Liu, P.K. Liaw, Shear localization of fcc 
high-entropy alloys, EPJ. Web. Conf. 183 (2018) 03028.

[27] L.J. Meyers M, V Nesterenko, Y Chen, B Kad, T McNelley, Recrystallization and 
related phenomena, in: Proc Rex, Monterey, 1997, p. 279.

[28] B. Wang, X. Wang, Z. Li, R. Ma, S. Zhao, F. Xie, X. Zhang, Shear localization and 
microstructure in coarse grained beta titanium alloy, Mater. Sci. Eng. 652 (2016) 
287–295.

[29] J.F. Nye, Some geometrical relations in dislocated crystals, Acta Metallurgica 1 (2) 
(1953) 153–162.

[30] M.A. Meyers, G. Subhash, B.K. Kad, L. Prasad, Evolution of microstructure and 
shear-band formation in α-hcp titanium, Mech. Mater. 17 (2) (1994) 175–193.

[31] D. Rittel, G. Ravichandran, A. Venkert, The mechanical response of pure iron at 
high strain rates under dominant shear, Mater. Sci. Eng. 432 (1-2) (2006) 191–201.

[32] M.N. Hasan, J. Gu, S. Jiang, H.J. Wang, M. Cabral, S. Ni, X.H. An, M. Song, L. 
M. Shen, X.Z. Liao, Effects of elemental segregation on microstructural evolution 
and local mechanical properties in a dynamically deformed CrMnFeCoNi high 
entropy alloy, Scr. Mater. 190 (2021) 80–85.

[33] S. Muskeri, D. Choudhuri, P.A. Jannotti, B.E. Schuster, J.T. Lloyd, R.S. Mishra, 
S. Mukherjee, Ballistic Impact Response of Al0.1CoCrFeNi High-Entropy Alloy, 
Adv. Eng. Mater. 22 (6) (2020) 2070025.

[34] R. Maaß, K. Samwer, W. Arnold, C. Volkert, A single shear band in a metallic glass: 
Local core and wide soft zone, Appl. Phys. Lett. 105 (17) (2014) 171902.

[35] X.-F. Liu, Z.-L. Tian, X.-F. Zhang, H.-H. Chen, T.-W. Liu, Y. Chen, Y.-J. Wang, L.- 
H. Dai, Self-sharpening” tungsten high-entropy alloy, Acta Mater. 186 (2020) 
257–266.

[36] N. Kumar, Q. Ying, X. Nie, R.S. Mishra, Z. Tang, P.K. Liaw, R.E. Brennan, K. 
J. Doherty, K.C. Cho, High strain-rate compressive deformation behavior of the 
Al0.1CrFeCoNi high entropy alloy, Mater. Des. 86 (2015) 598–602.

N. Yan et al.                                                                                                                                                                                                                                     Scripta Materialia 261 (2025) 116610 

6 

https://doi.org/10.1016/j.scriptamat.2025.116610
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0001
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0001
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0001
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0001
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0002
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0002
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0003
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0003
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0003
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0004
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0004
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0004
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0005
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0005
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0006
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0006
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0006
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0007
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0007
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0007
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0008
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0008
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0008
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0009
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0009
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0009
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0010
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0010
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0010
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0011
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0011
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0011
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0011
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0012
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0012
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0012
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0013
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0013
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0014
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0014
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0014
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0015
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0015
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0015
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0016
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0016
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0016
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0017
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0017
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0018
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0018
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0018
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0019
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0019
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0019
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0020
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0020
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0020
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0021
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0021
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0021
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0022
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0022
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0022
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0023
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0023
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0023
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0024
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0024
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0024
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0025
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0025
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0026
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0026
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0027
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0027
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0028
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0028
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0028
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0029
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0029
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0030
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0030
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0031
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0031
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0032
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0032
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0032
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0032
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0033
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0033
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0033
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0034
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0034
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0035
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0035
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0035
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0036
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0036
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0036


[37] Z. Li, S. Zhao, B. Wang, S. Cui, R. Chen, R.Z. Valiev, M.A. Meyers, The effects of 
ultra-fine-grained structure and cryogenic temperature on adiabatic shear 
localization in titanium, Acta Mater. 181 (2019) 408–422.

[38] B.F. Wang, Adiabatic shear band in a Ti-3Al-5Mo-4.5V Titanium alloy, J. Mater. 
Sci. 43 (5) (2008) 1576–1582.

[39] Y. Gu, V.F. Nesterenko, Dynamic behavior of HIPed Ti–6Al–4V, Int. J. Impact. Eng. 
34 (4) (2007) 771–783.

[40] K.Eswar Prasad, B. Li, N. Dixit, M. Shaffer, S.N. Mathaudhu, K.T. Ramesh, The 
Dynamic Flow and Failure Behavior of Magnesium and Magnesium Alloys, JOM 66 
(2) (2014) 291–304.

[41] W. Zhang, S. Liu, K. Li, P. Li, J. Qi, Z. Wang, Y. Chen, H. Zhang, L. Meng, High 
strain-rate behavior and deformation mechanism of a multi-layer composite 
textured AZ31B Mg alloy plate, J. Alloys. Compd. 749 (2018) 23–39.

[42] B. Wang, R. Ma, J. Zhou, Z. Li, S. Zhao, X. Huang, Adiabatic shear localization in 
ultrafine grained 6061 aluminum alloy, Mater. Sci. Eng. 675 (2016) 221–227.

[43] Y.B. Xu, W.L. Zhong, Y.J. Chen, L.T. Shen, Q. Liu, Y.L. Bai, M.A. Meyers, Shear 
localization and recrystallization in dynamic deformation of 8090 Al–Li alloy, 
Mater. Sci. Eng. 299 (1) (2001) 287–295.

[44] A. Rohatgi, K.S. Vecchio, G.T. Gray, The influence of stacking fault energy on the 
mechanical behavior of Cu and Cu-Al alloys: Deformation twinning, work 
hardening, and dynamic recovery, Metall. Mater. Trans. A 32 (1) (2001) 135–145.

[45] S. Boakye-Yiadom, N. Bassim, Microstructural evolution of adiabatic shear bands 
in pure copper during impact at high strain rates, Mater. Sci. Eng. 711 (2018) 
182–194.

[46] X. Wang, C. Huang, B. Zou, H. Liu, H. Zhu, J. Wang, Dynamic behavior and a 
modified Johnson–Cook constitutive model of Inconel 718 at high strain rate and 
elevated temperature, Mater. Sci. Eng. 580 (2013) 385–390.

[47] J. Liu, L. Shukui, Z. Xiaoqing, Z. Zhaohui, Z. Haiyun, W. Yingchun, Adiabatic shear 
banding in a tungsten heavy alloy processed by hot-hydrostatic extrusion and hot 
torsion, Scr. Mater. 59 (12) (2008) 1271–1274.

[48] U. Andrade, M.A. Meyers, K.S. Vecchio, A.H. Chokshi, Dynamic recrystallization in 
high-strain, high-strain-rate plastic deformation of copper, Acta Metallurgica et 
Materialia 42 (9) (1994) 3183–3195.

[49] A. Liu, L. Wang, L. Pan, X. Cheng, Microstructure and mechanical properties of a 
novel high-density steel having high tungsten content, Mater. Sci. Eng. 824 (2021) 
141797.

[50] K. Ming, W. Lu, Z. Li, X. Bi, J. Wang, Amorphous bands induced by low 
temperature tension in a non-equiatomic CrMnFeCoNi alloy, Acta Mater. 188 
(2020) 354–365.

[51] A.K. Zurek, The study of adiabatic shear band instability in a pearlitic 4340 steel 
using a dynamic punch test, Metall. Mater. Trans. A 25 (11) (1994) 2483–2489.

[52] L. Anand, W.A. Spitzig, Initiation of localized shear bands in plane strain, J. Mech. 
Phys. Solids. 28 (2) (1980) 113–128.

N. Yan et al.                                                                                                                                                                                                                                     Scripta Materialia 261 (2025) 116610 

7 

http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0037
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0037
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0037
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0038
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0038
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0039
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0039
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0040
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0040
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0040
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0041
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0041
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0041
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0042
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0042
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0043
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0043
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0043
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0044
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0044
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0044
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0045
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0045
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0045
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0046
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0046
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0046
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0047
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0047
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0047
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0048
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0048
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0048
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0049
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0049
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0049
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0050
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0050
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0050
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0051
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0051
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0052
http://refhub.elsevier.com/S1359-6462(25)00073-9/sbref0052

	Outstanding shear resistance in a low-density refractory Ti3NbVAl high-entropy alloy subjected to dynamic loading
	Data availability
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Supplementary materials
	References


