Progress in Materials Science 135 (2023) 101090

Contents lists available at ScienceDirect ;foanSS\N
MATERIALS
SCIENCE

Progress in Materials Science

-~ : =3
I.SEVIER journal homepage: www.elsevier.com/locate/pmatsci

L))

Check for

A review on the dynamic-mechanical behaviors of e
high-entropy alloys

Yu Tang ™', Ruixin Wang ™', Bin Xiao ‘, Zhouran Zhang ", Shun Li", Junwei Qiao ",
Shuxin Bai ™, Yong Zhang *-’, Peter K. Liaw

# College of Aerospace Science and Engineering, National University of Defense Technology, Changsha 410073, China

Y College of Materials Science and Engineering, Taiyuan University of Technology, Taiyuan 030024, China

¢ Shenzhen Institute of Advanced Electronic Materials, Shenzhen 518055, China

4 State Key Laboratory for Advanced Metals and Materials, University of Science and Technology Beijing, Beijing 100083, China
¢ Department of Materials Science and Engineering, The University of Tennessee, Knoxville, TN 37996, USA

ARTICLE INFO ABSTRACT
Keywords: High-entropy alloys (HEAs) are a family of novel multi-principal alloys containing >4 principal
Dynamic-mechanical behaviors elements in equimolar ratios or nearly-equimolar ratios. The unique multiple-principal compo-

High-entropy alloys
Dynamic models
Dynamic-mechanical properties

nents bring in the high configurational entropy or mixing entropy, and some unique micro-
structures of HEAs. Consequently, many impressive properties of HEAs, including outstanding
dynamical mechanical performance, have been reported successively. Under the instantaneous
loading with high strain rates (¢ >10% s7!), dynamic-deformation mechanisms of materials are
different from the static one, and the relevant influencing factors are complicated. To reveal the
relationship between the unique microstructures of HEAs and their dynamic-mechanical prop-
erties, 76 articles published during the period of July 2015 to January 2023 have been reviewed
in the present work. Firstly, the statistics and classification of all 61 reported HEAs are system-
atically done in terms of their processing, experimental method, theoretical model, phases and
microstructures as well as the dynamic-mechanical properties. Secondly, theoretical models and
deformation mechanism are summarized. The effects of dislocation motion, twinning, and phase
transformation behavior on dynamic deformation of HEAs are discussed thoroughly. The
adiabatic-shear behavior and its effect on dynamic deformation are also considered. The differ-
ences of dynamic-mechanical behavior as well as the relevant mechanisms between HEAs and
traditional metallic materials are described. Finally, the potential application under dynamic
loads of HEAs are demonstrated thoroughly. The present article additionally deals with the future
research directions of dynamic-mechanical behaviors in order to develop novel high-performance
HEAs.

1. Introduction

With the development of science and technology, structural materials, especially metallic materials, are becoming more popularly
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utilized in more complex and extreme environments, including high-temperature, irradiation, and high-speed dynamic loading. For
example, ultra-high strength steels can be used as armor [1,2,3,4]. In contrast, tungsten heavy alloys [5,6,7,8] and depleted uranium
alloys [9,10,11] can serve as kinetic energy penetrators with the capability of penetrating the shell of the target and destroying its
structural protection. In order to retain intact configuration under extreme conditions, high strength and sufficient ductility under
dynamic loadings are desired for structural materials. In general, metallic materials show significant strain-rate effects [12]. More
specifically, the Peierls-Nabarro stress, and the yield strengths of the materials increase with increasing strain rates, accompanied by a
drastic loss of ductility [13]. Hence, new metallic materials with outstanding dynamic-mechanical properties and distinctive strain-
rate effect, such as the simultaneous increment of strength and ductility with increasing strain rates, need to be developed.

High-entropy alloys (HEAs) are a family of novel multi-principal alloys, the conception of which was first proposed by Cantor [14]
and Yeh [15] in 2004. Unlike conventional alloys composed of one or two principal elements and multiple trace elements, HEAs
contain >4 principal elements in equimolar ratios or nearly-equimolar ratios [16]. The high configurational entropy or mixing en-
tropy, then the freedom in the atomic-level design and the enormous combination space of HEAs give rise to some intriguing mi-
crostructures, such as the intrinsic lattice distortion [17,18,19,20], short-range orderings [21,22,23,23,24], and heterostructures
[25,26,27,28]. These intriguing microstructures then lead to some distinctive properties, including the combination of high strength
and large ductility [25,21,28,29,30], great radiation resistance [31,32,33,34], high corrosion resistance [35,36,37,38], and high creep
resistance [39,40,41]. More importantly, through the tailored and optimized alloy design, some of the aforementioned properties can
be achieved in a single HEA entity. Under such circumstances, HEAs have been extensively studied as potential candidates for
structural applications under dynamic loadings.

Mishra et al. [42] firstly reported the dynamic behavior of the Alj;CrFeCoNi HEA in 2015, which resembled low stacking fault
materials. The onset strain of twinning was dependent on the strain rate, and some secondary nano-twins emerged in the high-strain-rate
deformed Al ;CrFeCoNi HEA. Since then, there have emerged plenty of studies concerning the dynamic deformation mechanism of
HEAs under high strain rates, with several interesting dynamic-mechanical properties being reported one after another. For example, the
strength and ductility of the CrFeCoNi HEA are enhanced simultaneously upon the high strain-rate tension because of short-range or-
ders/clusters, phonon drag of dislocations, and nano-twins [43]. Lu et al. [44] and Pataky et al. [45] reported that the deformation twins
led to a simultaneous increment in the strength and ductility of the CrMnFeCoNi HEA (Cantor alloy) under dynamic loading.

Besides the combination of the high dynamic strength and ductility, HEAs also exhibit other interesting dynamic properties. Dai
et al. [46] reported that the FeNiMoW HEA not only showed excellent strength (1.9 GPa) and ductility (28%) under dynamic
compression, but also demonstrated outstanding self-sharpening capability due to its multiphasic structure as well as the balance
between the dynamic recrystallization and the formation of shear bands, which might provide new opportunities to develop high-
performance penetrator materials. Bai et al. [47] designed the TiZrHfTag 53 HEA with the desired strength and ductility, and excel-
lent energy-release characteristics. Under dynamic loading, TiZrHfTag 53 HEA with structural reliability reacted with air to release a
large quantity of energy, manifesting its potential as high-strength energetic structural materials.

There have already been many reviews covering the aspects of the mechanical behaviors of HEAs [48,49,50,51], including Li
et al.’s review published in 2019 which focuses on the mechanical properties of the HEAs with face-centered-cubic structures [52] and
George et al.’s comprehensive review on the mechanical properties and deformation behaviors of HEAs in 2019 [53] containing some
aspects of dynamic-mechanical behaviors. However, given the growing amount of work, a review focusing mainly on the dynamic-
mechanical behaviors and related aspects, such as the energetic characteristics and the self-sharpening effect, of HEAs is still lack-
ing and imperatively required. Meyers’ et al reported the review about strain-rate effects and dynamic behavior of HEAs in November
2022 [54]. They pay attention to the mechanical behavior and failure mechanism of HEAs. But the relationship between micro-
structures and mechanical response upon dynamic loading is not illustrated in detail. In this review, the studies on the microstructural
issues associated with dynamic deformation phenomena (typically with strain rates of 103-10° s~1) of HEAs up to January 2023 have
been summarized and discussed.

This review begins with the classification and the statistics from the perspectives of dynamic-mechanical properties, number of
reports, and already reported alloy systems, etc. Afterwards, it moves on to establish the relationship between the complicated
structure of HEAs and their dynamic-mechanical behaviors. Importantly, the effects of different structural characteristics of HEAs,
including dislocation, lattice-distortion, twins etc. on the dynamic-mechanical behaviors, are analyzed and summarized. Finally,
typical potential applications for the HEAs with improved dynamic-mechanical properties and special dynamic behaviors are
proposed.

2. Taxonomy and statistical analysis
2.1. Classification of reported alloys

The first two papers regarding the dynamic-mechanical behaviors of Al 1CrFeCoNi [42] and AlTiyCrFeCoNi [55] HEAs were re-
ported in 2015. The literature on the topic of the dynamic-mechanical behaviors of HEAs remained relatively limited until 2017. Since
then, the number of publications has increased continuously as shown in Fig. 1(a). To January 2023, a total number of 61 HEAs have
been described in 76 articles. The HEA systems, whose dynamic behaviors are most frequently studied, are the Al,CrFeCoNi (present in
25 papers) [42,43,45,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76] and CrMnFeCoNi (15 papers)
[44,45,69,77,78,79,80,81,82,83,84,85,86,87,88] HEAs. At the meantime, there are also 2 HEAs (CrjoMnsgFesoCo19 [89,90,91] and
AlCrFeCoNis; [92,93,94]) reported in 3 papers, and 2 others (TiZrNbHfTa [95,96] and FeNiMoW [46,97]) reported in 2 papers, as
shown in Fig. 1(b).
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Fig. 1. (a) Cumulative number of publications and newly-reported HEAs as a function of publication year, up to January 2023. (b) Compositions of
the most frequently studied HEAs and the number of publications where these compositions were studied.

2.2. Experimental methods for the dynamic-mechanical properties of reported HEAs

The common equipment for dynamic deformation at different velocities or strain rates are the split Hopkinson pressure bar (SHPB)
(~101 m/s or 10>-10* s’l), light gas gun (~102 m/s or 10°-10° s’l), and ballistic gun (~102—103 m/s or >10° s’l). Among them,
SHPB (chosen in 59 papers [42,43,44,45,46,47,55,56,57,58,59,60,61,62,63,64,65,66,71,72,73,74,77,78,79,80,81,82,83
,84,85,88,92,93,95,96,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113,114,115,116,117,118,119,120]) is the
most popular one, as shown in Fig. 2(a). By contrast, light gas gun was chosen in 7 papers [69,75,76,89,90,94,121] and the ballistic
gun was chosen in 9 papers [46,47,67,74,92,97,111,115,122]. A Charpy pendulum impact tester can apply dynamic loading, which
was selected in 2 papers [70,103]. Dynamic compression properties [42,44,46,47,55,56,57,58,59,60,61,62,63,64,65,66,72,73,74
,77,78,80,81,82,83,85,88,92,93,95,96,98,99,100,101,102,103,105,106,107,108,109,110,111,112,113,115,116,117,118,119,120]
have been reported in 52 papers while dynamic tensile [43,44,45,71,79,84,104,114] and shear [56,66,68,85,86,91,88,73] properties
have been both reported in just 8 papers, (Fig. 2(b)). The numbers of papers concerning spallation induced by a light gas gun
[69,75,76,89,90,94,121] and impact toughness [70,103] are 5 and 2, respectively. For ballistic gun tests, the energy release during
penetration (3 papers [47,111,115]), penetration properties as projectile (3 papers [46,74,97]) and ballistic deformation as armor (3
papers [67,92,122]) were reported in 9 papers totally.

2.3. Theoretical models for the dynamic-mechanical behaviors of HEAs

2.3.1. Johnson-Cook (J-C) model

The J-C model is a phenomenological constitutive model most commonly employed to depict plastic flows under dynamic con-
dition quantitatively.

(a) Classical J-C model

The mathematical expression of the J-C model under uniaxial-stress conditions at room temperature is written below [123]:

o= (A+Be) (1+Cln:0) {17(TT:TT’> } €y
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Fig. 2. (a) Number of publications for a given equipment to apply dynamic loads. SHPB represents the split Hopkinson pressure bar. (b) Number of
publications for given properties under dynamic loads.
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where ¢ is the uniaxial dynamic flow stress, ¢, is the uniaxial plastic strain, ¢ is the strain rate, & is the reference strain rate and equals
10° s’l, A, B, and C are parameters, n is the strain hardening exponent, m is the model constant, Ty, is the melting temperature, and T; is
a reference temperature and equals 298 K. As shown in Eq. (1), the rheological stress of materials under a dynamic loading is jointly
contributed by the effects of strain hardening, strain-rate hardening, and thermal softening.

The function of C can be expressed as a binary quadratic polynomial of variable strains and strain rates [124], usually simplified as
the form of

C=cClenins)| =Co+Crep+ Calns+ Cseyin— )
) <) &o

where the strain- and strain-rate-dependent regression coefficients Cy-C3 are required to be determined.
The work of plastic deformation can be used to calculate an adiabatic temperature rise as follows [12]:
T /} €p

AT:TfTU:/ dl = — ode 3)
To pCP 0

where p is the density, and C, is the specific heat capacity,  is the efficiency of the strain energy converted into heat and is usually
taken as 0.9 [125].
Combining Egs. (1) and (3), and assuming m = 1, the J-C constitutive model equation can be modified as:

o= (A+Be") 1+Clné£ exp
0

70.9<1 + Cln _> "
(AE + B¢ ) )

pC,(T, — To) ntl

The curves based on the above modified J-C model agree well with the experimental observations in the systems of Aly 3CrFeCoNi
[56], Aly ¢CrFeCoNi [60], CtMnFeCoNi [78], AlTiq sCr; sFe; sCoNi [100], TiZrNbMoyHfTa [107] HEAs.

However, some reports believed that the overlook of the effect of thermal softening also coincide well with the experimental results
in the cases of AlTiyCrFeCoNi (x = 0, 0.2, and 0.4) [55], (Alg.sCrFeCoNi)g.95M0g.025C0.025 [66]1, AlyCrMnFeCoNi (x = 0.4 and 0.6) [79]
and AlCrFeNiyCu [99] HEAs. It suggests that the strong work hardening but thermal effect dominates plastic flows in some HEAs,
especially those without refractory elements.

(b) improved J-C model-1

For high strain-rate experiment at room temperature, the dynamic yield strength has a linear relationship with the logarithm of the
strain rate, i.e., (ﬁ — 1)o<1n ﬁ Thus, the first two terms of the modified J-C constitutive equation (Eq. (1)) can be re-written as

c &
1=Clh=
A+ Ben Cln. ®

For each true plastic strain rate, i is a constant. Substituting the values of the flow stress and corresponding true plastic strain at

different stain rates into Eq. (5), a series of C values can be obtained. There is an approximate linear relationship between ¢, and C. To
get accurate constitutive parameter, C can be improved to a linear function of true plastic strain expressed as

C= C] + CzSI, (6)

where C; and C; can be identified from the intercept and the slope of the fitted line.
Hence, the modified J-C model can be rewritten as:

c T—-T.\"
- - (T - T) @
(A+ Be") (1 + Clné) "o

The values of m can be obtained by taking a logarithm transformation of Eq. (7) as well as the dynamic data at different tem-
peratures T;. Thus, the parameter m can be expressed as the following polynomial equation:

m=a+bé+bé (8)

Finally, the improved J-C model can be obtained as follows:

. T— Tr a-+byé+byi?
o= (A+Be" 1+(C1+C2€)lné£ (1—( ) ©)
0

Tm - Tr

This improved J-C model was found to be applicable in describing the flow behavior of TiZrNbHfTa HEAs [96].
(c) Improved J-C model-2
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The aforementioned improved J-C constitutive equation cannot describe the characteristics that the flow stress of the materials
increases sharply with the increase of strain rates near the strain rate of (1 0%-10% s7L. In the Alg 3TisCrFeCoNi HEA [112], the
relationship between the dynamic yield strength and strain rate tends to be a power function rather than a linear one. Therefore, the
power function form in the Cowper-Symonds model [126] can be used to replace the strain-rate strengthening term in the original J-C
model as follows:

L
&

o= (A+Be") {1 + (%) j )exp _:Ci ((71"”14_(;2»;) (Aé‘ + fit) 10)

The improved J-C constitutive model can better describe the dynamic flow behaviors of the Alj 3Tig 3CrFeCoNi HEA at different
strain rates [112].

2.3.2. Zerilli-Armstrong (Z-A) model

The Z-A model is a physical constitutive model [127] derived from dislocation mechanisms that play an essential role in the plastic
deformation of metallic materials under various deformation conditions. There are two reasonably explicit expressions to describe the
plastic flow stresses of face centered cubic (FCC) or body centered cubic (BCC) structured metallic materials for their constitutive
behaviors.

(a) The Z-A model for FCC-HEAs

For FCC-alloys, the Z-A model used for the prediction of strain-rate flow behavior can be represented as follows:

o= (Cl + C2€[f> exp(T x [Cslné — Cy)) (11)

where Cj, C, C3, C4, and P are material constants, respectively. Note that the value of T is 298.15 K.
A modified Z-A model for FCC alloys was also proposed to account for the coupling effect of the strain rate and temperature on the
flow stress with the form of:

_ ¢
o= (Al +Azg;;)exp — (A3 + A6 )T+ (A5 + AT)in — (12)
0

where T = (T —T,), A1, Aa, A3, A4, As, and A are material parameters.

The theoretical predictions based on the above Z-A model for stress—strain response are in good agreement with experimental
measurements for FCC-HEAs, such as CoCrFeMnNi HEAs[77].

(b) The Z-A model for BCC-HEAs

For BCC-alloys, the Z-A model can be represented as follows:

o= Ao’é;+clexp(fc3T+c4Tlné)+C5€Z+kd’% (13)

An alternative approach for determining the thermal stress as a function of both strain rate and temperature can be obtained by
assuming that the activation volume is independent of strain rate and temperature. Thus, the modified Z-A model is written as [128]:

6 = Yexp(— psT + B, Tiné) + Be" + Y, 14

where Y is the threshold yield stress and equals approximately to yield strength under quasi-static condition when e = 0 [128], 83, B2, B
and n are the constants and Y, represents the temperature-independent stress, Be" +Y, is the athermal stress and taken as the grain
boundary strengthening for various alloys [43].

The Z-A model discussed above is usually applied to analyze the experimental behavior of the TiZrNbMoyHfTa HEAs [107],
matching quite well with the experimental results.

2.3.3. Khan and Liang (KHL) and Khan and Liu (KL) models

(a) KHL model

The Huang and Khan model [129], a modified version of the Bodner-Partom model, is widely accepted as an empirical model.
Afterwards, Khan and Liang modified it into the KHL model [13], whose applicability in BCC metals has been already verified. The KHL
model has the form as denoted in Eq. (15):

N _ m
6= <A + Bg/’;‘) (1 — lrlzn;”> ) (exp(Clné)) <1 - (TT 7;:) ) (15)
0 m — 4Lr

The KHL model considers the coupled effect of the strain and strain rate on the flow stress through the strain-rate exponent nl. The
second bracketed term is incorporated to include the effect of viscous drag on the yield stress at high strain rates. The exponent m is
related to the thermal softening of the materials at higher temperatures, and ny is the strain hardening exponent.

The KHL model was further modified so as to depict the behaviors of nanocrystalline iron, copper mixture and titanium etc. The
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modified KHL model is given in Eq. (16):

0= <A+Be;°(l—

(1 ( - ’) )
T, —T,
(b) Khan and Liu (KL) model

Khan and Liu proposed an empirical constitutive model based on the KHL model to account for strain-rate sensitivity and thermal
softening in AA 2024-T35 [130,131]. The model is expressed in Eq. (17)

Iné

nl &
ll’ng) ) é‘o

(16)

& (Ty—T\™ é A [T =T
c= |A +B€;0€xp(—C3g) (m) exp C]g - CZ(T)exp( — K]S) {m} (17)
where
V(T —-T.)+|T-T]]™"
N=|lz-—+—F—= 1
() [2 O, (18)

In this model, the constant C3 and the exponent m1 describe the decrement in work hardening with increasing strain rate and
temperature, respectively.

Mishra et al. utilized the modified J-C, the modified Z-A, the modified KHL, and the KL models to predict the flow behavior of
Fesg sMnypCo20Cr15SisCuy s HEA [108]. According to their results, the J-C model could predict the flow behavior well at low strain
rates (10" — 100 s71), but failed to delineate the flow behavior accurately at higher strain rates (10° 2.5 x 10%s™1) (see Fig. 3a) due to
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Fig. 3. Comparisons of different empirical models with the experimental results of Fesg sMn3oCo20Cr;15SisCu; 5 at multiple strain rates [108]. (a) the

modified J-C model, (b) the modified ZA model, (c) the modified KHL model, and (d) the KL. model.
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the fact that the term (1 + Cln ;T]) in Eq. (1) is not sufficient to elucidate the viscous drag effect at strain rates higher than 10% s L.
Similarly, the prediction of the modified Z-A model agreed with the experimental results in the strain-rate region of 107°-100 s
(Fig. 3b). However, it over-predicted strain hardening at high strain rates. By contrast, the modified KHL. model over-predicted the flow
behavior at low strain rate, whereas it under-predicted the flow response at high strain rate (Fig. 3c). Compared with the modified Z-A

.\ nl
model, the modified KHL model exhibited a better trend in the stress—strain curve owing to the inclusion of the term ( — 11%13&") , which
(]

accounts for the reduction in hardening rate at high strain rate. The KL model could better correlate experimental results at high strain
rates than the aforesaid three models (Fig. 3d). It successfully described the viscous drag effect as well as the reduction in strain
hardening due to lower transformation levels at high strain rate. Moreover, its prediction reasonably agreed with experimental results
at lower strain rates as well.

2.3.4. Strengthening mechanism models

(a) Microstructure-based constitutive model

In CrFeCoNi HEA, the flow stress (¢) can be decomposed into a simple summation of solid solution strengthening (o), grain
boundary (Hall-Petch) strengthening (og), and forest hardening (c5) shown as follows:

o(e,&,T) =0,(¢,T)+0,+0s(e,6T) =0,(&T)+os(e,&T) 19)

where o includes the lattice friction stress and the strengthening effect from short-range orders/clusters [132], o, takes the grain
refinement from the annealing twins into account, and o shows the dislocation—dislocation interactions that enhances with increasing
dislocation density.

In this model, thermal activation strain-rate analysis related to short-range obstacles is employed. A form of Z-A model [127] was
used to describe the effects of the temperature and strain rate on the yield strength o), of CrFeCoNi HEA, as shown in Fig. 4 [43].
However, an obvious deviation between the experimental results and the prediction of the thermal activation equation (blue thread)
was found at strain rates higher than 10° s™1. It is well established that the dislocation motion will be impeded by the interaction
between the dislocation and lattice vibration (phonon viscosity) at high strain rates, thus enhancing the strength. In such a case, a
thermal activation rate equation considering phonon drag effect (introduced via a simplified form) is utilized as follows [133].

o, = oyexp(— BT+ B, Tlné‘)/(l — &Y'+, (20)

where fp and p; are material constants, o, is the thermal stress at T = 0 K, o, is the athermal stress and taken as the grain boundary
strengthening. c is a material parameter. The thermal activation rate equation considering dislocation drag better depicted the strain-
rate sensitivity of oy for CrFeCoNi HEA under dynamic loading.(b) Taylor-hardening model

The Taylor hardening model [134] was proposed to describe the work hardening behavior of the CrFeCoNi HEA.

oy = MaGb./p 21
where M is the Taylor factor, G is the shear modulus, a is the constant related to dislocation interaction strength, p is the total

dislocation density, and b is the Burgers vector for perfect dislocation. The evolution of the total dislocation density considering the
competition between the dislocation storage and recovery can be given by the following expression [135].

450
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Fig. 4. Comparison of the experimental data and the modelling results of the dependence of yield stress on strain rate in CrFeCoNi HEA [43].
TASRA represents thermal activation strain-rate analysis.
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dp |
L= M(— km) (22)

where k; is the dislocation recovery factor, and A is the mean free path associated with the immobilization of mobile dislocations at
obstacles after traveling a distance. For some HEAs, nanotwin boundaries are considered during the evolution of dislocations, i.e., % =
k,/p + %. The value of k, shows the effectiveness of the dislocation structure to dislocation storage, usually taken as k,; and k,» under
quasi-static and dynamic conditions, respectively, owing to different dislocation structures. The value of A is the average twin spacing
and iA is a constant for scaling the contribution of the average twin spacing to effective boundary distance [136]. The evolution of 4 is
in connection with the average twin thickness (t) and twin volume fraction (F) based on the analysis of Fullman [137].

1-F
A=2t (23)
where t is assumed to be a constant. The twinning kinetics can be obtained from Olson and Cohen’s analysis [138].
F=1-exp(— (e —€in)) (249)

where ¢ is a material constant, and &, is twinning initial strain determined by the critical twinning stress (6).
The strain-hardening behavior is connected with the annihilation of stored dislocations, i.e., dislocation recovery, especially at
large deformation. The dislocation recovery is a thermally activated process since it is in fact based on dislocation motion.

KT
A

ke = ko | — (25)
&9

where k;o is the recovery factor at 0 K, and K is Boltzmann constant. & is the reference strain rate (taken as 107 s_l) [139],and Aisa
material parameter dependent on the stacking fault energy (SFE).

Adiabatic heating generally occurs at high strain rate and considerably affects dislocation evolution via temperature-dependent
dislocation recovery. For simplification, the evolution of the heat with plastic strain is described in a curvilinear form expressed as
below:

AT = are, + bre, (26)

where ar, by, and n are fitting parameters, respectively.

The present constitutive model dovetails nicely with the evolution of flow stresses against strains in the NiCoCrFe HEA over a wide
range of strain rates.

(c) Thermo-viscoplastic constitutive model

A thermo-viscoplastic constitutive model that independently considers twin enhancement effect is summarized as follows for the
CrMnFeCoNi HEA:

6(87 éy T) = Omarrix + Otwin (27)

where Oparix is the matrix-related stress, and o4 is the twin-related stress. The stresses of the matrix and the twins weighted by their
respective contents are given as

o(e,&,T) = (1 — F)o"(¢,¢,T) + Fo'(e,&,T) (28)

where F is the twin volume fraction, o, and o, are the flow stresses of the matrix and the twin, respectively. The flow stress of the matrix
is decomposed into a solution strengthening stress, o (¢, T), a grain boundary strengthening stress of},, and a dislocation forest
strengthening stress o (¢, ¢, T). Similarly, the flow stress of the twin is decomposed into a twin critical stress oL, a twin boundary

strengthening stress 6%, and the effect of the twin on the surrounding dislocation slip ¢%, (e, &, T) [43,140,141]. The formula can be

slip
further written as

ole,e,T) = (1 - F) ((f;(é, T)+ 0} + 0, (€.8,T) ) + F(agm o, + 0, (6., T)) (29)

slip

The solution strengthening stress of the matrix, ¢7:(¢, T), is determined by the yield strength obtained from experiments. The effect
of the Hall-Petch term is introduced to describe the grain boundary strengthening stress of the matrix and the twins, given respectively
as

HP
o (30)
HP \/d:

HP,
Oup = o 3D
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where HP is the Hall-Petch coefficient, d; is the grain size, and HP; is the Hall-Petch coefficient of the twins. The parameter dy, is the
equivalent grain size of a grain containing twins, given as

1-F

diin =
" sin(a)n

d, (32)

where « is the angle between the slip plane and the twin plane, and n is determined by the average number of lamellae inside the matrix
grains [141]. The Taylor hardening model describes the dislocation forest strengthening of the matrix as shown below:

i (€.6,T) = MyGb\/p(e.&.T) (33)

where M is the Taylor constant, y is the dislocation hardening coefficient, G is the shear modulus, and p(e, ¢, T) is the dislocation
density. The evolution of the dislocation density is described by the Kocks-Mecking-Estrin evolution law model [142], given as

dp 1 .

L—Mm(——ferT

de (bL & )f’) (34)

where f(¢,T) is the strain-rate and temperature-dependent dynamic recovery coefficient of dislocation, and L is the mean free path
determined by

1 1

4k

L=q v (35)
where k is the work hardening coefficient. Additionally, aglip(e, &, T) increases in proportion to the slip dislocation density such that

6:,ip(e, &,T) = MGCbb,(¢,¢,T) (36)

where C is the twin hardening coefficient, and b; is the Burgers vector of the twinning dislocation. The evolution of the twin volume
fraction F is described as

F=00<o

crit

F 37)
Z—g =(1-F)NV,,0 >0

crit
where N is the number of nuclei per unit volume, and the V,, is the volume of a newly-formed twin [136]. In this model, the probability
of twin nucleation is related to the instantaneous flow stress, given as

o s(e,T)
N = Noexp | — (?”) (38)

where Ny is a material constant, and s(¢, T) is the twin growth efficiency dependent on strain rate and temperature. Among them, the
twin critical stress, ¢, can be calculated according to the following formula [143].

o = s (39)

crit
mb,

where ysp is the SFE, m is the Schmid factor, and b, is the Burgers vector of the partial dislocation. Following twin nucleation, it is
assumed that the twin nuclei immediately grow into disc-shaped twins, whose diameter and thickness are approximately equal to that
of the grain size and the average twin width, respectively:

1
Vi = 1 ﬂed: (40)
where e is the average twin width.

This constitutive model is in excellent agreement with the tensile test data of the CrMnFeCoNi HEA [84].

2.3.5. Adiabatic shear during dynamic deformation

(a) Adiabatic-temperature rise for whole sample

As already discussed in Section 2.3.1, the adiabatic temperature rise can be calculated through the work of deformation (see Eq.
(3)). For the CrMnFeCoNi HEA, the maximum possible temperature rise was estimated to be 96 K when the sample was tested at 2,300
g1 [44], which is comparable to that reported in some TWIP steels [144]. The temperature rise AT achieved 120 K at the strain rate of
4,600 s~! for dual-BCC structured AlTip 5Crq sFe; sCoNi HEA [100], while it reaches 149 K at the strain rate of 4,000 s~! for the
Alg ¢CrFeCoNi HEA with FCC plus BCC structure [60]. The final temperature rise of the Aly 3Tip 3CrFeCoNi HEA at a strain rate of
4,700 s~ is 178 K [112]. Mishra et al. [108] studied the relationship between the strain and AT at different strain rates in the
Fesg sMngoCo20Cr15SisCuy s HEA via Eq. (3), where the value of  was taken as 0.6. As displayed in Fig. 5, the temperature rise under
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Fig. 5. Temperature rise as a function of strain in the Fezg sMnyCo20Cr15SisCu; s HEA due to adiabatic heating [108].

dynamic condition is appreciable, reaching 110 K at 50% true strain during high strain-rate deformation (2,500 s™1).
Meyers et al. utilized a modified J-C constitutive equation to calculate the relationship between the temperature and plastic strain
at a fixed strain rate [145].

. T A
o= (ay +Be}j> 1+ Clogéi (F) (41)
0 r

where 1 is an experimentally determined parameter. By substituting Eq. (3) into Eq. (41), the mathematical expression of the tem-
perature is obtained as:

S e 1+ Clog -

B s
. 7[)C Tﬁ x 0.9(1 —/1)5(00 n 5 ) “2)
pir

n—+1

The temperature at an extremely high strain rate of 10* s™! and a true strain of 0.5 was only 402 K, indicating a temperature rise of
109 K in Alj 3CrFeCoNi HEA [56].

(b) Adiabatic-temperature rise in an adiabatic-shear band (ASB)

The temperature rise in ASB can be evaluated based on the principle that plastic work converts into heat at quasi-adiabatic con-
ditions. The temperature rising is given by [125].

ar =W (43)
Gy
where W, is the specific plastic work. Accordingly, we have:
AT bo[ d, (44)
= — Tay
PG Jo

where yy is the final shear strain that can be estimated from SEM images.

For the W-Alj 5V 2Crg gFeNis 5 HEA, the shear strain in ASBs was estimated to be at least 400% based on the microstructure. The
temperature in ASBs was calculated to be above 1,870 K [113].

(c) Formation of ASBs

An adiabatic shear band can form when the material starts to “soften”. The condition for instability is g—; < 0, and can be obtained
from the general function,z = f(y,7,T),

dr Jar or\ oy or\ dT
(= =) X4 (=), =<
dy (0}/) W " (67> y.Ta}’ * (()T) Wd? =0 (45)

10
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The normal stress and strain at a constant strain rate can be converted to corresponding shear stress and shear strain [146] viaz =§
andy = v2e% —1-1.

In the Alj 3CrFeCoNi HEA [56], at the constant y and T, % = 0, the strain hardening parameter and the thermal softening parameter
were ~ 440 MPa and ~ — 0.2 MPa/K, respectively. Consequently, % =175K L. Neglecting the second term in Eq. (45), Eq. (46) can be
obtained:

Z—; = <Z—;) + (g—;) Z—Z ~440—-0.2 x 175 = 405MPa > 0 (46)

Grady et al. proposed adiabatic shear dissipation energy (ASDE) I” as a criterion to measure the adiabatic-shear sensitivity [147].

1
3.2,3\%
r—”cﬁ<9/’3‘j.{> 47)
a 0,07
A
y=— (48)
PG

where y is the thermal diffusivity coefficient, a is the thermal softening coefficient and 1 is the thermal conductivity. The parameters p,
Cp, 4, and «a are associated with the intrinsic properties of the materials.

In summary, many theoretical models have been proposed in order to describe the dynamic-mechanical behaviors of HEAs. A
classic J-C model is generally used to fit the dynamic stress—strain curves of FCC HEAs. By contrast, the modified and improved J-C
models are suitable for BCC HEAs, especial refractory high-entropy alloys (RHEAs), due to unignorable thermal effect. The Z-A model
can successfully describe dislocation motion in HEAs including both FCC and BCC HEAs. As empirical models, the KHL and KL models
agree better with the experimental observations of the mechanical properties of BCC-HEAs at high strain rates (>2,000 s~ 1). Mean-
while, some classic strengthening models, such as solid solution strengthening, grain boundary (Hall-Petch) strengthening and Taylor
strengthening models can be used to explain the dynamic strengthening mechanisms of HEAs. In addition, some models relevant to
plastic deformation energy and temperature are also applicable to interpreting adiabatic behavior in BCC- RHEAs.

2.4. Dynamic-mechanical properties of reported HEAs

The dynamic-mechanical properties of reported HEAs are listed in Table 1.

Table 1

Mechanical properties of HEAs under dynamic loads. The following acronyms are used: AC (as-cast); CW (cold-worked); HW (hot-worked); HIP (hot-
isostatic pressed); PM (powder metallurgy); A (annealed); LGG (light gas gun); Charpy pendulum impact tester (CP); BG (ballistic gun); C
(compression); T (tensile); S (shear); PT (phase transformation); TW (twinning); AS (adiabatic shear); F (fracture); ¢ (strain rate); o, (yield strength);
o, (ultimate strength); ¢,(ultimate strain); — (unavailable).

Alloy Year Processing Phase Equipment, &(s1) oy oy &y Additional
load mode (MPa) (MPa) (%) mechanism
Al 3Ti 3CrFeCoNi 2021 AC FCC/L1, SHPB, C 1,500 1,002 1,300 12 -
[112] + BCC/B2 2,900 1,066 1,660 25 -
3,600 1,130 1,750 32 -
4,700 1,181 1,800 44.6 AS
®
AlTig »CrFeCoNi 2015 AC BCC SHPB, C 1,790 1,772 2,748 12 -
[55] 2,060 1,793 2,820 13.4 -
2,310 1,836 2,825 15.5 -
2,770 1,893 2,895 13.3 -
()
AlTig 4CrFeCoNi 2015 AC BCC SHPB, C 1,550 2,032 2,350 9.1 -
[55] 2,000 2,050 2,800 8.8 -
2,350 2,065 2,625 11.7 -
(B
2,900 2,090 2,900 12.7 -
(6]
AlTig 5Crq sFe; sCoNi 2017 AC BCC + SHPB, C 2,800 2,010 2,265 13 -
[100] BCC (F)
3,500 2,200 2,270 15.5 -
(F)
4,600 2,250 2,480 17(F) -
Al »CrFeCoNiCug gSio.2 2016 AC FCC+ L1, SHPB,C 3,500 640 1,500 26.5 -
[98]

(continued on next page)
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Alloy Year Processing Phase Equipment, s oy oy &y Additional
load mode (MPa) (MPa) (%) mechanism
Al sCrFeCoNiCug sSip 2 2016 AC FCC + SHPB, C 3,500 870 1,740 29 -
[98] BCC + B2
Al oCrFeCoNiCug 1Sio. 2016 AC BCC + B2  SHPB,C 3,500 2,010 2,850 19 -
[98]
Al 1CrFeCoNi 2015 - FCC SHPB, C 1,000 220 820 40 -
[42] 2,600 243 830 42 T™W
2016 HW FCC CP Charpy impact energy: 420 J -
[70]
2018 AC FCC SHPB, C 10° 300 405 12 -
[59] Cw FCC SHPB, C 108 775 900 12.5 ™
CW + A FCC SHPB, C 10% 795 805 8 W
2020 HIP FCC SHPB, C 2,500 380 880 30 -
[63] 2,500 417 1,030 40 -
4,000 467 1,090 51 ™
3,000 (77 524 1,290 38 -
K)
4,000 (77 574 1,395 44.5 -
K)
4,700 (77 619 1,510 51 T™W
K)
2020 AC FCC BG 594 m/s Partial penetration T™W
[67] 739 m/s Plug TW, AS
994 m/s Full penetration TW, AS
2022 A FCC SHPB, T 4,500 240 710 56 -
[71] ()
7,000 252 885 56 -
)
4,500 (77 400 1,100 58(F) T™W
K)
2022 AC FCC LGG 307 m/s Spall strength: 3.635 GPa -
[75] 511 m/s Spall strength: 3.735 GPa -
762 m/s Spall strength: 4.040 GPa ™
Al 5CrFeCoNi 2016 HW FCC Ccp Charpy impact energy: 413 J -
[70]
2017 HIP + A FCC SHPB,C 1,800 5,03 795 25 AS
[56] SHPB, S - - - 110 AS
2018 CW+A FCC + L1, SHPB, C 2,000 480 860 17.5 ™
[58]
Al sCrFeCoNi 2021 HW + A FCC + SHPB, C 2,000 1,352 1,503 15.5 -
[64] BCC + B2 (F)
(Alp 5CrFeCoNi)g.9sM0g 025Co.025 2019 PM FCC + SHPB, C 550 754 1,375 7 -
[66] BCC + 1,300 878 2,200 16 -
M33Ce 2,200 958 1,995 12.5 -
3,000 1,057 2,400 18 -
SHPB, S - - - 2.53 -
®
- - - 5.3 AS
®
- - - 9.83 AS
®
Alp ¢CrFeCoNi 2018 AC FCC + SHPB, C 2,800 880 1,400 325 -
[601] BCC 3,600 942 1,480 36 -
4,000 997 1,530 40 T™W
)
Alp 7CrFeCoNi 2018 CW FCC + B2 SHPB, C 2,000 1,820 1,815 19 -
[57] CW+A FCC + B2 SHPB, C 2,000 2,200 2,180 20 -
+ L1,
2019 CW + A FCC + SHPB, C 2,000 1,440 1,800 20 W
[61] BCC + L1,
& B2
2020 HW + A FCC + SHPB, S 7 m/s 1,200 1,490 24 -
[68] L1,/BCC 11.26 m/s 1,320 1,385 70 AS
+ B2 (€3]
17.1 m/s 1,500 580 130 AS

12
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Table 1 (continued)

Alloy Year Processing Phase Equipment, s oy oy &y Additional
load mode (MPa) (MPa) (%) mechanism
AlCrFeCoNi 2015 AC BCC SHPB, C 960 1,546 2,005 5.8 -
[55] 2,000 1,571 2,510 12.7 -
2016 AC BCC LGG 5 x 10° Hugoniot elastic limit: 2.05 -
[69] GPa
2019 BS BCC SHPB, C 2,500 2,100 2,350 21.5 -
[62]
2021 AC BCC + B2 SHPB, C 1,350 1,520 1,990 7.8 -
[65] ®
1,800 1,570 2,000 7 (F) -
2,500 1,630 2,090 7 (F) -
3,300 1,680 2,250 11 -
(F)
4,000 1,715 2,350 12 -
()
2022 AC BCC SHPB, C 500 1,310 1,400 4 -
[72] 1,500 1,620 2,005 13(F) -
2,500 1,750 2,250 14(F) -
500 (773 1,070 1,250 9 -
K
1,500 (773 1,200 1,750 18(F) -
K)
2,500 (773 1,385 2,130 18(F) -
K
AlCrFeCoNiy ; 2019 AC FCC + B2 SHPB, C 10° 790 1,450 20 -
[92] BG 803 m/s Partial penetration -
1,159 m/s Plug AS
1388 m/s Full penetration AS
2021 Drop-casting FCC + B2 SHPB, C 1,500 790 1,600 15 -
[93] 2,500 980 1,720 19 -
3,200 1,000 1,875 30 -
®
2,300 (473 805 1,480 18 -
K)
2,300 (673 795 1,400 185 -
K)
Suction- FCC + B2 SHPB, C 1,800 910 1,670 14.5 -
assisted 2,300 1,100 1,890 26 -
casting 3,200 1,100 2.029 37 AS
(6]
2300 (473 900 1,600 29 -
K)
2300 (673 810 1,400 28 -
K
2023 AC L1, + By LGG 310 m/s Spall strength: 3.21 GPa T™W
[94] 620 m/s Spall strength: 3.43 GPa T™W
Al 4CrMnFeCoNi 2019 CW + A FCC SHPB, T 250 400 690 7 -
[79] 550 430 900 16 -
1,300 434 1000 22 -
(6]
Al ¢CrMnFeCoNi 2019 CW+A FCC + SHPB, T 250 455 880 7 -
[79] BCC 550 472 1,185 16 -
1,300 469 1,105 18 -
(F
AlCrFeNi,Cu 2016 AC FCC + SHPB, C 955 862 1,100 6.2 -
[99] BCC 2,119 928 1,395 16.1 -
3,044 1,030 1,640 23 -
®)
TiVZrNb 2021 AC BCC SHPB, C 3,340 1,845 1,950 10 -
[111] 4,800 1,828 2,050 20 AS
8,040 1,980 2,250 25(F) AS
10,200 2,052 2,350 30(F) AS
BG Release chemical energy at 932to 1779 m/s  AS
TiVg 5ZrNbg sHf 2018 AC BCC SHPB, C 4,269 2,750 2,000 45 -
[101] (F)
5,591 2,600 1,750 62.5 -
(B
6,329 2,600 1,700 67 -
®

(continued on next page)

13



Y. Tang et al. Progress in Materials Science 135 (2023) 101090

Table 1 (continued)

Alloy Year Processing Phase Equipment, s oy oy &y Additional
load mode (MPa) (MPa) (%) mechanism
TiVy sZrMog sHf 2018 AC BCC SHPB, C 5,740 3,010 1,995 71 -
[101] (€]
6,212 3,250 1,900 76 -
(F
6,816 3,250 1,600 86 -
(6]
TiV sZrHfTag 5 2018 AC BCC SHPB, C 2,827 1,220 1,250 26 -
[101] (62)]
3,187 1,210 1,245 30 -
(F)
3,113 1,250 1,125 30 -
(F)
TiVZry oNby oHf 2018 AC BCC SHPB, C 3,597 1,500 1,510 34 -
[101] ®
3,756 1,505 1,500 37 -
(B
TiZrNbMoy »sHfTa 2020 AC BCC SHPB, C 2,100 1,510 1,580 28 -
[107] 4,200 1,550 1,630 25 -
5,300 1,602 1,748 33 -
TiZrNbMog sHfTa 2020 AC BCC SHPB, C 3,000 1,753 1,890 23 -
[107] 4,200 1,805 1,920 23 -
5,400 1,854 2,000 16.5 -
TiZrNbMoy 75HfTa 2020 AC BCC SHPB, C 2,100 1,750 1,970 12.3 -
[107] 4,500 1,815 1,900 16 -
6,000 1,870 1,900 19.5 -
TiZrNbHfTa 2016 AC BCC SHPB, C 2,100 1,390 1,415 10 -
[95] 3,450 1,450 1,460 49 AS
®
2020 AC BCC SHPB, C 1,600 1,300 1,370 13 -
[96] 2,600 1,300 1,380 34 AS
1,600 1,000 1,090 19.5 -
(673 K)
2,600 1,180 1,200 33.5 AS
(673 K) ®
TiZrHfAlp 5 2023 AC BCC + SHPB, C ~2,000 1,260 1,480 12 -
[120] HCP ~2,000 1,300 1,620 14.5 T™W
(253 K) (F)
TiZrHfNig 5 2023 AC BCC + SHPB, C ~2000 1,200 1,500 9(F) -
[120] HCP ~2,000 1,050 1,510 9(F) T™W
(253 K)
TiZrHfCug 5 2023 AC BCC + SHPB, C ~2,000 1,250 1,520 11 -
[120] HCP ~2,000 1,625 1,810 10(F) TW
(253 K)
TiZrHfTag 53 2017 AC BCC + SHPB, C 950 1,360 1,590 10.4 -
[47] HCP ®
1,270 1,469 1,600 8.9 -
(P
1,500 1,390 1,580 13.2 AS
(6]
2,200 1,388 1,570 12.1 AS
®
BG Penetrate A3 steel plate at 600 and 875 m/s -
TiZrHfTag ;Wo 3 2022 AC BCC + SHPB, C 2,500 1,890 2,430 4 (F) -
[115] HCP 4,200 1,940 2,450 4.5 AS
(B
BG ~2.1 km/s Penetration depth: 43.5 + —
1.0 mm

Penetration channel
diameter:23.0 + 0.1 mm

V10CrioFe45Coss 2019 CW +A FCC SHPB, C 3,000 640 1,925 25.9 PT, TW
[104] 3,000 1,083 2,245 21.6 PT, TW
(77 K)
V10CryoFe45Co30Nis 2019 CW+A FCC SHPB, T 3,200 520 1,028 55.4 ™
[103] (P
1,550 650 1,369 56.5 PT, TW
(77 K)
CP Charpy impact energy: 112.6 J PT, TW
Charpy impact energy (77 K): 110 J PT, TW

(continued on next page)
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Table 1 (continued)

Alloy Year Processing Phase Equipment, s oy oy &y Additional
load mode (MPa) (MPa) (%) mechanism
Cr;0MngoFesoCo1g 2020 CW + A FCC + SHPB, S 1.37 x 10° 601 1,200 210 -
[91] HCP 1.55 x 10° 1,650 1,210 225 AS
1.61 x 10° 1,650 1,160 225 AS
HW + A FCC + SHPB, S 1.37 x 10° 550 1,060 210 -
HCP 1.55 x 10° 1,480 1,150 225 AS
1.61 x 10° 1,490 1,100 260 AS
2021 HW + A FCC + LGG 187 m/s Spall strength: 2.21 GPa W
[89] HCP 433 m/s Spall strength: 2.32 GPa T™W
CW + A FCC + 187 m/s Spall strength: 1.89 GPa ™
HCP 433 m/s Spall strength: 1.98 GPa T™W
2021 HW + A FCC + LGG 187 m/s Spall strength: 2.78 GPa -
[90] HCP
CraoMnyoFe4oNizg 2022 HW + CW + FCC+ o SHPB, T 1,300 566 1,070 33.3 W
[114] A phase 3,000 743 1,412 37.5 ™
CrMnFeNi 2022 HIP FCC LGG 304 m/s Hugoniot elastic limit: 0.67  —
[121] GPa
Spall strength: 1.58 GPa
CrMnFeCoNi 2016 PM FCC SHPB, C 1,200 555 1,100 1.6 -
[77] 1,600 601 1,275 2 -
2,500 645 1,850 3.4 -
2,800 698 2,010 4.2 AS
®
2016 AC FCC LGG 5 x 10° Hugoniot elastic limit: 1.65 ~ TW
[69] GPa
2018 CW + A FCC SHPB, C 3,000 590 1,750 39 -
[78] 3,500 650 1,990 41 -
4,700 676 2,750 52 AS
(F)
2018 PM FCC SHPB, C 1,600 590 815 22.5 -
[85] SHPB, S - 150 320 ~7 TW, AS
2018 CW+ A FCC SHPB, C 2,100 316 600 15 TW
[44] SHPB, T 1,600 525 734 50 W
(6]
2,200 500 740 64 TW
()
2019 HW FCC SHPB, C 750 610 800 18 -
[80] 2,800 605 1,200 50 -
2019 A FCC SHPB, C 3,000 192 620 40 -
[81] 6,000 200 716 40 W
9,000 347 1,123 40 ™
2019 CW+A FCC SHPB, T 403 390 610 11.5 -
[45] 635 400 780 17.5 -
1,000 455 610 14 W
()]
2020 CW + A FCC SHPB, C 5,000 320 1,010 23 TW
[82] 8,000 354 1,080 24 T™W
2020 CW +A FCC SHPB, S 50,000 415 1,020 6.2 TW, AS
[86]
2021 CW + A FCC SHPB, C 15,000 - - 62 AS
[83]
2021 CW + A FCC SHPB, T 7,000 472 1,586 57 TW
[84]
2022 PM FCC SHPB, C 1,200 500 1,120 15 -
[88] 2,800 700 2,060 38 -
SHPB, S ~410,000 450 635 8.71 AS
CragMnyoFesCogoNiy4 2021 HT + A FCC SHPB, C 1,000 282 533 11.4 T™W
[109] 2,000 300 553 22.6 T™W
3,000 360 581 35.8 TW
CraoMn; 4Fe22C022Ning 2020 CW + A FCC SHPB, C 9,000 800 2,800 30 W
[105] (—100°C)
9,000 850 3,250 30 W
(-150°C)
Cr1sMnygFess.5C020Cuy 5Sis 2021 AC FCC + SHPB, C 1,000 680 1,195 12.2 -
[108] HCP ®
1,750 740 1,700 24.1 -
(6]
2,500 870 2,180 34.7 PT, TW
(F)

(continued on next page)
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Table 1 (continued)

Alloy Year Processing Phase Equipment, s oy oy &y Additional
load mode (MPa) (MPa) (%) mechanism
Cr;5MngoFesgCo15Niy 2022 AC + HW + FCC SHPB, C 1,200 490 710 20 -
[118] CW + A 2,900 570 1,275 35 TW
4,800 620 1,150 20 ™
CrysMngoFes7.9C015NixGdo 1 2022 AC + HW + FCC SHPB, C 1,200 450 900 15 -
[118] CW+ A 2,500 500 1,340 40 TW
4,800 650 1,345 30 T™W
Cr5MnsoFes; Co15NixGdo.» 2022 AC + HW + FCC SHPB, C 1,300 300 880 20 -
[118] CW+ A 2,700 410 1,375 42 TW, AS
5,100 415 1,370 45 TW, AS
CrygFeg;C024Nin3 2021 CW+A FCC BG Being fully penetrated by semi- T™W
[122] armorpiercing projectiles with a velocity of
~ 840 m/s
2022 CW + A FCC SHPB, C 2,500 450 992 40 W
[117] 7,000 600 1,470 40 ™
CrFeCoNi 2019 CW + A FCC SHPB, T 183 370 485 5 -
[45] 495 390 710 14 -
980 450 620 13 ™
(F)
2020 CW +A FCC SHPB, T 1,000 354 410 70 -
[43] 3,000 371 555 75 -
(P
4,500 426 650 80 -
(6]
6,000 440 715 77 W
)
2022 AC FCC SHPB, C 700 350 625 15 -
[73] 2,500 577 1,050 44 -
SHPB, S 17,300 800 1,220 173 AS
®
2022 AC FCC SHPB, C 2,964 215 870 36 -
[74] 3,614 287 1,005 45 -
BG 895 m/s Penetration depth: 498 mm  —

Penetration channel
diameter: 16.79 mm
1,136 m/s Penetration depth: 12.66 ™
mm
Penetration channel
diameter: 21.19 mm

A (873K) FCC SHPB, C 2,027 351 785 24 -
3,998 640 1,000 54 -
BG 814 m/s Penetration depth: 4.77 mm -

Penetration channel
diameter: 18.79 mm
1,152 m/s Penetration depth: 18.73 —
mm
Penetration channel
diameter: 22.17 mm

A (1273 K) FCC SHPB, C 2,187 221 710 25 -
3,863 264 1,000 55 -
BG 877 m/s Penetration depth: 4.38 mm -

Penetration channel
diameter: 18.27 mm
1,212 m/s Penetration depth: 17.90 T™W
mm
Penetration channel
diameter: 22.29 mm

2023 HW + A FCC LGG 507 m/s Hugoniot elastic limit: 0.70 ~ TW
[76] GPa
Spall strength: 3.15 GPa
901 m/s Hugoniot elastic limit: 0.70 T™W
GPa
Spall strength: 3.28 GPa
CryoFez;Co3oNizoWg 2022 CW+A FCC+ p SHPB, C 3,000 400 1,010 25 -
[116] 4,500 438 1,260 45 T™W
CryoFe23C030NizpMo4Wg 2022 CW + A FCC SHPB, C 3,000 648 1,490 25 -
[116] 4,100 710 1,630 40 W
CrFeCoNiMog » 2022 Selective FCC SHPB, C 1,440 790 1,338 13 -
[119] laser melting +o phase 1,740 820 1,530 16 -

(continued on next page)
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Table 1 (continued)

Alloy Year Processing Phase Equipment, s oy oy &y Additional
load mode (MPa) (MPa) (%) mechanism
CrCoNiMog 1 2021 CW + A FCC SHPB, C 1,003 610 1,065 8 -
[110]
CrCoNiMog » 2021 CW+ A FCC+o SHPB, C 967 800 1,590 10 ™
[110] phase
MnFeCoNiCu 2020 A FCC SHPB, C 3,000 400 970 38 T™W
[106] (6]
FeNiMoW 2020 AC FCC + SHPB, C 2,000 1,200 1,900 28 ™
[46] BCC +p (62
phase BG 10-20% better penetration performance Shear band

than conventional tungsten heavy alloys
from 876 m/s to 1,330 m/s

2022 AC FCC + BG 862 Penetration depth: 14 mm Shear band
[97] BCC+p Volume of penetration
phase channel: 1812 mm®
1,298 Penetration depth: 42 mm Shear band

Volume of penetration
channel: 6886 mm®
2,130 Penetration depth: 63 mm Shear band
Volume of penetration
channel: 15247 mm?®
W-Alg 5V 2Cro.oFeNia 5 2021 HW + A FCC + SHPB, C 4,000 2,300 2,000 35 AS
[113] BCC + L1, F

The strain-rate effect is a typical phenomenon in the dynamic deformation of conventional alloys, featured by enhanced yield
strength and reversely decreased ductility as the strain rate increases. Fig. 6a and 6b depict the variation of the yield stress and the
ultimate strain with increasing the strain rate for the representative HEAs mentioned in Table 1. The compression properties are
marked by solid symbols, and the tensile properties are labeled by hollow ones. As shown in Fig. 6a, enhanced yield strength and
ultimate strengths with increasing the strain rate can be clearly found in all these representative HEAs [42,43,44,60,65,79,92,96
99,100,109,111,112]. Surprisingly, the ultimate strains of these HEAs also increase as the strain rate increases, as shown in Fig. 6b.
Fig. 6¢ illustrates the changing rate in yield strength versus the changing rate in ultimate strain for plenty of known metals and alloys
[148,149,150,151,152,153,154,155,156,157,158,159,160,161,162,163,164,165,
166,167,168,169,170,171,172,173,174,175,176,177,178,179,180]. Herein the changing rate in strength/ductility is defined as the
ratio of the strength/ductility variation between the strain rates of ~10~> and ~10% s~1. As shown in Fig. 6¢, for most conventional
alloys and pure metals located in the second quadrant, the increment in yield strength is positive while that in ultimate strain is
negative with increasing strain rate. For HEAs, it is common that the higher the strain rate is, the higher the yield strength and the lager
the ultimate strain would be, indicating that the strain-rate effect in HEAs is different from that in conventional alloys. To reveal the
essence and relevant mechanisms of this difference, the dynamic deformation mechanisms of HEAs are summarized and discussed as
follow.

3. Dynamic deformation mechanisms of HEAs
3.1. Dislocation motion under dynamic loads

According to pioneering researches, dislocation motion dominates plastic deformation under the quasi-static loading of HEAs,
including 3d HEAs, such as CrMnFeCoNi [22,181] and RHEAs, such as TiZrNbHf [21,182]. Unlike the situation in conventional alloys,
various unique microstructures, including pronounced lattice distortion, composition fluctuations and short-range orderings etc., form
in HEAs. The consequent pinning at nanoscale and atomic scale leads to the transformation of the slip mode among the planar slip,
cross slip and multiple slip for the durable movement in the deformed HEAs. The flexible and complex dislocation motion contributes
to a significant enhancement in strain hardening, then a breakthrough of the balance between the strength and ductility, namely the
simultaneous promotion of the strength and ductility [21,22,183,184]. Also, SFE would influence the deformation mode of HEAs. The
high SFE (>45 mJ/m?) generally leads to the prominent dislocation glide. Whereas additional deformation modes occur in the alloys
with decreasing SEF. The intermediate SFE (15-45 mJ/ m?) would stimulate twinning, and low SFE (<15 mJ /m?) would propels phase
transformation [185,186,187,188]. Like the situation under quasi-static loading, the dislocation motion is the predominant mode
during the plastic deformation of HEAs under dynamic loadings.

3.1.1. Thermal-activation and phonon-drag effects

In the earliest reports on the dynamic-mechanical behavior of HEAs, Wang and Qiao et al. pointed out that the thermally activated
dislocation motion and the phonon drag effect jointly resulted in striking strain-rate sensitivity and positive strain-rate effect of HEAs,
including AlCrFeCoNiTiy [55], AlCrCuFeNiy [99] and AlCoCr; sFeg sNiTigs [100].

Specifically, the movement of dislocations needs to overcome two kinds of energy barriers, i.e., short-range and long-range
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Fig. 6. Strain-rate dependence of (a) yield strength and (b) ultimate strain for representative HEAs. The hollow and solid markers represent compression
properties and tensile properties, respectively. (c) The changing rate of yield strength versus the changing rate of ultimate strain with strain rates from of
~10"3to ~10%s ! for representative HEAs [42,43,44,60,65,79,92,93,96 99,100,109,111,112,114] in comparison with a wide range of material systems
including Al alloys [148,149,150,151], Mgalloys [152,153,154,155], Tialloys [156,157,158,159,160,161], steels [162,163,164,165,166,167,168], bulk
metallic glasses (BMGs) & bulk metallic glass matrix composites (BMGCs) [169,170,171,172,173,174,175,176,177], pure metals [155,157,178,179,180].

obstacles. As the temperature increases, the thermal vibration of lattice atoms increases, and the short-range barrier for dislocation
movement decreases, which is called thermal activation. However, thermal activation, namely the cumulative frequency at which
atomic thermal vibration overcomes the energy barrier, requires a certain reaction time to take effect. Under dynamic loads, the time
for dislocation to overcome the short-range obstacles decreases with increasing strain rates, then the thermal-activation effect is
undermined. Thus, larger external load is required to overcome the short-range obstacles for dislocation motion, whose macroscopic
manifestation is enhanced yield strength. When the strain rate increases to a level close to lattice vibration, the latter will generate an
anisotropic resistance to dislocation movement. This anisotropic resistance changes the energy of dislocation, and exhibits as a drag
from phonons, the energy quantum of lattice vibration. The phonon drag effect increases with increasing strain rates and local tem-
peratures [189,190] due to higher energy and larger number of phonons. Fig. 7 describes the variation of yield strength as a function of
strain rate in the Al ;CrFeCoNi HEA [42]. As can be seen, the yield strength of Alj;CrFeCoNi gets enhanced with increasing strain
rates owing to the thermally activated dislocation motion and the phonon drag effect. Moreover, significantly higher yield strength and
slope are found in the high strain-rate region, indicative of the pronounced impact of phonon drag on dislocation motion.

It is interesting to note that the phonon drag effect and the consequent strain-rate effect cannot be obviously observed in some
RHEAs, such as TiZrNbHfTa [96], in the strain-rate range of 10>~103 s~ The reason is that the refractory components possess a large
atomic mass and may lead to less lattice vibration and phonons in such systems. At room temperature, the strain rate increasing from
400 s~ ! to 2,600 s~! cannot enhance the phonon-drag effect. Only when the temperature increases to 673 K can the lattice vibration
and effect of viscous resistance become remarkably enhanced, leading to a substantial increment in the yield strength when the strain
rate increases, as presented in Fig. 8.

In fact, BCC transition metals generally show a particularly complex response to dislocation motion with a strong temperature- and
stain-rate dependence of the flow stress (the critical resolved shear stress) [191]. Direct measurements of dislocation mobility revealed
that edge dislocations in BCC metals had a low lattice resistance and, correspondingly, high mobility [192]. This trend indicated that
edge dislocations were not essential to the complex response of BCC metals. Instead, screw dislocations along the [111] direction were
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Fig. 8. The flow stress of the TiZrNbHfTa HEA at 0.03 true plastic strain as a function of strain rate (0.001 s 1~2,600s Y ata temperature of 293 K
and 673 K, respectively [96].

known to exhibit a strong and anisotropic lattice resistance (the so-called Peierls barrier) at low temperatures and high strain rates
[193]. So, Song et al. found that the dynamic deformation of the TiZrNbHfTa BCC RHEA was mainly controlled by screw dislocation
motion [96].

The strain-rate sensitivity parameter (m) is utilized to describe the dependence of the strength/stress, o, on the strain-rate, ¢. It is
defined by the slope of the logarithmic strength at a constant strain versus the logarithmic strain rate:

_ dlno

Table 2 summarizes the strain-rate sensitivity parameter, m, in the quasi-static region (m;s), dynamic region (my), and the averaged
overall value (m,) of HEAs and some classic metals and alloys. As listed in Table 2, the value of mg is much larger than that of m; owing
to the thermally-activated dislocation motion with increasing the strain rate and the phonon-drag effect under a dynamic condition.
Furthermore, HEAs exhibit a larger m than typical metals and alloys. m is a microstructure-sensitive parameter influenced by
microstructural characteristics, such as lattice distortion, grain size, etc. [56,65,62,112]. The discussion on m will be detailed in the
later part.

3.1.2. Dislocation multiplication and entanglement

Besides the thermal-activation and phonon-drag effects, rapid dislocation multiplication and consequent dislocation entanglement
at high strain rates also affect the dynamic-mechanical behavior of HEAs.

On one hand, the dislocation density will surge during the dynamic deformation of HEAs. In consequence, the dislocation inter-
action in dynamically-deformed HEAs will be stronger than that in quasi-static deformed alloys. Thus, the work hardening and flow
stress will be enhanced during dynamic deformation. For example, Wang et al. found that there emerged stronger dislocation inter-
action during dynamic deformation than the case of quasi-static deformation in both AlTiyCrFeCoNi [55] and AlCrFeNixCu [99] HEAs.
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Table 2
Strain-rate sensitivity parameter in a quasi-static region (m;), dynamic region (my), and an averaged overall value (m,) for representative metallic
materials.

Material my mq Material mg

Aly 1CrFeCoNi [42] 0.0158 0.104 Aly 1CoCrFeNi [59] 0-0.017
(Alp sCrFeCoNi)g.95M0o.025Co.025 [66] 0.0043 0.192 Alp 3CoCrFeNi [58] 0.006-0.063
Alp 4CrMnFeCoNi [79] 0.039 0.048 Aly 7CoCrFeNi [57] 0.017-0.018
Al ¢CrMnFeCoNi [79] 0.018 0.024 AlCoCrFeNi [62] 0.008-0.016
CrMnFeCoNi [78] 0.0269 0.257 CrMnFeCoNi [44,45,78] 0.022-0.048
Cr1sMnygFesg 5C020Cuy 5Sis [108] 0.007 0.180 CrFeCoNi [45] 0.044
CraoMnagFesoNizg [114] 0.0172 0.3978 Al [242] 0.028
CrFeCoNi [43] 0.021 0.223 Ni [243] 0.0028
CroFe21Co30NizoWo[116] 0.0166 0.224 Cu [243] 0.006
CroFep3C030NizoMo4Wo[116] 0.0077 0.293 Fe-14Cr-16Ni [244] 0.006-0.007
FeCoNi [245] 0.0169 - 93 W alloy [246] 0.042
CrCoNi [245] 0.0286 -

HCP-Mg [247] ~0.01 -

Al [248] ~0.001 -

a-Fe [248] ~0.009 -

FCC-Ni [248] ~0.0028 -

Cu [249] ~0.0025 0.0215

Cug »Al [249] 0.0221

CuzAl [249] 0.0422

CugAl [249] - 0.0827

FexoMn; 3Aly 6C [250] 0.00741 -

FexMngAl ¢C [250] 0.0246 -

FeasMn; 6Alp 24Si0.08Co.0sNb [144] 0.00890 0.350

FeagMn; 6Alg 28Sio.08C [144] 0.00933 0.120

304L steel [251] 0.0185 0.0634

316L steel [251] 0.0267 0.397

Hence, a higher work-hardening rate was available during dynamic deformation, as shown in Fig. 9. Zhang et al. [112] pointed out that
the deformation mode of the dual-phase Alj 3CrFeCoNiTij 3 HEA was dominated by planar glides under dynamic loads. Under a strain
rate of 4,700 s’l, the dislocation substructure displayed Taylor lattice (6.5% strain), high-density dislocation walls (16% strain) and
intersected microbands (a strain of 29%). The large number of immobile Lomer—Cottrell locks and profuse geometrically necessary
dislocations accumulated at the phase boundaries phenomenally-enhanced the strength and work-hardening capacity. The coupling of
microband-induced plasticity effect and FCC phase contributed to large dynamic ductility. The yield strength, the ultimate strength,
and the ultimate strain of Aly 3CrFeCoNiTiy 3 HEAs were 1,181 MPa, 1,880 MPa, and 40%, respectively.

Particularly, Zhao et al. [109] utilized electron-backscatter diffraction (EBSD) to characterize the improved dislocation multipli-
cation with the strain rate in the CrpgMngygFesgCoogNij4 HEA. As shown in Fig. 10a — 10c, the misorientation increases with rising
strain rate in EBSD, revealing that the higher density of dislocations tend to accumulate at higher strain rates. The dislocation density
can be calculated according to the following equation [194]:

_ 2
o

(50)

30
L = 107
=
© P e 2119/s
% 2 A 3044ls
& | :
8ok £l 2am
- o Y o
kel A
o @ E e
=15 8 £ ., fas
- - $ ‘e Ada
@ la 5 e, =
E € -.."- aa,
[3 *Ter

SoF ]
{ e - 00z o 008 Soi0 a0s
b— | lastic strain
O st
]
D

0 1 1 L 1 1

0.00 0.05 0.10 0.15 0.20 0.25 0.30

Plastic strain

Fig. 9. Strain hardening rate as a function of plastic strain at different strain rates in the AlICrFeNi,Cu HEA [99].
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Fig. 10. Kernel average misorientation maps of the CrysMnyoFe20Co20Niy4 HEA deformed at (a) 1,000, (b) 2,000 and (c) 3,000 sL respectively. (d)
Variations of dislocation densities (p) and volume fraction of twin boundary (TB Vol.) of the samples deformed at different strain rates [109].

where p is the dislocation density, 6gaps is the kernel average misorientation, x is the unit length, twice that of the step size used in EBSD
acquisition, and b is the magnitude of Burgers vector. The calculated results showed that the dislocation density of the
CraeMnygFeggCogNij4 HEA increased substantially from 9 x 102 m2at 1,000 s ! to 2.17 x 10" m~2 at 2,000 s~%, and further to
6.41 x 10 m2at 3,000 st (see Fig. 10d). Song et al. [93] revealed that the fraction of 2° — 15° low-angle grain boundaries, which
mainly resulted from the dislocation accumulation during plastic deformation, increased from 67.6% for the AlCrFeCoNiy; HEA
deformed at 0.001 s~ with a strain of 30% to 74.2% for the sample deformed at 3,000 s! with a strain of 27%. The dislocation cells
originating from high-density dislocation tangles at high strain rates contributed to apparent work hardening and strain-rate sensitivity
of the AlCrFeCoNij ; alloy. Dai et al. [84] estimated the dislocation density of the CrMnFeCoNi HEA at different states. Per their report,
the dislocation densities of undeformed, quasi-static, and dynamic tensile CrMnFeCoNi alloy specimens were 2.60 x 10'3,7.62 x 10,
and 1.19 x 10*® m™2, respectively. Moreover, they also observed a higher density of dislocation clusters and dislocation cells with a
smaller size in dynamic-tensile specimens. Since the average diameter of dislocation cells is considered inversely proportional to the
square root of the dislocation density, a high dislocation density was further verified by this observation. The high dislocation density
mainly determined the high flow stress of the CrMnFeCoNi alloy under dynamic loading. Its yield strength and true ultimate strength
were 472 MPa and 1,586 MPa at a strain rate of 7,000 s~, which were 18% and 52% higher than quasi-static ones, respectively.

Similarly, Gu et al. [110] derived the dislocation density from the full-width half-maximum of the major peaks in the XRD patterns
of the CoCrNiMoy HEAs using the Williamson-Hall method [195,196].

0 ind
5% = CI-‘rZE% (51)
0.9
a=T 62
82
p= 14,4ﬁ (53)

where 6, 0, 4, €, D, p, and b are the peak width, diffraction angle, X-ray wavelength, strain, average grain size, dislocation density, and
the magnitude of the Burgers vector, respectively. The calculated average dislocation densities of the CrCoNiMoy, HEAs deformed at
~1,000 s~ were (2.69 + 0.97) x 10'°m~2, (3.2 + 1.65) x 10> m~2 and (7.63 + 2) x 10'®> m~2 with increasing x from 0 to 0.2. More
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Fig. 11. Deformed structures with a 40% strain in CrMnFeCoNi deformed at (a) 3,000 s~ ! and (b) - (g) 6,000 s~ [81].

pronounced dislocation accumulation contributes to a higher work-hardening rate and enhanced flow stress in the CoCrNiMog 5 HEA.

Dirras et al. [95] further reported that the flow stress caused by dislocations can be expressed by the Taylor equation [134]. Based
on XRD result, the average dislocation density of the TiZrNbHfTa HEA deformed at a high strain rate (4,700 s ™) was 47 + 7 x 10%*
m’z, about triple that of a quasi-statically- compressed specimen (15 + 2 x 10 m~2 [197]). The calculated flow stress (1,236 MPa)
was very close to the experimental flow stress (1,228 MPa), demonstrating that a large dislocation density is indeed the major cause of
high flow stresses at high strain rates.

On the other hand, the dislocation multiplication and dislocation entanglement can influence the dislocation-motion mechanism
and the fracture mode of HEAs. For example, Yang et al. [81] studied the deformation mechanism of the CrMnFeCoNi HEA at different
strain rates. It was found that dislocation slip dominated the deformation at different strain rates. Meanwhile, dislocation cells formed
due to serious dislocation entanglement at the strain rate of 3,000 s7! (see Fig. 11a). As the strain rate increased to 6,000 s’l, alarge
number of high-density dislocation walls formed, characterized by the gliding of numerous dislocations on {111} planes (see Fig. 11d
— 11d). Such dislocation walls could offer an extra strain-hardening effect and consequently, a high flow stress during deformation.
Hence, some stacking faults (SFs) (see Fig. 11e) and nano-twin (see Fig. 11f and 11 g) could be observed in the sample strained at 6 x
10% 57! due to the trigger from the high flow stress.

Additionally, dislocations, which proliferated rapidly, would accumulate at the grain boundaries of the CrMnFeCoNi HEA ac-
cording to the discovery of Wang et al. [77]. These local hotspots weakened the bonding force between grains, then the grain
boundaries collapsed and micropores formed gradually. When the continuously increasing local stress was larger than the bonding
strength of the grains, cracks initiated along the grain boundaries. As a result, there emerged an intergranular fracture in the dynamic
deformation of the CrMnFeCoNi HEA which generally displays the good ductility under a quasi-static loading. Dai et al. [84] reported
the multiple fracture characteristics in the CrMnFeCoNi HEA after dynamic tensile deformation. Although dimple fracture remained as
the dominant fracture characteristic, which was similar to that of quasi-static tensile specimens, quasi-cleavage fracture emerged,
characterized by tearing dimples, river patterns, and tearing ridges on the fracture surface of dynamic deformed specimen. Moreover,
the dimples and quasi-cleavage fractures were staggered with clear boundaries between these two fracture types, suggesting a tran-
sition from ductile to brittle with increasing strain rates. As reported by Yang et al. [90], the voids also preferentially nucleated at the
grain boundaries of the Cr;oMngoFes50Co;9 HEA with good ductility under quasi-static loading due to the rapidly proliferating dislo-
cations. As a result, voids connected to form microcracks at a high rate of 190 m/s.
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temperature [107].

3.2. The effect of intrinsic microstructures on dynamic deformation in HEAs

Apart from the strain rate, several intrinsic microstructure characteristics generally present in undeformed alloys at different scales
also have notable influence on dislocation motion and resultant mechanical behavior in HEAs under dynamic loading.

3.2.1. Lattice-distortion effect

In general, lattice distortion is considered as the intrinsic characteristics of HEAs [20,18,198]. In HEAs, a simple solid solution
composed of multiple elements will form under the effect of the high mixing entropy. The disordered squeeze of the constituent atoms
with various atomic radii, valence electron concentrations, etc. inevitably distort the solid-solution lattice of HEAs. The distorted
lattice will lead to a local elastic strain field, which can hinder dislocation motion, generating solid-solution-strengthening effect
[199,200]. As a result, HEAs generally manifest a higher strength and hardness than conventional alloys under quasi-static loads
[17,201,202,203,204].

Under dynamic loads, lattice distortion plays a similar role in hindering dislocation motion to those under quasi-static load. For
example, Qiao et al. [107] reported that the degree of the lattice distortion of the TiZrHfNbTaMoy alloy increased significantly with the
increase of Mo content. Thus, the yield strengths of TiZrHfNbTaMo, increased from 1,555 MPa to 1,820 MPa at ~4,500 s~! when x
increased from 0.25 to 0.75, as indicated by the red curves in Fig. 12. Under an impact load in which the strain rate is higher than 10° s
!, the average Hugoniot elastic limit, normally known as the transition point from elastic state to elastic—plastic state, of the FCC-HEA
CrMnFeCoNi and BCC-HEA AICrFeCoNi, reached 1.64 GPa and 2.05 GPa at ~5.0 x 10%s™!, respectively [69]. According to the opinion
of Dai et al., these values are both remarkably higher than those of conventional alloys with similar compositions in spite of slighter
lattice distortion degree. On this basis, He et al. [65] and Gangireddy et al. [58,59] proposed that the effect of the lattice friction stress
resulting from lattice distortion would rapidly increase with the fast proliferation of dislocations at high strain rates, and further
resulted in a higher strain-rate sensitivity, compared with conventional alloys, as listed in Table 2.

Surprisingly, the dislocation motion under a dynamic load could overcome the resistance from the distorted lattice, which generally
yields a pile-up of dislocations under a quasi-static load. As a consequence, the dynamic strength is enhanced by the lattice distortion
and solid-solution strengthening effect, whereas the plasticity is not traded off. For instance, the yield strength of the TiZrHfNbTaMog 5
HEA reached 1.8 GPa while the fracture strain was >23 % at 4,200 s’l, as exhibited in Fig. 12b [107].

3.2.2. Short-range orderings

Short-range orderings refer to the microstructures that chemically or topologically deviate from randomness at the interatomic
scale, including A-A/B-B atomic pairings [205,206], nanodomains/superlattice [207,208,209,210], ordered interstitial complexes
[21,211], and topological ordering [212,213]. Although HEAs are generally considered as solid solutions with disordered atomic
occupancy, the complex interactions between the constituent elements often lead to some orders at atomic scale. short-range orderings
can induce a pinning effect on dislocation motion at the atomic scale, promoting the transformation of dislocation slip mode under
quasi-static load. One typical example is the replacement of Mn by Pd in the CrMnFeCoNi HEA reported by Yu et al. [22], in which Pd
possesses greater difference from the rest of the principal elements, thus reducing the uniformity of the element distribution. The
pinning effect of alternating tension and compression strain field from atomic-scale composition fluctuation on dislocation promotes a
transition from plane slip to cross slip. Lu et al. [21] introduced ordered oxygen complexes in the TiZrHfNb HEA by doping 2 atomic
percent oxygen. It showed that ordered oxygen complexes not only changed the dislocation slip mode from a planar slip to wavy slip
but also induced double cross-slip.

Under a dynamic load, the short-range orderings in HEAs also play an essential role in dislocation movement. According to Qiao
et al., the short-range orderings in the NiCoCrFe [43] and Fe4oMnyoCroNizg [114] HEAs can produce strong short-range obstacles for
dislocation movement, endowing the alloy with higher strain-rate sensitivity and positive strain-rate effect compared with common
coarse-grained FCC HEAs as listed in Table 2. For NiCoCrFe HEA, the yield strength (440 MPa) at 6,000 s~ ! is twice the quasi-static
yield strength, as shown in Fig. 13. In Fe4oMngoCraoNizg HEA deformed at high strain rates when the thermal activation of dislocations
gradually fails, short-range orderings could limit the dislocation slip to a smaller scale and lead to deformed sub-grains. As a result, it
exhibits the highest dynamic strain-rate sensitivity (m = 0.3978) among all reported HEAs.
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Fig. 13. The engineering stress—strain curves of CrFeCoNi HEA at various strain rate [43].

3.2.3. Gran boundary

Up to now, nearly all reported bulk HEAs are polycrystalline materials with coarse grains or fine grains. Hence, the properties of
HEAs are inevitably affected by grain boundaries, which generally hinder the dislocation motion due to the irregular arrangement of
atoms and larger lattice distortion [214]. The smaller the grain size is, the larger the grain boundary area, and the higher the yield
strength will be, following the classic Hall-Petch relationship (Eq. (54)), regardless of quasi-static or dynamic loads [215,216,217].

i

o =kd (54)
where d is the mean grain size, and k, is the Hall-Petch constant.

Under quasi-static load, the yield strength of HEAs, such as CrMnFeCoNi [218], Aly;CrNbVMo [219] and HfNbTaZrTi [220],
follows the Hall-Petch relationship. Although fine-grain alloys exhibit higher yield strength than coarse-grain alloys, a large number of
dislocations normally pile up at grain boundaries, causing stress concentration and microcrack. Therefore, the ductility is usually
deteriorated with grain refinement.

Under dynamic loads, the effects of grain boundaries and grain size on the dynamic-mechanical properties of HEAs are similar to
those under quasi-static load. As depicted in Fig. 14, for the CrMnFeCoNi HEA reported by Lu et al. [44], when the average grain size
decreased to 12 ym, the yield strength at 2,100 s~* reached 361 MPa, 30% higher than that of the coarse-grain alloy A with an average
grain size of 450 pm. In addition, the plasticity of FeCoNiCrMn HEAs under quasi-static and dynamic loads is similar, because the
energy provided by dynamic loads enables the dislocations to overcome the resistance at grain boundaries. Gu et al. [110] found that
the CrCoNiMo, » HEA with grain sizes of 12.5 pm and 6.4 pm in precipitate-free regions and precipitate-dense regions was obtained by
cold-working and recrystallization annealing, respectively. This fine-grain HEA maintained a high work-hardening rate of 6,350 MPa
and a decent plasticity of ~10% during dynamic deformation at the strain rate of 967 s~ *.

It is worth noting that a large number of grain boundaries in fine-grain HEAs will determine their strain sensitivity. Gangireddy
et al. [59] discovered that the recovered grains in the Alj ;CrFeCoNi HEA would lower the strain sensitivity to 0.008. Xue et al. [62]
demonstrated that the AlCrFeCoNi HEA with equiaxed grains (H2400) and columnar crystals (H200) both exhibited a positive strain-
rate effect. The strain-rate sensitivity parameter of the H200 alloy with a grain size of ~200 pm reached 0.016, nearly 50% higher than
that of H2400 alloy with a grain size of ~80 pm, as shown in Fig. 15d. In addition, given the fact that the oriented texture caused by the
heat conduction direction during solidification is beneficial to dislocation slip during plastic deformation, H200 with columnar crystals
exhibited better ductility (~43%) at the strain rate of 2,500 s71 (see Fig. 15a).

3.2.4. Additional phases (heterostructure)

Although HEAs were initially regarded as single-phased solid solutions in early researches, more and more researchers have begun
to pay attention to the effect of multi-phases in HEAs since the report of eutectic HEAs [26] and transformation-induced plasticity
(TRIP) dual-phased HEAs [25] in 2014 and 2016, respectively. Previous reports successfully revealed that the structure, size, quantity
and distribution of additional phases, or heterostructure at different scales, play a crucial role in the mechanical properties of HEAs.
For instance, the synergy between the soft FCC phase and the hard B2 phase promotes deformation homogeneity and delays necking,
thus endowing the cast AlCrFeCoNij; eutectic HEA with a quasi-static tensile strength of 944 MPa and an elongation of 25.6%,
respectively [26]. By introducing uniformly-distributed L;5 coherent nano-precipitates, the quasi-static yield strength of Aly5Cr.g.
FeNiy 5V 2 HEAs is higher than 1 GPa while the fracture elongation is 17% [221].

Under dynamic loading with high strain rates, additional phases, including solid solutions with different structures and precipitated
ordered complexes, have a vital impact on the dislocation motion and the mechanical properties of HEAs as well.

Firstly, the presence of additional phases generally reduces the strain-rate sensitivity of HEAs. In the cases of Al,CrMnFeCoNi HEAs
constituted by different phases reported by Peng et al. [79], the strain-rate sensitivity of Aly4CrMnFeCoNi HEAs with a single FCC
structure (m = 0.039-0.048) was significantly higher than that of Aly CrMnFeCoNi HEAs (m = 0.018-0.024) with an FCC + BCC dual-
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Fig. 14. Inverse pole figure (IPF) results exhibiting randomly-orientated grains with different grain sizes of alloys (a) A, (b) B, and (c) C, and (d)
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phase structure, as displayed in Fig. 16. Similarly, compared with the single-phased FCC Alj 3CrFeCoNi HEA with high m, (0.053) [56],
the Aly ;CrFeCoNi HEA with lamellar dual-phase microstructure possesses a considerably smaller value of m, = 0.017-0.018 [61].

Secondly, dual-phase HEAs generally manifest a higher yield strength and a greater strain-hardening rate. One typical example is
that the presence of nanoscale L1, precipitates coherent with the FCC matrix deriving from low-temperature annealing could increase
the resistance of dislocation motion without generating dislocation pile-up [61]. Hence, while the strain-rate sensitivity of the
Al 7CrFeCoNi HEA with an FCC + B2 dual-phase lamellar structure will not be affected, the dynamic flow stress can reach 2,150 MPa
along with a work hardening of >500 MPa. According to Gwalani et al. [64], the annealing-derived dispersive B2 phases could cause a
lattice mismatch between B2 phase and FCC solid-solution matrix. Consequently, the yield strength and the ultimate strength of
Aly sCrFeCoNi HEAs at 2,000 s !increased from 682 MPa and 1,168 MPa to 1,352 MPa and 1,503 MPa, respectively. Wang et al. [66]
reported that the yield strength of the (Al sCrFeCoNi)g.95Mo0g 025Co.025 HEA prepared by powder metallurgy could reach 1,055 MPa at
3,000 s~ ! due to dispersed My3Cg carbides. Gu et al. [110] showed that the enhanced dynamic yield strength of the CoCrNiMo, (x =0,
0.1, and 0.2) HEAs ranging from ~ 450 MPa to ~ 800 MPa (Fig. 17c) was mainly attributed to the precipitation (¢ phase) hardening
resulting from supersaturated Mo. The presence of the ¢ precipitations induced the vast occurrence of stacking faulting/nano-twinning
(Fig. 17a) and microbanding (Fig. 17b) in the CoCrNiMog » alloy, which could act as both full and partial dislocation sources. The
strain-hardening ability and plastic deformation ability under dynamic condition were thereby improved via microband-induced
plasticity effect and twinning-induced plasticity effect as shown in Fig. 17c and 17d. The W-Aly 5Cr gFeNiy 5Vo 2 HEA containing
L1, precipitations exhibited a rather high yield strength above 2,300 MPa at ~4 x 10% s~%, which is much higher than the value of
~1,800 MPa (~5 x 10° s‘l) in conventional W-NiFe obtained by liquid phase sintering [113].

Thirdly, the complex multiphase will hinder the propagation of microcracks in HEAs. An example is illustrated by the hot-rolled
and subsequently quenched FesoMn3yCo10Crio HEA with more martensites (46 wt%) [89]. It exhibits lower crack propagation rates,
lower damage rates, and higher spall strength (2.21 GPa and 2.32 GPa with the velocity of 190 and 420 m/s) under impact loading, as
shown in Fig. 18a.

3.3. The effect of associated microstructure on dynamic deformation in HEAs

Besides strain rate and intrinsic microstructures, several associated microstructures formed during the process of dynamic deformation,
such as twinning, phase transformation, and adiabatic shear, also play a non-ignorable role in the dynamic deformation of HEAs. Fig. 19
summarizes the number of reports regarding phase transformation, twinning, and adiabatic shear effects in HEAs with different structures.
As can be seen, the phase transformation effect has only been reported in 3 metastable HEAs, i.e. V1oCrigFessCo3oNis [103],
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V10CryoFe45Co3s [104] and CrisMngoFesg 5C020SisCu; 5 [108] (see Table 1). Twinning occurs within a wide range of strain rates in almost
all 19 HEAs containing FCC phase [42,43,44,45,46,58,59,60,61,63,69,76,81,82,84,85,86,89,94,103,104,105,106,108,109,110,118,122]
and 3 HEAs with BCC + HCP phase [120]. The adiabatic shear effect can be observed in 18 HEAs with all kinds of phase compositions
[46,47,56,63,66,68,77,78,83,85,86,91,92,93,95,96,111,112,113,118].

3.3.1. Twinning of HEAs under dynamic loads

As one kind of deformation mechanism, twinning is produced by the movement of partial dislocations, and more likely to occur in
the alloys with low SFE, such as Mg alloy [222] and FCC-HEASs (SFE = 20-40 mJ-m~2) [223]. As reported by Gludovatz et al. [29], the
twinning effect of CrMnFeCoNi HEAs was activated during quasi-static deformation at low temperatures (77 K). The formation of
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Fig. 18. Propagation characteristics of micro-cracks under 420 m/s impact loading: (a) hot-rolled + quenched sample and (b) cold-rolled +
quenched sample [89].

deformation twins in the CrMnFeCoNi HEA led to a decrement in the mean free path of dislocation motion and an increment in strain
hardening. Therefore, the yield strength and the ductility of the CrMnFeCoNi HEA increased simultaneously by ~ 85% and ~25% to
759 MPa and >70%, respectively, as the temperature decreased from 293 K to 77 K. According to the research conducted by Bi et al.
[224], twinning in the CrygFegCo34NizsMog HEAs contributed to a high yield strength of ~1.1 GPa and a high strain hardening of ~2
GPa, respectively. For the CoCrNi alloy with a SFE value of 22 + 4 mJ-m ™2, the severe plastic deformation and large fracture toughness
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resulted from the formation and bridging of twins at nanoscale at room temperature, which could inhibit the expansion of cracks, as
reported by Laplanche et al. [225] and Yu et al. [226].

It is evident that the effect of twinning is favorable of improving the mechanical properties of HEAs under a quasi-static load. Briefly
summarized, twinning in HEAs under dynamic loads has following characteristics:

(a) Improved mechanical properties

The Alj ;CrFeCoNi HEA with single FCC structure reported by Mishra et al. [42] exhibited a high strain-rate sensitivity and a high
strain-hardening rate due to twin deformation during dynamic deformation. On this basis, Gangireddy et al. [59] found that different
types of twins played dissimilar roles in dynamic deformation. In the cold-rolled Al ;CrFeCoNi HEA, the contribution of long-range
barriers including dislocation entanglement and deformation twins is not sensitive to the strain rate or temperature. Hence, the strain-
rate sensitivity of the cold-rolled Alj ;CrFeCoNi HEA is close to 0. By contrast, the annealing twins obtained by recovering at 893 K can
significantly improve the strain-rate sensitivity, reaching a value of strain-rate sensitivity parameter m = 0.014 in annealed Alp ;Cr-
FeCoNi HEA at ~10%s™%.

According to Lu et al., the appearance of nano-twins facilitated the ultimate tensile strength and the elongation of the CrMnFeCoNi
HEA to increase by 124 MPa and 3% to 745 MPa and ~63%, respectively, when the strain rate was transformed from quasi-static to
dynamic (2,200 s~ 1) [44]. The research by Dai et al. [84] further indicated that the cooperation of twins and dislocations contributed
to the simultaneous enhancement of strength and ductility under dynamic tension in the CrMnFeCoNi HEA. The dislocations will be
decomposed into partial dislocations when they move across the twin boundary. The absorption of these partial dislocations into the
twin boundary will induce the migration of twin boundary and the formation of dislocation step. This process can effectively release
stress concentration. Thus, the twin boundary has the capacity to accommodate considerable plasticity. Consequently, sufficiently thin
and dense twin lamellas take positive effect on the dynamic ductility. The ultimate strain of the CrMnFeCoNi HEA under dynamic
tensile loading increased by 68% to 57%, in comparison with that under quasi-static tension (34%). As has been recorded in situ by
high-speed photography (Fig. 20a), a uniform deformation occurred prior to the strain reaching 25% (approximately 0-90 ps). Af-
terwards, a strain concentration appeared in the middle of the specimens within the strain range of 25%—46% (approximately 90-130
ps). Eventually, the specimen shrank until fracture occurred, revealing excellent deformation uniformity and deformation localization.
In addition, the constitutive model showed that the twins were strongly resistive to dislocation motion and provided 27% of work
hardening, as displayed in Fig. 20b.

The deformation mechanism of the CragMnygFez0CogoNij4 HEA was dominated by dislocation slip at 1,000 s~L, thereafter trans-
ferred to SFs at 2,000 s~ and twinning at 3,000 s~ [109]. The manifold interactions between dislocations and SFs, SFs and SFs (i.e.,
the Lomer-Cottrell locks), and SFs and twins contributed to the sustained hardening ability. The yield strength and the ultimate
strength at 3,000 s~ ! were 360 MPa and 1,420 MPa, respectively. Under the effect of SFs and twinning, the CrogMnygFesgCosgNij4 HEA
demonstrated uniform plastic deformation without any adiabatic shear bands at 35.8% strain and 3,000 s~', indicating decent
resistance to thermal softening and adiabatic shear localization.

(b) Dynamic Hall-Petch effect

In the CrysMnj4Fep2C02oNisy HEA reported by Yang et al. [105], the newly formed deformation twins during dynamic deformation
could divide the original annealing twins and the strip substructure in the matrix into ultra-fine closed blocks. This continuous seg-
mentation caused dynamic grain refinement during the dynamic deformation process, leading to large dynamic strain hardening
capacity, as shown in Fig. 21. The strain hardening rate remained stable at ~7 GPa to 30% strain when the CryoMnj4Fes2Co9oNisg HEA
deformed at a strain rate of ~9 x 10%s~ ! at 123 K. During the high-strain-rate (7,000 s™1) deformation of CrygFey;Co24Niss HEA with
annealing nanotwins, profuse ultra-fine single-variant deformation nanotwins of 1-2 nm thickness divide strip-like annealing nano-
twins of 10-30 nm thickness into nano-blocks. The dynamic deformation-induced hierarchical structures, which are composed of
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micrometer, nanometer and sub-nanometer twins, provide a higher work-hardening capacity and profoundly improve the dynamic
strength to ~1,500 MPa.

Similarly, the V;1CryoFe45Co3s alloy exhibited a high strain-hardening rate and a dynamic compressive strength of ~1.9 GPa due to
twinning under dynamic loads, which triggered the dynamic Hall-Petch effect [104]. The MnFeCoNiCu HEA possessed a high strain-
hardening rate (~1,600 MPa) under dynamic condition (3,000 s~1) since a large number of deformation twins come into being,
resulting in grain fragmentation and weakening of the (101) compression texture [106]. In another research reported by Yuan et al.
[227], plenty of deformation twins formed in the CrCoNi alloy during dynamic deformation owing to its low SFE, as shown in Fig. 22b.
The strong interaction between dislocations and multiple twins (see Fig. 22¢) could trigger more efficient grain refinement rather than
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multiple DTs and (f) Lomer-Cottrell (L-C) lock [227].

dislocation cells. These newly formed interfaces, such as twin boundaries and grain boundaries, hindered the movement of disloca-
tions. At cryogenic temperatures, more complex structures, including multiple twins, high-density stacking faults, Lomer-Cottrell
locks, and phase transformation appeared in the dynamically-deformed CrCoNi alloy, as displayed in Fig. 22d—22f. The multiple
twinning networks created obstacles for dislocation motion and provided paths for dislocation slip and cross slip. The Lomer-Cottrell
locks and phase boundaries introduced by phase transformation would hinder the movement of dislocations. Under the influence of the
above factors, the CrCoNi alloy exhibited better dynamic shear resistance at both room and cryogenic temperatures compared with
conventional alloys (Fig. 22a). The uniform dynamic shear strains of the CrCoNi alloy at 298 K and 77 K are >6 and 5 while those of
conventional alloys and metals are almost less than 2.

(c) Low deformation-twinning threshold strain

The high instantaneous stress provided by the dynamic loads, the high flow stress of high-density dislocations and the low acti-
vation energy of partial dislocations in the complex energy environment of chemical disorder usually promote deformation twinning in
HEAs [82].

The critical applied stress for activating twinning partial dislocations could be roughly calculated by considering the SFE, as
displayed in Eq. (41). Correspondingly, the theoretical twinning stress for the CrMnFeCoNi [84] and Al ;CrFeCoNi [71] HEAs should
be 722 MPa and 636 MPa, respectively. Both of these values were higher than the ultimate flow stress before the quasi-static tensile
fracture. However, under the dynamic tensile loading, the true flow stresses exceeded the critical applied stress at the true strains of
~20% and ~30%, respectively. The true strain and the true stress for twinning initiation in the CrMnFeCoNi HEA at 10 s™! was
~20.5% and ~760 MPa (see blue arrows in Fig. 23a), respectively, whereas that at 4,700 s~! was only ~6.2%~885 MPa (see red
arrows in Fig. 23b), according to the investigation conducted by Kim et al. [78]. Moreover, Dai et al. [84] pointed out that the critical
strain for twin nucleation was 12% under quasi-static loading for the CrMnFeCoNi HEA. A higher dislocation density induced by
dynamic loads will promote the critical strain of the twinning to be 8% in the dynamic tensile specimen. Furthermore, there was a
higher twin growth efficiency toward twin nucleation and multiplication during dynamic deformation, whereas the twin evolution rate
in the quasi-static tensile specimen is limited. As a result, the twin volume fraction of the final dynamic tensile specimens is 6.1 times
higher than that of the quasi-static tensile specimens. Further studies by Lu et al. [44] demonstrated that the stress threshold for
twinning in the CrMnFeCoNi HEA was the same as the yield strength under dynamic loads. Under the effect of low threshold for
twinning, the deformation mode of the CrMnFeCoNi HEA changed from dislocation slip under quasi-static load to dynamic twinning at
high strain rate. The appearance of nano-twins also endowed it with a higher ultimate tensile strength and elongation (745 MPa and
~63% at 2,200 s~1). When the strain rate increased to 9,000 s, kinked twins and intersected twins formed in the CrMnFeCoNi HEA
[81].

Taheri et al. [82] stated that the change of deformation mechanisms in the CrMnFeCoNi HEA with the strain rate can be attributed
to its unique chemical disorder structure. Although twin nucleation requires strong local stress generated by dislocation density, the
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activation energy of partial dislocations in the complex energy environment (Fig. 24a) induced by chemical disorder is lower than that
of full dislocations. Therefore, the deformation of the CrMnFeCoNi HEA under dynamic loads is dominated by partial dislocations,
which is conducive to the change of plastic deformation mode from dislocation slip under quasi-static condition (Fig. 24b and 24c) to
dynamic twinning at high stain rate (Fig. 24d and 24e).

3.3.2. Phase transformation under dynamic loads

Under a certain stress, some metastable structure in materials will transform into a more stable structure, such as the martensitic
transformation in an austenitic stainless steels. In general, the stress-induced phase transformation can enhance the strength of a local
region, and promote the dislocations to move to adjacent undeformed area, facilitating homogeneous deformation and giving rise to an
increment in strain hardening and thereafter ductility. In 2016, Li et al. [25] proposed the TRIP effect in metastable HEAs for the first
time. It is reported that the metastable Fe5oMn3Co10Cr1¢o HEA will undergo phase transformation from a soft phase (FCC phase) to a
hard phase (close-packed hexagonal phase, HCP) during the loading process. The TRIP effect can reinforce the plasticity and strength
of this alloy simultaneously. Lu et al. [228] introduced the TRIP effect into brittle BCC-RHEAs, whose elongation were generally
smaller than 15% [101,228,229,230] for ductilization. In metastable dual-phased TiZrHfTag 4-TiZrHfTag ¢ HEAs, the phase trans-
formation from the BCC to HCP structure can release the internal stress and then further improves ductility. Thus, the elongation of the
HfZrTiTag 4 HEAs could achieve 27%, greatly surpassing the results in previous reports.

The similarity between stress-induced phase transformation behaviors in HEAs under dynamic loads and that under quasi-static
load can be comprehended from two aspects.

(a) Phase transformation and TRIP effect in HEAs can be influenced by dynamic loads

On the one hand, the dynamic loads could induce phase transformation. The martensitic phase transformation from FCC structure
to BCC structure would occur inside the FCC grains of a metastable V;¢CryoFe45C035 HEA during dynamic compression at room and low
temperatures [104]. The slip system of the BCC martensite is fewer than that of the FCC phase. Thus, the alloy has a high strain-
hardening rate at high strain rates. According to the density functional calculation results provided by Sohn et al. [103], the
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Fig. 25. (a) Quasi-static and dynamic engineering stress—strain curves tested at room and cryogenic temperatures and (b) Charpy-impact energy as a
function of test temperature of the V;¢Cr;oFess5Co3sNis HEA [103].

martensite transformation showed temperature dependency. The stability of the BCC martensite and intermediate HCP phase
increased with decreasing temperature. Therefore, the metastable V;Cr;oFe45Co39Nis HEA would undergo martensitic transformation
from the FCC to BCC phase in the early stage of low-temperature dynamic tension. The TRIP effect improves the strength and the
elongation at low temperature simultaneously. At 77 K, the tensile yield strength, the ultimate tensile strength and the elongation
under a dynamic load (~1,550 s~!) attained 650 MPa, 1,369 MPa, and 56.6% respectively (Fig. 25a). During low-temperature Charpy
impact experiment, two-variant networks composed of a number of high-angle boundaries formed in the BCC martensite. These
complex network structures refined the grains of the FCC parent phase and the BCC martensite, hindered dislocation motion, and
effectively prevented the ductile-brittle transition. Therefore, the metastable V1¢CrjpFes5Co30Nis HEA maintained an impact
toughness of 110 J at 77 K (Fig. 25b).

On the other hand, high strain rate caused a suppression of phase transformation in Fesg.,Mn3oCo;15Cri5NiaGdy HEAs[115]. The
addition of Gd element reduced the FCC phase stability, leading to the significant strain-induced FCC — HCP phase transformation
during low strain-rate (10°3-10" s™!) deformation. However, with increasing strain rates, the phase transformation was gradually
suppressed since the rate-induced shear bands inhibit the growth of the HCP phase. Upon dynamic strain rates (1,000-5,000 s 1), the
significant adiabatic temperature rise enhanced the phase stability, so the phase transformation was completely substituted by the
deformation twinning. While the phase transformation and consequent HCP phase could postpone the increase of the dislocation
density and compress the mean free path of dislocation to enhance strain-hardening rate, the effect of twinning is poor. The constantly
reducing trend of strain hardening rate could be in the dynamic compressive true stress—strain curves of Fesg ,MngCo15Cr15NiaGd,
HEAs.

(b) Threshold of phase transformation under dynamic loads is related to strain rate

The threshold of phase transformation under dynamic loads is dependent on environment temperature and strain rate on the
grounds that the stability of a lattice is dependent on the temperature, and the strain-rate effect normally results in an adiabatic
temperature rise. In a metastable V;Cr;oFe45Coss HEA [104], the adiabatic temperature rise during dynamic deformation was ~98 K.
This adiabatic temperature rise enhanced the stability of the FCC structure, then inhibited the transformation from the FCC to BCC
phase with increasing strain at high strain rate (see Fig. 26a and 26b). The result is, the stress difference under dynamic loads and
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Fig. 26. Volume fractions of FCC, BCC, and HCP phases present in the (a) quasi-statically and (b) dynamically compressed specimens as a function

of strain at room temperature in the V;0CrjoFe4sCoss HEA. (c) Quasi-static and dynamic engineering stress—strain curves of the V;,Cr;oFe45C03s
HEA [104].
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quasi-static load decreased with increasing strain, as shown in Fig. 26c. When the strain was 5%, the disparity was nearly 500 MPa,
however, when the strain was 25%, the disparity was only ~200 MPa.

3.3.3. Adiabatic-shear effect

Adiabatic shear is a typical local instability phenomenon in dynamically-deformed metals, especially refractory metals
[231,232,233,234]. During the dynamic deformation process of metals and alloys, the plastic work and the resultant converted heat
cannot be timely diffused. Thus, the dynamic deformation process can be approximately seen as an adiabatic process. The formation of
ASBs is the typical characteristic of adiabatic shear effect. Severe shear deformation will introduce a large number of dislocations and
stimulate grain refinement in ASBs. Theoretically, ASBs preferentially form in the regions suffering from highest shear stress and thus
severest deformation, such as along 45° with the loading direction in bulk materials under one-dimensional axial loading. Moreover,
the heat converted from plastic deformation can cause melting and recrystallization. As a consequence, amorphous or nanocrystalline
phases usually exist within ASBs [235,236,237].

The adiabatic shear effect in HEAs under dynamic loads has the following characteristics:

(a) Pronounced adiabatic temperature rise and adiabatic shear effect

Severe lattice distortion in HEAs will slow down the migration of phonons and electrons, thereby reducing the thermal conduc-
tivity. For example, the thermal conductivity of the TiZrNbTa alloy is only 14 W-m~1.K™1, which is much lower than its pure metal
counterpart [238]. It means that the local temperature rise caused by the high-speed shear deformation can be retained for a long time,
then resulting in a more prominent adiabatic shear effect. The study on the (Aly sCrFeCoNi)g 95sM0g 025Co.025 HEA by Zhang et al. [66]
proved that the thermal conductivity of HEAs played a decisive role in the formation of ASBs. The presence of Mo atoms would hinder
thermal diffusion, reduce thermal conductivity, and advance the generation of ASBs. The width of ASBs in the W-Aly 5V 2Crg oFeNiy 5
HEA [113] was ~12 pm, which is much smaller than that of ASB in conventional W-NiFe alloy prepared by liquid phase sintering
(~200 pm) [239,240,241] under dynamic compression, indicative of high susceptibility to ASB in HEAs.

(b) More pronounced adiabatic-shear effect in BCC HEAs

On one hand, BCC-HEAs usually contain refractory metallic elements with low intrinsic thermal conductivity [238]. On the other
hand, the dynamic deformation mechanism of BCC-HEAs is dominated by dislocation slips. There is no sufficient deformation and
hardening mechanisms existing to compete with thermal effects in BCC HEAs. As present in the discovery of Song et al. [96], the strain-
rate threshold for the formation of ASBs in BCC-TaNbHfZrTi was about 2,600 s~ under dynamic compression (Fig. 28). This value is
much lower than that of the FCC-structured CrMnFeCoNi HEA (4,700 s’l) [78]. The calculated temperature in the ASBs of the W-
Al 5V 2Crg oFeNiy 5 HEA was above 1,870 K, leading to the redissolution of precipitates into the matrix and the formation of vortex W
and nanorod-like W (see Fig. 27b and 27c), as reported by Xue et al. [113].

(c) Balanced with strain hardening effect

Fig. 27. SEM images of ASB in the W-Al sCrp gFeNiy 5V o HEA: (a) Localized deformation of ASB, (b) typical microstructures of fragment W and
vortex W, (c) nanorod-like W, and (d) elongated W [113].
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Fig. 28. (a) BSE images of the ASB in TaNbHfZ:Ti at the strain rate of 2,600 s~1, showing elongated grains in the ASB marked by black dashed line
[87]. (b) EBSD (left) and SEM (right) images of ASB in CrMnFeCoNi HEA at the strain rate of 4,700 s’l, showing unique grain color maps indicating
highly refined grains in the ASB [78].

He et al. [65] uncovered that small spherical drops and molten trace in the fracture surface resulting from adiabatic temperature
rise could be observed in the AlCrFeCoNi HEA after dynamic fracture (Fig. 29a). It illustrated the presence of obvious thermal effect
under dynamic compression. Due to the dynamic balance between the strain hardening and thermal softening during the dynamic
deformation process, the strain hardening rate during dynamic deformation was higher than that during quasi-static deformation only
in the elastic deformation stage (Fig. 29b). Moreover, the plastic deformation stage in the dynamic stress—strain curve of the AlCr-
FeCoNi alloy was relatively gentle, as presented in Fig. 29¢ and 29d.

According to Qiao et al., the competition between thermal softening and strain hardening weakens the work-hardening rate of BCC-
HEAs such as TiZrHfNbTaMoy [107] and AlTig 5Cr; sFe; sCoNi [100] under dynamic loads compared with the situation under quasi-
static loading. As stated by Dirras et al. [95], the deformation of the BCC-TiZrHfNbTa HEA was localized in the bands. At low strain
rates (10 s 1), the deformation bands were uniformly distributed in the whole alloy. As the strain rate increased, the dispersibility of
the deformation bands as well as the density decreased, whereas the thickness increased. At high strain rates, the deformation was
confined to ASBs containing a high level of localized strain, whereafter strong thermal softening effect occurred in the early stage of
dynamic plastic deformation. Therefore, although the yield strength of the TiZrHfNbTa alloy at 3,400 s_* was 1,450 MPa and the
fracture strain was as high as 49%, the flow stress continued to decrease after yielding (Fig. 30a) and it fractured by means of adiabatic
shear in the later stage of deformation (Fig. 30b).

As has been revealed by Chen et al. [111], the low thermal conductivity and resultant low adiabatic shear dissipation energy of the
TiZrNbV HEA caused apparent adiabatic shearing during dynamic deformation. Consequently, the TiZrNbV HEA exhibited clear
elastoplastic mechanical characteristics under quasi-static compression loading, while embrittlement and brittle fracture behavior
emerged under dynamic condition. Moreover, the stress would decrease sharply at a certain point, namely stress collapse, due to the
formation of ASBs. They conducted a finite element simulation analysis of the TiZrNbV HEA and the experimental steel bars, using the
Johnson-Cook constitutive model without considering the adiabatic shear effect. The stress-time curves acquired from the finite
element simulation agreed well with the experimental results for the elastic deformation phase, but did not show rapid decline after
“stress collapse” as observed in the experiment due to the neglect of adiabatic shear softening. In addition, the experimental X-strain (i.
e., the strain in the X direction) was larger than the simulation results, further revealing that the adiabatic shear softening played a
significant role in the dynamic deformation of the TiZrNbV HEA.

(d) Affected by additional phase and heterostructure

For the eutectic Al CrFeCoNi HEA with L1, precipitations [68], although the existence of precipitation would not delay the strain
rate/deformation velocity threshold (11.26 m/s) as well as shear-strain threshold (~0.7) for the formation of ASBs and not reduce the
width of ASBs (~4 mm), the width of the severely-deformed zone near the ASBs was reduced by 75%. This is because the high-strength
precipitates can relieve the localization of deformation during dynamic deformation process. By comparing FesoMngoCo10Cr19 HEAs
prepared by different processes, Yang et al. [91] pointed out that cold-rolled and annealed (CRQ) alloys with finer grains and higher-
content HCP phase exhibited stronger strain hardening and strain-rate strengthening effects. Thus, the CRQ Fe5oMn3¢Co1¢Crio HEAs
possessed low adiabatic shear susceptibility and stronger local deformation resistance at high strain rate. At 1.37 x 10° 571, no ten-
dency of adiabatic shearing localization near the hat port was found in CRQ sample (Fig. 31a) while adiabatic shearing localization
appeared near the hat port of the hot-rolled and annealed (HRQ) samples (Fig. 15b). Moreover, according to the parameters char-
acterizing adiabatic shear susceptibility, the CRQ variant exhibited narrower ASBs, longer stress collapse time, larger critical strain and
larger ASB formation energy, compared with the HRQ alloys. As shown in Fig. 15c and 15d, the stress collapse time and the critical
strain for the CRQ alloy are 14.5 ps and 58%, respectively, whereas those of the HRQ alloy are 14.9 us and 61%, respectively.

An observation carried out by Song et al. [93] indicated that a large quantity of fine lamellar and irregularly-shaped micro-
structures could effectively inhibit shear localization through twisting and bending during dynamic deformation. Hence, ASBs only
formed at 3,200 s~! in the eutectic AlCrFeCoNip 1 HEA with finer microstructure, yet the coarse microstructure displayed shear
fracture under a quasi-static load. In the W-Aly 5V 2CrgoFeNip s HEA [113], the susceptibility to ASBs is enhanced due to the
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Fig. 29. (a) Fracture surface of the AlCrFeCoNi HEA after compression testing under 2,500 s~L. (b) The variation of strain-hardening rate with the
true plastic strain for the AlICrFeCoNi HEA. The true stress-strain curves of the AICrFeCoNi HEA under (c) quasi-static and (d) dynamic defor-
mation [65].

dissolvement of L1, precipitations into the matrix at a high temperature inside the ASBs, which led to further softening during shear
localization. Therefore, despite that this alloy showed a ductility of >30% in its stress—strain curve, cracks indeed appeared owing to
shear localization after dynamic compression tests.

Since the appearance of secondary phase will lead to disparity during the plastic deformation and the thermal conductivity of
various regions, dislocations are easy to accumulate and heat is difficult to conduct around the boundaries. For example, when the
WFeNiMo HEA [46] with BCC + FCC + p-phase microstructure was applied upon a high strain-rate loading, multiple slips and high-
density dislocation entanglement appeared in the BCC solid solution, and twinning occurred in the FCC solid solution, with dislo-
cations accumulated at the interface between high-strength p-phase precipitations and FCC solid solution. Due to the heterogeneous
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Fig. 30. (a) The true stress versus true plastic strain plots for strain rates in the dynamic regions of the TiZrHfNbTa HEA. (b) IPF map illustrating the
localized deformation around a shear band (SB) in the sample impacted up to a true strain of ~0.49 at a velocity of 10.34 m s~ !, namely 4700 s~'.
SB interacts with the needle-like features in the area marked by A. Very thin SBs within the grains exist in the area marked by B [95].
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Fig. 31. The characteristics of (a) CRQ and (b) HRQ FesoMn3oCo10Cr1o HEAs under the loading strain rate of 1.37 x 10° s™1. The (c) voltage-time
loading curves and (d) true stress—true strain curves of both samples under the loading strain rate of 1.61 x 10° s~ [91].

deformation of different regions, a large strain gradient and dynamic recrystallization were induced by high-density dislocations that
accumulated in the region with heterogeneous deformation. Thus, shear bands would be generated at the interfaces due to the
instantaneous decrease in stress caused by dynamic recrystallization, as shown in Fig. 32. A similar phenomenon was observed in the
case of the TiZrHfTaps3 HEA [47] with BCC + HCP dual-phase structure. Thermoplastic instability under dynamic loads was
responsible for adiabatic shear failure. A large number of ASBs initiating along the phase boundaries inhibited the dynamic plastic
deformation, giving rise to a fracture strain of only 12.1% at 2,100 s~ ..

It has been reported by Liao et al. that inhomogeneous composition elemental distributions, i.e., elemental segregation, in the
CrMnFeCoNi HEA could effectively hinder the propagation of ASBs and therefore improve the dynamic toughness [83]. The con-
centration fluctuation of Mn and Ni, which were enriched in interdendritic boundaries initially, was enhanced during dynamic
deformation. The Ni enrichment led to increased local SFE, thereafter local softening. The alternating soft and hard regions resisted the
propagation of ASBs, because extra energy was needed for ASBs to pass through hard regions from soft regions. As a result, the ASB
became narrower after passing through the intersection between shear-flow elemental segregation regions (see Fig. 33).

It should be noted that the formation and development of ASBs are influenced by additional phase and heterostructure. Adiabatic
shear instead of microstructural features will ultimately dominate dynamic failure with increasing strain rates. An example is given by
the interfacial decohesion at the B2 and FCC interfaces in eutectic AICrFeCoNiy ; HEA that led to failure when the alloy was impacted
with projectile at a velocity of 803 m/s. At velocities higher than 1,100 m/s, failure occurred in the regions containing ASBs [92].

4. Potential applications of HEAs under dynamic loads

So far, several potential applications based on the dynamic-mechanical behaviors of HEAs have been explored:

5. (a) Bulletproof armor

FCC-HEAs possessing high strain hardening under dynamic condition display promising impact protection ability. Both Al ;Cr-
FeCoNi [67] and AlCrFeCoNis ; [92] HEAs failed by ductile-hole growth, which is a common failure mode for ductile materials under
ballistic impact, showing great potential for impact protection applications. For the Alp ;CrFeCoNi HEA with an FCC structure that was
impacted by spherical E52100 steel projectiles, microbanding and microtwinning dominated the deformation at a projectile velocity of
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Fig. 32. (a) SEM images of regions near the fracture surface of WFeNiMo remnant showing shear bands formation in the main body. The insets mark
the regions for TEM observation. (b) Bright-field TEM image of the shear band in yellow rectangles in the inset of Fig. 32a from the center to its
edge [46].

594 m/s [67]. The generation of ASBs, recrystallized fine grains and crack initiation and growth were triggered when the projectile
velocity was increased. A high hardness value of highly deformed areas and narrow zones around ASBs indicates remarkable work
hardening during penetration. When the FCC + B2 eutectic AlCrFeCoNiy; HEA was impacted by the spherical tungsten-carbide
projectiles, it was partially and fully penetrated at 803 m/s and 1,159 m/s, respectively [92]. When the projectile velocity reached
1,388 m/s, full penetration appeared. Yang et al. [122] investigated the microstructure evolution of the CrpgFes;Co24Niz3 HEA
impacted by semi-armor-piercing projectiles with a velocity of ~840 m/s. Results showed that there was just dislocation accumulation
at the boundaries between lamellar annealing nanotwins and recrystallized grains in the non-deformation region (Fig. 34d). In the
intermediate deformation region and the heavy deformation region close to the bullet hole, block-structures composed of boundaries
of annealing/deformation nanotwins formed (Fig. 34a and 34b).

(b) High-speed damage

Although microstructure features hardly affect the dynamic-mechanical behaviors of HEAs at high loading velocities, ASBs or shear
bands along boundaries seem to be beneficial to the damage characteristics of alloys. For example, the FeNiMoW HEA displayed
outstanding self-sharpening performance due to the ultra-strong p-phase-stimulated dynamic recrystallization softening mediated
shear banding (Fig. 35a) [46]. The volume of penetration channel of the FeNiMoW HEA increases by 18% compared with the tungsten
heavy alloy under high kinetic energy per volume (25 kJ/cm®), as shown in Fig. 35b. Under the effect of adiabatic shear, re-
crystallizations and twins, the CrFeCoNi HEA showed outstanding penetration performance [97]. Compared with those of the steel
long rod projectiles, the penetration depth and the volume of crater of the CrFeCoNi HEA long rod projectiles increased by 43% and
78%, respectively. The TiZrHfTags3 [47] and TiZrHfTag7Wo.3 [115] HEAs with a BCC + HCP dual-phased microstructure and the
TiZrNbV HEA [111] with single BCC structure all exhibited energy-release characteristics due to the rapid shearing fragmentation and
the oxidation of active metals (Fig. 36).

6. Prospects

Despite of the above-mentioned achievements, the studies focused on the dynamic-mechanical behaviors of HEAs are still few and
lacking. In this final section, several future trends and prospects of HEAs are proposed based on the existing literature as follows:

(a) The establishment of a dynamic-mechanical model for HEAs is important and necessary. So far, the research regarding the
dynamic-mechanical models of HEAs have mainly been based on numerical simulation combining experimental results and
classical models. It is expected that the unique composition and structure may not only bring about some new parameters, but
also engender new physical models that can better predict the dynamic-mechanical behaviors of existing and/or yet-to-be-
discovered novel HEA systems. In our opinion, due to the mixture of multiple equal or nearly equal elements and conse-
quently the high configurational entropy, HEA will exhibit a single solid solution matrix with the highly chemical complexity
and serious lattice distortion. Moreover, dense and various ordered microstructures with different scales generally coexist.
Thus, various deformation mechanisms can be easily activated and work together under dynamic load. It may be a potent and
key point for the establishment of a dynamic-mechanical model for HEAs.

(b) The in situ observation of microstructure during the dynamic deformation of HEAs need more effort. To date, the observation of
microstructure evolution of HEAs during dynamic loads has been ex situ. Although the analysis on the HEAs with different
strains can obtain some useful information on the microstructure evolution during dynamic deformation, some pseudo phe-
nomenon may be found due to the interference from the equipment for controlling deformation degree and the disappearance of
thermal effect. In order to exactly establish an in-depth comprehension on the complex microstructure evolution of HEAs and
further the deformation mechanism, especially the multiple deformation mechanisms during dynamic deformation, the in situ
observation of microstructures is necessary.
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Fig. 33. (a) Nanoindentation points with their Vickers hardness values in Hv and (b) fore-scattered detector image overlapped with its corre-
sponding EBSD inverse pole figure (IPF)-Z image of the area marked with the white rectangle in (a) of CrMnFeCoNi HEA deformed at a strain rate of
~15,000 s~ ! with a strain of ~0.62. (c) Elemental distribution maps, (d) an EBSD IPFZ map and (e) a schematic in the sample, showing an ASB
stopped in the area with elemental segregation [83].

(c) The effect of multi-field coupling is worth systematic intensive study. Up to now, most of the researches on the dynamic-
mechanical behaviors of HEAs have been carried out at room temperature. The dynamic-mechanical behaviors of HEAs at
extreme conditions, such as high temperature, low temperature and strong corrosion, are supposed to be different. The effect of
multi-field coupling should be more concerned and surveyed. As far as we are concerned, the mechanical behavior under high
strain rate is similar with that at cryogenic environment. For example, both the strength and ductility raise as the strain rate
increases or environment temperature decreases. Thus, the dynamic-mechanical behaviors of HEAs at cryogenic environment is
worth expecting.

(d) More researches concerning the applications of HEAs under dynamic loads are desirable. Flexibility in composition and
structure design of HEAs can bring in the outstanding dynamic properties as well as other additional performance. Excellent
comprehensive performance is very important for modern devices, which are often multifunctional. Valuable application
prospects will promote more valuable researches.

7. Conclusion
A great deal of progress has been made on the dynamic-mechanical behaviors of HEAs during the past 8 years. The members in this

material family have been expanded to 61 alloy systems, and more novel members are still awaiting to be discovered in the future.
These materials have been characterized in a wide range of evaluations including the mechanical tests at different strain rates by
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Fig. 35. (a) Penetration depth of a FeNiMoW rod and 93 W rod versus kinetic energy per volume, with photographs of the retrieved remnants,

longitudinal sections of medium carbon steel targets impacted by (b) a FeNiMoW penetrator, with SEM micrographs of the remnant in the cor-
responding insets, respectively [46]. (c) Experiment results of kinetic energy per volume (1/2pv?) - volume of penetration channel [97].

different methods as well as the microstructure observation at different scales. While some special dynamic deformation mechanisms
of HEAs were revealed and analyzed based on the evolution of microstructures, some classic dynamic-mechanical models were revised
accordingly. More importantly, many of the alloys showed unique and probably useful dynamic-mechanical properties, spurring
continued research and exploration of possible applications.

In short, the dynamic-mechanical behaviors, especially the dynamic deformation mechanisms, of HEAs include the following
characteristics:

(a) The dynamic deformation of HEAs is dominated by dislocation slips. Under the effects of dislocation thermal activation
mechanism and phonon drag mechanism, HEAs show significant positive strain-rate effect and strain-rate sensitivity under
dynamic loads. In addition, the rapidly proliferating dislocations caused by high strain load will produce a strong interaction,
which can further strengthen the alloys. At the meantime, the entangled dislocations will affect the fracture mechanism of
HEAs.

(b) The special microstructures in HEAs have an important impact on the dislocation motion upon dynamic loads and thus the
dynamic-mechanical properties of the materials. Under dynamic loads, the strong lattice distortion caused by topological order
and chemical disorder of HEAs can simultaneously improve strength and ductility. The short-range ordered microstructure
greatly improves the yield strength of alloys by hindering dislocation movement at the atomic scale, showing high strain-rate
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Fig. 36. High-speed video frames of the deflagration process of the TiZrHfTaq 53 projectile at the speed of 857 m/s [47].

sensitivity and significant positive strain-rate effect. These reported HEAs still follow the Hall-Petch relationship under dynamic

loads. Grain refinement effectively strengthens the alloys, while contributes a good ductility. For HEAs with multi-phases, the

additional phase affects the dynamic-mechanical properties of alloys by affecting dislocation movement.

Twinning plays an important role during the dynamic deformation of HEAs with low stacking fault energy, such as FCC-HEAs.

During high strain-rate deformation, a large instantaneous stress provided by dynamic loads results in the high-density dis-

locations and the increasing flow stress. Then the critical stress for dislocations further slips and the resolved shear stress for

twining increase, showing as an apparent low threshold strain of HEAs during dynamic deformation. As a result, the dynamic
deformation of HEAs with low stacking fault energy could be coordinated by deformation twins. On one hand, deformation
twinning generates a large number of twin boundaries. On the other hand, deformation twinning produces a “dynamic Hall-

Petch effect” to further refine the microstructure. The formation of new interfaces will hinder the movement of dislocations.

Therefore, HEAs with low stacking fault energy display high strain hardening under dynamic loads.

(d) The dynamic deformation of metastable HEAs is affected by strain induced transformation. The phase transformation under
dynamic loads can effectively improve the strain hardening of the alloys, whereas the strain hardening will be restrained by the
thermal effect caused by dynamic deformation. In addition, the phase transformation under dynamic loads has a certain grain-
refining effect. Refining grains and grain boundaries can inhibit the ductile-brittle transition of the alloys as to ensure good
impact toughness.

(e) The dynamic deformation of HEAs generally leads to adiabatic shear and other thermal effects. Due to the serious lattice
distortion in HEAs, there exists obvious thermal effect during the dynamic deformation. The thermal-softening effect will
weaken the strain hardening of HEAs. The adiabatic shear effect is more obvious in BCC-HEAs, as they are composed of elements
with low thermal conductivity and the deformation mechanism is relatively single. Although additional phase can inhibit
deformation localization to a certain extent, the difference of plastic deformation and thermal conductivity of each phase and
the obstruction of interfaces to dislocation movement will promote the generation of adiabatic shear band.

() To reveal more deeply dynamic-mechanical behaviors of HEAs, the dynamic-mechanical model for HEAs and the platform for in
situ observing the microstructure evolution during the dynamic deformation of HEAs should be established. The effect of multi-
field coupling and the applications concerning with dynamic-mechanical behaviors of HEAs are also worth systematic intensive
study.
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