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ABSTRACT

The novel class of multicomponent alloys, also known as high-entropy alloys (HEAs) ex-
hibits excellent properties under low strain-rate conditions. These are especially revealed
in the high strength of nanocrystalline CoCrFeMnNi and AINbTiV alloys, and in the high
fracture toughness of AlCoCrCuFeNi and NbMoTaW alloys. Nevertheless, up to now, the
dynamic behavior of these high-entropy alloys has not been investigated to the same
extent as the quasi-static response. A significantly different mechanical response, such as
spallation failure and shear localization, manifests itself when materials are subjected to
dynamic loading. Shear localization is an essential precursor to shear failure; studies
addressing retardation of its onset are important because of their relevance to applications
such as armor for military use. The resistance to shear localization is associated with the
extensive work hardening ability enabled by dislocation slip, twinning, and phase trans-
formations which override thermal softening. Apart from shear localization, in contrast to
the conventional fracture failure dictated by fracture toughness, spallation resulting from
tensile pulses and involving propagating micro-cracks and/or micro-voids also plays an
important role in dynamic performance. Although distinctive behaviors have also been
reported for other conventional metallic materials under dynamic loading, the unique
characteristics of HEAs warrant this review.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

maximize configurational entropy AScyig (ASconig = RINN,
where N is the number of elements in system), which promotes
formation of liquid or random solid solution phases with sim-

Numerous studies have been directed towards a novel class of
alloys with multiple-principal elements, also known as high-
entropy alloys (HEAs). Conventional alloys normally contain
one single principal element with addition of other elements in
varying amounts to tailor properties. In contrast, high entropy
alloys [1,2] are comprised of five or more principal elements to
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ple structures such as body-centered cubic (BCC) and face-
centered cubic (FCC) and deters the formation of brittle inter-
metallic phases. High-entropy alloys (HEAs) as novel metallic
materials were first discovered in 2004 [1,2]. Based on their
constituent elements, HEAs can be classified into five different
classes: 1) 3-D transition metals only, 2) transition metals with
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elements possessing larger atomic radii, 3) HEAs composed of
refractory metals, 4) ceramic HEAs comprised of oxygen, boron
and other anions and 5) others which are comprised of 4f ele-
ments Dy, Lu, Tb, Y. Due to multiple constituent elements in
HEAs, unique properties, i.e., high hardness/strength, excellent
wear resistance and damping capacity, have been discovered.
Although mechanical properties at low strain-rates have been
the focus of many research efforts and reviews [3—8], properties
when the HEAs are subjected to dynamic loading have yet to be
fully investigated [3—6].

1.1. Core effects of HEAs

In comparison with conventional alloys, four core effects,
which are: (1) High-entropy effect; (2) Sluggish diffusion effect;
(3) Severe lattice distortion effect; (4) Cocktail effect, are pro-
posed as possible reasons that render HEAs unique, as shown
in Fig. 1. Discussion of each individual effect will be presented
first. The high entropy effect describes the thermodynamics
which can influence equilibrium structures and microstruc-
tures, thereby playing an important role in alloy design.
Sluggish diffusion effect is involved in other aspect, which is
phase transformation. As for severe lattice distortion effect, it
is of great importance to mechanical properties (i.e., disloca-
tion movement) and it is closely related to three other effects.
The cocktail effect derives its name from synergy of compo-
sitions and microstructures. Finally, the short-range ordering
effect, as a newly added crucial effect of HEAs, originates from
distinctive energetic favorability between different atomic
pairings.

The high entropy effect, which is explained via thermody-
namic theory, illustrates the relationship between enhanced
system stability and increasing number of elements. According
t0 AGyix = AHpix — TASix [9] (Where T is the temperature, AGpiy
is mixing Gibbs free energy, AH,,;, is mixing enthalpy and AS,;,

High
entropy
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Fig. 1 — Schematic illustration of four core effects in HEAs.

is mixing entropy), an increment of mixing entropy promotes
smaller Gibbs free energy and enhances solid solution phase
stability, especially at elevated temperature. Although random
solid solution is considered as the stable phase in HEAs, the
formation of multiphases, such as nanoprecipitates and second
phases, is commonly found, which can be attributed to local
stress/strain, varying interatomic interaction, enthalpy and
other effects [10]. One recent study [11] discovered a second-
phase formation when the CoCrFeMnNi HEA was subjected to a
700 °C annealing treatment for 1000 h, which questioned the
stability of random solid solution phase in HEAs. In addition,
owning to high configurational entropy, solid solution phase
is believed to be stable status of HEAs. That is, non-
configurational entropy and mixing enthalpy are thought to
be negligible in HEAs. However, such assumption can only be
valid in ideal solid solutions, where total Gibbs free energy is
governed by configurational entropy. Otto [12] proposed in his
work that none of the equiatomic alloys comprised of five
principal elements displayed a single solid solution phase,
suggesting a higher enthalpy and non-configurational entropy
that can no longer be overlooked. Nevertheless, An et al. [13]
achieved a near single phase in CoCrCuFeNi-based HEAs,
regardless of positive mixing enthalpy, by applying radio fre-
quency sputtering combined with rapid quenching.

A certain lattice potential energy barrier (LPE) needs to be
overcome for atomic migration to occur from one site to
another. For HEAs, significantly different diffusional behaviorin
comparison with conventional alloys, namely sluggish diffusion
effect, has been put forward by Yeh [1]. Such effect is mainly
derived from a substantial variety of neighboring atoms of each
lattice site, thereby generating different LPEs. In contrast, pure
metals have constant LPEs throughout all lattice sites due to
identical surrounding atmosphere of atomic arrangement. One
can imagine that if an atom jumps from a high-energy site to a
lower energy vacancy site, it can be “trapped”. Meanwhile, if an
atom is initially at a low-energy site, then jumps to a high-
energy vacancy site, it tends to return to the original site.
Both situations promote sluggish diffusion and inhibit atomic
migration.

The lattice distortion effect is mainly derived from a variety
of atomic sizes in the lattice. Due to the nature of vast
amounts of constituent compositions in HEAs, the differences
in atomic sizes and bonding energies contribute to high ten-
dency to form the severe lattice distortion effect. Assuming no
chemical ordering, all elements are randomly placed in the
lattice and the atoms with larger radii will push the smaller
ones away from their original positions, thereby generating
strain energy and affecting the HEAS’ properties. Atomic
mismatches can be large in some circumstances, thereby
forming a severe lattice distortion effect. Such effect has been
observed in both BCC [14,15] and FCC [16,17] matrix HEAs.

The term “cocktail effect” was first put forward by Ranga-
nathan [18] to describe metallic alloys. Such effect illustrates
that the mechanical and physical properties can be altered un-
expectedly by mixing multiple components. For example, with
increasing atomic fraction of Al rising hardness and conversion
of FCC matrix to BCC matrix phase have been observed in
CoCrCuNiAly, HEAs [1]. The drastic change of hardness (from
133HV to 655HV) achieved by altering atomic fraction of Al is


mailto:Image of Fig. 1|tif
https://doi.org/10.1016/j.jmrt.2022.11.057
https://doi.org/10.1016/j.jmrt.2022.11.057

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;22:307—-347 309

partly attributed to an increasing atomic mismatch and strong
interatomic binding force between Al atoms and other metallic
atoms. This effect really represents unpredictable properties
caused by the great variety of compositional choices for HEAs.

Short-range ordering (SRO) has been widely observed in
binary alloy systems [17,19—21] and is considered to be one of
the major strengthening mechanisms. Preceding studies have
investigated SRO in both BCC-based [22,23] and FCC-based
[24,25] HEAs. This effect is closely related to bonding energy
between atoms and local strain energy. Although HEAs are
believed to be random solid solutions, some studies [26—29]
point out that certain degrees of ordering arrangement of
atoms can take place at local domains, resulting in SRO
structures. If the mixing enthalpy between certain atoms is
lower than others in system, denoting a stronger favorability,
then SRO can develop. Due to the complexity of multi-
component systems, energetic favorability among atomic
pairings can be vastly different. Regarding the formation of
SRO, another important factor is local strain energy. Due to
lattice distortion, strain energy at some local domains can be
much higher than the average, suggestive of metastable state
regions. Thus, in order to mitigate strain energy, atoms need
to realign, and this leads to SRO. Unlike long-range ordering,
such ordered atomic arrangements can only persist over a few
to several interatomic distances. Simulations predicting SRO
with corresponding four groups of configurations in CrCoNi
alloy were reported by Ding et al. [30] illustrating a strong
relationship between local chemical order and stacking-fault
energy. In addition to computational simulation, such local
ordering structure has also been discovered in CrCoNi alloy
via energy-filtered transmission electron microscopy by
Zhang et al. [29]. They have concluded that tailoring SRO is of
great importance to mechanical properties, such as promoting
dislocation planar slip in FCC metals and altering Peierls-
Nabarro energy barriers. The interaction between SRO and
dislocation carriers, e.g., twinning, dislocation, lattice resis-
tance, is summarized in Fig. 2.

1.2 Deformation mechanisms

Due to intriguing features derived from inherently complex
compositions of HEAs, their response to dynamic loading can
be very distinctive in contrast to conventional metallic ma-
terials. For instance, the SFE of HEAs can be varied signifi-
cantly from one domain to another due to presence of local
chemical order in comparison with uniform SFE throughout

Lattice resistance

conventional metallic materials. Such unique phenomenon
can strongly affect dislocation glide mode and their dissocia-
tion, which leads to different deformation substructures such
as deformation twins, deformation-induced microbands, slip
bands, phase transitions and, in some extreme cases,
amorphization. Phase transformations in HEAs are signifi-
cantly affected by residual strains and lattice distortion,
which result from atomic size mismatch between different
constituent elements. These residual strains can subse-
quently contribute a “driving force” to induce phase trans-
formation [31]. In addition, the deformation mechanism can
also be altered when the loading condition is changed, and the
changing path can be different in HEAs. For example, rising
strain rate is widely believed to promote wavy to planar glide
transition [32]; however, the dislocation substructures in FCC
solid solution HEAs may not follow this rule due to “planar
softening rule” [33]. One of the main foci in the current review
is how the change in loading conditions can actually alter the
dynamic properties considering the unique characteristics of
HEAs.

2. Mechanical behavior
2.1. Dynamic behavior

The study of the dynamic response of materials involves several
disciplines, including physics, chemistry, mechanics, and ma-
terials science. The classic definition of dynamic behavior re-
quires that materials undergo a non-static condition of rapidly
changingloading; they therefore exhibit very different properties
in comparison with materials subjected to static and quasi-static
conditions of loading [34]. Besides, in contrast to quasi-static and
static deformation that maintain static equilibrium condition,
due to higher strain-rate subjected at dynamic deformation,
inhomogeneous distribution of stress is often generated. Such is
the case with elastic, plastic, and shock-wave propagation.

One important effect that occurs when dislocations are
forced to move at high velocities is viscous phonon drag
[35—37]. Such effect is due to the rapidly propagating dislo-
cations interacting with the elastic lattice vibrations. Phonon
drag is negligible at quasi-static conditions because the
dislocation movement is too slow to interact with the pho-
nons. In addition, such viscous drag effect at low temperature,
at which electron drag becomes more active and dominant, is
prohibited due to small population of phonons [38]. This high-

Short-range order

HCP phase

Fig. 2 — Schematic illustration of the interplay between SROs and different deformation carriers in a representative FCC HEA

[226].
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velocity effect contributes to the scattering of phonons, which
significantly influences the viscosity and the frictional force.
Operative phonon drag effect is always coupled with vastly
increased yield strength.

Apart from the phonon drag effect, additional deformation
mechanisms, for instance, deformation twinning, phase trans-
formations, shear banding, are operative in metallic materials
subjected to high strain rate deformation [34,35]. One major
downside of dynamic deformation is, often, a deteriorating
ductility. Therefore, a comprehensive understanding of high
strain-rate plastic deformation behavior is essential for its po-
tential use in structural engineering applications. In terms of
experimental methods, strain-rate ranges from 10 to 10% s7?
can be produced by varying approaches, such as dynamic
compression on split-Hopkinson pressure bar, shock compres-
sion in gas guns, laser-driven systems, detonation waves from
explosives, ballistic impact, etc. However, there is a limit to the
strain rates that can be achieved experimentally, and the me-
chanical response at strain rates higher than on the order of 10°
s~! is difficult to investigate. In this regime we have to rely on
simulations, especially molecular dynamics.

2.2. Thermally activated process

The deformation behavior of metals and alloys strongly de-
pends on strain rate and temperature, indicative of a ther-
mally activated process [32]. This process is predominantly
determined by required stress-dependent Gibbs free energy A
G(o) to enable dislocation glide. In order for a dislocation to
move, possible obstacles, such as solute atoms, precipitates,
need to be bypassed. The activation volume V is usually used
to represent how much material is involved in the thermally
activated processes. It is defined as:

9(AG(r))
or

(')(AG(U))I — MKT (')ln(é-)I
0o T

V=
95

lp=—-M r=DbA (2.2)
where M = 3.06 is an orientation factor, ¢ is uniaxial stress, 7 is
shear stress, b is the Burgers vector., T is temperature, ¢ is
plastic strain and A is activation area swept by dislocation. V is
usually expressed in units of b3. Given that incremental
strength derived from grain size strengthening is usually
thought to be independent from temperature and strain rate
[39,40], solid solution and dislocation—dislocation interaction
provide dominant contributions to the strengthening effect.
The activation volume for solid solution FCC HEAs can be
expressed as follows:

1 1 1

where the two terms denote contributions caused by solid
solution strengthening and forest hardening.

The activation volume contributed by solute strengthening
can be written as [41—43]:

0.55AE,(T)M
Vs :# (23)
USS

where AE,(T) is the energy barrier that needs to be bypassed
for the change of shear modulus at temperature T, o5 is the
incremental stress due to solid solution strengthening.

The activation volume derived from the multiplication of
dislocations can be formulated as [44]:

_ MaGb?w

Vs o

(2.4)
where oy is the incremental stress due to forest hardening, w is
the length scale of junction barrier overcome by a dislocation,
and parameter « represents rate dependence of breaking
dislocation from the forest network. In contrast to conven-
tional FCC metals with high activation volumes ranging from
200 to 2000 b3, a much smaller activation volume between 7
and 77 b® was reported [45] for CoCrFeMnNi alloy at temper-
atures of 77 K and 298 K, respectively. The difference in their
activation volume is attributed to much smaller number of
solute atoms in CoCrFeMnNi alloy. In addition, deformation
mechanisms of micro/nano-crystalline materials can be
identified by their activation volume, where dislocation glide
and dislocation—dislocation interaction prevail in the regime
of ~100 b to 1000 b3, and interphase boundaries dominate in
the regime of ~10 b. Fan et al. [46] proposed a flow stress
“upturn” at the strain rate between 10®> s~* to 10* s~*. This
“upturn” has been previously attributed to the onset of non-
Arrhenius response [47—50]. They have discovered an ultra-
small activation volume in the high stress region, which
causes high strain-rate sensitivity.

2.3. Strengthening mechanisms

Metals are characterized by non-directional metallic bonding
and higher probability to form defects. Thus, the development
of strengthening mechanisms is essential. Apart from tuning
chemical bonding or crystalline structure, interfering with the
movement of defects via stress fields or substructures is the
most effective method of strengthening metals. The most
common strengthening mechanisms are grain-boundary
strengthening, precipitation strengthening, two-phase hard-
ening, solute strengthening, and order strengthening [55,66].

2.3.1. Dislocation strengthening

Forest hardening is a strengthening effect that arises from
increasing dislocation density coupled with the formation of
dislocation junctions during plastic deformation. Such junc-
tions are able to restrain dislocation motion, leading to strain
hardening, until it is compromised by sufficiently high local
stress. The relationship between critical resolved shear stress
to destroy junctions and dislocation density can be expressed
by the following equation:

Tcrss = aGb/p (2.5)

where « is a parameter, p is dislocation density.

With respect to the strain rate effect on dislocation sub-
structures, Sevillano et al. [52] proposed that a rising strain
rate can generate comparable effect to reducing the temper-
ature and SFE. Coupled with the rising rate is the shift of
dislocation glide mode, from wavy to planar, which thereafter
refines the dislocation cells and traps dislocations inside the
cell structure [53]. Classic CoCrFeMnNi alloy dislocation
movement was found to be governed by planar glide on {111}
slip planes [39,54] at strain rates below 3 x 10% s7%, which was
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also commonly found in the family of low SFE [55,56], short-
range ordered [33], or high frictional stress [57] metallic ma-
terials. Although planar slip is favored in low SFE materials, it
has also been discovered in some solid solution FCC alloys
with high SFE due to the “glide plane softening” effect [33].
This effect relies heavily on the short-range ordering. Wong
and his co-workers [58] developed a tunable dislocation glide
mode for Al 3CoCrFeNiMn, by modifying the atomic fraction
of Mn. While low Mn alloys displayed wavy glide dominance,
their high Mn counterparts were dominated by planar glide. In
the higher strain-rate region (9 x 10° s7%), Tsai et al. [54] pro-
posed a transition of deformation mechanism, from
dislocation-glide to nano-twinning in the CoCrFeMnNi alloy.

2.3.2.  Solution strengthening

The strengthening effect derived from interaction between
solute atoms and dislocations, more specifically, the former's
strain field and the latter's stress field [51,56—59)], is widely
known as the reason behind solid solution strengthening. As a
result, an increasing resolved shear stress is required to effect
continuous plasticity by dislocation motion, thereby subse-
quently leading to an enhanced yield strength. Two sets of
models, strong (Fleischer model) [60—63] and weak pinning
models (Labusch model) [64,65], as shown in Fig. 3, were
developed to describe solid solution strengthening in alloys. In
the strong pinning model, solutes are treated as individual
point obstacles, resulting in strong pinning effect. Meanwhile,
in the weak pinning model, energetic fluctuation due to col-
lective effect in area with randomly distributed solutes, de-
creases the dislocation energy, thereby providing a weak
pinning effect. Contrary to the Fleischer model, in which solute
atoms are expected to be sparsely and randomly distributed
with low concentration, the Labusch model demonstrates a
strengthening effect related to a forest of solute atoms, which is
proposed to be more applicable to multi-component solution
alloys [67—69] with varied atomic sizes. Assuming a single so-
lute species i, the incremental strength analyzed by Labusch
model can be formulated as [64—69]:

2

3
Ao =fu | [T | +a282| & (2.6)
1+3ml
where f and « are dimensionless parameters, u is shear
modulus, »;, x; and ¢; are elastic modulus, molar fraction and

lattice mismatches of solute species i, respectively. The

T

Fig. 3 — Schematic of classic solution strengthening
mechanisms: (a) Fleischer model and (b) Labusch model.

strengthening effect estimated by the Fleisher model can be
expressed as:

1
Aogs =BiX? (2.7)

where B; is a constant related to shear modulus and X; is the
solute content. However, due to variation of composition,
atomic size misfit, and interatomic distance, strengthening of
HEAs is usually estimated through the Labusch model [68].
Derived from binary system, Toda-Caraballo developed a
model named after himself [68,70] to describe solid solution
strengthening in HEAs. This model can be formulated as:

Ao =F,ZGBX" (2.8)

where F; is the orientation factor, Z is scaling factor, G is the
shear modulus, n is Labusch dependence and can be deter-
mined to be 2/3 for concentrated alloys, and x is solute
content. The term B is used to describe the resultant total
lattice distortion caused by solute atoms and can be expres-
sed as:

B- (2t} + (e’ ) 2.9

where ¢ is number of active slip systems in the alloy. 7' rep-
resents the elastic modulus mismatch between the solute and
solvent. « is a constant indicating whether screw or edge
dislocations prevail. A larger « corresponds to an increasing
fraction of edge dislocations. 6 is the atomic size mismatch.

Solid solution strengthening of FCC HEAs turns out to be
comparable to that discovered in conventional alloys, with
respect to atomic size mismatch governance and magnitude
of activation volume [68,70—72]. However, its BCC counter-
part, where deformation is mainly controlled by screw dislo-
cation motion, exhibits both strengthening and softening
effects [73,74]. Maresca and Curtin [75] developed a model for
solution strengthening specifically in BCC materials, by
placing more emphasis on edge dislocation motion. Senkov et
al. [76] and and Yao et al. [77], however, have put forward a
model incorporating elastic modulus mismatch which can be
formulated as:

-1
3

Acb® = ZF3CE, (2.10)

where Z is dimensionless material constant, b is Burgers
vector, E; is the dislocation line tension, F is the interaction
force. Therefore, in general, these three models -Toda-Car-
aballo, Senkov-Yao, and Maresca- place emphasis on different
factors, which are atomic size mismatch, elastic modulus
mismatch, and edge dislocation motion, respectively.

Coury et al. [78] studied solution strengthening of NbTaTij,
MoNbTaTi, WnbTaTi, HfNbTaTi, CrNbMoTi and CrMoTaTi
refractory HEAs by applying these three models, reporting
that the Toda-Caraballo could not produce as accurate pre-
diction to refractory HEAs as to FCC HEAs [68,70,79].

2.3.3. Grain size strengthening

Grain boundaries provide pronounced strengthening effect at
low temperatures. Traditional grain-boundary strengthening
is expressed through the classic Hall-Petch equation:
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gy =0y + Kdeio'S 2.11
y Y

where gy is yield stress, d is the grain size, Kyp is the Hall-Petch
coefficient. According to this equation, the strength of crystal-
line materials is inversely proportional to grain size to the power
of 1/2. Schuh et al. [80] reported a superior tensile strength ob-
tained in a nanocrystalline Cantor alloy. The nanocrystalline
structure provides a high-volume fraction of grain boundaries
which act as obstacles to prevent further movement of dislo-
cations. Although significantly enhanced strength can be ob-
tained, an undermined ductility comes along with it
Gangireddy [81] and his co-workers discovered an inversely
proportional relationship between strain rate sensitivity and
strength when grain cell size is larger than dislocation cell. The
grain size is also related to the hardness [82].

2.3.4. Twinning

Twinning is an excellent work hardening mechanism and
provides similar strengthening effect as high-angle grain
boundaries [68], by impeding the migration of dislocations and
by generating additional sites for dislocation nucleation.
Interaction between dislocations and twin boundaries has
been extensively studied and divided into three routes in FCC
metals [69,70]: slip transfer, confined-layer slip and twinning
partial slip (Fig. 4). Regarding slip transfer and confined-layer
slip, dislocations will rather be converted into partial dislo-
cations and move along twin boundaries and interior do-
mains, or create dislocation junctions, which are also known
as hard mode I and II. However, when maximum shear
loading is applied along the twin plane, restraints caused by
twin boundaries are significantly weakened, which is known
as “soft mode”. A promising approach to provide a desirable
combination of enhanced ductility and strength by intro-
ducing twinning has been investigated experimentally [71-77]
The formation of twins can be mainly achieved by two routes:
mechanical deformation, or appropriate annealing treatment.
In the latter, the thickness of annealing twins will be typically
larger than that for deformation twins. A large twin width is
accompanied by wider spacing between twin boundaries,

D,

Twin boundary

Matrix |

A"\\\,\ Te—— **”’BC
- ‘ ) \B

Twin boundary !

Twin

\\\‘//DT /‘

Twin boundary

thereby weakening the effect of blocking dislocation move-
ment. Thus, a superior hardening effect is always associated
with deformation twins due to much smaller distance be-
tween twin boundaries. Initiation of mechanical twins is
closely dependent on stacking fault energy; in low stacking-
fault energy (<~20 mJ/m? materials, twinning turns out to
be the dominant deformation mechanism. Certain conditions,
such as low strain rate and high deformation temperature can
inhibit mechanical twinning. Meyers et al. [92] developed a
constitutive description of twinning stress, by which the effect
of temperature, strain rate and grain size on twinning stress
can be predicted. The twinning stress in FCC metals can be
expressed as [78]:

1
or=ar (g) ’ (2.12)
where «r is a fitting parameter, yg; is stacking-fault energy, G
is shear modulus and b is the Burgers vector. It is often
assumed that the temperature and strain rate have only a
modest effect on the twinning stress. Twinning occurs when
ot is equal to or lower than slip stress g5, whose relationship
with strain rate and temperature can be expressed by the
Zerilli-Armstrong equation for FCC metals:

gs=0¢ + Cle%{exp — {— Cy,—Cs 1n<§>}T}
0

where ¢ is athermal stress, &g is a reference strain rate, C4, C,,
and Cs are parameters. In contrast to the twinning stress, the
slip stress is closely related to temperature and strain rate.
The tendency to form mechanical twins is mainly associated
with rivalry between twinning stress and slip stress, while
lower slip stress makes it more difficult to form twinning. In
high SFE FCC metals, twinning is prohibited at quasi-static
loading conditions; however, it is extensively generated
under shock loading [94,95]. As for BCC and HCP, increasing
strain rate has a comparable effect on twin formation as
decreasing temperature [96]. Contrary to FCC, BCC and HCP
exhibit lower probability to form twins, due to lack of potential
slip systems [93,97]. Despite SFE being of great importance for
tendency for twin formation (see Eq. (2.12)), another

(2.13)

Slip transfer

Twinning
partial slip

Fig. 4 — Interaction between dislocations and twin boundaries in FCC metals [227].
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important factor, which is also essential, is the deformation
mode. For instance, although deformation twins were found
in uniaxially compressed CrMnFeCoNi HEA, none was
discovered in tensioned alloys subjected to uniaxial tension.
Mostly, decreasing temperature is coupled with lower stack-
ing, which promotes the twinning-induced plasticity (TWIP)
effect in FCC metals [98]. Such effect can be tailored by
adjusting composition. Deng et al. [99] claimed to successfully
design a twinning-induced plasticity non-equiatomic Fegso.
MnyeCoq0Crip HEA. By reducing Co, Cr contents and
completely removing Ni from CrMnFeCoNi HEA, they discov-
ered a transition of deformation mechanisms from disloca-
tion slip at low strain level to deformation twins plus slip at
high strain level and attributed the distinctive behavior at
higher strain to reduced SFE in their material. Nano-scale
deformation twins, also known as nano-twins have been
shown to contribute considerably to strain hardening ability
by obstructing dislocation movement and subdividing initial
grains into twin-surrounded lamellas [83—91].

2.3.5. Precipitation strengthening

Precipitation hardening derived from second-phase particles
enables higher strength by interacting with dislocations. Due
to the complex composition of HEAs, studies of precipitation
strengthening in HEAs remain inconclusive. Hardening effect
can be derived from two routes, namely, by-pass and particle
shearing mechanisms, which primary rely on size of the
precipitate particles. Regarding precipitation hardening in
HEAs, due to the high probability of forming simple solution,
this observation is rare. Preceding studies have proposed the
presence of second phases in CuCr,Fe,NiMn, AlsCrFe; s
MnNig s [100] (FCC plus BCC phases), single BCC AlysCrFe; s
MnNi [80], Al,CrFe; sMnNig s [101], single FCC FeCoNiCr [102]
and CoCrFeMnNi with addition of titanium [103]. He et al. [104]
also reported incremental strength of over 300 MPa contrib-
uted by precipitation hardening in (FeCoNiCr)q4Ti,Aly HEAS.

2.3.6. Two-phase hardening

Two-phase hardening can be observed in alloys composed of
multiple phases with widely different properties; this can
generate a synergy of high strength and excellent ductility.
Interestingly, apart from grain-boundary hardening, the
nanocrystalline Cantor alloy also promotes phase trans-
formation by providing pathways for atomic diffusion, sug-
gesting that single-phase HEAs can only exist under certain
restricted conditions [67]. Phase segregation occurs at grain
boundaries and eventually leads to formation of second phase
precipitates. Thus, in this case, the strengthening effect
caused by a second phase is similar to precipitate hardening.
Two of the most common phase transformations observed in
HEAs are the FCC to BCC and FCC to HCP transition, which can
be activated by either appropriate heat treatment or suffi-
ciently high stress loading. As for its presence in HEAs, su-
perior mechanical properties owing to phase transformations
have been proposed for Co,0CraeFesoMnyoNiy, [105] and
FeCoCrNi [106] at cryogenic temperature, CoCrFeMnNi under
hydrostatic compression [107] and AlCoCrFeNi [108], etc.
Aside from traditional FCC to BCC and FCC to HCP trans-
formation, recent research also uncovered a crystalline to
amorphous phase transformation in CoCrFeMnNi alloy

achieved by dynamic compressive [109] and quasi-static ten-
sile [110] tests.

3. Mechanical properties

3.1 Dynamic compression/tensile tests by split-
Hopkinson compression bar (SHPB)

The mechanical response at strain-rates ranging from 10°-10%/s
is usually investigated by Kolsky's split-Hopkinson bar system
[111,112]. In classic split-Hopkinson compression testing,
samples are sandwiched between incident and transmitted
bars. When the stress wave propagates through the sample,
pulse signals are generated and then captured by strain gages
attached at the surface of the bars. Regular stress profiles
including engineering stress/strain and strain-rate can be
derived from pulse signals through following equations:

—2Co

e= I, & (t) (3.2)
2 [
gesz 0 /s,(t)dt (3.2)
s 0
A
Oe = A—(:Eoft (3.3)

where ¢, is the reflected wave signal, ¢ is the transmitted wave
signal, Ls is the length of the cylinder specimen, ¢, is engi-
neering strain, ¢, is engineering stress, Cy is the wave velocity
of maraging steel (~5000 m/s), Ao and A, are cross-sectional
areas for the bar and specimen, respectively.

Application of the Hopkinson bar is not only limited to
compression, but also to torsion and tensile tests. The design of
the tension testing setup on split-Hopkinson bar system was
proposed by Hauser [113], and Lindholm and Yeakley [114].
Chiddister and Malvern [115] developed a high-temperature
setup. The split-Hopkinson bar was properly modified for tor-
sion tests by Baker and Yew [116]. The geometry of specimen
used in tests can be classified as continuous and discontinuous.
The discontinuous specimens include hat-shaped [117-121],
double shear [122—124], single/double notch [125—128], compact
forced simple shear specimens [129]. Of the other specimens
with continuous geometry, the simplest one is the cylindrical
specimen.

Shear localization as an undesired deformation mechanism,
leading to catastrophic shear failure of materials, has always
been found in dynamically deformed specimens. Such failure
mechanism has been extensively investigated in metallic ma-
terials [120,130—133] and usually been obtained from high
strain-rate loading tests, such as split-Hopkinson compression,
ballistic impact, drop-weight tower and shock compression.
Initiation of shear localization is mainly associated with shear
instability which can be expressed by three different terms [134]:

or or or
ar— (o) a +<f,) d'+(—) dr 34
! <d7>ﬂ § 0y y.T i oT Vo (34

where first term indicates the work hardening effect, second
term represents the strain rate effect on shear stress and third
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term represents thermal softening. Based on equation (3.4),
the occurrence of instability (dr <0) is closely related to the
work hardening ability, where high strain hardening rate will
impede shear instability and poor strain hardening ability will
lead to localization. A critical shear strain v, is often used as a
representative parameter to determine the critical condition
to initialize shear localization. This critical strain has been
proposed by Culver [134] and can be expressed as following:

- npCy

- or
815

Ye (3.5)
where n is strain-hardening exponent, p is density, Cy is
specific heat capacity, 8 is Taylor-Quinney factor. The value of
critical strain is always inversely proportional to strain rate
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and strain-hardening rate and proportional to strain-rate
sensitivity [135,136].

In statically deformed specimens, the heat generation rate
is surpassed by the heat diffusion rate. However, in dynami-
cally deformed specimens, due to insufficient time for heat
dissipation, heat cannot be successfully dissipated, and
drastic temperature rise can take place, which is also known
as thermal softening effect. The temperature rise due to
adiabatic deformation can be written as:
ar=—Lode (3.6)

pCv

Normally, the stress-strain response is conveniently pre-
dicted with a modification of the classic Johnson—Cook equation:

—10"s"
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0.0 00203
True plastic strain

High strain rate

Fig. 5 — (a) True stress vs. true strain curves at different strain rates (103, 102, 10~*, 1000, 2600 s~ ) (b) Plot of strain
hardening rate as function of true plastic strain (c)—(e) Electron backscatter diffraction images and their corresponding (f)—(h)
Scanning electron microscope for as-received, quasi-statically deformed and dynamically deformed samples [37].
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where A, B, C, n are experimental-based parameters, T and T,
are testing and reference temperatures, respectively. This
modified version of Johnson—Cook equation was proposed by
[137],

Meyers et al thereby predicting corresponding

temperature as a function of strain, strain-rate, thermal
softening, and strain hardening:

L
—A

1+Clnt n
T— T4 4 0.9(1— A)e i <go 4B ) (3.8)
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Fig. 7 — (a) Bright field TEM images of the samples deformed at a strain rate of 3600 s—* and the corresponding SAED pattern.
(b) The HRTEM image of the deformation twins and corresponding SAED pattern [147].
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Continuous development of shear localization can lead to
the formation of a banded structure, namely adiabatic shear
band, accompanied with softening effect [138]. As the strain-
rate keeps increasing, the thermal softening effect becomes
more significant. The evolution of shear bands in thermo-
viscoplastic materials was studied by Molinari and Clifton
[139], and Clifton et al. [135], who presented an idealized model
to predict critical condition for shear localization without
considering heat conduction, inertia, and elasticity. Ultra-fined/
nanocrystalline grains, which result from dynamic recrystalli-
zation (DRX), can always be found within shear bands
[118,140—142]. Such ultra-fined/nanocrystalline grains were
first reported by Meyers and Pak in titanium [142]. DRX is an
important microstructural evolution mechanism associated
with temperature rise in local domains. Conventional migra-
tional recrystallization theories are no longer suitable for DRX
due to significantly shorter deformation time for grain migra-
tion. Therefore, equiaxed recrystallized nano-sized grains are
usually observed in shear band. Meyers et al. [144] and Hines
et al. [143] pointed out that low angle grain boundaries can
rotate when subjected to severe plastic deformation. Thus,
occurrence of DRX is mainly attributed to elongated dislocation

cells which subsequently turn into elongated sub grains. Such
mechanism is called rotational recrystallization.

3.1.1. Al-Cr—Fe—Co—Ni HEAs

The first ever study on dynamic properties of HEAs was con-
ducted by Kumar et al. [37]. They performed compressive tests
on Alp,CrFeCoNi HEA at both quasi-static (strain rates of
1073102 and 107! s7%) and dynamic conditions (strain rate of
2600 s~1), revealing a stronger strain-rate dependence at the
latter condition. Such stronger relationship between strain-rate
and yield strength is common for low SFE materials. Under high
strain rate loading, dislocation planar glide is governed by more
active partial dislocation movement in low SFE materials, and
the phonon drag effect on dislocation motion becomes more
pronounced. They successfully tuned down the SFE
(<20 mJ m™?) in CrFeCoNi by introducing Al. The authors
attributed the drastic rise in yield strength, as displayed in
Fig. 5(a), to the phonon drag effect and intensified partial
dislocation movement. With respect to strain hardening, given
higher frequency of partial dislocation activity, twinning pre-
vailed and consistently generated a rising strain hardening rate
in stage II, as shown in Fig. 5(b, e, h). Hence, Kumar et al. [37]

®
o 1L

Fig. 8 — Bright field TEM images and corresponding SADE patterns in: (a) as-cold rolled specimen (b) high temperature

annealed and (c) low temperature annealed samples [228].
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concluded that the excellent work hardening ability at high
deformation velocity was primarily derived from deformation
mode governed by twinning, which is similar to other low SFE
materials.

The dynamic properties of the Aly3CoCrFeNi HEA were
examined by Li et al. [145]. On the basis of Kumar's research,
Li and his co-workers investigated similar Al,CoCrFeNi
systems with a higher atomic fraction of Al (~0.3) to achieve an
even lower SFE. This work reported a high resistance to shear
localization in this material. The stress—strain curves at varying
strain-rates and temperatures are illustrated in Fig. 6(a). The
modified Johnson—Cook equation defined earlier (Eq. (3.7)), was
applied to quantitatively study the shear instability formation in
this alloy. By incorporating the experimentally determined
strain hardening and thermal softening parameters, a i with a
value of 405 MPa could be determined at a shear strain of 1.1.
Thus, shear instability was expected to be suppressed under the
conditions at which the specimen was tested. However, Tang
et al. [146] observed ultra-fine grains as a result of dynamic
recrystallization by applying high-pressure torsion with a
pressure of 6.0 GPa for 8 revolutions in Al ;CoCrFeNi alloy. Thus,
the suppression of shear localization may also be related to
different deformation mode. In addition, higher shear strains
and temperatures are needed for the initiation of shear locali-
zation. The retardation of localization was mainly attributed to
the extensive formation of mechanical twins, as shown in
Fig. 6(c) (d), which benefitted from increase of Al content. As
illustrated in Fig. 6(b) which compares HEAs with other con-
ventional metallic alloys, at high strain hardening rate (above
1000 MPa). A significantly higher strain-hardeningrate than that
in coarse grain pure Al (below 500 MPa at strain over 0.05), was
established in Aly3CoCrFeNi. Thus, this suggests a great po-
tential to be future candidate of impact-resistant materials.

To produce a comprehensive study of dynamic properties
of Al,CoCrFeNi HEAs, Wang et al. [147] carried out dynamic
compression tests on Aly sCoCrFeNi HEA. In contrast to single
FCC phase formation in Aly 3CoCrFeNi, the Aly ¢CoCrFeNi HEA
exhibited a BCC second phase. The dynamic compressive
strengths at strain rates of 2800, 3600 and 4000 s~ were 880,
842, 997 MPa, respectively. In addition, this alloy possessed
excellent strength and ductility with an ultimate fracture
strain approaching 40% at strain rate of 4000 s~ *. Therefore, a
remarkable work hardening ability was expected to overcome
strength-ductility tradeoff. Closely interacting dislocations
were observed under TEM, as shown in Fig. 7(a). Under high-
speed deformation, the dislocation moving pattern tends to
convert from the planar plus wavy glide to wavy glide [148],
where predominantly wavy glide is always coupled with the
formation of dislocation cells. Operation of wavy glide
rendered considerable resistance to dislocation movement,
thereby contributing to elevated flow stress of this alloy. In
addition, due to disparate stacking fault energy between FCC
and BCC phase, profuse deformation twins were observed in
the former phase, as shown in Fig. 7(b), while only dislocations
were present in the latter phase. Therefore, the operation of
multiple deformation modes such as forest dislocation
strengthening, solid solution strengthening, and deformation
twins leads to remarkable ability to resist the strength-
ductility trade-off.

The dynamic behavior of Al,CoCrFeNi with highest Al con-
tent was studied by Gangireddy et al. [228]. They examined the
dynamic properties of Aly;CoCrFeNi alloys comprised of FCC
matrix plus B2 lamellar structure, which has been discovered by
a preceding study [149]. By conducting high (1100 °C) and low
(580 °C) temperature annealing treatments, distinctive proper-
ties were revealed: while high temperature annealed alloy
possessed higher work hardening ability, the low temperature
annealed alloy had a higher yield strength. The low temperature
treatment contributed to inferior ability for dislocation recovery
compared to one annealed at high temperature, thereby pro-
moting formation of ordered L1, precipitation, as shown in
Fig. 8(c). The difference in mechanical properties between B2 and
FCC phases leads to inhomogeneous deformation, whereby the
internal domain of B2 provides higher dislocation storage
capability [150,151] and the softer primary FCC phase can
accommodate greater plasticity. In general, the distinct dynamic
behavior is mainly the result of different degrees of dislocation
recovery raised by different annealing temperatures.

The first investigation on dynamic properties of
AlCoCrFeNiTi, was reported by Jiao et al. [152]. Unlike classic
AlCoCrFeNi with modification only in Al content, they intro-
duced Ti. The dynamic compressive results of Tig, Tig 2, and Tip 4
alloys are revealed in Fig. 9(a—c), suggesting that the yield
strength was proportional to the atomic ratio of Ti, where Tig
alloy exhibits the lowest yield strength of 1546 MPa and Tig4
exhibits highest yield strength of 2090 MPa. The enhanced
compressive strength was attributed to the larger atomic radius
of Ti atoms leading to severe lattice distortion and significant
enhancement of the solid solution strengthening effect. Their
results are summarized in Fig. 9(d) and compared with Ni-
based superalloys and Bulk Metallic Glasses, AlCoCrFeNiTiy
exhibited a high ultimate strength while maintaining a rela-
tively large strain to failure, which is attributed to solid solution
strengthening, phase variation, thermally activated mecha-
nisms [153—155], and the phonon drag effect.

Besides the conventional AlCoCrFeNi system that only
contains metallic elements, Wang and his co-workers [156]
designed a (AlpsCoCrFeNi)posM0g 025Co.025 HEA. Preceding
research [157,158] reported that the addition of Mo and C could
enhance mechanical properties of Aly sCoCrFeNiMoy HEAs by
forming a (Cr, Mo)-rich ¢ phase and promoting precipitation
hardening. The yield strengths of (AlgsCoCrFeNi)g 9sMog o2s-
Co 025 deformed at strain rates of 550, 1300, 2200 and 3000 s~*
and were 754, 878, 958, and 1057 MPa, respectively. In com-
parison with Aly;CoCrFeNi HEA [145], a much higher strain
hardening rate was observed in (AlysCoCrFeNi)oosMog ogs-
Co.025, but pronounced shear banding was found. This con-
tradictory phenomenon was ascribed to dissolved Mo atoms
that slow down thermal diffusion. Hereafter, thermal soft-
ening was benefitted from hindered heat diffusion, and pro-
moted shear banding.

3.1.2. Co—Cr—Fe—Mn—Ni HEAs

Surprisingly, the classic CoCrFeMnNi (Cantor alloy) is the first
ever discovered HEA but is not the first HEA to be examined
dynamically. Its dynamic compressive properties were
investigated by Park et al. [159] in 2017. The yield strength
under dynamic conditions was reported to be 590, 650,
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Ultimate strength as a function of fracture strain for
various materials, under dynamic loading [152].

680 MPa at strain rates of 3000, 3500, 4700 s, respectively.
Fig. 10 shows the Inverse Pole Figure (IPF) maps in the plane of
compression and transverse directions for quasi-statically
and dynamically deformed specimens. Greater in-
homogeneity of strain can be observed in the latter. The strain
hardening rate derived from the dynamic stress vs. strain
curve, as shown in Fig. 10(b), can be divided into four stages (A,
B, C, D), corresponding to steep drop of hardening rate caused
by the elastic—plastic transition, slow linear decrease caused
by dislocation glide coupled with dynamic recovery [160],
steady hardening rate related to formation of mechanical
twins, and, finally, steady decrease of hardening rate. Profuse
twins were observed under both quasi-static and dynamic
conditions. A rather higher density of twins was observed in
dynamically deformed samples; this was similar to what was
reported in Aly ;CrFeCoNi alloy [37]. As the alloy was further
strained, a gradually decreasing work hardening rate was
overcome by thermal softening, which led to shear instability,
as shown in Fig. 10(e, f, i, j). Contrary to conventional FCC al-
loys with high activation volume, such as Cu (200—2000 b3),
a-brass (200—400 b3), an exceptionally low activation volume
(~10 b%), indicative of extensive twinning, was measured for
CoCrFeMnNi alloy. Thereby, profuse twins contribute to the
remarkable work hardening ability of this alloy, resembling
Aly 5CoCrFeNi [145].

Li et al. [161] have also examined the dynamic properties of
CoCrFeMnNi HEA, but prepared by a different method, spark
plasma sintering (SPS) method, and focusing on adiabatic shear
localization. Unlike in the arc-melting method, alloys prepared
by SPS are likely to contain voids, leading to residual porosity
and lower strength. They obtained a high strain hardening rate
(~1100 MPa) at a strain of 0.2 when the alloy was deformed at
strain rate of 1600 s™*. Moreover, through imposed localized
shear deformation in hat-shaped specimens, they successfully
established the critical shear strain (~7) to induce shear band-
ing (Fig. 11(b)). The retardation of shear localization suggested a
strong work hardening ability, which involved twinning and
strong dislocation planar glide. Within the shear band, they
observed a similar subgrained structure to the one reported by
Park [159], as shown in Fig. 11(c). This grain refinement is due to
occurrence of dynamic recrystallization. Fig. 11(d) shows that,
compared with titanium [137], Ti—6Al—4V alloy [162], AISI 1006
steel [47], brass [47]and copper [120], the Cantor alloy has the
best ability to resist the softening effect in the temperature
range of 200 K—1000 K. In addition, some nanotwins were found
within those nanograins, indicating that they could still exhibit
plasticity at elevated temperature.

Wang et al. [163] provided an interesting insight to dy-
namic properties of as-cast CoCrFeMnNi HEA. Without ho-
mogenization treatment, this alloy showed a dendritic
structure. At high strain rate, unlike preceding studies on
annealed alloys [159,161], as-cast alloy displayed unique
“serration behavior”, which can be seen as tooth-like flow
stress curves in Fig. 12(a). Zhang et al. [164] reported that the
serration behavior is more pronounced at elevated temper-
atures and under dynamic deformation. They ascribed this
continuously fluctuating stress to the formation of a het-
erogeneous structure, namely, deformation bands, as
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displayed in Fig. 12(b and c). Deformation bands in this case
generate the Portevin-Le Chatelier effect [165—-168]. The
serrated flow stress was a result of interaction between
moving dislocations and deformation bands and could
become more evident at higher strain rate due to larger
amount of such heterogeneous structure, as illustrated in

Fig. 12(c and d). Besides the alloy prepared by the traditional
arc melting method, Wang et al. [169] also extended their
work to serration behavior of CoCrFeMnNi HEA prepared by
SPS. In contrast to their previous work [163], where serrated
flow stress resulted from formation deformation bands,
here they ascribed it to secondary Cr-rich oxide phase. The
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dispersed Cr-rich particles within matrix provided a strong
pinning effect for dislocations movement by generating the
Portevin-Le Chatelier effect (Fig. 13). The role of secondary
particles was quite comparable to deformation bands, in
terms of slowing down dislocation movement. Each time a

Fig. 13 — The bright field TEM micrograph showing pinned
dislocations at the boundary of secondary phase particles
[164].

dislocation was pinned and unpinned by second phase
particle it causes an increase and decrease in stress [164].

On the basis of Park's and Li's work, Tsai et al. [54] proposed
a transition of deformation mode when CoCrFeMnNi alloy
was subjected to a high strain rate of 9000 s~*. As mentioned
before, dynamic deformation of CoCrFeMnNi alloy seems to
be governed by dislocation glide. However, at a strain rate of
9000 s~ *, kinked twins were observed, suggesting a deforma-
tion mode dominated by twinning, as shown in Fig. 14. Such
alteration of deformation mode, generating an enhanced
strain hardening rate coupled with rising strain rate, makes
further study of CoCrFeMnNi alloy deformed at ultra-high
strain rate (shock compression) more interesting.

To provide further insight to the effect of adiabatic heating
on mechanical response of CoCrFeMnNi, Soares et al. [170]
reported that the Taylor-Quinney coefficient was not equal to
0.9 as was previously assumed for the determination of tem-
perature rise at high strain rate for metallic materials. The
Taylor-Quinney coefficient is a parameter denotes efficiency
of plastic work converted into heat. This coefficient can be
classified into two components: integral beta (8;,;) and differ-
ential beta (64), which correspond to how much strain energy
is converted in to heat and how much mechanical energy is
converted into heat, respectively; they can be expressed as:
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Zone axis:
[170]m // [110]t

Fig. 14 — (a) TEM micrograph of 40% strained specimen at a
strain rate of 3 x 10° s~* (b,e) Bright field images of
deformation twins present at the strain rate of 6 x 10°s~*
and 9 x 10° s™, respectively (c,d) dark-field image of
bundle of twins in sample deformed at strain rate of

6 x 10° s7* (f,g) Twin—twin interaction with kinked
structures in specimen deformed at strain rate of

9 x 10* s~* with 40% strain [54].

C,AT
ﬂint = P
/ aw,

pCpT
W,

(3.9)

Baigs = (3.10)

where C, is heat capacity, dW) is the increase in plastic work, p
is density, T is temperature, T and W, are differentials of
plastic work and temperature with respect to time. Fig. 15(a
and b) reveals g;,; and B4 as a function of strain at different
strain rates. The authors discovered that the adiabatic heating
in specimens deformed at 1,750, and 2800 s™' were quite
similar and their corresponding g exhibited certain degree of
plastic strain dependence.

Apart from most common dynamic test performed by high
strain rate compression, Qiao et al. [171] investigated the strain
rate dependent microstructural evolution of CoCrFeMnNi via
split Hopkinson tensile bar (SHTB) at a strain rate of 7000 s~ .
Distinct fracture behaviors were found under different loading
conditions, as shown in Fig. 16(a and b), indicating a typical
ductile and ductile plus brittle fracture mode in statically and
dynamically deformed specimens, respectively, which is sug-
gestive of a transition of fracture mode. Such transition of
fracture mode has also been observed in Al,CrMnFeCoNi alloy
by Cao and his co-workers [172]. Similar to CoCrFeMnNi sub-
jected to dynamic compression [159,161], dislocations and
twins prevailed in dynamically tensioned specimens, as illus-
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Fig. 15 — (a) Integral p and (b) differential p diff as a function
of true strain for the CoCrFeMnNi high-entropy alloy under
different strain rate (1 s~%, 750 s~*, 2800 s~?) [170].
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Quasi-static

Quasi-cleavage fracture

50 pm

Dynamic

Fig. 16 — SEM micrographs of the fracture morphology for (a) quasi-statically deformed and (b) dynamically deformed
specimens. EBSD micrograph of (c) statically deformed specimen at strain of 0.34 and (d) dynamically deformed specimen at

strain of 0.57 [171].

trated in Fig. 16(c and d), in contrast to the statically deformed
one. The differences in deformation structures cause alteration
of fracture from purely ductile to a mixture of ductile/brittle at
high strain rates.

Amorphization is most often obtained by two routes in
metallic materials: rapidly decreasing temperature to below
glass transition temperature Ty or introducing structural/
chemical disorder. Recently, a large amount of emphasis has
been put on solid-state amorphization (SSA) achieved by se-
vere plastic deformation [173,174]. It is known that accumu-
lation of defects can eventually lead to amorphization.
Amorphization in HEAs is being widely studied to broaden
their applications in the field of advanced nuclear materials,
corrosion and oxidation resistant materials, but is rarely
observed experimentally.

Outside of conventional deformation modes of dislocation
glide, twinning, microbanding, Zhao et al. [109] reported the
formation of an amorphous phase in Cantor alloy achieved via
dynamic compressive tests, suggesting an unprecedented

deformation-induced amorphization. Associated with amor-
phization, vast amounts of crystalline defects such as stacking
faults, twins and HCP phases have also been observed in
dynamically deformed specimens, as shown in Fig. 17(a—e). In
order to activate the FCC to HCP phase transition, the required
driving force Gyucp — Gree can be established as a function of
stacking fault energy vqr:

VsF

o Gucr — Grec (3.11)

Such driving force needs to be fulfilled by generating defect
energy G4, which can be expressed as following:

pGb?
2

Ga~ (3.12)

where p is defect density. Combining Equation (3.11) and
equation (3.12), they predicted a critical value of p ~ 8x
10>m~2, which was achievable by dynamic loading, to initiate
phase transformation. With ongoing plastic deformation, the
severely deformed FCC and HCP can be further converted into
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Fig. 17 — (a—e) TEM micrograph of the CoCrFeMnNi HEA subjected to dynamic compression/shear, showing the formation of
deformation twins, HCP and amorphous phases. (f) Microstructural evolution of CoCrFeMnNi HEAs subjected to increasing

stress and strain rate [109].

an amorphous phase, due to continuously rising defect con-
centration. In addition, the amorphous domains located
favorably at the intersections of HCP and twin packets. A
relationship between shear strain and volume fraction of
amorphous phase was accordingly proposed [109]:

fa=K[1 — exp(—ay)[" (3.13)

where K is a constant related to various factors (stacking fault
energy, volume fraction of HCP martensite in the deformation
packets, and so on), 1 —exp(—ay) is a term that represents
fraction of deformation bands and v is shear strain. Accord-
ingly, the rising defect density was coupled with increasing
fraction of deformation bands, which had previously been
found in as-cast Cantor alloys [163], leading to the propagation
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Fig. 18 — (a—c) EBSD local misorientation maps of the Cr,eMn,oFe,0C0,0Nii4 HEA undergoing strain rates of (a) 1000 (a), (b)
2000 and (c) 3000 s %, respectively. The twin boundaries are indicated by red lines. (d) Estimated dislocation density (p) and
volume fraction of twin boundaries as function of strain rates [175].

of amorphization. The authors conclude that as flow stress
increased, in addition to the common deformation mecha-
nisms (dislocation motion, twinning, phase transformations),
previously reported in CoCrFeMnNi HEA, a newly discovered
amorphization was added. This renders a remarkable strain
hardening ability under dynamic conditions; the corre-
sponding microstructural evolution is plotted in Fig. 17(f).
Other than investigations on equiatomic CoCrFeMnNi HEA,
a systematic study on dynamic properties of non-equiatomic
CrygMnyoFe 0CoyoNiy, alloy was performed by Jiang et al.
[175]. Preceding studies [176] suggested that this alloy
possessed a low stacking fault energy of 24 mJ m? and syn-
ergy of excellent strain hardening ability and considerable
ductility (maximum strain: 73%) at quasi-static strain rate.
They subjected the alloy to dynamic compression at three
strain rates (1000, 2000 and 3000 s~'). Noteworthy that
continuously increasing flow stress was obtained at the three
strain rates (1000, 2000 and 3000 s~%), indicative of a remark-
able strain hardening ability at various loading conditions.
The local misorientation map shown in Fig. 18 reveals that the
volume fractions of twins and stacking faults increase with
strain rate. The highest temperature rise caused by adiabatic
deformation was estimated to be 64.7 K, which was far from
the recrystallization temperature (640 K) of this alloy. Thus, no
shear band was observable under TEM. In addition, a smaller
activation volume (11 b®) was found in the present alloy,
compared with CoCrFeMnNi HEA (76.8 b® [177]). Profuse twins

and twin-dislocation reactions were attributed to such low
activation volume, which showed a good agreement to pre-
viously reported value for twin-dislocation reactions (1—100 b3
[177]). Moreover, the low stacking-fault energy of this alloy
contributes to restricted cross-slip and dislocation climb and
increasing density of stacking faults, thereby promoting
dislocation and stacking fault strengthening. Therefore, the
authors conclude that increasing strain rate from 1000 s~ to
3000 s~ facilitated an evolution of deformation mechanism
from dislocation glide to stacking faults plus nano-twinning,
then eventually to dense dislocation arrays plus nano-twin
bundles, which resemble the CoCrFeMnNi HEA deformed at
increasing strain from 3000 s~* to 9000 s~* [54]. This synergy of
multiple deformation mechanisms guarantees a retained
hardening ability and retards shear localization.

Accordingly, the study of the classic Cantor alloy has been
extendedly to strain rates ranging from 1000 s™* to 9000 s™%. A
relevant question is: how would the addition of a sixth metallic
element change properties of Cantor alloy at high strain rates?
Cao et al. [172] examined the dynamic tensile behavior and
developed a microstructural evolution of Al,CrMnFeCoNi
(x = 0, 0.4, 0.6) HEAs. It was revealed that the dynamic tensile
strength was proportional to the fraction of Al, which is mainly
due to the formation of B2 precipitates (Fig. 19(a and b)). The
interphase boundaries between B2 precipitates and FCC matrix,
shown in Fig. 19(c)—(e), capture large amounts of dislocations
and provide a strong boundary strengthening effect. Increasing
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Fig. 19 — Dynamic compressive stress strain curves of (a) Aly 4CrMnFeCoNi (b) Al, CrMnFeCoNi alloys. (c) TEM micrographs
of dislocation configuration of (c—e) Al, sCrMnFeCoNi tested at strain rate of 10> s~ (c,d,e) and 1300 s~* (f,g,h) [172].

the fraction of Al not only promoted formation of precipitates
but also restrained grain growth of the matrix phase, leading to
considerably refined grains in Aly (CrMnFeCoNi. In comparison
with CoCrFeMnNi [178], Alp 4.CrMnFeCoNi exhibited small acti-
vation volume (10—24 b3), close to the one reported for Crys
MnyoFeyoNiyg [175], indicative of intensive dislocation motion
over obstacles raised by solute atoms. In addition, the Aly4-
CrMnFeCoNi revealed a higher strain rate sensitivity
(m = 0.039-0.048) in comparison with Aly sCrMnFeCoNi, which
resulted from the positive relationship between Al content and
activation volume. Thus, the authors concluded that the high
strength of Al sCrMnFeCoNi was chiefly due to the multiple

strengthening mechanisms, including precipitation hardening,
solid solution strengthening, and boundary strengthening.

3.1.3. Refractory HEAs

Although FCC HEAs have received a vast amount of attention
due to their excellent mechanical properties at relatively low
temperatures, the inherently low melting points of their con-
stituent elements make them less desirable for applicationin a
wider temperature range. For instance, many aerospace ma-
terials require exposure to extremely high temperatures and
require sufficiently high strength to bear external dynamic
loading. For the time being, Ni-based superalloys are widely
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Fig. 20 — (a) The compressive true compressive stress vs.
true compressive strain curve of RHEA
TizoHf20Z1r20TazoNbo. (b) IPF map showing the localized
deformation in area adjacent to shear band. (c) Magnified
grain boundary map of the area marked by A in (b). (d) KAM
map of (c) indicating lattice distortion and lenticular
structures in interior and the neighboring area of the shear
band [179].

used in critical components of modern-day jet engines. Novel
refractory high-entropy alloys (RHEAS) are being considered as
a potential replacement for superalloys due to their excellent
resistance againstsofteningat elevated temperature. Dynamic
properties of TiyoHf20Zr,0Tay0Nby with average grain size of
~200 pm were investigated by Dirras et al. [179] using a Hop-
kinson bar system with strain rate up to ~3.4 x 10°s~*. They are
among the first to investigate dynamic properties of BCC HEAs

comprised of refractory elements. The stress—strain curve at
high strain-rate condition illustrated in Fig. 20(a), shows a
progressively decreasing flow stress at strains >0.05, denoting
the occurrence of instability and an intensive softening effect
afteryielding. Formation of shear bands was clearly revealed in
Fig. 20(b), with a highly distorted neighboring needle-like fea-
tures indicated by black arrows with misorientation profile
displayed in Fig. 20(c). Such needle-like structure is considered
as thin shear bands at internal areas of grains. The lamellar
structure was previously defined as a combination of twins and
shear bands [180]. However, a misorientation angle lower than
60° has been revealed across the boundaries of needle-like
structures, as shown in Fig. 20(c), suggesting other possibil-
ities than twin boundaries and demanding additional work to
provide additional clarification. Although preceding studies
reported that the occurrence of shear band is always coupled
with DRX. The formation of DRX in the present alloy is strongly
confined due to slow diffusion rate in Ta and Ta—W alloys [181].
Therefore, the authors proposed that the DRX is unlikely to
formin the Tiy,oHf0Z1,0Tay0Nbyg alloy with such short duration
of deformation time.

On the basis of Dirras's work [179], the dynamic behavior of
TizoHf20Z1r,0Tas0Nbyo RHEA at elevated temperature was further
investigated by Hu et al. [182]. The true stress—strain curves at
various strain-rates and temperatures are displayed in Fig. 21.
As shown in Fig. 21(a), the strain rate hardening effect at room
temperature was not pronounced under dynamic conditions.
At elevated temperature (673 K), however, the yield strength of
the alloy exhibited stronger dependence to strain rate. Such
behavior could be explained in terms of strain-rate sensitivity,
m:

0o gy — 01

o2 and o, are the flow stresses in compression at different
strain rates of é&; and ;. A stronger strain rate dependence of
stress occurs at elevated temperature. Such behavior was
chiefly associated with more intensive viscous drag effect
[183,184]. The high strain-rate sensitivity established at
elevated temperature suggests enhanced resistance to shear
localization. In addition, similar to conventional alloys, the
yield strength and flow stress was inversely proportional to
the temperature increase. Such behavior is often found in BCC
metals and is mainly due to a change of Peierls-Nabarro stress,
which is the predominant factor controlling screw dislocation
propagation. One can also see that the TiyoHf;0Zr20Taz0Nbyg
RHEA retains a relatively high strength at elevated tempera-
ture. The temperature sensitivity parameters 7, which
revealed the thermal softening effect of materials are listed in
Table 1, and are expressed as:

gy — 01
T, —Th

e =

(3.15)

where ¢, and ¢, are stresses at temperature T, and T,
respectively. The authors conclude that the enhanced viscous
drag effect was coupled with elevated temperature, and was
reflected in rising strain-rate sensitivity of dynamic tests at
673 K.
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Fig. 21 — Dynamic compressive true stress true strain curves of TiyoHf20Zr>0TaoNb,o RHEA samples at various strain rates

and temperatures [182].

Table 1 — Variation of temperature sensitivity », with
strain rate [183].

True Strain Temperature(k) Temperature sensitivity,
strain rate nq (Mpa/K)
0.03 1600s~* 293 K—473 K 0.83
473 K—673 K 0.79
673 K—873 K 0.54
2600s™" 77 K—293K 2.19
293 K—673 K 0.55

Particular HEA systems have been investigated extensively,
for example, the Al-Cr—Fe—Co—Ni and Co—Cr—Fe—Mn—Ni.
Based on the dynamic properties examined by Hopkinson
pressure bar, most HEAs comprised of three d-transition ele-
ments exhibited both high strength and high strain hardening
ability when subjected to dynamic loading. Despite evident
shear banding observed widely in dynamically deformed HEA,
the critical shear strain to induce shear localization was
significantly deterred. Further microstructure characterization
suggested that although traditional approaches to improve
work hardening ability, like twinning and dislocation multi-
plication, were detected in HEAs, their presence could be
altered by local chemical order, second phase formation, so-
lution atoms and so on. RHEAs, however, provide another path
to design high-temperature alloys. With the addition of re-
fractory elements, their strength at elevated temperatures was
well maintained.

3.2. Ballistic impact response

Understanding of dynamic behavior at strain rates ranging on
the order of 10° s, beyond the usual range of Hopkinson bars,
is mainly achieved by ballistic impact tests [185]. In general,
ballistic impact test is accomplished by high-speed collision
between projectile and target materials. This idea was first
proposed by Taylor [186] in 1948 by accelerating a flat-head

cylindrical projectile to a rigid target. This test is also known
as Taylor impact test. It is very useful in obtaining important
information on the dynamic behavior of materials. The plastic
deformation generated during impact is concentrated in the
impact region, which is which is separated from undeformed
material. In Taylor's analysis, the dynamic yield strength can
be estimated by the following equation:

lo — Lf 11'1(10 — If) (3'16)

here p is cylindrical rod density, Iy is initial length of the rod, vy
is projectile flying velocity, I; is final undeformed section
length, Ly is the overall final length of the specimen.

During this process, the leading elastic compressive wave
is followed by the plastic compressive wave [187]. When this
amplitude exceeds the yield strength of the material, severe
deformation in the form of radial motion outward away from
the specimen axis occurs.

Distinctive shear condition can take place with different
geometries of projectile, such as cylindrical, conical, and
blunt. Investigations of impact response have been conducted
on various metallic materials, including 7039 aluminum alloy
[188], Alp 1CoCrFeNi [189] and Fey;C024Niy3Cryg [190]. However,
due to substantial amounts of variants and uncertainties in
ballistic impact tests, the experimental results can vary
significantly from one source to another.

The ballistic response of Mn-free Fe,;,C0,4Ni»3Cro6 alloy, as
one of the variants close to CoCrFeMnNi HEA, was examined
[190]. As shown in Fig. 22, EBSD mapping revealed the defor-
mation response in three different domains: (a) undeformed,
(b) intermediate deformation, and (c) severe deformation. In
the domain prior to deformation, only annealing twins were
discovered, while nano-sized twins could not be distinguished
(Fig. 22(a, d)). As shown in Fig. 22(e) (f), specimens subjected to
both intermediate and heavy deformation revealed twin—twin
interaction, while the latter revealed formation of nanotwin
bundles and interaction between deformation nanotwins due
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Fig. 22 — (a) EBSD IPF maps and TEM images of Fe,;C0,4Ni»3Cr»6 alloy (a, d) non-deformed area (b, e) intermediate deformation
area and (c, f) severely deformed area. Annealing nanotwins are revealed in (d, e, f), and bundle of deformation nanotwins

(DNTSs) are revealed in (e, f) [190].

to increasing twin density. Therefore, multiplication of twins
significantly confines dislocation motion and deters the acti-
vation of shear localization.

Muskeri et al. [189] reviewed the ballistic impact response
of single-phase Aly ;CoCrFeNi HEA, which is one of the first
HEAs examined dynamically. By applying EBSD analysis,
distinctive microstructures were observed in areas with
different distances to the crater wall, as shown in Fig 23. In
the condition of partial penetration, both low angle misori-
entation (~2-3°) and high angle misorientation (~60°) defor-
mation corresponding to deformation microbands and
deformation twins, respectively, were revealed in Fig 23(a).
Deformation microbands were formed as a consequence of
planar dislocation arrays that had been previously observed
in FeNiMnAICr alloy [191], CrioMnsoFe,0Co10Nijg alloy [192],
and AlMo4NbgTisoZr34 alloy [193]. They can provide similar
effect as strain hardening due to mechanical twins through
dense dislocation boundaries. One can see that the domains
close to the crater wall exhibited much higher hardness (by a
factor of 2.5) than the undeformed domains, as illustrated in
Fig. 23(e). In addition, there was no evident formation of
shear bands at low-velocity impact, indicative of the excel-
lent strain hardening ability associated with twins and
microband formation. However, increasing impact velocities
(to 739 m s and 994 m s™) were coupled with pronounced
formation of shear bands and recrystallized grains, sugges-
tive of dominant thermal softening over hardening effect. In
full penetration condition, the highest hardness (~5 GPa) was
measured at the domain near the entry and exit holes.

Moreover, Choudhuri et al. [194] reviewed the ballistic
performance of a series of nickel-based HEAs, reporting an
excellent classic strength-ductility tradeoff. They fabricated
AlCoCrFeNiy; HEA with dual-phase (FCC—B2 phases) via
thermomechanical processing. The ballistic testing was per-
formed with tungsten-carbide projectiles. Varying impact
velocities were applied to investigate deformation features in
three different conditions (partially penetrated/plugged/fully
penetrated) as shown in Fig. 24(b—d). The EBSD micrograph of
partially penetrated specimen (Fig. 24(f)), displays a restrained
crack growth path within B2 lamellar domains. In addition,
shear bands were also observed, denoting severe shear
deformation in local domains. Such phenomenon was likely
associated with residual stresses provided by crack formation.
However, with increasing striking velocity (higher than plug
condition), shear localization becomes the dominant failure
mode and guides crack growth, similar to other HEAs
mentioned earlier.

Instead of studying the impact resistance, the penetration
performance, essential to anti-armor application, was exam-
ined by Xing-Fa Liu et al. [195]. Besides HEAs only comprised of
3 d-transition metals, such as Fe, Co, and Ni, the emphasis has
shifted to HEAs containing refractory elements such as Mo,
Ta, and W. A “self-sharpening” multiphase WFeNiMo HEA
fabricated by electromagnetic levitation melting technology
was investigated by Liu et al. [195]. There is a constant
competition between ballistic (“bullet-proof”) materials and
materials to defeat armor. The concept of “self-sharpening” is
associated with the specific increase in the depth of the
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Fig. 23 — (a) Microstructure as a function of distance from the crater wall for partially penetrated Al, ;CoCrFeNi HEA plate
showing highly deformed grains, microbands, and undeformed grains; (b) IPF map of the domain in the black box marked in
(a); () Magnified IPF map of the selected domain in green box marked in (b) showing formation of deformation twins; (d)
misorientation profile along the arrow shown in (c), indicating boundaries with 60° misorientation that is classic trait of
twinning; (e) nano-indentation hardness contour map indicating maximum hardness at the domain close to crater wall [189].

penetration (DOP) by sharpening the penetrator rod into acute
shape. Conventional materials used to fabricate rod pene-
trators are tungsten heavy alloys (WHAs) and depleted ura-
nium alloys (DUAs). While the WHA are relatively less
effective due to high penetration resistance plus decreased
DOP, the DUA penetrators are widely banned because of many
relative long-term health problems. In DUAs the sharp tip is
ensured by sequential shear-band formation. On the other
hand, WHAs tend to form mushroom shape upon impact,
significantly compromising penetration performance. There-
fore, novel metallic alloys, that can efficiently penetrate
through armors, are desperately in need. Preceding studies
proposed applying severe plastic deformation, such as cold
torsion [196], swage molding [197], and hot-hydrostatic
extrusion [198,199]. Other researchers claimed a “self-sharp-
ening” achieved by inducing shear localization [200—206].
Contrary to traditional uniaxial dynamic compression tests on
cylindrical specimens, whose stress conditions are unfavor-
able for shear band formation [207], the unique shape of rod
penetrator endows desired conditions for shear localization to
take place. The shear failure localized at the edge of the
penetrator heads during deformation consistently pulls off
and sharpens them, leading to high depth of penetration. In
addition to the softest FCC matrix phase, tungsten BCC and
Fe/Ni concentrated u phases can provide stiffer and stronger

properties of the present alloy. Substantially different prop-
erties among three phases enabled the excellent synergy of
high strength and ductility under dynamic conditions, with
yield strength, fracture strength and fracture strain equal to
1200 MPa, 1900 MPa, 0.28, respectively. As for the ballistic
performance, in contrast to conventional 93 W alloy, the
WFeNiMo HEA exhibited a superior penetrating performance,
represented by the acute head shape, as shown in Fig. 25. The
achievable “self-sharpening” ability was mainly attributed to
unique microstructure of WFeNiMo HEA, which promoted
higher susceptibility to shear localization. As the shear bands
continue to develop, the deformed parts are peeled off,
resulting in the sharp shape of the penetrator. u phase plays
an essential role in shear band formation by promoting
inhomogeneous deformation and higher strain gradients. The
shear localization mechanism proposed in Fig. 26 (c-g) illus-
trates that the distribution of u precipitates contributes to the
intense inhomogeneous deformation and strain gradient.
3.3 Shock compression response

The shock response of materials is an indication of their me-
chanical properties at ultra-fast deformation speed. Via explo-
sive detonation, projectile impact, high-power pulsed-laser-
driven shock compression, ultra-high-speed deformation can
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Fig. 24 — (a—d) Optical micrographs showing (a) sections of
the impacted EHEA plate along with the WGC projectile.
Cross sectional areas of specimens with different impact
conditions: (b )partial penetration, (c) plugged condition, (d)
full penetration. (e) BSE (back scattered electron) image,
and corresponding (f) EBSD IPF mapping for area within
black box, showing formation of crack along FCC/B2
interphase (indicated by white arrow) and shear band
(indicated by yellow arrow).

be generated. The propagation of a plane shock is denoted by the
(U,u) Hugoniot curve (U is shock velocity and u is particle ve-
locity), which is one of the primary methods to investigate shock
compression response. In addition, the yield strength derived
from the curves which is also known as HEL (Hugoniot Elastic
Limit), which represents strength at the point when relaxation

(a)
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204

Fig. 25 — (a) Depth of penetration of WFeNiMo rod and 93 W

rod versus kinetic energy per volume calculated by %,
with images of the retrieved remnants, respectively;
longitudinal sections of medium carbon steel targets
impacted by (b) a WFeNiMo penetrator and (c) a 93 W
penetrator, with SEM micrographs of the remnant in the
corresponding insets, respectively [195].

wave has not arrived, and target is only deformed along lateral
direction. The yield strength in shock compression can
measured through von Mises yield criterion [35]:
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Fig. 26 — (a) SEM and (b) TEM images showing microstructures of shear band. (c-g) Schematic drawing showing the
formation mechanism of shear band in WFeNiMo alloy; (c) Undeformed microstructure with low dislocation density; (d)
Formation of strain gradient due to geometrically necessary dislocation (GND); (e) Formation of elongated subgrains due to
cotinuously rising dislocation density; (f) Elongated subgrain evloves into equiaxed grains and rotates to accommodate

further deformation; (g) Onset of shear band cc [194].

oy =on (11__2UU) (3.17)
where v is Poisson's ratio, oy is elastic limit under uniaxial
strain condition. Therefore, the HEL value can be expressed as
a function of yield strength ¢y and Poisson's ratio v, and this
relationship can only be applied to dynamic conditions. The
plate impact geometry is illustrated in Fig. 27.

An investigation on shock compression response of the
FCC-matrix CoCrFeMnNi alloy and BCC-matrix NiCoFeCrAl
alloy was performed by Jiang et al. [208]. The measured free
surface velocity profiles in Fig. 28 illustrate that high elastic
limits (HEL) could be obtained from both HEAs (2.3—2.9 GPa
and 3.5—3.9 GPa), suggesting a surprisingly high capacity to
resist high speed damage. Fig. 29 displays the TEM
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micrographs for undeformed and deformed specimens, sug-
Flyer plate B et plate gesting low densities of dislocations and stacking faults before
shock compression in both CoCrFeMnNi alloy and NiCoFeCrAl
HEAs. The TEM images of deformed samples recovered from
Projectile PDV 11.7 GPa to 10.4 GPa are shown in Fig. 29(a) and Fig. 29(b),

‘ prone respectively. As shown in Fig. 29(a)., mechanical twinning and
dense dislocations are observed, therefore suggesting a
dominant deformation mechanism 1 by dislocation move-
ment and twinning for FCC-matrix CrMnFeCoNi alloy. In
contrast, no visible twins could be found in NiCoFeCrAl alloy
and only tangled dislocations can be observed, denoting a
plasticity primarily led by dislocation movement. A much
Fig. 27 — Schematic drawing of plate impact [208]. higher shock yield strength was measured in the latter, which
could be attributed to precipitate hardening and nano-
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Fig. 28 — The measured free surface particle velocity as a function of time for (a) CoCrFeMnNi and (b) NiCoFeCrAl HEAs [208].

High demse dislocation tangles
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Fig. 29 — TEM micrograph showing distinct microstructure in the deformed and undeformed samples: (a) comparison
between the pre-loading manganese-containing HEA (CrMnFeCoNi) sample and sample recovered from 11.7 GPa, indicating
the formation of tangled dislocations and deformation twins; (b) comparison between the pre-loading aluminum-
containing HEA (NiCoFeCrAl) sample and sample recovered from 10.4 GPa, indicating formation of tangled dislocations
[208].
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Fig. 30 — (a) (b) Typical dislocation structures at the wave
front for bec NiCoFeTi and TiZrNb HEAs. The atomic
configuration is identified by common neighbor analysis
(CNA), blue: bee, white: defect. The red line shows the
contour of moving dislocations. The inserts show the
magnification of the corresponding nano-twin nucleus at
the highest shock velocity. (c) Dislocation width as a
function of shock velocity. NiCoFeTi and TiZrNb samples
are prepared with random solid-solution while TiZrNb-
Aging shows the TiZrNb samples with local chemical
short-range order [209].

composite strengthening effect resulting from the formation
of Cr-rich and Al-rich BCC phases [1]. The authors concluded
that the exceptionally high HEL could be possibly associated
with inherent server lattice distortion coupled with enhanced
lattice frictional stress.

Molecular dynamics (MD) [209] using the common
neighbor analysis (CAN) for defect identification pointed out
the shock strength dependence of dislocation structure for
BCC HEAs, illustrating a strong relationship between shock
velocity and dislocation width, as shown in Fig. 30(a—c). An
extended edge dislocation structure was observed in TiZrNb
and NiCoFeTi HEAs which was different from BCC elemental
materials Nb and Mo. Such unique dislocation structure was
mainly attributed to the strong dependence of dislocation
behavior on shear stress. The high shear stress was coupled
with high dislocation mobility and extended morphology,
while a compact dislocation core structure was associated
with a low shear stress. Extended features of edge dislocations
were correlated to four stages of shock response that corre-
spond to compact dislocation core, dislocation with elastic
energy radiation, extended dislocation core and twinning, as
shown in Fig. 30(d).

3.3.1. Spall behavior

Spallation is a type of fracture that occurs at strain rates larger
than 102 s~1. When materials are subjected to shock waves, a
tensile pulse is generated when waves reach to the free sur-
face. During this process, if the tensile stress exceeds the
strength, spall failure occurs [210,211]. The evolution of spall
failure involves the nucleation and propagation of micro-
voids or micro-cracks resulting from the transient tensile
stress. Curran [212] developed a model in 1987 to describe the
formation of voids and cracks. Several properties can be
measured in a spalling test including spall strength and the
time to failure. This technique has received a vast amount of
attention due to its importance to materials applications in
military and industrial fields. In contrast to the static loading,
the fracture modes and deformation mechanisms are signifi-
cantly different [35,212,213]. The pressure in the shock wave
can be expressed by the Rankine-Hugoniot relationship [214]:

P=p,Uu (3.18)

where py is the density of specimen, u is the particle velocity,
and U is the wave velocity. It can be approximated as:

U=cp +su (3.19)

where ¢y, is the bulk sound speed and s is linear Hugoniot slope
coefficient. These two parameters are material dependent,
and the equation is known as equation-of-state. Another
important factor to be considered is the free-surface velocity
which represents the velocity change of the free surface dur-
ing impact test. This parameter is usually used to describe the
initial damage and the damage evolution rate. Similar to the
stress—strain curve in dynamic tensile/compressive test that
provides stress profile during deformation, free-surface ve-
locity profiles are used to investigate shock wave motion, void
nucleation kinetics, and spall strength. According to Stepanov
[215], the spall strength can be expressed as:

(3.20)
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Fig. 31 — Optical microscope images of spall damaged (a) hot-rolling plus quenching (HRQ) sample; (b) cold-rolling plus
quenching sample (CRQ). Schematic drawing of void evolution in the (c) HRQ and (d) CRQ samples [216].

where p, is the sample density, ¢ is sound velocity along
longitudinal direction, Au is equal to difference between
maximum and minimum particle velocity. Therefore, it is
crucial to study HEAs that can resist spallation due to their
potential value to be applied to nuclear engineering, which are
demanding in terms of resistance to intense ion irradiation.

The spall behavior of metastable dual-phase FesoMnsq.
CoCry HEA at two impact velocities (190 m/s and 420 m/s) has
been reported by Yang et al. [216] by using a single-stage light
gas gun; the formation of voids and microcracks was affected
by phase composition. Alloys subjected to different
manufacturing processes (hot-rolling + quenching, cold-
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Fig. 32 — Evolution of micro-cracks under 420 m/s impact loading: (a) HRQ sample subjected to impact velocity of 420 m/s; (b) CRQ
samples subjected to velocity of 420 m/s. Schematic drawing of the microcrack propagation: (c) evolution of microcrack in HRQ
sample; (d) evolution of microcrack in CRQ sample; coalescence path at the interface of adjacent martensite phase; (e) the martensitic
area with two different variant orientations; (d) the formation of coalescence path at the interface of two variants [216].
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Fig. 33 — EBSD (a, c) IPF maps and (b, d) KAM maps of void coalescence and crack propagation in Al, ;CoCrFeNi HEA [221].

rolling + quenching) exhibit distinctive phase components.
One major important factor was the formation of martensite.
The size of martensite plates for hot-rolled specimens was
much larger than the cold-rolled ones, however its weight
ratio was much higher and its distribution in matrix was more
uniform in cold-rolled specimens. Due to a deficiency of
driving force caused by neutralization between compressive
residual stress and external tensile pulse, the interior of
martensite was unavailable for void nucleation. However,
interfaces between matrix and martensite were preferred
sites for void nucleation [217—220]. Fig. 31 shows the micro-
structure of (a) hot-rolled and (b) cold-rolled samples sub-
jected to 190 m/s impact loading, denoting a higher density
but less intensively nucleation of voids, faster initial damage
rate, and lower spall strength in cold-rolled sample. Void
nucleation, growth and coalescence at an impact velocity of
420 m/s are summarized in Fig. 32, suggesting that refined and
evenly distributed martensite constrains coalescence which
can lead to the formation of microcracks. Phase content can
also affect the propagation of microcracks. Large-sized
martensite plates can serve as obstacles to deviate or block
microcrack propagation while small-sized martensite plates
only have very limited effect in influencing microcrack prop-
agation, resulting in the generation of large-sized cracks.
Contrary to FespMn;oCoCryo HEA, whose spall strength is
mainly contributed by second-phase formation, Zhang et al.
[221] demonstrated a superior ability to resist spallation in
Alp1CoCrFeNi alloy in a single-stage gas gun experiment,
despite its inferior yield strength and tensile strength. The
weaker spall strength in the FesoMn3o,CoCryo HEA is the result
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Fig. 34 — EBSD IPF maps showing cracking propagation and
void nucleation in FeCrMnNi alloy [224].
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H-charged, Ist (c)

Fig. 35 — EBSD IPF maps showing cracking propagation and void nucleation in H-charged and H-free CoCrFeNiMn

alloy

from two experiments) [224].

(results

of a soft matrix phase and rapidly growing cracks along in-
terfaces between phases. It is noteworthy that at impact ve-
locities below 511 m s~*, deformation mode was governed by
stacking faults and dislocation glide, while nano-twinning
was benefited from rising shock velocity (>511 m s~ ). More-
over, an optimized spall strength can also be derived from
approach of crack formation in Aly;CoCrFeNi. Intragranular
voids dominated; they tend to emerge in regions adjacent to
high angle grain boundaries. These voids are then connected
by high misorientation bands and eventually lead to cracking,
as shown in Fig. 33.

In contrast to ductile failure found in Al ;CoCrFeNi alloy,
Hawkins et al. [222] observed a brittle spallation failure in
FeMnCrNi alloy. They discovered that at the preliminary
stage of spallation, relatively brittle ferrite phase was favored
for void nucleation, as shown in Fig. 34. Although relatively
same conditions (projectile velocity, tilt, etc.) were applied
while spalling test, scattering results of HEL and spall
strength were obtained. They conjectured that such

disparate properties could possibly be caused by inhomoge-
neous microstructure and presence of Cr-rich ferrite phase.
Given by its brittle failure mode, FeMnCrNi alloy was
believed to be less desirable to be used in extreme loading
conditions.

Thiirmer et al. [223] provided experimental results com-
bined with simulation for the classic equiatomic Cantor alloy.
A spall strength of ~8 GPa at the strain rate of ~10” s~ ! was
found in this alloy, which was possibly caused by homoge-
neous distribution of composition and lack of phase segrega-
tion; the latter is detrimental to the buildup of spall strength.
Moreover, traditional strengthening methods including
nanotwins and precipitation also help to enhance strength.

Outside of the standard Cantor alloy composition, Xie et al.
[224] reported a retardation of spallation in CoCrFeNiMn alloys
charged with hydrogen. They introduced hydrogen into the
alloy by using a cathodic electrochemical charging technique
and investigated its effect on spallation. With the addition of
hydrogen, the sizes of micro-cracks and micro-voids were
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Fig. 36 — (a) Stress—strain curves and (b) Strain hardening rate vs. strain of various of high entropy alloys and ultrafine-

grained-titanium (UFG-Ti).

reduced, as revealed in Fig. 35. The preliminary stage of va-
cancy and vacancy-hydrogen complex formation is mainly
achieved by removing metallic atoms and replacing them
with hydrogen atoms. Such optimized behavior primarily led
to a higher diffusion barrier in hydrogen-vacancy complex. On
the other hand, coalescence of micro-voids was greatly con-
strained by the pinning effect produced by hydrogen.

4. Summary and conclusions

Due to the complexity of multi-components systems, HEAs
have highly tunable physical properties. However, systematic

understanding of HEAs subjected to dynamic loading is yet to
be achieved. Here, we report on mechanical behavior of
HEAs under dynamic conditions, such as spall, shock wave
compression, and split Hopkinson pressure bar compression/
tension. Outstanding properties are found in FCC-based HEAs
at room temperature and BCC-based HEAs at elevated tem-
peratures. Nevertheless, the dynamic response of HEAs at
cryogenic temperature is not included in present report.
Multiple deformation mechanisms contribute to the
complex behavior: microband strengthening, solution
strengthening, forest hardening, precipitation hardening, and
martensitic transformation, which partially account for the
extraordinary properties and deterred formation of shear
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bands. In addition, twinning is a prominent deformation
mechanism in the FCC-based HEAs due to their inherently
low SFE. Shear banding resulting from adiabatic deformation
derived from deteriorating strain hardening rate is widely
present in many HEAs. HEAs with second phases exhibit
outstanding dynamic properties, perhaps better than the
single-phase HEAs. The inherently hard BCC and soft FCC
phases generate an exceptional work hardening ability for
Al,CoCrFeNi and WFeNiMo alloys. In general, the FCC-based
alloys show high strain hardening rate, especially, the
classic CoCrFeMnNi alloy. We summarize several HEAs with
their corresponding dynamic stress strain curves and strain
hardening rate in Fig. 36; in comparison with ultra-fine grain
Ti (UFG), many HEAs exhibit much better work hardening
ability in spite of the higher strength.

In comparison with FCC HEAs, the dynamic properties of
refractory HEAs at room temperature are less attractive due to
strongly limited ductility. However, they can retain strength at
elevated temperatures due to the inherently high melting
temperature of refractory elements. Therefore, their unrealized
potential at high temperatures and high loading speeds makes
them promising and applicable for extreme environments.

With respect of spallation failure, similar to dynamic
compression/tensile tests, most of the research was per-
formed on 3d-transition HEA, while this field of study stays
vastly inadequate for BCC RHEAs. Existing studies claim that
spallation in HEAs is significantly influenced by second-phase
formation. Further studies need to be done to thoroughly
understand how voids and cracks evolve within HEA alloys
during spallation.

4.1. Applications

In contrast to the conventional materials, unique charac-
teristics and complex constituent compositions renders
HEAs superior in many aspects, such as great resistance to
strength-ductility trade-off, spallation resistance, thermal
stability, and highly tunable properties, which make them
versatile for a broad range of applications. Some of them are
discussed below.

4.1.1. Armor materials

Armor is classified, in a simplified manner, into body (per-
sonal) and heavy (armored vehicles). The requirements and
the projectile-defeating mechanisms are very different.
Armor materials are known to be extremely demanding in
terms of their resistance to the high strain-rate loading
which not merely requires strength but also involves com-
plex thermomechanical processes, in order to minimize
damage from a projectile. Superior modern armor is
composed of different layers including ceramic, metallic,
and polymeric materials. Armors use a range of stratagems:
specially developed steels, polyamide, polyethylene, and
ceramics are some of the materials. Kevlar (poly-para-phe-
nylene terephthalamide) is a flexible body armor material
with a very low density and enables the wearer to retain
excellent agility. However, the materials mentioned above
have to provide protection against a projectile with mass and
flying speeds over 10 g and 850 m/s, respectively, if they are
to be satisfactory body armors. With superior strength found

in dynamic compression/tensile tests and excellent hard-
ening capacity found in ballistic impact tests, HEAs un-
doubtedly become one of most competent candidates for the
metallic component of armor. The transition in deformation
mode at higher strain-rate endows excellent strain hard-
ening ability of HEAs under ultra-high loading rate. More-
over, the high strain rate sensitivity also contributes to
enhanced strength at high strain rate condition.

4.1.2.  Nuclear energy materials

Given by its high efficiency, economy, environmental friend-
liness, nuclear energy has become more and more popular,
with vast amounts of effort devoted to the structural materials
in nuclear reactors. Ni-based alloys, zirconium-based alloys,
and stainless steels are widely used. Under atmosphere of
intense irradiation with flux of neutrons and protons, severe
swelling and spalling failure can occur. Irradiation damage
can induce defects such as hydrogen and helium bubbles
(voids). Refractory HEAs have obtained substantial amount of
attention for their relatively inert characteristics due to lack of
activity of the refractory elements, which make them prom-
ising candidates as next generation nuclear energy materials.
The good spallation resistance of HEAs suggests the unreal-
ized potential to endure extreme radiation damage.

4.1.3. Aerospace materials

In the aerospace industry, the structural components of tur-
bine engines are among the most demanding environments
for materials, requiring high stability, high strength, and
excellent fracture strength. Contemporary aerospace mate-
rials including Fe-based, Ni-based, Ti-based and Co-based
superalloys exhibit poor stability at elevated temperature.
Refractory HEAs such as TaNbHfZrTi HEA and TiHfZrTaNb,
have intrinsically high melting points and high configura-
tional entropies. These endow them with outstanding stabil-
ity at high temperature. One major shortcoming for the
application of refractory HEAs is the undeniably high expense
and their challenging processing. Therefore, besides tradi-
tional fabrication method, laser additive manufacturing as
one of the latest developed processing techniques, provides
defect-free components, which make HEAs more durable
[225].
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