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a b s t r a c t

Both heterogeneous grain structure and dual nanoprecipitates were designed in a Al0.5
Cr0.9FeNi2.5V0.2 high entropy alloy (HEA), and the dynamic shear responses were investi-

gated by hat-shaped specimens in split Hopkinson pressure bar tests. The present HEA

with heterogeneous structure displays an unprecedented synergy of dynamic shear

strength and ductility, as compared to the literature data for other metals and alloys. The

excellent dynamic shear properties in the unaged samples could be due to the dynamical

grain refinement, the dislocations hardening, and the precipitation hardening. The aged

samples with a higher volume fraction of coherent L12 nanoprecipitates display even better

dynamic shear properties, as compared to the unaged samples, which can be attributed to

the triggered planar dislocation slip, the stored higher density of dislocations, the forma-

tion of dislocation substructure and the more pronounced precipitation hardening for

postponing the occurrence of the adiabatic shear band (ASB). The high strain rate, high

strain/stress magnitude, high adiabatic temperature rise, and fast-cooling process within

ASB were observed to induce the dynamic recrystallization and the phase transformation

from FCC phase to B2 phase, and this newly observed phase transformation phenomenon

was not observed before under quasi-static deformation conditions.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Adiabatic shear band (ASB), which is generally defined as a

narrow deformation band with highly localized strain and
(F. Yuan).

by Elsevier B.V. This is
).
high adiabatic temperature rise, is the major failure mode for

metals and alloys under high strain rate impact loading [1e8].

Formation of ASB generally accompanies the fast loss of load-

carrying capacity of materials, regarded as a precursor of final

catastrophic failure [9e11]. In other words, this plastic
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deformation failure mode extremely threatens the safety

service of structural materials under high strain-rate condi-

tions. Until now, extensive efforts have been carried out to

investigate the formation of the ASB [3e5,12,13]. It is widely

accepted that the local plastic instability within shear bands

can be activated when the thermal softening effect over-

whelms the strain hardening ability of metals or alloys, sug-

gesting that thematerials with a good combination of strength

and ductility can effectively retard the initiation of ASB.

However, in conventional metals or alloys, the strength and

ductility are mutually exclusive in nature [14].

High-entropy alloys (HEAs) [15e19] and medium-entropy

alloys (MEAs) [20e23] as a class of the most promising mate-

rials to emerge in recent years, which contain multiple prin-

cipal elements in equimolar or near equimolar ratios. Recently,

CoCrNi MEA and FeCrMnCoNi HEA with a single Face-Centered

Cubic (FCC) phase have displayed superior tensile and fracture

properties at room temperature, and even better mechanical

properties at cryogenic temperature due to a transition of

deformation mechanism [24,25]. However, single FCC phase

MEAs/HEAs with coarse grains show a relatively low strength,

which severely impedes practical applications. The strength of

single-phase MEAs or HEAs can be significantly improved by

severe plastic deformation, by which high dislocation density

and grain refinement can be simultaneously achieved. How-

ever, such elevated strength is at an expense of ductility in the

homogeneous structure [26]. It is shown that the design strat-

egy of elaborately tailoring heterogeneities in microstructures

can overcome the strength-ductility trade-off dilemma, due to

the incompatible deformation between the soft domains and

the hard domains [27e31]. The incompatible deformation can

lead to the generation of geometrically necessary dislocations

(GNDs), as well as the stress/strain partitioning [32,33]. For

example, the CoCrNi with heterogeneous grain structure ex-

hibits a noticeable improvement in the synergy of strength and

ductility, mainly due to the extra hetero-deformation induced

(HDI) hardening [33]. Additionally, the second-phase particle
Fig. 1 e Schematic diagrams of (a) the hat-shaped specimen an

Hopkinson pressure bar experiment.
formed in MHAs/HEAs is another essential hardening strategy.

However, the hard intermetallic compound has not been

considered in the early stage of MEA/HEA development since

the second-phase particlewas generally considered to be brittle

and detrimental to ductility [15,16,24]. In the recently reported

studies [34e37], the second-phase particles, especially at the

nanoscale andwith coherent boundaries, can achieve excellent

strength without sacrificing ductility. The dislocations need

extra shear stress to cut through the shearable coherent pre-

cipitates or bow out/bypass the non-shearable precipitates,

thus the strength can be significantly improved. Meanwhile,

the uniform distribution of nano-sized precipitates can effec-

tively suppress or alleviate the strain localization. It is noted

that only the second-phase precipitates with appropriate size,

shape and dispersion can reach a favorable combination of

strength and ductility.

The dynamic properties of several representative MHAs/

HEAs with homogeneous structures have been reported in

recent studies, exhibiting the exceptional dynamic shear

property under cryogenic temperature, the excellent resistance

to hydrogen embrittlement failure, the outstanding self-

sharpening penetration capacity, as well as the high ballistic

resistance ability [38e41]. Although the quasi-state mechanical

behaviors of the HEAs/MEAs with heterogeneous microstruc-

tures have been extensively investigated, their dynamic shear

response was still limited. Moreover, the impact response of

HEAs/MEAs with dual-heterogeneous structures (heteroge-

neous grain structures and nanoprecipitates) has not been

explored yet, and the HEAs/MEAs with dual-heterogeneous

structures have great potential to attain excellent dynamic

properties. In this regard, the Al0.5Cr0.9FeNi2.5V0.2 alloy has been

employed as the experimental material, dual-heterogeneous

structures with heterogeneous grain structures and L12/B2

precipitates can be obtained in such HEA according to our

previous study [42]. A series of dynamic shear tests have been

performed on the hat-shaped specimens, using the split Hop-

kinson pressure bar (SHPB). Due to the geometry of a hat-
d (b) the interrupted test controlled by a stopper ring in the
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Fig. 2 e Microstructural characterizations by XRD and EBSD for one typical annealed sample (1000-Unaged) and one typical

aged sample (1000-Aged) prior to the dynamic testing. (a) XRD spectra (the inset shows the typical asymmetric peaks of (311)

plane corresponding to FCC and L12 phases). IPF images for: (b) 1000-Unaged sample; (c) 1000-Aged sample. EBSD phase

maps revealing the distribution of B2 precipitates in the FCC matrix for (d) 1000-Unaged sample and (e) 1000-Aged sample.
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shaped specimen, the strain localization or the adiabatic shear

failure is predetermined at a specific region which facilitates

the microstructural observations. Moreover, the interrupted

shear tests have been utilized to capture the evolution of mi-

crostructures associated with plastic deformation. The micro-

structural mechanisms of the macroscopical dynamic shear

properties have been revealed. Then, the influences of hetero-

geneous grain structures and nanoprecipitates on the dynamic

shear behaviors, as well as the strain hardening mechanisms

have been elucidated.
2. Materials and methods

2.1. Materials preparation

The Al0.5Cr0.9FeNi2.5V0.2 ingots were fabricated in an arc-

melting furnace under an argon atmosphere (the purity of

each raw material was larger than 99.9%), and then re-melted

five times to ensure the chemical homogeneity. The as-cast

alloys were homogenized at 1200 �C for 24 h followed by

water quenching, and then gradually cold-rolled in steps at

room temperature with an initial thickness of 8 mm. Finally,

the as-rolled sheets with a thickness of about 2.5 mm were

further subjected to heat treatments for obtaining various

heterogeneous microstructures. Specifically, the sheets were

first annealed at temperatures of 850e1200 �C for 20 min fol-

lowed bywater quenching (these samples are specified as 850-

Unaged, 900-Unaged, 1000-Unaged, 1100-Unaged, and 1200-

Unaged, respectively), and then aged at 600 �C for 1 h fol-

lowed bywater quenching (these samples are specified as 850-

Aged, 1000-Aged, 1100-Aged, and 1200-Aged, respectively).

2.2. Mechanical testing methods

The hat-shaped plate specimens were machined by a wire

electrical discharge machine, the dimension of the specimen
is shown in Fig. 1(a). The topmost plane of the hat-shaped

specimen is the onset of impact loading, and the impact

loading direction is parallel to the transverse direction (TD) of

the specimen. All specimens were polished in advance to

eliminate surface irregularities. The hat-shaped specimen

was firstly proposed by Meyer et al. [43], by which the high-

strain shear deformation is concentrated in a narrow and

pre-determined region, as marked by the orange areas in

Fig. 1(a).

The dynamic shear experiments were performed at a

strain rate of approximately 5:0� 104 s�1 employing the SHPB

apparatus. During the impact experiment, the specimen was

sandwiched between the incident and transmitter bars, as

shown in Fig. 1 (b), and the initial voltages were recorded by a

data acquisition system. According to the one-dimensional

elastic stress wave theory, the shear stress (t), shear strain

(g), and strain rate ( _g) can be calculated as [9,43].

t¼E

�
A
As

�
εT (1)

g¼ 2C0

d

Zt

0

εRdt (2)

_g¼ 2C0

d
εR (3)

where E, A, and C0 are Young's modulus (210 GPa), the cross-

sectional area of bar (132.7 mm2), and longitudinal elastic

wave velocity (5050m/s), respectively.As is the cross-sectional

area and d is the thickness of the localized shear region. εR and

εT represent the reflected and transmitted strain signals

recorded by the strain gages, respectively.

A series of interrupted “frozen” experiments were per-

formed on 1000-Unaged and 1000-Aged specimens to inves-

tigate the microstructure evolution in the concentrated

deformation region, using the maraging steel stopper ring to
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Fig. 3 e TEM micrographs for 1000-Unaged and 1000-Aged samples, respectively. (a) and (c) Bright-field images, where the

B2 phase (yellow circles) and FCC matrix (red circles) are identified by SAED patterns in the insets. (b) and (d) Dark-field

images revealing the distributions of L12 nanoprecipitate in the FCC matrix.
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control the final displacement of sample h, as shown in

Fig. 1(b). The other details for dynamic shear tests can be

found in our previous research [38].

2.3. Microstructural characterization

The microstructures of specimens before and after dynamic

shear tests were characterized by X-ray diffraction (XRD),

electron back-scattered diffraction (EBSD) and transmission

electron microscopy (TEM), and high-resolution TEM

(HRTEM). In specific, phase identification of the specimenwas

performed by XRD using Cu Ka radiation with a scanning 2q

range of 20-100� and a step size of 0.01�. The EBSD observation

was conducted by the Zeiss Gemini scanning electron mi-

croscope 300 equipped with the Oxford Symmetry S2 detec-

tor, and the post-processing Oxford Instruments Aztec 2.0

EBSD system software (Channel 5 software) was used, and the

step size was set to be 0.08 or 2 mm. The microstructural TEM

and HRTEM observations were conducted by the JEOL 2100F

TEM equipment operated at a voltage of 200 kV. Moreover,

thin foils for the TEM and HRTEM analyses were first me-

chanically ground to a thickness of 45 mm and subsequently

thinned by a twin-jet polishing facility with 95% ethanol and

5% perchloric acid solution under �30 �C and 30 V conditions.

A more detailed description of sample preparations can be

found elsewhere [44].
3. Results and discussions

3.1. Microstructural characterizations prior to dynamic
shear testing

XRD results indicate that the 1000-Unaged and 1000-Aged

specimens have B2 and L12 precipitates in the FCC matrix,

as shown in Fig. 2(a), in which the peaks corresponding to the

FCC, B2 and L12 phases are marked respectively for clarity.

Since the lattice parameters of FCC and L12 phases are very

similar, their fundamental peaks are almost overlapped in the

XRD patterns. In this case, using the diffraction peak of the

asymmetric (311) plane as an example, we employed the

Gaussian fitting function to deconvolute the overlapped peaks

[45]. As indicated from the inset of Fig. 2(a) for the 1000-Aged

specimen, the high-intensity blue peak represents the L12
phase and the relatively low-intensity green peak stands for

the FCC phase. The integrated peak intensity I for each peak

can be used to estimate the volume fraction of each phase v

ðIL12 =IFCC ¼ ðF2L12 =F2FCCÞ � ðvL12 =ð1 � vL12 ÞÞÞ, and the square ratio

of the structure factors for L12 and FCC phases ðF2L12 =F2FCCÞwas

considered to be 1 [45]. Thus the relative volume fraction of

the L12 phase could be estimated to be about 74% for the 1000-

Aged specimen which is much higher than that in the 1000-

Unaged specimen (14%). The inverse pole figure (IPF) of the
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Fig. 4 e Dynamic shear properties. Shear stress as a function of shear displacement for (a) the unaged samples and (c) the

aged samples. Shear stress as a function of nominal shear strain for (b) the unaged samples and (d) the aged samples. (e)

Uniform shear strain as a function of dynamic shear yield strength and (f) shear toughness as a function of dynamic shear

yield strength for all tested samples, along with the data for other metals and alloys.

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 1 9 : 3 2 8 7e3 3 0 1 3291
1000-Unaged and 1000-Aged specimens are shown in Fig.2(b)

and (c), respectively. Both specimens show bimodal micro-

structures, in which the recrystallized submicron grains are

embedded in the coarse grains. Based on the EBSD
observations, the average grain size is estimated to be 19.1 and

18.2 mm for the 1000-Unaged and 1000-Aged samples,

respectively. It is noted that the aged sample exhibits a rela-

tively smaller grain size than that of the unaged sample,

https://doi.org/10.1016/j.jmrt.2022.06.074
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possibly since the nanoprecipitate inhibits the grain growth

due to the increased difficulty for grain nucleation according

to the GibbseThomson equation [46].

Moreover, the close-up phase maps for the Unaged and

Aged samples are displayed in Fig. 2(d) and (e). B2 particles are

observed to preferentially precipitate along the high-angle

grain boundaries (GBs), especially enriching at the triple-

junction regions. Based on XRD and EBSD results, the
Fig. 5 eMicrostructural evolutions by IPFmaps at various contro

1000-Unaged sample at the shear strains of 0.7,1.2 and 2.1, resp

strains of 0.7 and 1.2, respectively. (f) The average grain size in

samples and the histogram distribution of grain size for the 10
volume fraction of B2 phase is similar in both samples (5% vs.

8% for 1000-Unaged and 1000-Aged specimens).

The morphology and distribution of precipitates in the

abovementioned two samples were further investigated by

TEM images, as shown in Fig. 3. The selected area electron

diffraction (SAED) patterns from the [011] zone axis substanti-

ate the existence of ordered L12 and B2 precipitates. Moreover,

the recrystallized grain interior is relatively clean indicating a
lled shear strains for typical samples. (a)e(c) IPFmaps of the

ectively. (d)e(e) IPF maps of the 1000-Aged sample at shear

the shear zone as a function of the shear strain for both

00-Aged sample at a shear strain of 1.2.
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low density of dislocation, and B2 particles with a grain size

ranging from several hundred nanometers to one micrometer

are observed in both samples, as shown in Fig. 3(a) and (c). The

relative volume fractions of B2 phase for the samples of 1000-

Unaged and 1000-Aged are estimated to be about 6% and 10%,

respectively, which are close to the results for the EBSD ob-

servations. Additionally, the superlattice spots in the [011]fcc
diffraction pattern indicate the evidence of ordered L12 phases,

as well as the coherent relationship between L12 precipitate

and FCCmatrix. However, the superlattice spots are quite weak

in the 1000-Unaged sample, possibly due to the lower volume

fraction of L12 phase and the sluggish ordering kinetics [47],

which leads to the low degree of long-range order of the L12
structure. The corresponding dark-field TEM images taken are

presented in Fig. 3(b) and (d). It is indicated that the coherent

ordered L12 precipitates in several nanometers size are uni-

formly distributed in thematrix. Moreover, the L12 precipitates

in the 1000-Aged sample have a much coarser size and higher

volume fraction compared to the corresponding unaged one.

The relative volume fractions of L12 phase for the samples of

1000-Unaged and 1000-Aged are estimated to be about 13% and

69%, which are very close to the XRD results. Meanwhile, the

distribution of network-like L12 precipitate substantiates the

FCC/L12 structure formed via the spinodal decomposition [48].

It is therefore concluded that the subsequent aging treatment

does not alter the volume fraction of B2 phase, but obviously

increase the size and volume fraction of L12 phase.

3.2. Dynamic shear responses

The dynamic shear tests were conducted for various samples

to examine the microstructure effects on mechanical re-

sponses. The shear stressedisplacement curves for the

unaged samples and the aged samples are presented in

Fig. 4(a) and (c), respectively. All curves follow the same trend,

and the minor fluctuation in curves is associated with the

wave dispersion effect in Hopkinson bars.

Three stages are observed for these curves: (i) Dynamic

shear stress is observed to increase linearly and dramatically

fast with increasing shear displacement in the first elastic

stage; (ii) The shear stress is found to steadily grow up to the

peak value in the second stage; (iii) The shear stress starts to

drop due to the formation of ASB in the third stage. The

relation of the shear stress t and shear strain g can be math-

ematically described by [49].

dt
dg

¼
�
vt

vg

�
_g;T

þ
�
vt

v _g

�
g;T

d _g
dg

þ
�
vt

vT

�
_g;g

dT
dg

(4)

Where the first and second terms represent the hardening

effects (strain or strain-rate) while the last term refers to the

thermal softening effect (T is the absolute temperature within

the ASB). Hence, dynamic shear stressedisplacement curves

are reflections of competition between the hardening effect

and the thermal softening effect. In the second stage, the

hardening effect transcends the thermal softening effect (dt=

dg>0). While the thermal softening effect overwhelms the

hardening effect in the third stage (dt=dg � 0), resulting in the

thermo-viscoplastic instability and formation of ASB after the

maximum stress point.
The uniform shear stressestrain curves can be seen in Fig.

4(b) and (d). The results exhibit that the ultimate uniform

shear strain of specimens increases as the annealing tem-

perature increases, while the maximum shear stress de-

creases with an increasing annealing temperature.

Specifically, when the annealing temperature ranges from

1200 to 850 �C, the ultimate uniform shear stress increases

from 634 to 1329 MPa (an increment of nearly 110%). While an

ultimate shear strain reaches up to 7 for the specimen

annealed at 1200 �C. It is suggested that the formation of ASB

is strongly dependent on the microstructure of specimens. It

is well known that FCC metals with coarse grains possess

excellent tensile ductility and strong strain hardening due to

the forest-dislocation hardening and the deformation twin-

ning effects [50,51]. In addition, the increase in annealing

temperature significantly facilitates grain growth. Thus, the

specimenwith a large grain size possesses a high resistance to

localized deformation.

As compared to the conventional alloys, it is well accepted

that HEAs need higher thermal energy to break atomic bonds

due to the sluggish diffusion effect [52]. Thus, it is concluded

that the HEAs with a strong hardening ability and a temperate

thermal softening effect, resulting in a large plastic deforma-

tion as well as a high dynamic yield strength, as can be seen

from Fig. 4(e) and (f). It is observed that the present HEA with

heterogeneous structures has a superior dynamic shear

property, as compared to all metals and alloys tested before

[38,53e60]. It is also worth noting that the aged samples have

an excellent combination of shear yield strength and impact

shear toughness/uniform shear strain in comparison with the

unaged counterparts. As indicated previously, the heteroge-

neity of themicrostructure for the aged samples is severer due

to the higher volume fraction of the coherent ordered L12
nanoprecipitate, as compared to that for the unaged samples.

Hence, to unveil the original excellent dynamic properties in

the aged samples, the microstructural evolution of ASB by the

interrupted tests using stopper rings, as well as the dynamic

deformation mechanisms will be systematically discussed.

3.3. Microstructural mechanisms for superior dynamic
shear properties

In order to reveal themicrostructural evolution of the samples

during dynamic shear conditions, the “frozen” tests were

performed on the 1000-Unaged and 1000-Aged samples at the

various levels of uniform shear strain (0.7, 1.2, and 2.1).

The IPFmaps for the 1000-Unaged sample at three different

interrupted shear strains and the IPF maps for the 1000-Aged

sample at two different interrupted shear strains are pre-

sented in Fig. 5(a)e(e), respectively. The step size was set to be

small enough to identify the FCC grains and provide kernel

average misorientation (KAM) maps. The resolved area frac-

tion is about 82% even after severe shear deformation. Since

the initiation of ASB or fracture crack is not observed at these

specific shear strains, it can be assumed that the plastic

deformation is homogeneous along the shear direction. Spe-

cifically, the image with low-angle and high-angle GBs is

shown in the inset of Fig. 5(b), it is shown that the deformation

substructures (such as low angle GBs, marked by arrows) are

https://doi.org/10.1016/j.jmrt.2022.06.074
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formed in the grain interior of the coarse grain to accommo-

date the plastic deformation. These low-angle GBs can also be

reflected by the generation of the in-grain small orientation

gradient, as indicated by Fig. 5(b). Moreover, grain refinement

is observed with respect to the increasing shear strains for

both samples. The close-up views of the tip regions are shown

in the insets of Fig. 5(d) and (e), in which the grains are

severely distorted and elongated along the shear direction.

Moreover, the corresponding KAM maps at various shear

strains are presented in Fig. 6(a)e(e). KAM is the variation of
Fig. 6 e Microstructural evolutions by KAM maps at various cont

sample at the shear strains of 0.7,1.2 and 2.1, respectively. (d)e(

of 0.7 and 1.2, respectively. (f) The average KAM value in the sh
local orientation, regarding the average misorientation of one

point with respect to the first nearest neighboring points in a

grain. KAM value can be utilized to assess the extent of local

plastic strain distribution, and further evaluate the density of

GNDs according to the strain gradient theory [61]. It is

observed that the plastic deformation concentrates in the

bandlike area, as delineated by the dash lines in Fig. 6(a). A

high density of GND is found at GBs due to the high strain

gradient induced by the plastic deformation incompatibility

across these interfaces, as indicated by the arrows in the inset
rolled shear strains. (a)e(c) KAM maps for the 1000-Unaged

e) KAM maps for the 1000-Aged sample at the shear strains

ear zone as a function of the shear strain for both samples.
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of Fig. 6(e). Figs 5(f) and 6(f) present the average grain size and

KAM value in the shear zone under different shear strains for

both samples. The average KAM value increases gradually

while the grain size decreases with the increasing shear

strains for both samples. Furthermore, at the same shear

strain level, the 1000-Aged specimen shows a relatively higher

KAM value as compared to the 1000-Unaged specimen. These

observations demonstrate that the aged samples produce a

high density of GND, leading to the strong hetero-

deformation-induced (HDI) strengthening/hardening contri-

bution [21]. Specifically, the average grain size gradually de-

creases from 18 to 14 mm in the 1000-Aged specimens as the

shear strain reaches up to 1.2. At the same shear strain, the

average grain size in the 1000-Aged specimen is relatively

lower than that in the 1000-Unaged specimen. Thus, the

excellent dynamic shear properties in the aged samples can

be mainly attributed to the more efficient dynamic grain

refinement and the higher contributions of HDI strength-

ening/hardening, as compared to the unaged samples.

In order to further elucidate the plastic deformation

mechanisms, a series of representative TEM images for the

1000-Unaged and 1000-Aged specimens at the same shear

strain level are displayed in Fig. 7 (along the <011> zone axis of

FCC). For the 1000-Unaged specimen at a shear strain of 1.2,

high-density non-planar dislocations are observed in the

coarse grain interior, as indicated in Fig. 7(a). In contrast, for

the 1000-Aged specimen, the uniformly dispersed planar
Fig. 7 e TEM morphologies of the deformed microstructures at a

For 1000-Aged specimen. The inset of (b) indicates the B2 phase

with B2 particles.
dislocations are observed in the grain interior, as shown in

Fig. 7(c) and (d) [62,63]. In such a deformation substructure, the

dislocation storage capacity can be increased due to the in-

tersections of planar dislocations. It is well accepted that the

critical back stress forced on the dislocation source will acti-

vate other slip planes to accommodate further plastic defor-

mation (as indicated in Fig. 7(c) and (d)) when the number of

dislocations on the first slip plane reaches a saturation [64].

High-density dislocation accumulations around the B2 parti-

cles are found in Figs.7(b) and (d), in which numerous dislo-

cations are blocked by the hard B2 nano-particles. It is

indicated that the hard B2 nano-particles are very efficient on

pinning the dislocations for the by-pass or Orowan-type

strengthening/hardening, leading to excellent dynamic

properties.

It is widely accepted that the arrangement of dislocations

is primarily controlled by the stacking fault energy as well as

the activation energy for cross-slip [63]. Since the planar slip

planes are observed in the 1000-Aged sample, it is suggested

that the uniformly dispersed coherent L12 nanoprecipitate

may be beneficial to triggering the multiple slip planes in the

FCC matrix under the high strain-rate condition. Associating

with the glide plane softening effect, the destruction of

shearable nanoprecipitate can extremely facilitate the dislo-

cation movements and the formation of dislocation sub-

structure under the quasi-static conditions [64]. Thus, under

the dynamic loading condition, the present and the higher
shear strain of 1.2. (a) (b) For 1000-Unaged specimen. (c) (d)

and the inset of (d) reveals the interactions of dislocations
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https://doi.org/10.1016/j.jmrt.2022.06.074


Fig. 8 e HRTEM images for typical samples after deformation at the same shear strain level (g ¼ 1.2). For 1000-Unaged

sample: (a) HRTEM image (the FCC and L12 phases are indicated by the inset after FFT), (b) the corresponding image after FFT

and inverse FFT. For 1000-Aged specimen: (c) HRTEM image, (d) the corresponding image after FFT and IFFT (the inset shows

the twin relationship). (e) Close-up view of the coherent interface between L12 precipitate and FCC matrix, (f) the

corresponding image after FFT and IFFT. L12 particles are highlighted by the dashed yellow outlines and the dislocations are

marked by “T”.

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 2 ; 1 9 : 3 2 8 7e3 3 0 13296

https://doi.org/10.1016/j.jmrt.2022.06.074
https://doi.org/10.1016/j.jmrt.2022.06.074


j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 1 9 : 3 2 8 7e3 3 0 1 3297
volume fraction for nano-sized L12 particles have a positive

contribution on the activation energy for the planar disloca-

tion slip.

The effects of L12 nanoprecipitate on the dynamic me-

chanical properties and the deformation mechanisms within

the shear zone are also analyzed by the HRTEM, by which the

interactions between L12 nanoprecipitate and dislocation are

unveiled. The detailed deformation microstructures of the

1000-Unaged and 1000-Aged specimens at the same shear

strain level 1.2 were examined by HRTEM. The HRTEM images

and the corresponding images after fast Fourier transform

(FFT) and inverse FFT (IFFT) are presented in Fig. 8. It is

observed earlier that the aged specimen possesses a high-

volume fraction of L12 nanoprecipitate as compared to the

corresponding unaged one, suggesting that the aging treat-

ment can considerably accelerate the nucleation and growth

of L12 phase, which is consistent with the previous observa-

tions in Fig. 2. Moreover, the L12 phase shares the coherent

interface with the FCC matrix, thus the lattice mismatch be-

tween these two phases is extremely small, which is well

consistent with the XRD results in Fig. 1(a). For clarity, the

close-up HRTEM images of the interfacial region are displayed

in Fig.8(e) and (f), revealing the fully coherent boundary be-

tween L12 phase and FCC matrix. Remarkably, the higher

density of dislocation is visible in the aged specimen as

compared to the unaged one after dynamic deformation, as

shown in Fig.8(c) and (d). It is also found that the L12 nano-

precipitates are frequently sheared by the dislocations,

providing the pronounced precipitate strengthening/hard-

ening contribution. Due to the coherent interface, the strain

localization can be moderately relieved. Meanwhile,
Fig. 9 e Microstructural characterization of the 1000-Unaged sp

state. (b) and (c) Phase distributions around the upper and lowe

2.1. (d) Close-up view of KAM map from the square area in (c),

arrows. (e) Temperature evolution in the shear zone as a function

shear zone as a function of time.
according to the glide plane softening model, the segmenta-

tion of nanoparticles could further facilitate the development

of planar dislocation slip. In addition, the stacking faults and

twins are also observed in the deformation structures for the

1000-Aged sample.

Based on the above discussions, it is therefore concluded

that the better dynamic properties in the aged samples can be

attributed to the presence and the higher volume fraction of

coherent L12 nanoprecipitate, which play a dominant role in

the triggered planar dislocation slip, the higher density of

stored dislocations, the formation of dislocation substructure

and the pronounced precipitation strengthening/hardening.

3.4. Characterization of ASB

3.4.1. Phase transformation
As the shear strain increases, the adiabatic shear localization

becomes severer, especially in the corners of the hat-shaped

specimen, as indicated in Fig. 6. The highest strain/stress

state is preferentially developed around the corners during

the dynamic plastic deformation, as indicated by previous

simulation [65]. For the 1000-Unaged specimen under a high

level of shear strain (approximately 2.1), it is worth noting that

the volume fraction of B2 phase is found to increase signifi-

cantly near the region of the upper or bottom corner as

compared to the initial un-deformed state, as presented in

Fig. 9 (a)e(c). The relative volume fraction of B2 phase around

corners after shear deformation is estimated to be about 12%,

which is much larger than that (5%) for the sample prior to

dynamic shear deformation. Meanwhile, the corners of 1000-

Unaged and 1000-Aged specimens under the 0.7 and 1.2
ecimen. (a) EBSD phase maps for the initial undeformed

r corners of the hat-shaped specimen at the shear stain of

and the newly formed B2 phase is indicated by the white

of time. (f) Temperature and fast-cooling rate curves in the
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Fig. 10 e EBSD images showing the adiabatic shear bands for (a) 850-Aged, (b) 1000-Aged, and (c) 1200-Aged specimens,

respectively. (d) The experimental width of ASB as a function of flow stress, in comparison with the estimation by the Bai's
equation [9].
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shear strains are also examined, and no extra B2 particles are

formed. Additionally, the close-up view in Fig. 9(d) shows that

the newly formed B2 particles have a larger grain size than

that of the initial state, as well as a lower KAM value (marked

with arrows) as compared to the surrounding sharply

deformed regions. It is reasonable to deduce that the trans-

formation from the disordered FCC phase to the ordered B2

phase is strongly dependent on the dynamic shear strain, as

confirmed by a large amount of B2 phase formed at the cor-

ners of the hat-shaped specimen along the shear direction.

It is well accepted that the adiabatic shear localized

deformation is associatedwith the high-temperature rise. The

temperature rises DT can be estimated by [9].

DT¼ b

rCp

Z
tdg (5)

where r is the density (7.678 g/cm3), Cp is the heat capacity

(0.489 J/(g$K)), b represents the fraction of plastic work con-

verted to heat-generation (b ¼ 0.9). For the 1000-Unaged

specimen, the temperature increases with the increasing

shear strain, and eventually reaches up to nearly 600 �Cwithin
the shear zone, suggesting that the thermal softening effect

gradually becomes dominant. It should be noted that the

calculation of temperature rise by Eq. (5) is based on the

assumption of uniform shear deformation in the shear zone,

while the real temperature rise in the shear band after the

formation of ASB should be even higher. In addition, with the

assumption of a constant rate of heat generation in the shear

zone, the cooling times for the center of the shear zone can be

estimated by [66].

TðtÞ¼ wDTffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pkt

�
rCp

q (6)

where t is the cooling time, w represents the width of ASB, k is

the thermal conductivity. It takes approximately 2 ms for the

temperature in the shear zone to cool down to ambient tem-

perature, as shown in Fig. 9(f). Therefore, the extremely high

temperature within the localized region combined with the

fast-cooling or quenching processmay induce the precipitation

of B2 phase, which is similar to the phase transformation from

the austenite phase to B2 precipitates in the FeNiAlC alloy after

the aging treatment [67]. It is thus concluded that the
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transformation from FCC to B2 phases can be ascribed to the

high strain/temperature state and the fast-cooling process.

This newly observed phase transformation can be only fulfilled

under high-strain-rate dynamic deformation, which was not

observed under quasi-static deformation conditions before.

3.4.2. Thickness of ASB
As discussed earlier, the predicated temperature in the shear

zone is higher than the temperature of recrystallization (about

0.4Tm, Tm is the melting temperature of the alloy taken as

1600 K), meanwhile, the fast-cooling rate may effectively

retain the deformed microstructures in the ASB. Thus, the

microstructures of ASB for several aged specimens are

examined and displayed in Fig. 10. It is found that the ASB is

fully developed due to the sharply localized deformation, as

indicated by the unidentified dark regions. In addition, the

shear band widens with the increasing annealing tempera-

ture, presumably due to the postponed thermal softening ef-

fect in the coarse-grained specimen. Remarkably, equiaxed

recrystallized nanograins are observed inside the shear band,

as shown in the inset of Fig. 10(c), which provides evidence of

dynamic recrystallization occurring within the shear band.

The width of ASB can be evaluated by the Bai and Dodd

formula [9].

w¼ 2

�
kT
t* _g*

�1=2

(7)

where the subscript (*) denotes the state inside the ASB.

Generally, the shear strain rate _g* is almost an order of

magnitude higher than the experimental strain rate [38].

Hence, the width of ASB as a function of shear stress is dis-

played in Fig. 10(d). Increasing flow stress leads to a decrease

in the width of ASB, which is in good agreement with the

experimental observations. Meanwhile, it is revealed that the

adiabatic shear band is strongly dependent on the grain size,

in other words, the small grain size may be effective on pro-

hibiting the propagation of ASB.
4. Conclusions

In this work, the dynamic shear responses of a high entropy

alloy with dual-heterogeneous structures (heterogeneous

grain structures and nanoprecipitate) are systematically

investigated by hat-shaped specimens in the SHPB tests. The

microstructural evolutions in the shear zone are examined by

the controlled shear strain tests. The main findings are sum-

marized as follows:

1. The present HEA with heterogeneous structures shows a

superior combination of dynamic shear strength and

nominal shear strain, which is better than all competitive

metals and alloys tested before. Moreover, the aged sam-

ples with a higher volume fraction of coherent L12 nano-

precipitate display even better dynamic shear properties,

as compared to the unaged samples.

2. The superior dynamic shear properties in the unaged

samples can be attributed to the dynamical grain refine-

ment, the dislocation hardening as well as the precipita-

tion hardening for postponing the occurrence of ASB. The
coherent L12 nano-particle is frequently sheared by the

dislocations, contributing to the shearing strengthening/

hardening. Meanwhile, dislocations bow out and bypass

the B2 particles, leading to theOrowan-type strengthening/

hardening. The even better dynamic shear properties in

the aged samples should be due to the triggered planar

dislocation slip, the stored higher density of dislocations,

the formation of dislocation substructure, and the more

pronounced precipitation hardening by the higher volume

fraction of coherent L12 nanoprecipitate.

3. The phase transformation from FCC to B2 phases and the

dynamic recrystallization are observed within ASB, asso-

ciated with the high strain/temperature state and the fast-

cooling process. This newly observed phase trans-

formation can be only fulfilled under high-strain-rate dy-

namic deformation, which is not observed under quasi-

static deformation conditions before.

4. The predictedwidths of ASB are in good agreementwith the

experimental observations. The present findings should

provide insights for applications of HEAs or MEAs with

heterogeneous structures under extreme impact conditions.
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