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ABSTRACT
In this work, we studied the shock response of two typical equiatomic high entropy alloys (HEAs) (i.e.
FCC-structured CrMnFeCoNi alloy and BCC-structured NiCoFeCrAl alloy). The experimental results
show that these two HEAs exhibit a relatively high Hugoniot elastic limit and high-phase transition
threshold stress. We attribute this anomalous dynamic response of HEAs to their intrinsic chemically
disordered structures. This workmay provide new insight into shock compression behavior of HEAs.
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1. Introduction

Recently, a new type of metallic alloys containing four
or more elements in equiatomic ratios, referred to
as HEAs, emerged and has attracted increasing atten-
tion due to their unique composition, structure and
properties.[1–15] This novel alloy design strategy of con-
figurational entropy maximization can render HEAs to
form a simple phase structure, and possess high thermal
stability and good mechanical properties.

One of the greatestmerits ofHEAs is their good poten-
tial to achieve favorable mechanical properties. Ritchie,
George and their coworkers [10,11,16] showed that the
FCC-structured CrMnFeCoNiHEA has a unique combi-
nation of mechanical properties compared with conven-
tional alloys, such as cryogenic steels. The fracture tough-
ness of this HEAmaintains a high level even at cryogenic
temperatures, associated with an enhancement in tensile
strength andductility.HEAs have great potential to be the
most damage-tolerant materials in a wide temperature
range and an ideal material for cryogenic applications.

CONTACT L. H. Dai lhdai@lnm.imech.ac.cn

Wang et al. [17–19] demonstrated that the yield strength
of the BCC-structured NiCoFeCrAl HEA is rather high
under quasi-static compression, which is comparable to
bulk metallic glasses (BMGs). Mishra et al. [20,21] stud-
ied the deformation behavior of Al0.1CrFeCoNi HEA,
and their results demonstrated the high strain-rate sen-
sitivity of yield stress of HEA, Moreover, the dynamic
deformation mechanism of HEA is completely different
from conventional crystalline alloys with similar com-
position, such as austenitic stainless steels and high-Ni
steels.[22]

The excellent mechanical and physical properties of
HEAs,[1,3,23,24] such as high damage tolerance in a
wide temperature range, promising fatigue resistance and
good wear resistance, render them potential candidates
as structural materials in aerospace, defense and high-
speed manufacture industry. Therefore, the shock prop-
erties of HEAs at ultra-high strain rate are highly needed.
As in previous studies, topologically disordered BMGs
exhibit an anomalous dynamic response under shock

© 2016 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

http://www.tandfonline.com
mailto:lhdai@lnm.imech.ac.cn
http://creativecommons.org/licenses/by/4.0/


MATER. RES. LETT. 227

compression, which suggests that the dynamic response
of materials is strongly influenced by the microscopic
configuration.[25–28] As the multiple-element mixture
in HEA systems tends to cause severe lattice distortion,
both the chemically disordered HEAs and topologically
disordered BMGs possess a disordered nature in micro-
scopic configuration. Therefore, a fundamental question
arises: How does the severemicroscopic lattice distortion
affect the dynamic properties of chemically disordered
HEAs? However, at present, there is no work reported
on the dynamic response of HEAs under shock com-
pression. As HEAs have great potential to be an ideal
material for various applications in dynamic engineering
fields, studies on the dynamic response of HEAs under
shock compression is of considerable interest not only
scientifically but also technologically.

2. Experimental Procedure

In our work, two typical equiatomic HEAs, that is, FCC-
structured CrMnFeCoNi and BCC-structured NiCoFe-
CrAl alloy, were chosen to be the target materials, as
these alloys possess simple but totally different phase
structures, and their static properties have been stud-
ied extensively.[10,11,16,17,29,30] Ingots of the HEAs
were obtained by arc-melting a mixture of pure met-
als (purity >99wt.%) in a Ti-gettered high-purity argon
atmosphere, and remelted seven times to ensure chemi-
cal homogeneity. The ingots were subsequently drop-cast
into a copper mold, and the details regarding the cast-
ing process can be found in literature.[31] The nomi-
nal density used in present study was measured by the
Archimedean method. The longitudinal wave speed was
determined via ultrasonic pulse-echo technique at the
National Institute of Metrology of China, and the Pois-
son’s ratio was obtained from previous studies.[10,29]
For FCC-structured manganese-containing HEA, the
Poisson’s ratio, average density and longitudinal wave
speed were determined to be 0.266, 7.856 g/cm3 and
5,780m/s, respectively, while for the BCC-structured
aluminum-containing HEA, those values were 0.309,
7.030 g/cm3 and 6,080m/s. The grain sizes of FCC-
structured HEA and BCC-structured HEA were about
400 μm and 330 μm, respectively.

A series of normal plate impact experiments was per-
formed with a �101mm diameter one-stage light gas
gun at the Institute of Mechanics, Chinese Academy
of Sciences. The experimental configuration [32–34] is
schematically illustrated in Figure 1. The projectile, viz., a
flyer plate made of standard material backed with a low-
impedance polycarbonate base plate, was driven by the
high-pressure nitrogen to impact theHEA target plate. In

Figure 1. Schematic of the normal plate impact experiments.

our experiments, a set of standard materials (i.e. oxygen-
free high-conductivity copper and 6,061 aluminumalloy)
with contrastingwave impedance was selected in order to
achieve different impact states. The dynamic properties
of these standardmaterials were reported in Refs. [35,36].
To facilitate the analysis of wave interaction, the flyer
plates were thick enough so that the interaction of the
release wave in the flyer plate could be ignored. Both the
specimens and the flyer plates were finished in parallel to
an accuracy of 5 μm to ensure the generation of the plane
wave after impact. As illustrated in Figure 1, a photonic
Doppler velocimetry system [37]was adopted tomeasure
the velocity of the free surface, and a pair of coaxial elec-
tric probes was embedded in the epoxy holder to record
the impact velocity. In the experiments, the ‘soft recovery’
technique was adopted. A steel cylinder was placed at the
back of the vacuum chamber, which could stop the large
flyer plate, but allow the passage of the small target plate.
The target sample was soft recovered by decelerating into
several stages of cotton drags.

To study the microstructure changes of the post-
shocked samples, the microstructure of the original and
soft-recovered specimens was characterized using X-ray
diffraction (XRD) with Kα-Cu radiation and transmis-
sion electronmicroscopy (TEM). For TEM observations,
thin samples with an initial thickness of 0.5mm were cut
from the soft-recovered specimens using a wire electrical
discharge machining, and reduced to less than 0.04mm
thick by mechanical grinding, then punched into stan-
dard 3mm diameter TEM discs, and thinned by ion
milling.

3. Results and Discussions

Figure 2 shows themeasured free surface velocity profiles
of eight shots. Thematerial is initially loaded by an elastic
precursor wave which propagates with the longitudinal
sound speed, and the Hugoniot elastic limit (HEL) is the
stress amplitude of the elastic precursor, which represents
themaximumnormal stress that amaterial canwithstand
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Figure 2. The measured free surface particle velocity profiles of HEA samples. (a) manganese-containing HEA and (b) aluminum-
containing HEA.

Table 1. Summary of experiments on FCC-structured manganese-containing HEA target.

Impactor Target sample

Thickness Impact Velocity Thickness HEL up σpeak US ¯̇ε
shot.No Material mm mm/μs mm GPa mm/μs GPa mm/μs 1/μs

11 Aluminum 2.76 .588 1.031 2.85 .172 6.88 4.77 4.63
12 OFHC 2.76 .588 1.022 2.53 .291 11.68 4.94 4.83
13 OFHC 10.84 .425 0.981 2.50 .212 8.40 4.79 4.88
14 OFHC 2.29 .544 0.925 2.38 .270 10.70 4.85 5.24

under one-dimensional compressive strain without plas-
tic deformation at ultra-high strain rate.[38]As the elastic
precursormay decay alongwith its propagation, themea-
surement of theHELwas conducted only on a 1mmthick
target so that the attenuation in HEL could be ignored.
The measured HELs are listed in Table 1 and Table 2.

Comparing with the conventional crystalline alloys
of a similar composition, HEAs show a relatively high
Hugoniot elastic limit besides exhibiting unexpectedly
high damage tolerance and promising fatigue resis-
tance. [10,11] The average HELs of the FCC-structured
manganese-containing HEA and BCC-structured alu-
minum-containing HEA are determined to be 2.58GPa
and 3.70GPa, respectively, significantly higher than
those of traditional crystalline alloys with similar
composition,[36] such as the FCC-structured austenitic
stainless steel (1.4GPa) and HY80 naval armor steel
(1.7GPa).

Beyond the HEL, the free surface velocity steeply rises
to the peak velocity, corresponding to the arrival of plas-
tic wave. In this work, the free surface approximation
and impedance-matching method [28,32,34] have been
adopted in determining the shock Hugoniot of the peak

state. In addition, the nominal strain rates averaged over
thickness are estimated by ¯̇ε = US/L. The plastic wave
velocities and the nominal strain rates of HEA samples
are listed in Table 1 and Table 2.

The shock Hugoniot data (shock velocity Us versus
particle velocity up) for the HEAs are plotted in Figure 3.
After careful examination of the experimental data, we
found that in plastic region, the shock velocityUs follows
the general linear relationship with the particle velocity
up, as shown in Figure 3. That is,

US = c0 + sup,

where c0 and s are the sound velocity in the material at
zero pressure and the linear Hugoniot slope coefficient,
respectively. The values of c0 and s for the two HEAs are
listed in Table 3.

According to the Dugdale and Macdonald’s
approximation,[39] the Gruneisen parameter γ can be
deduced from γ = 2s − 1. Gruneisen coefficient γ is
a key parameter in the Gruneisen equation of state,
which represents the change of pressure with internal
energy in unit volume under isometric condition.[40]

Table 2. Summary of experiments on BCC-structured aluminum-containing HEA target.

Impactor Target sample

Material Thickness Impact Velocity Thickness HEL up σpeak US ¯̇ε
shot.No mm mm/μs mm GPa mm/μs GPa mm/μs 1/μs

21 OFHC 2.76 .434 1.081 3.51 .222 8.14 4.66 4.31
22 Aluminum 2.76 .434 1.064 3.71 .127 4.98 4.56 4.28
23 Aluminum 2.76 .550 1.068 3.50 .167 6.29 4.58 4.29
24 OFHC 2.76 .550 1.075 3.90 .284 10.37 4.80 4.47
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Table 3. The dynamic properties of HEAs.

Components HEL (GPa) c0 (mm/μs) s γ a

Manganese-containing HEA CrMnFeCoNi 2.58 4.50 1.39 1.78
Aluminum-containing HEA NiCoFeCrAl 3.70 4.36 1.46 1.92
aThe Gruneisen parameter was determined from Dugdale and Macdonald’s approximation.

Figure 3. US−uP Hugoniot results of the manganese-containing
HEA and aluminum-containing HEA.

In our experiments, the values of γ are listed in
Table 3.

According to the von Mises yield criterion,[40] the
elastic limit under uniaxial strain condition σH is directly
related to the shock yield stress σY under uniaxial stress
state as

σY = σH
1 − 2ν
1 − ν

,

where ν is the Poisson’s ratio. The corresponding shock
yield stress in uniaxial stress state of the manganese-
containing HEA and aluminum-containing HEA are
1.64GPa and 2.05GPa while the strain rate is around
5.0× 106/s. However, in quasi-static compression tests
(strain rate around 5.0× 10−4/s), the yield stress are
only about 0.17GPa for manganese-containing HEA
and 1.40GPa for aluminum-containing HEA, and in
SHPB experiments (strain rate around 1.0× 103/s), the
dynamic yield stress of these two HEAs are 0.27GPa and
1.74GPa, respectively. The yield stress of these two typi-
cal HEA samples exhibit rate dependence, especially the
manganese-containing HEA, as shown in Figure 4. Obvi-
ously, the shock yield stress of manganese-containing
HEA increase significantly under ultra-high strain rate,
which suggests the substantial change in its deformation
mechanism.

Under plate impact, if there is a phase transforma-
tion in the target material, the plastic wave and phase
transition wave may separate in the target plate, which
induces multiple plateaus in free surface velocity profile.
It is noticeable that for all these eight shots in this study,
the two-wave structure in the free surface velocity profile
suggests that no phase transition occurs at stress below

Figure 4. The effects of strain rate on the yield stress of two
typical HEAs.

Figure 5. XRD patterns of the original and recovered samples
(a)manganese-containingHEA samples (b) aluminum-containing
HEA samples.

11GPa in both HEAs. As we know, conventional crys-
talline alloys of similar composition (Fe, Mn, Ni, etc.)
possess a relative low martensitic transformation thresh-
old, which is about 6GPa. Since the target plates are
very thin, it might be quite difficult to resolve the phase
transition signals in the free surface velocity profile. Fur-
ther microstructural characterizations were carried out
on the soft-recovered samples to search for the evidence
of phase transition.

Figure 5 compares the XRD patterns of the origi-
nal and the soft-recovered samples after the 11.7GPa
shot for manganese-containing HEA and 10.4GPa shot
for aluminum-containing HEA. For FCC-structured
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Figure 6. TEM images showing different microstructural features in the deformed and undeformed samples: (a) comparison between
the pre-loading manganese-containing HEA sample and sample recovered from 11.7 GPa; (b) comparison between the pre-loading
aluminum-containing HEA sample and sample recovered from 10.4 GPa.

manganese-containing HEA, the X-ray diffraction were
conducted on the impact surface of the recovered speci-
men discs. As the BCC-structured aluminum-containing
HEA specimens broke into many fragments under shock
compression, the X-ray diffraction were conducted on
the recovered granules. In both the XRD patterns, the
characteristic diffraction peaks change little. Hence, for
both FCC-structured manganese-containing HEA and
BCC-structured aluminum-containing HEA, the recov-
ered specimens maintain their original phase struc-
tures, which confirms that nomartensitic transformation
occurred below 11GPa.

TEM images also confirm that nomartensitic transfor-
mation occurred in the specimens under shocks below
11GPa. Figure 6 shows the bright-field TEM images
of the deformed and undeformed samples, and the
deformed samples were soft recovered from the 11.7GPa
shot and 10.4GPa shot. In the TEM images of unde-
formed manganese-containing HEA, only few disloca-
tions and stack faults were observed, while the deformed
manganese-containing FCC HEA samples show high-
density tangled dislocations, extensive deformation twin-
ning and heavily banded microstructures, termed as
deformation bands, as depicted in Figure 6(a). These
deformation bands might be regions containing either
very narrow twins or stacking faults, which are com-
mon in low Stacking Fault Energy alloys. It should
be noted that for manganese-containing HEA samples,
intensive twinning was only observed in the recovered
samples after high strain-rate test; the quasi-statically
deformed samples at room temperature did not exhibit
any twinning.[20] The profusion of dislocations and
twins confirm that in the FCC-structured manganese-
containing HEA, dislocation motion and twinning are

the dominant mode of plastic deformation at ultra-high
strain rate. In the undeformed aluminum-containing
HEA, only very low densities dislocations were observed.
However, in the aluminum-containing HEA samples soft
recovered from ultra-high strain rate shots, only high-
density tangled dislocations, no visible twinning, were
observed, as shown in Figure 6(b). Hence, dislocation
motion is the dominant mode of plastic deformation in
the BCC-structured aluminum-containing HEA under
impact loading. For either the post shocked manganese-
containing HEA or aluminum-containing HEA sam-
ples, no martensite formation was observed, which
means these HEAs possess an enhanced phase transition
threshold.

The measured free surface velocities profiles, the XRD
patterns and the TEM images of the recovered sam-
ples prove that no phase transition occurred in the
shots under 11GPa. Hence, for both the manganese-
containing HEA and aluminum-containing HEAs, the
phase transition threshold stress is significantly higher
than 11GPa.

Compared with the conventional crystalline alloys of
similar composition, these HEAs possess an enhanced
phase transition threshold. Although the phase transi-
tion stress of pure iron is around 13GPa, the thresh-
old stress decreases with the addition of manganese and
nickel, as exhibited in Ref. [41]. For instance, the tran-
sition stress of simple binary Fe–Mn alloys dramatically
drops to 6GPa while the mass fraction of manganese
exceeds 10%, and for FeMnNi alloy, themartensitic trans-
formation threshold is only 6.3GPa.[38] However, to our
surprise, for HEA systems, even with more addition of
both Mn and Ni to 20%, respectively, their transition
stress is still significantly high, manifesting that HEAs
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are more stable than the conventional alloys with similar
composition.

The TEM images provide hints for the much higher
shock yield stress in the aluminum-containing HEA. As
shown in the TEM bright-field image of pre-loading
microstructures in Figure 6, the aluminum-containing
HEA spinodally decomposes into modulated plate struc-
ture of the Al-rich BCC phase and the Cr-rich BCC
phase,[17] while the manganese-containing HEA con-
sists of only one simple phase. As the width of the shock
front is in the same order as the spinodal decompo-
sition structures, the spinodal decomposition structure
can be considered as effective barriers of slip disloca-
tions as grain boundaries, which could cause signifi-
cant precipitation strengthening in the yield stress, and
the nano-spaced spinodal structure would also produce
a nano-composite strengthening effect.[1] These multi-
strengtheningmechanisms are expected to be responsible
for the much higher shock yield stress of the aluminum-
containing HEA.

At ultra-high strain rate, the dislocation velocity v is
controlled by the applied shear stress τ and the friction
forces fv according to fv = Bv = bτ , where B is the drag
coefficient and b is the Burgers vector. With the increas-
ing of the imposed strain rate, the moving velocity of
mobile dislocations could approach shear wave velocity.
In such situation, the relativistic effects will dramatically
increase the matter viscosity by B = B0/(1 − v2/C2

S),
where B0 the drag coefficient at rest.[40] Therefore, it
requires a higher stress for the onset of the dislocation
motion at ultra-high strain rate, which leads to the sig-
nificant rise in yield strength. However, aluminum is
strain rate insensitive at ultra-high strain rate.[42]Hence,
the rate sensitivity of HEA containing 20% aluminum
is lower than that of manganese-containing HEA, as
demonstrated by our data.

In our view, the anomalous high HEL under impact
can be attributed to the microscopic configuration of
HEAs. As HEAs possess severe local lattice distortion,
which leads to the formation of a large local elastic stress
field, the interactions between these local elastic stress
fields and the stress field of dislocations will hinder dislo-
cation movements in HEAs. Thus, compared with tradi-
tional crystalline alloys with similar composition, HEAs
exhibit higher frictional stress in the motion of dislo-
cations. Under shock loading, the moving velocity of
mobile dislocations could approach shear wave velocity;
under such conditions, the relativistic effects would cause
increment in the matter viscosity, and thus it requires a
higher onset stress for movement of dislocations. Hence,
HEAs could possess an anomalously high dynamic yield
stress under shock compression. In addition, the severe
lattice distortion and high confine pressure could inhibit

the local atomic rearrangement process,[43] which could
greatly enhance the activation energy for phase transi-
tion and hence, increase the resistance to phase transi-
tion. Therefore, HEAs possess relatively both high HEL
and high-phase transition threshold stress under plate
impact.

4. Conclusion

In this study, the planar impact experiments were per-
formed on two typical HEAs and the dynamic responses
of the HEAs were determined. Both HEAs showed
exceptionally high HELs and phase transition stress.
We attribute this anomalous dynamic response to their
intrinsic chemically disordered structures. Our findings
may provide new insight into shock compression behav-
ior of HEAs.
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