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The mechanical behavior of the single phase (fcc) CrMnFeCoNi high-entropy alloy (HEA) is examined in
the dynamic regime. A series of experiments by dynamic-loading hat-shaped specimens using stopper
rings to control the displacement are performed, and the alloy resists adiabatic shear-band formation up
to a very large imposed shear strain of ~7. It is proposed that the combination of the excellent strain-
hardening ability and moderate thermal-softening effect retard shear localization. Recrystallized

ultrafine-grained grains (diameters of 100—300 nm) with twins are revealed inside the shear band. Their
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formation is explained by the rotational dynamic recrystallization mechanism. The stability of the
structure at high strain rates strongly suggests a high ballistic resistance for this class of alloys.
© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The dynamic properties of materials are of great importance in
applications involving ballistic impact and penetration [1]. Adia-
batic shear localization is recognized as an important failure
mechanism of materials and is produced by the temperature rise in
a narrow region, especially formed under high strain-rate defor-
mation, when the deformation time is lower than the heat diffusion
time. The formation of nanostructured and ultrafine grains inside
the shear band by dynamic recrystallization has been widely
studied [2,3]. The mechanism that leads to this microstructure is
similar to the one operating in severe plastic deformation, a widely
used method to produce nanostructured metals [4].

The high-entropy alloy (HEA) design strategy is based on five or
more elements mixed in equiatomic or near-equiatomic concen-
trations, such that the high configurational entropy ASCan pro-

motes single-phase solid solution formation [5]. Cantor et al. [6]
developed the CrMnFeCoNi HEA with the single face-centered-
cubic (fcc) phase and therefore this alloy is also known as the
“Cantor alloy”. Recently, Gludovatz et al. [7] found that this
CrMnFeCoNi HEA achieved remarkable damage-tolerance with a
tensile strength around 1GPa and fracture toughness exceeding
200 MPa m'/. Furthermore, its mechanical properties improved at
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cryogenic temperatures due to the transition of deformation
mechanism from planar dislocation slip to mechanical nano-
twinning. In-situ TEM experiments by straining a thin foil con-
taining cracks revealed a synergy of multiple deformation
mechanisms of this alloy, rarely achieved in other metallic systems.
These mechanisms include the easy motion of the Shockley par-
tials, their interactions to form stacking-fault parallelepipeds, and
arrest at planar slip bands of perfect dislocations. The multiple
deformation modes of the Cantor alloy lead to high strength, high
work-hardening rate and good ductility [8]. The quasi-static me-
chanical behavior of the HEAs has been widely studied, as reviewed
by Zhang et al. [9]. Other physical and mechanical properties, such
as a combination of high strength and good ductility for the
CrioMn3gFesoCo1g high-entropy steel [10], phase evolution of the
Al 3CoCrCuFeNi HEA at elevated temperatures (from 800 to
1400°C) [11], and excellent fatigue behavior of Alps5CoCrCuFeNi
two-phase high-entropy alloy [12,13], have also been established.
However, the dynamic properties of HEAs are insufficiently unex-
plored. Only one study stands out: that of Alp 3CoCrFeNi HEA which
shows a significant resistance to shear banding. Therefore, the aim
of this investigation is to study the dynamic properties of the
Cantor alloy, especially its resistance to shear localization.

2. Experimental procedures

The as-received CrMnFeCoNi HEA was prepared by the spark
plasma sintering (SPS) method [14]. The XRD characterization
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experiment on the as-received material was made by Cu Ka radi-
ation from 20° to 90° (26) with a scanning speed of 2.8°/min and a
step size of 0.014°. The sample was prepared by the standard me-
chanical grinding and polishing method. The chemical composition
analysis was conducted by energy-dispersive x-ray (EDX) spec-
troscopy in a Phillips XL30 scanning electron microscopy (SEM).
Quasi-static experiments were carried out in an Instron universal
testing machine. Dynamic compression tests were performed using
a split-Hopkinson pressure bar (SHPB). The dynamic mechanical
properties and shear deformation were measured using cylindrical
and hat-shaped specimens. The cylinders had a length of 4 mm and
a diameter of 4 mm. Hat-shaped specimens with stopper rings
were used to generate high shear strain in the “forced” localized
region. The samples were polished and then etched by a dilute aqua
regia solution before microstructural examination. The shear band
was examined in a Phillips XL30 SEM. A focused ion beam (FIB)
instrument was used to accurately prepare TEM samples in the
shear band region. The FIB samples were then characterized by
TEM using a FEI Tecnai G2 Polara transmission electron microscope
operating at 200 kV.

3. Results and discussion

Fig. 1 shows the homogeneous distribution of 5 elements of
CrMnFeCoNi HEA and corresponding chemical compositions with
each element around 20% (in atomic percentage). Fig. 2(a) shows
the initial microstructure of this alloy, which contains coarse-
grained grains. Fig. 2(b) shows grain size distribution from
Fig. 2(a) measured by the line intercept method [15]: the average
grain size of as-received HEA is 8 um. The presence of annealing
twins [16] is inversely related to the stacking fault energy, which
has been reported to be ~20 mJ/m? for the Cantor alloy by Zaddach
et al. [17]. The X-ray diffraction (XRD) scan in Fig. 2(c) shows that
this alloy contains a single fcc structure. While three components
(Cr, Mn and Fe) have the body-centered cubic crystalline structure,
one (Co) presents the hexagonal close-packed structure, and only
Ni has the face-centered cubic structure. The measured d-spacings
from the X-ray diffraction results are almost the same as the

reported values [18]; the lattice constant of CrMnFeCoNi HEA is
3.596 A obtained by linear interpolation. For comparison, the re-
sults are summarized in Table 1. EDX spectroscopy and XRD results
indicate the equiatomic elemental distribution and single-phase
character of the as-received high-entropy alloy.

In order to promote shear localization, a special geometry was
used in dynamic testing. This hat-shaped configuration, originally
developed by Meyer and Manwaring [19], is well known and has
been used for over thirty years (e. g., [20—24]). Fig. 3(a) shows the
dimensions of the hat-shaped specimen, which was deformed at
room temperature to induce a forced shear band using a split-
Hopkinson pressure bar. A series of dynamic-loading experiments
on hat-shaped specimens using stopper rings to control the
displacement (0.7, 1.14, 1.57 and 2 mm) were performed. However,
among these specimens, a clear shear band was only found at a very
large imposed shear strain of ~7. The corresponding shear stress vs.
shear strain curve is illustrated in Fig. 3(b). The work imposed upon
the material during deformation can be used to calculate an
(adiabatic) temperature rise inside the shear band [1]:

dT = —7dy (1)

where p=7.9kg/m? is the density and Cp is the specific heat ca-
pacity. The specific heat capacity C, of the Cantor alloy is approxi-
mated to be 450]/(kg K)by using a weight averaging method
G = a),-Z;L Cpi (w; is the weight percent and G is the specific heat
capacity for each element of the alloy) [25]. Fig. 3(b) shows that the
temperature can rise to about 700 K inside the shear band, which
approaches the recrystallization temperature for the Cantor alloy,
0.4Ty,, its melting temperature being around 1600 K [26].

Fig. 3(c) shows the microstructure inside and outside the shear
band. The particles were separated at the grain boundaries under
severe plastic deformation as shown by the inserts of Fig. 3(c).
Fig. 3(c) shows that the alloy fractures along grain boundaries un-
der dynamic impact. The microvoids resulting from residual
porosity in the SPS process can easily nucleate and propagate cracks
along grain boundaries. Similar fracture behavior has been
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Fig. 1. Elemental mapping of the CrMnFeCoNi HEA and corresponding chemical compositions by scanning electron microscopy (SEM)-Energy-dispersive X-ray spectrometry (EDX).
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Fig. 2. (a) Scanning electron microscopy image of initial microstructure of the
CrMnFeCoNi HEA; (b) grain size distribution in Fig. (a); (c) X-ray diffraction pattern of
the CrMnFeCoNi HEA.

observed earlier in this alloy under high strain-rate impact [14].
However, these peripheral cracks did not affect the shear-
localization zone and do not interfere with the results of this

Table 1
d-spacings (in A) of the different (hkl) planes of the fcc CrMnFeCoNi HEA measured
by different testing methods.

Methods d(111) d (200) d (220)
XRD (X-ray diffraction) 2.076 1.801 1.273
TEM (selected area diffraction) 2.058 1.780 1.223
XRD (X-ray diffraction) [18] 2.076 1.798 1.271

work. A zoom-in image in Fig. 3(d) shows that the shear band width
is about 10 um. Focused ion beam (FIB) method was used to lift out
the transmission electron microscope (TEM) site-specific speci-
mens inside the shear band. The formation mechanism of the shear
bands in metals has been widely studied [3]. It is accepted that
shear bands are formed when the thermal softening effect over-
drives the strain and strain-rate hardening effects. This is expressed
analytically as [27]:

SORIEE SO S
v, T 67 y.T Y v,y Y

The first term represents work hardening; the second, strain-
rate hardening, and the third, thermal softening. Therefore, mate-
rials with higher hardenability as well as lower thermal softening
ability usually possess a high resistance to shear localization.

The mechanical response of the Cantor alloy was established at
strain rates varying from 10~4 s~ to 1600 s—! to examine its strain-
hardening effect. The compressive true stress vs. true strain curves
are shown in Fig. 4(a). Under both quasi-static and dynamic
compression, the strength of this alloy increases gradually with
increasing strain. The fluctuations in the stress-strain curve at high
strain-rate were due to the nature of elastic wave propagation in
cylinder bars: the “dispersion” effect [1]. In the Hopkinson bar test,
the bar has radial inertia and a wave interacts with the external
surfaces of cylinder bars (free surfaces). Radial inertia is caused by
the kinetic energy of material flowing radially outward as the bar is
compressed. This causes the decrease in the slope of the rise of the
wave and was reflected in the stress-strain curve. The strain-
hardening rate (measured by slope of the curve at a true strain of
0.2)is ~1100 MPa, similar to that of the Alp 3CoCrFeNi HEA [28]. This
strain hardening is maintained at 1600 s, which is evidence that
no localization is taking place. This same resistance to shear
localization has been reported for the Alp3CoCrFeNi HEA [28]; it
was attributed to good strain-hardening ability, caused by solid-
solution hardening, forest-dislocation hardening, as well as me-
chanical twinning. Otto et al. [29] also reported that the strain-
hardening rate in tension of the CrMnFeCoNi HEA can be higher
than 1000 MPa at low temperature (77 K). This excellent strain-
hardening ability is mainly due to multiple nanotwinning defor-
mation. Deformation twinning, by continually introducing new
interfaces and decreasing the mean free path of dislocations during
deformation, can generate a high degree of work-hardening. Thus,
to activate shear localization in CrMnFeCoNi HEA, a very large shear
strain and shear stress need to be imposed on specimens to in-
crease the thermal-softening effect.

Starting from Eq. (2), Staker [30] proposed an expression for
critical shear strain for shear localization (neglecting the effect of
strain-rate hardening):

Cpn
e ="2 (3)
oT

where p is the density, C, is the specific heat capacity, n is the
strain-hardening power index in the Ludwik-Hollomon constitu-
tive equation (7 = 79 + Ky" , where 7 is the yield stress and K is a
constant), and & is the thermal-softening parameter. Eq. (3) ex-
presses the competition between strain hardening and thermal
softening prior to shear localization. The normal stress and normal
strain can be converted into shear stress and shear strain by: 7 = ¢/
2 and vy = /2 exp(2¢) — 1 — 1 [31]. Fig. 4(b) shows the value pCyn
for pure Ti [32], Ti-6Al-4V alloy [33], AISI 1006 steel [34], copper
[34], brass [34], and the Cantor alloy. As stated before, from Eqn. (3),
the value of pCyn can be regarded as the hardening component,
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Fig. 3. (a) Schematic drawing of dynamic loading of the hat-shaped specimen with the stopper ring (in mm) by the split-Hopkinson pressure bar; (b) shear stress, shear strain and
temperature evolution of the shear band; (c) scanning electron microscope (SEM) image showing separation of particles near the shear band; (d) SEM image of the shear band.
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Fig. 4. (a) Mechanical response of the Cantor alloy under different strain-rates; (b) the value of pCpn for pure Ti [32], Ti-6Al-4V alloy [33], 1006-Steel [34], Copper [34], Brass [34] and

the Cantor alloy; (c) thermal-softening effect of different materials [22,32,33,35,36]; (d) experimental and predicted critical shear strain for shear localization [34,36].
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while the & is the thermal-softening parameter. Fig. 4(b) shows
that Cu has the highest pCpn value. The value of pCpn for CrMnFe-
CoNi HEA is about 70% of that of Cu and it is slightly higher than
that of Ti. Understandingly, it is very difficult to induce shear
localization in copper. In addition, Fig. 4(c) shows that the Cantor
alloy has the smallest thermal softening effect [35] in the temper-
ature range from 200K to 1000 K, in comparison with titanium
[32], Ti-6Al-4V alloy [33], AISI 1006 steel [36], copper [22], and
brass [36]. Otto et al. [29] reported that the CrMnFeCoNi HEA did
not lose its yield strength until 873 K with a sudden drop of
strength. The melting temperature of the CrMnFeCoNi HEA is
1614 K as reported by Laurent-Brocq et al. [37]. This is as high as
that (about 1600 K) [38] of Inconel 718 superalloy. Miracle et al. [39]
found superior high temperature behavior of NbMoTaW and
VNbMoTaW HEAs compared with conventional alloys since they
did not lose their strength till 1000 K. Tsai et al. [40] found that
interaction energy (which is the excess free energy that arises
when two unlike atoms bond with each other) of Ni element in
CrMng sFeCoNi HEA is higher than that in Cr-Fe-Ni alloy. This leads
to a sluggish diffusion effect and also indicates that it needs higher
thermal energy to break up metallic bonds in HEAs than in con-
ventional alloys. Thus, the small thermal softening effect of the
CrMnFeCoNi HEA can promote the resistance to shear localization.
Fig. 4(d) shows the predicted critical shear strain for shear locali-
zation in these metals using Eqn. (3). Fig. 3(b) shows that the
adiabatic shear band is formed only at a very large shear strain ~7. It

should be noted that the imposed shear deformation region has a
width of over 50 um whereas the adiabatic shear band has a width
of ~10 um. Therefore, the combination of the excellent strain-
hardening ability and moderate thermal-softening of the Cantor
alloy postpones shear localization to higher levels of shear
deformation.

Fig. 5(a) shows the microstructure inside the adiabatic shear
band. It indicates that the Cantor alloy goes through significant
grain refinement. The grain size inside the shear band ranges from
100 to 300 nm. These equiaxed ultrafine-grained grains are formed
by significant dynamic recrystallization. The corresponding dark-
field image in Fig. 5(b) confirms the nanostructured recrystallized
grains inside the shear band. The diffraction pattern in Fig. 5(c)
shows that it is a polycrystalline material without strong texture,
indicating a fully recrystallized microstructure inside the shear
band. The d-spacings of the CrMnFeCoNi HEA measured from SAD
pattern (as shown in Table 1) show minor differences with those
measured from XRD pattern, which may be attributed to the more
severe deformation inside the shear band than the bulk material.
The grain size was measured using the mean linear intercept
method [15]. Fig. 5(d) shows that grains inside the shear band break
into both ultrafine-grained and nanocrystalline regimes. Lee et al.
[41] reported that CrMnFeCoNi HEA retains a single-phase fcc
recrystallized structure under high-pressure (6 GPa) torsion
deformation, indicating the absence of any phase transformation.

In addition, multiple nanotwins were observed inside the
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Fig. 5. (a) Bright-field TEM image of the microstructure inside the shear band; (b) corresponding dark-field TEM image of (a); (c) TEM selected area diffraction pattern inside the
shear band; (d) grain size distribution inside the shear band corresponding to the TEM image in (a).
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recrystallized grains in Fig. 6(a). Meyers and Pak [42] were among
the first to identify the ultrafine grained structure in what was, at
the time, considered ‘transformed’ shear bands. This led to the
proposal of a rotational recrystallization mechanism [3,42], after
observations of ultra-fine grains in AISI 4340 steel [20], stainless
steel [21], shock-hardened copper [22], zirconium [23], and tita-
nium [24]. This rotational mechanism explains the formation of
equiaxed recrystallized grains inside the adiabatic shear bands,
since the deformation time is insufficient for the grain-boundary
migration required in conventional recrystallization. The low
stacking-fault energy (y = 21 mJ/m?) of the AISI 304 stainless steel
(Fe—18%Cr—8%Ni) is on the same order as that of the HEA studied
here [21]. The evolution of plastic deformation, coupled with
temperature rise, leads to the formation of a dislocated/twinned/
transformed microstructure that breaks up the initial grains into
small regions. Meyers et al. [43] showed that these local grain-
boundary segments, if having dimensions of ~100 nm, can rotate
by 30° within the deformation time (estimated to be between 10
and 50 ps) and generate an equiaxed nanostructured structure.

(a)

Hines and Vecchio [44] and Hines et al. [45] used crystal plasticity
theory to predict the evolution of subgrain misorientations during
the adiabatic shear localization. By using a bimodal approach, Hines
et al. [45] demonstrated that the grains with low angle grain
boundaries can rotate, leading to the increase of subgrain misori-
entation under severe plastic deformation. The elongated grains are
proposed to be the first stage of severe shear deformation; they
subsequently break up into small ultrafine-grained grains. Fig. 6(b)
shows the equiaxed refined grains with arrays of planar disloca-
tions, indicating that they can still be the carriers of plastic defor-
mation at a relatively high temperature inside the shear band.
Figs. 6(c) and (d) depict the formation of nanotwins in the recrys-
tallized grains. It is proposed that the formation of nanotwins is
promoted by the low stacking-fault energy of this HEA. Interest-
ingly, even negative stacking-fault energies of the fcc CrCoNi and
CrFeCoNi alloys have been reported by Zhang et al. [46] and Smith
et al. [47]. They attributed this to the thermodynamic metastability
of the fcc stacking sequence which is significantly influenced by the
local atomic environment in solid solution.

50 nm

Fig. 6. Bright-field TEM images showing (a) recrystallized grains with dislocations and twins; (b) recrystallized grains with arrays of planar dislocations; (c) recrystallized equiaxed
grains with dashed lines showing twin boundaries; (d) nanotwin inside one recrystallized grain.
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It is well established that low stacking-fault energy leads to low
rates of recovery because the dislocations are sufficiently dissoci-
ated so that their climb and cross-slip are difficult [48]. Zhilyaev
et al. [49] reported that the stacking-fault energy significantly
affected the minimum grain size in severe plastic deformation: a
decrease in energy leads to a corresponding decrease in the grain
size after processing by HPT under the same experimental condi-
tion from copper to bronze to brass. A low stacking-fault energy,
and therefore a low rate of recovery, is conducive for attaining an
exceptionally small grain size. The CrMnFeCoNi HEA (with
stacking-fault energy ~20mj/m? [17]) attains nanocrystalline
grains inside the shear band under severe plastic deformation. The
arrays of planar dislocations inside the recrystallized grain is
depicted by the red arrow in Fig. 6(b), indicating multiple slip
activity.

The twin-boundary energy, vy, is proportional to the stacking-
fault energy, vsp, for most metals [50]: y75=27ygr. A high density of
recrystallization twins is formed in the CrMnFeCoNi high entropy
alloy during dynamic recrystallization inside the shear band.
Fig. 6(c) and (d) show nanotwins inside recrystallized grains. The
twin boundaries have been marked by the red dashed lines. Similar
twin boundaries inside nanostructured grains have also been
observed under severe plastic deformation [51]. The “pop-out”
mechanism [16,52] does not require concurrent grain-boundary
movement for the formation of recrystallization (or annealing)
twins and is therefore a possible mechanism, enabled by the lower
stacking-fault energy. This provides a method to make nano-
crystalline HEAs with twin boundaries and their properties still
need to be explored.

4. Concluding remarks

As a summary, the dynamic mechanical behavior of the single
phase (fcc) CrMnFeCoNi HEA was examined. This alloy exhibits a
high work-hardening rate ~1100 MPa at a true strain of 0.2. The
resistance to adiabatic shear localization of this alloy was studied
by dynamically-loading hat-shaped specimens. The formation of an
adiabatic shear band (with a thickness ~10 pm) requires a very large
imposed shear strain of ~7. It is proposed that the combination of
the excellent strain-hardening ability and moderate thermal-
softening lead to a high resistance of the Cantor alloy to shear
localization. A structure consisting of recrystallized ultrafine-
grained grains with twins was revealed inside the shear band and
is attributed to rotational dynamic recrystallization, a mechanism
prevalent in severe plastic deformation.
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