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In this work, the dynamic impact behavior and linked deformation mechanisms of a CragMnygFeg0CogoNij4 high-
entropy alloy (HEA) with face-centered cubic structure were systematically explored. The HEA displays uniform
plastic deformation without any adiabatic shear bands at a strain rate range from 1000 to 3000 s~1. Moreover,
the yield strength exhibits a pronounced strain rate dependence, increasing by 28% from 282 MPa at 1000 s~ to
360 MPa at 3000 s~ L. The strain hardening exponent, strain rate sensitivity and temperature rise were calculated
to be 0.899-0.95, 0.076 and 64.7 K, respectively, indicative of high strain and strain-rate hardening capabilities
and strong resistance to thermal softening induced adiabatic shear localization. Detailed microstructural analyses
decipher a transition of deformation mechanism from dislocation slip at 1000 s~* to stacking faults (SFs) at 2000
s~! and further to twinning at 3000 s, respectively. The strengthening mechanisms are delineated as manifold
interactions between glide dislocations and SFs, SFs and SFs (i.e. the Lomer-Cottrell locks), and SFs and twins.
Our work provides a comprehensive understanding on the dynamic impact behavior, deformation and

strengthening mechanisms of CraeMngoFez0Co20Ni;4 high-entropy alloy.

1. Introduction

In 2004, a completely new design concept of high-entropy alloys
(HEASs), also known as multi-component alloys, was coined by Ye et al.
and Cantor et al., respectively. In contrast to conventional wisdom with
only one dominant component in the alloy, HEAs are composed of more
than four dominant elements with near equal atomic percentages [1-3].
The huge compositional space gives rise to enormous opportunities in
seeking materials with unprecedented property profiles [4-10]. So far,
single-phase Cantor family alloys with face-centered cubic (FCC) struc-
ture, including equiatomic CrMnFeCoNi and CrFeCoNi HEAs are the
most thoroughly investigated, as they display excellent strength and
toughness at room temperature [11,12]. Besides, the dual-phase
CrioMnyFeg.xCo19 HEAs with low stacking fault energy (SFE) possess
an unparalleled synergy between strength and ductility [13]. These are
mainly ascribed to the joint activation of multiple deformation mecha-
nisms such as twinning and phase transformation, enabling HEAs to be
dynamically strengthened by the twinning-induced-plasticity (TWIP)
and transformation-induced plasticity (TRIP) effects and even their
combined effects [14,15]. Furthermore, the low SFE reduces the critical
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resolved shear stress for twinning and phase transformations, thereby
boosting the TWIP and TRIP effects.

A plethora of investigations have pointed out that the dominated
deformation mechanisms of HEAs are intimately dependent upon not
only the intrinsic parameters of materials (e.g. SFE) but also deformation
conditions (such as strain, temperature and strain rate) [16-19]. A
seminal work of CrMnFeCoNi HEA (25 mJm2) has achieved excellent
strength-ductility synergy with continuous strain hardening at cryogenic
temperature (77 K), which was primarily attributed to the activation of
deformation twins at cryogenic temperature [6]. Later on, careful
microstructural characterization show that twins were initiated much
earlier (true strain, 7.4%) during tensile deformation of CrMnFeCoNi
HEAs at 77 K, compared to twins rarely detected at the late stage (true
strain, 25%) at room temperature [11,20]. More recently, Naeem et al.
revealed that the activation tensile strain for stacking faults (SFs) for-
mation follows a monotonous decrease with decreasing temperature for
the CrMnFeCoNi HEA, decreasing from ~37% at 295 K to 22% at 140 K
and then to 16% at 15 K, respectively [21]. These low temperature re-
sults of HEAs are strongly indicative of their untapped potential of uti-
lization under extreme environments.
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Fig. 1. (a) A typical EBSD mapping of the annealed CrosMnyoFez0Co20Niz4 HEA before the Hopkinson test (The inset is the Inverse Pole Figure color code). (b) SEM-
EDS maps of the alloy and the distributions of alloying elements (Cr, Mn, Fe, Co and Ni) in the HEA. (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)

According to Zener-Hollomon equation, high strain rate (HSR) is
deemed favorable for the activation of twinning and phase transitions,
analogous to the effect of cryogenic temperature [22]. For instance,
Yang et al. exemplified a mechanism conversion from dislocation slip to
twinning with increasing strain rate from 3 x 1035 1to9 x 10 s tin
the CrMnFeCoNi alloy [23]. Wang et al. revealed a superior
strength-ductility synergy under HSR loading of Aly¢CrFeCoNi HEAs,
thanks to the activation of deformation twins and abundant dislocations
[24]. It was further interpreted that HSR favors rapid dislocation accu-
mulation and thus the severely concentrated stress, which consequently
provides valid nucleation sites for deformation twins [24]. Although a
myriad of deformation mechanisms were anticipated in the HSR regime
[25], the onset and sequences of respective mechanisms and their in-
teractions remain largely unexplored, even for the CrMnFeCoNi family
alloys.

In the present work, a non-equiatomic CrasMnyoFegnCogoNij4 HEA
with low SFE was chosen for the HSR investigation. Our early work
demonstrated that the SFE of the CrogMnyoFezoCogoNij4 HEA was 24
mJm 2 [26]. Our previous results have revealed that this HEA possessed
enhanced strain hardening ability and higher ductility (73%) [26],
compared with those of other CrMnFeCoNi family alloys [5,27-29]. Our
research focus is therefore to assess its capability to withstand dynamic
loading and appraise the detailed deformation mechanisms.

2. Experiments

The CragMnyoFezCogNiy4 (actual atomic percent) alloy ingot was
prepared by melting commercially pure elements (Cr, Mn, Fe: 99.5-99.6
wt%; Co, Ni: 99.9 wt%) in a boron nitride (BN) crucible in a medium
frequency vacuum induction melting furnace. The BN crucible con-
taining the mixture of raw materials was preheated at 873 K by 1 h for
removal of water vapor. Prior to the melting process, the furnace
chamber was evacuated to 0.01 Pa with the protection of high purity
argon gas to 0.06 MPa. Once reaching the liquid state, it was held at
1823 K for 15 min and then poured into a MgO crucible coated by ZrO».
The temperature in the furnace was monitored by an IRTM-2CK infrared
pyrometer with a minimal error of +2 K. The alloys were re-melted
twice in an effort to improve the chemical homogeneity. Hot-forged at
1273 K and subsequent annealing at 1273 K for 8 h were performed on
the as-cast CropgMnygFesgCogNiy4 ingot to achieve recrystallized equi-
axed grains.

As-annealed HEA ingot was cut into samples with dimensions of 5 x
5 x 5 mm?® for HSR uni-axial compression. The samples were ground and

the surfaces parallel to the impact direction were then mechanically
polished to obtain smooth and mirror-like surface finish in order to
easily distinguish the slip traces. HSR uni-axial dynamic loading was
performed using a Split Hopkinson Pressure Bar (SHPB) system at strain
rates ranging from 1000 to 3000 s~!. The tests were repeated three times
for each strain rate. The bars with a diameter of 12.7 mm and a length of
150 mm were made by maraging steel with elastic modulus of 190 GPa.
The details of the working principles and cautions of the SHPB technique
can be obtained in Refs. [30,31].

Scanning electron microscopy (SEM) equipped with energy-
dispersive spectrometer (EDS), electron back-scattered diffraction
(EBSD), transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) analyses were carried out
to study the microstructures and compositions of the CrasMngyoFesq.
CogoNii4 HEA. Both EBSD and EDS specimens were mechanically pol-
ished and subsequently electropolished for mirror-like surface finish. A
Buehler ElectroMet 4 polisher and an electrolyte containing 10 vol%
perchloric acid and 90 vol% acetic acid have been used for the experi-
ment. Under the applied voltage of 20 V, a shiny mirror-like surface can
be achieved for the sample within 30 s by the electropolishing process.
TEM and HRTEM observations were performed by an FEI-Tecnai G220
S-TWIN microscope at 200 kV and a Titan G2 60-300 microscope at 300
kV, respectively. The TEM specimens were prepared by grinding the
specimen down to 60 pm thickness and then punching into disks with a
diameter of 3 mm. The disks were electro-polished in a twin jet electron-
polishing system containing an aqueous electrolyte of 25% perchloric
acid and 75% acetic acid at 20 °C.

3. Results
3.1. Initial microstructures and distributions of compositions

As shown in Fig. 1la, the as-annealed CrpgMngoFeCoooNijg HEA
sample has equiaxed grains with a mean grain size of 33 pm. Annealing
twins are discernible in the grain interior. Besides, the EBSD orientation
map with the inset of inverse pole figure in Fig. 1a, indicates that the
grains are randomly orientated. SEM-EDS maps (Fig. 1b) reveal that all
five elements (Cr, Mn, Fe, Co, Ni) are homogeneously distributed within
the area of interest (500 x 400 pm?). Grain boundary segregation or
second phase particles are not visible in present HEA, which is different
from the Mn segregation observed in FeMn- and FeMnNi-based alloys
[32-34].
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Fig. 2. Hopkinson impact properties of CrasMngoFe0Co20Ni14 HEA. (a) Engineering stress-strain curves at 1000, 2000 and 3000 s~ . Inset shows that the impact
direction (ID) is along the Y axis. (b) Strain hardening rate as a function of true strain. The dashed lines indicate two well-defined stages under each strain rate.

Table 1

A list of Hopkinson impact properties, temperature rise AT, dislocation density p
and volume fraction of twin boundary (TB Vol. %) of CrpgMnaoFesqCo20Ni;4
HEA at different strain rate.

& oy (MPa) 6,01 Erotal AT p(x 10 TB Vol.
™ (MPa) (%) ) m~?) (%)
1000 282 533 0.114 13 0.9 29
2000 300 553 0.226 33 2.17 38
3000 360 581 0.358 65 6.41 52

3.2. Hopkinson impact properties

Fig. 2a shows the Hopkinson impact engineering stress-strain curves
of the CrogMnyoFeyoCoooNij4 HEA deformed at room temperature over a
strain rate range from 1000 to 3000 s *. Continuous absorption of the
impact energy is manifest by the increased dynamic compressive stress
with the increasing strain. It is worth noting that the drop of flow stress

in the curves suggest the end of the compression loading pulse on the
Hopkinson bar, rather than the failure of samples. The yield strength (c,)
increases by 28% from 282 MPa at 1000 s™! to 360 MPa at 3000
s’l('l'able 1), indicating enhanced strain rate hardening ability with
increasing strain rate. Such a trend is a typical feature of the alloys with
low SFEs [35-37], such as 304L stainless steel, nitrogen-alloyed
austenitic steel [37] and Cu-x(wt.%) Al (x = 0.2, 2 and 6) alloys [38].
With the strain rate increasing to the HSR regime (>1000 s’l), the
prefect dislocations pinned by the phonon drag effect could not match
the imposed HSR, thereby the higher driving stress is applied to induce
massive partial dislocations in the samples, especially for the alloys with
low SFEs.

The strain hardening rate ® (@ = do;/0e;, where o; denotes the true
stress and ¢, is the true strain) curves is shown in Fig. 2b and exhibit two
distinct stages at all measured strain rates. The @ keeps positive values
throughout the compression impact for each strain rate, in contrast to
the negative values of @ in stainless steels due to shear bands caused by
local thermal softening [39,40]. In stage I, the significant drop of &
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Fig. 3. Experimental true stress-strain curves of CrosMngoFez0Co20Niy4 HEA and simulated curves by Ludwick (6; = o, + Ke}') equations at (a) 1000 s71, (b) 200057}
and (c) 3000 s~1. (d) Strain rate sensitivity m obtained by constant strain rate method, in which the flow stress is a function of strain rate on a double logarith-

mic scale.
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Table 2
Lists of the values of the strain hardening exponent, n, and strengthening coef-
ficient K simulated by the Ludwick (6; = o, + Ke}') equation.

s o, (MPa) K (MPa) n
1000 282 1687 0.83
2000 300 2009 0.899
3000 360 2218 0.95

corresponds to the conventional elasto-plastic conversion region [41]. In
addition, the strain range of the stage I broadens with the increasing
strain rate, attributing to the hysteretic slip of dislocations at HSR [42].
There exists a plateau in stage II, which is different from the monotonous
decrease of conventional materials with high SFEs [43]. Note that the
oscillations in the @ curves stem from the nature of elastic wave prop-
agation in cylinder bars [44].

Strain hardening exponent n is determined by Ludwick (6; = o, +
Kel') equation (where K is the strength coefficient) in an effort to eval-
uate the extent of strain hardening. Apparently, the simulated curves by

Materials Science & Engineering A 824 (2021) 141858

Ludwick equations coincide with the experimental data for each strain
rate (Fig. 3). The simulated n increases from 0.899 to 0.95 with strain
rate rising from 1000 to 3000 s~ 1 (see Table 2). Besides, the strain rate
sensitivity m is a critical parameter to assess the rate-dependent defor-
mation mechanisms. The determination of m values is based on the
constant strain rate method [30]. Then m can be described as:

m=one
" olné

@

where ois the flow stress corresponding to a true strain of 0.1, as shown
in Table 1. The average m value is calculated to be 0.076, as shown in
Fig. 3d.

3.3. Postmortem microstructure results

Fig. 4 shows the SEM micrographs taken from the surface on the YZ-
plane (inset in Fig. 2a) of the CrggMnygFeyoCogoNijg samples after
loading. The rough and granular morphology are observed in Fig. 4a-c,

Fig. 4. SEM images of the surface on the YZ-plane showing post-loading surface of the CrysMnyoFez0CosoNij4 HEA at 1000 (a), 2000 (b) and 3000 st (o)
respectively. (d), (e) and (f) High magnification images to show detailed slip traces (marked by yellow lines) in (a), (b) and (c) respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. (a-c) EBSD local misorientation maps of the
CraeMngoFesoCos0Nij4 HEA subjected to Hopkinson
impact testing at 1000 (a), 2000 (b) and 3000 s (o),
respectively. (TBs are depicted by red lines) (d) Var-
iations of dislocation density (p) and volume fraction
of twin boundary (TB Vol.) of the samples subjected
to Hopkinson impact testing at 1000, 2000 and 3000
571, respectively. (For interpretation of the references
to color in this figure legend, the reader is referred to
the Web version of this article.)

3000 s

2000
Srain rate (5'1)

3000
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and the surface appears to be rougher at higher strain rate. In addition,
the evidence of shear bands and microcracks are not captured in all the
samples, indicating a continuous hardening process. The slip traces
(marked by yellow lines) increase and distribute more homogeneously
within grains (Fig. 4d-f). This result is correlated with the increasing
final strain: 0.114 at 1000 s~ to 0.226 at 2000 s, and up to 0.358 at
3000571

EBSD characterizations were carried out in order to quantitatively
characterize the microstructural changes. Fig. 5a-c¢ show the local
misorientation map at 1000, 2000 and 3000 s respectively. It is seen
that massive deformation twins (the TBs were depicted by red lines) are

20kam
p =
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Fig. 6. TEM images of the CracMngoFesnCoooNiig
HEA impacted at different strain rate. (a) Some
stacking faults (SFs) and twins (T) in the sample
impacted at 1000 s~ (b) Typical dislocation config-
urations and trace of edge-on (111) slip planes in the
sample impacted at 1000 s*. (c) Bright field image
showing massive SFs on {111} planes in the sample
impacted at 2000 s~ L. (d) Dark field image with insets
of SAED pattern of the matrix (M) and T, showing
twins and dislocations within twin lamellae. Diffrac-
tion spot used for dark field image was marked by one
red circle. (e) Typical dislocation structures and
deformation twins in the sample impacted at 3000
sL® Enlarged image of nano-twin bundles (indi-
cated by red arrows). Inset is an HRTEM image
showing nano-twin bundles in detail. (For interpre-
tation of the references to color in this figure legend,
the reader is referred to the Web version of this
article.)

activated in the grain interiors of all the samples. The volume fraction of
the TBs increases from 29% at 1000 s~ ! to 52% at 3000 s~ ' (Fig. 5d),
indicating deformation twinning is the dominating deformation mech-
anism under Hopkinson impact at 3000 s~!. In addition, the misorien-
tation increases with the raising strain rate, indicating a higher density
of dislocations accumulated at higher strain rate. The dislocation density
can be calculated according to the equation [45,46]:

xb 2

where p is the dislocation density, Oxay is the kernel average

Fig. 7. HRTEM images of the CragMnyoFesnCogoNisg
HEA with a strain rate of 2000 s !. (a) Deformation
twins and SF. The inset is the entire Fourier trans-
formation (FFT) pattern. (b) The magnified image
from the region labeled “b” in (a), showing the for-
mation of SF by the dissociation of a full dislocation
1/2<110> to two 1/6<112> partial dislocations. (c)
The magnified image from the region labeled “c”,
showing the step on TB (marked by blue arrow). (d-1)
The magnified image from the region labeled “d”,
showing the front of twin tip (marked by cyan arrow).
(d-2) Image of geometric phase analysis (GPA),
showing a high strain field along the residual SF at
the front of twin tip. (For interpretation of the refer-
ences to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 8. HRTEM images showing four types SF configuration in the CrygMnyoFe;0C0o20Nii4 HEA under strain rate of 2000 s 1. (a) V-shaped SF configuration with acute
angle of 75°. (b) V-shaped SF configurations with obtuse angle of 105°. (c) T-shaped SF configuration with angle of 105°. (d) X-shaped SF configuration with angle

of 105°.

misorientation, x (300 nm) is the unit length, twice that of the step size
used in EBSD acquisition, b (0.253 nm) is the magnitude of Burgers
vector. As shown in Fig. 5d, the dislocation density increases substan-
tially from 9 x 103 m~2at 1000 s to 2.17 x 10 m~2at 2000s~}, and
further to 6.41 x 10" m~2 at 3000 s~ .

As shown in Fig. 6, TEM observations of post-mortem specimens
were performed to further reveal the deformation mechanisms of the
CrasMnyoFeg0CogoNij4 HEA subjected to Hopkinson impact testing. As
shown in Fig. 6a and b, the [110] zone axis (Z.A.) bright-field (BF) mi-
crographs of samples tested at 1000 s~ * show that {111} type planar slip
is activated, forming continuous slip traces and a high density of dislo-
cations. In addition, some SFs (marked by white arrows) and nano-twin
lamellae (marked by red arrows) are formed in the grain interior.
Moreover, bowed dislocations (marked by green arrows) are frequently
observed in Fig. 6b, which can be explained by the Labusch-type solid
solution strengthening in concentrated solid solutions [29]. The
appearance of planar slip in (111) planes is due to the low SFE of this
HEA, as previously confirmed by exact muff-tin orbital method (3.5
me’Z) [47] and HRTEM measurement (24 me’z) [26]. As the strain
rate increases to 2000 s1, the density of SFs and twins increase signif-
icantly. As shown in Fig. 6¢, massive SFs are activated on {111} slip
systems in one grain. Fig. 6d shows profuse nano-scale twin lamellae in
one grain and high density of dislocations accumulated within the twin
and matrix as well. The uniform distribution of dislocations in the pre-
sent HEA is distinctly different from dislocation cells observed in FCC
materials with medium to high SFEs [48]. With the strain rate increasing
t0 300057, twinning becomes the dominating deformation mechanism.
A high density of twins with thicknesses of 10-50 nm are formed in the

grain (Fig. 6e and f). Apart from the twins, we also observe the SFs and
dislocation structure.

The HRTEM images (Fig. 7a and b) were taken to reveal the gener-
ation of SFs and twins and their interactions. First, the formation of SF is
by the dissociation of a full dislocation 1/2<110> to two 1/6<112>
partial dislocations, as shown in Fig. 7b. In addition, residual SFs are
found along the TB and at the front of twin tip (Figures 7c and d-1).
Furthermore, the geometric phase analysis (GPA) of Figs. 7d-1, quan-
tifies noticeable strain fields along the residual SF within TB and at the
front of twin tip (Figs. 7d-2), hinting that stronger forces are necessitated
for the SFs and twins on impeding moving dislocations. Moreover, the
interaction of two SFs on conjugate {111} planes form four types of SF
configurations (Fig. 8): V-shaped with angles of 75° and 105° (Fig. 8a
and b), T-shaped (Fig. 8c) and X-shaped SFs (Fig. 8d).

4. Discussion
4.1. Resistance to thermal softening

The current HEA exhibits a strong resistance to adiabatic shear
localization, which is considered as an imperative failure mechanism
under HSR deformation. In particular, the temperature rise induced
thermal softening is always taken into consideration when analyzing
adiabatic shear localization. In our case, the temperature rise AT is
calculated by the work imposed upon the material during deformation
as follows [49]:
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where f is the ratio of plastic work converted into heat, p is the density
and C, represents the specific heat capacity. The density of the current
HEA was measured to be 7.76 x 10% kg/m> using the water immersion
method. The C, of the present HEA is about 0.45414 kJ/(kg: K) by uti-
lizing a weight averaging method C, = w; 25: Cpi (w; and Gy are the
i=1
weight percent and specific heat capacity for each element of the alloy,
respectively) [50]. As shown in Fig. 9, increasing strain and strain rate
both bring about temperature rise. At higher strain rate, the cooling time
is insufficient, inevitably leading to higher temperature rise (at the same
strain). The highest temperature rise AT is about 64.7 K at the maximum
strain of 0.358 under 3000 s~!, which is much less than its recrystalli-
zation temperature (0.4 Ty,, T, is the melting temperature being around
1600 K), bypassing the thermal softening induced adiabatic shear
localization.

4.2. Strain rate hardening

It is notable that the m value (0.076) of our CraogMnyoFesoCogoNiig
HEA is larger than that of the equiatomic CrMnFeCoNi HEA (0.028) [51]
and that of the equiatomic CrFeCoNi HEA (0.048) [29]. Especially, this
value is one order of magnitude higher than traditional FCC materials,
such as pure Ni (0.0028) and pure Cu (0.006) [52,53]. The high m is

Materials Science & Engineering A 824 (2021) 141858

presumably due to the accumulation of dislocations induced by massive
SFs and deformation twins (Fig. 5d), as the value of m is intimately rated
to the microstructural changes [51,54,55]. It is widely accepted that the
activation volume can be used to evaluate the strain rate hardening
ability, together with the strain rate sensitivity. The activation volume
can be estimated as a function of the inverse of m as follows:

olné  /3ksT Olno

V' =BT —— =
do

do m )
where kgand T are Boltzmann constant and temperature, respectively.
Here, the activation volume V" is given in units of b3. The calculated V*
of the CrzéMn20F820C020Nil4 HEA is about 11 bg, smaller than that of
CrMnFeCoNi HEA (76.8 b3) [29]. Compared with traditional FCC
metals, such as Cu (200-2000 b%) and Cu-Zn alloy (200-400 b3), this
value is much smaller [56]. It is speculated that the tiny activation
volume of the CrygMnygFesgCosNij4 HEA may be attributed to the high
friction stress generated from the short-range order and the pining effect
by the solid solution in HEAs [57-59]. Moreover, high density defor-
mation twins and dislocation-twin interactions contribute to the low
activation volume V" of the CroMnggFegCoooNij4 HEA, which is
consistent with the reported activation volume value for
dislocation-twin interactions (1-100 b3) [29].

4.3. Strain hardening

The remarkable density of twins, SFs and dislocations provide suf-
ficient strain hardening ability for the CrogMnygFez0CogoNij4 HEA sub-
jected to Hopkinson impact tests. The underlying mechanisms will be
discussed in the following three aspects.

4.3.1. Dislocation strengthening

To evaluate the extent of strain hardening, Ludwick equation is
utilized to deduce the exponent n. As shown in Fig. 3 and Table 2, the
values of n reach as high as 0.8-0.95 and increase with the rise of the
strain rate. The high n is indicative of strong strain hardening ability
associated with dislocation storage capacity and superior capability to
withstand the high impact energy. First, the low SFE renders cross-slip
and climb of dislocations difficult, thus facilitating dislocation accu-
mulation in the current HEA. Second, the multi-principal element design
significantly elevates the dislocation storage capacity due to the unique
atomic structure. A recent in-situ TEM investigation revealed that the
strong drag effect caused by the solute atoms leads to slip of perfect and
partial dislocations with tremendously low velocity [60]. In addition,
the planar slip bands (Fig. 6b) serve as strong barriers for dislocation
motion, enabling strong strain hardening [60].

(@)

1/6[112]

6[T2T]

E(('b))

/4

Fig. 10. Illustration of the formation of a Lomer-Cottrell lock by the reaction of two SFs on conjugate {111} planes.
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2000 s

Increasing strain rate

Fig. 11. Schematic illustration of the deformation mechanisms of the CrasMnyoFeq0Co20Nii4 HEA with increasing stain rate. (a) Dislocation slip. (b) SF dominated

mechanism. (c) Nano-twinning dominated mechanism.

4.3.2. SFs strengthening

It was established that the SFs could act as obstacles to effectively
impede the motion of dislocations [61] and the interaction between
glide dislocations and SFs could bring about continuous strain hardening
[62]. In the present work, it is reasonable to assume that accumulated
formation of V-, T- and X-shaped SFs by SF reaction provides remarkable
strain hardening in the CrogMnyoFezCogoNijs4 HEA. As illustrated in
Fig. 10a and b, the reaction between two leading partial dislocations
results in a sessile stair-rod dislocation by:

a a a
—<2=1l>4=<-12-1>->=-< 110> 5
6 MG 6 )

Such a configuration containing a stair-rod dislocation on a {100}
plane is known as the Lomer-Cottrell lock [63]. The networks of
Lomer-Cottrell locks could act as Frank-Read sources for dislocation
multiplication [16], leading to strengthening of the present HEA. Be-
sides, the stair-rod dipole forming at the intersection of SFs induces high
stress field to hinder the moving dislocations, wherein the attractive
force can reach as high as 10° N/m? [64,65].

4.3.3. Twinning strengthening

Twinning has been proved to be an imperative strengthening
mechanism in HEAs with low SFE [5,17]. Zhang et al. revealed that
deformation twins as well as interactions between dislocations and TBs
noticeably affect the deformation process of the CrFeCoNi HEA and
contribute to the enhanced mechanical properties under dynamic
loading [16]. In the CragMnygFeggCogNij4 HEA, massive deformation
twins (52% in volume fraction at 3000 s~ 1) are observed, thereby sub-
stantially contributing to the strain hardening effect. Upon deformation,
deformation twins instantly generate additional boundaries and induce
back stress, which decreases the dislocation mean free path and in-
creases the dislocation storage capacity [62,66,67]. This can be reflected
by abundant dislocations distributed within the twin and matrix at high
strain rates (see Fig. 6). Besides, plenty of nano-twin bundles with
thinner twin lamellae (Fig. 6f) trigger stronger external stress for dis-
locations across TBs and thus sufficiently inhibit the process of dislo-
cation annihilation [68].

Above all, the stages of microstructural changes and associated
deformation mechanisms of the CrogMnygFesgCoogNij4 HEA at HSR are
schematically illustrated in Fig. 11. The dislocation glide governs the
deformation process at a low strain rate of 1000 s~1. With increasing
strain rate to 2000 s~ SFs and nano-twinning become the dominating
deformation mechanisms. Four unique SFs configurations are formed by
the intersection of the SFs on two {111}<112> slip systems. The highest
strain rate of 3000 s~ ! results in high dislocation density and nano-twin
bundles. The SFs interaction containing sessile Lomer-Cottrell lock and
numerous deformation twinning enable sustained hardening ability and
superior dynamic properties, significantly getting rid of thermal

softening and adiabatic shear localization in the CrpeMngyoFeoCoggNii4
HEA.

5. Conclusions

In this work, Hopkinson impact tests were performed to investigate
the dynamic properties of a coarse grained CrogMnygFezgCo20Nij4 HEA
with a SFE of 24 mJm™2. The post-deformed samples were examined to
elucidate the deformation and strengthening mechanisms encountering
high strain rates. Several conclusions are drawn as follows:

1. The dynamic impact properties present strong strain rate depen-
dence, e.g. the yield strength, ), increases by 28% from 282 MPa at
1000 s~! to 360 MPa at 3000 s 1. The strain hardening exponent n
determined by the Ludwick equation increase from 0.899 to 0.95
with the increase of strain rate from 1000 to 3000 s 1.

2. The temperature rise AT is estimated to be 64.7 K, far below its
recrystallization temperature, avoiding the thermal softening
induced adiabatic shear localization. The high strain rate sensitivity
m (0.076) and low activation volume V* (11 b°) indicate high strain
and strain-rate hardening capabilities for the current HEA.

3. Microstructural analyses at different strain rates decipher a transi-
tion of deformation mechanisms from dislocation slip at 1000 s ! to
generation of SFs at 2000 s * and twinning at 3000 s, respectively.
The interactions of glide dislocations with SFs, the SFs-SFs reactions
(i.e. the Lomer-Cottrell locks) and SFs-twins are delineated as the
prominent strengthening mechanisms under dynamic loading.
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