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Exceptional high-strain-rate tensile mechanical properties in a CrCoNi
medium-entropy alloy

Peng Gao1†, Zihao Ma3†, Ji Gu2, Song Ni2, Tao Suo3, Yulong Li3*, Min Song2*, Yiu-Wing Mai1 and
Xiaozhou Liao1*

ABSTRACT Alloys with combined outstanding strength and
excellent ductility are highly desirable for many structural
applications. However, alloys subjected to deformation at very
high strain rates and/or cryogenic temperatures usually suffer
from very limited ductility. Here, we demonstrate that a bulk
CrCoNi medium-entropy alloy presents exceptional combi-
nation of high strength and excellent ductility during de-
formation at high strain rates over a wide temperature range.
Full tensile stress–strain curves at a high strain rate of 2000 s−1

and temperatures down to 77 K were successfully obtained
using an electromagnetic Hopkinson tension bar system at-
tached with a cooling device, revealing high true ultimate
tensile strength (σUTS,T) of 1.8 GPa and true strain of ~54% at
σUTS,T. These outstanding mechanical properties were mainly
attributed to profuse deformation twinning. Both high strain
rate and cryogenic temperature promoted deformation twin-
ning. Grain refinement caused by deformation twinning,
dislocation slip and dynamic recrystallisation added to work
hardening and the excellent tensile strain.

Keywords: medium-entropy alloy, strength, ductility, high strain
rate, cryogenic temperature

INTRODUCTION
Metallic materials with combined outstanding strength and
excellent ductility are highly desirable for many applications.
However, most metallic materials working under cryogenic
temperatures and/or high strain rates suffer from poor ductility.
Low temperature makes dislocation slip difficult, which nor-
mally results in decreased ductility in most engineering mate-
rials [1–3]. High strain rate does not provide enough time for
slip, leading to localised dislocation concentration and conse-
quently poor ductility [4]. Recently, there have been reports that
some high/medium-entropy alloys (H/MEAs) present superior
strength and excellent ductility at cryogenic temperatures [5–7].
The key reason that contributes to the outstanding mechanical
properties at cryogenic temperatures is extensive deformation
twinning activities, which strengthen materials and facilitate
plastic deformation [5,6,8].

It is well-known that the propensity of deformation twinning
is remarkably influenced by factors including stacking fault

energy, deformation temperature and strain rate [9]. Lowering
stacking fault energy, which can be achieved by changing the
composition of alloys, promotes deformation twinning [9]. It
has been reported that reducing temperature also lowers stack-
ing fault energy and thus promotes deformation twinning [10].
Another explanation on the temperature effect on deformation
twinning is that it usually occurs at relatively high stresses and
low temperature increases the flow stress and therefore facil-
itates twinning [11]. It is believed that increasing the deforma-
tion strain rate has a similar effect as decreasing the temperature
in facilitating deformation twinning [12]. Given that some H/
MEAs have exceptional strength and ductility at cryogenic
temperatures because of pronounced deformation twinning, it is
reasonable to expect that they would also yield combined high
strength and excellent ductility during high-strain-rate defor-
mation. However, there has been no report on the high-strain-
rate tensile mechanical properties of H/MEAs because of the
difficulty in acquiring complete high-strain-rate tensile stress–
strain curves of materials with high ductility. The available lit-
erature related to high-strain-rate deformation of H/MEAs
failed to present complete stress–strain curves due to the
remarkable ductility and strength that the H/MEAs can reach
under dynamic deformation [13]. Other than studies done
under dynamic conditions, the combined effects of cryogenic
temperature and high strain rate on the tensile mechanical
properties of H/MEAs have never been reported.

Herein, we used a home-made electromagnetic split Hop-
kinson tension bar (SHTB) system with a cooling device to
successfully conduct high-strain-rate tensile deformation of a
CrCoNi MEA until failure. The deformation strain rate was
2000 s−1 and the deformation was conducted at a wide tem-
perature range between 298 K (room temperature, RT) and 77 K.
Results revealed exceptional combined true ultimate tensile
strength (σUTS,T) and ductility at high strain rates in this tem-
perature range. High propensity of deformation twinning
activities and significant grain refinement contributed to the
exceptional mechanical properties.

EXPERIMENTAL SECTION

Materials processing and quasi-static tests
Raw CrCoNi ingots with dimensions of 150 mm × 60 mm ×
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40 mm were prepared by vacuum induction melting in a high-
purity argon atmosphere. The ingots were then homogenised at
1273 K for 2 h, followed by hot rolling with thickness reduction
of ~50% at 973 K. The dimensions of the final hot-rolled plates
were about 270 mm × 65 mm × 20 mm. Dog-bone samples for
tension were cut from the hot-rolled plates. A schematic of the
sample dimensions is shown in Fig. S1. Quasi-static (QS) tensile
tests at RT were conducted using a CSS-44100 electronic motor-
controlled tensile testing machine at a strain rate of 10−3 s−1.
Three samples were tested for all mechanical tests.

High-strain-rate tensile tests
A symmetric electromagnetic SHTB equipped with a cooling
case was successfully used to acquire the complete high-strain-
rate tensile stress–strain curves at different temperatures. Engi-
neering strain in QS tests was obtained from the displacement of
a CSS-44100 electronic motor-controlled tensile testing
machine. Engineering strain in SHTB tests was acquired using
strain sensors that were bonded on the incident bars. Engi-
neering failure strain was confirmed by manually measuring the
total length of fractured samples. A schematic illustration of the
symmetric electromagnetic SHTB is given in Fig. S2. To achieve
a stress pulse long enough to fracture a specimen, two electro-
magnetic SHTBs were connected in parallel to form a symme-
trical electromagnetic SHTB. The stress pulse of the
electromagnetic SHTB was produced by the electromagnetic
force and, therefore, the stress pulse that loaded the specimen
could be accurately controlled [14]. Dog-bone samples were
thread-fixed between the two incident bars and symmetrical
loading was applied by an electromagnetic force through dis-
charging the capacitor bank. The maximum strain of the spe-
cimen could reach twice that of a traditional mechanical SHTB
and the specimen was always in an equilibrium condition
compared to the conventional Hopkinson system. Details of the
instrumental setup and working mechanism of the electro-
magnetic Hopkinson tension bar system are given in a previous
study [14]. Dynamic tensile experiments were conducted at a
strain rate of 2000 s−1 and temperatures of RT, 200 and 77 K. The
length of the two incident bars was 3.5 m. A foam case was used
to house the sample and control the temperature using liquid N2.
A thermometer was inserted into the case and positioned close
to the sample. Three samples were tested for each deformation
condition and all samples were pulled to fracture.

Sample preparation and experimental details for electron back-
scattered diffraction
Samples for electron back-scattered diffraction (EBSD) were
fixed in conductive resin, mechanically ground using SiC papers
and then polished by a 0.25-μm silica suspension. EBSD char-
acterisation was conducted using a Zeiss Ultra field emission
scanning electron microscope working at 20 kV. The scanning
step sizes were 1 and 0.05 μm for samples before and after
deformation, respectively. The microstructural data were
recorded by Aztec and analysed using the Channel 5 software
(HKL Technology) to acquire detailed information on grain
orientation, boundary characteristics and the density of geo-
metrically necessary dislocations (GNDs).

Experimental details for transmission Kikuchi diffraction and
transmission electron microscopy
Specimens for transmission Kikuchi diffraction (TKD) and

transmission electron microscopy (TEM) characterisation were
prepared using the focused ion beam (FIB) technique in a Helios
G4 Plasma FIB. The FIB voltage and current of 30 kV and
100 pA, and 5 kV and 100 pA were used for the milling and final
polishing, respectively. TKD was conducted in a Zeiss ULTRA
Plus scanning electron microscope operating at 30 kV (step size
6.5 nm) and TEM in a JEOL 2200FS operating at 200 kV.

RESULTS

Yield strength, σUTS,T, and true strain at σUTS,T
Dog-bone samples were tested to obtain full stress–strain curves
at a high uniaxial tensile strain rate. Typical engineering and true
stress–strain curves are shown in Fig. 1a but the discussion
below focuses on the true stress–strain curves. Full engineering
stress–strain curves were recorded and the true stress–strain data
were obtained from engineering stress–strain curves. Here, the
true stress–strain data before the occurrence of obvious necking
were presented. Also, σUTS,T was calculated from the engineering
ultimate tensile strength (σUTS,E). QS tensile tests were only
conducted at RT and the results are also included in Fig. 1a for
comparison. Insets in the lower left and right corners of Fig. 1a
show the samples before and after deformation for visual com-
parison. All the samples were pulled to failure and their
mechanical properties are listed in Table 1. Both yield strength
(0.2% offset yield strength) and σUTS,T increased significantly
with strain rate. For deformation at a high strain rate of 2000 s−1,
lowering the temperature from RT to 200 and 77 K further
increased σUTS,T. Strengths increased dramatically with increas-
ing strain rate. The true strain at σUTS,T, which gives a smaller
value than the value of ductility (engineering tensile plastic
strain at failure), was used to represent the ductility in this study,
and was compared with the true strain at failure of other
materials. The influence of strain rate on strength and ductility
was more significant than that of temperature. The true stress–
strain curves at different temperatures and 2000 s−1 almost
overlapped to each other in the first half of the total deforma-
tion. However, in the second half of the deformation, low
temperatures (200 and 77 K) further increased the true stress.
Note that previous reports demonstrated significant impacts of
low temperature on the strength and ductility of similar H/
MEAs at QS tensile tests because of significant deformation
twinning at low temperatures [8]. These impacts were obscured
in high-strain-rate tensile experiments because of the pre-
dominant effect of high strain rate on deformation twinning
over that at low temperatures. As such, the mechanical prop-
erties were less affected by lowering temperature in high-strain-
rate deformation. At a strain rate of 2000 s−1, work hardening in
the late stages of deformation was enhanced with decreasing
temperature, as shown in Fig. 1b.

Comparison of mechanical properties with other alloys
Fig. 1c compares the mechanical properties of our samples and
other alloys, including other H/MEAs, twinning-induced plas-
ticity (TWIP) steels, Ti alloys and light alloys, deformed at high
strain rates and low temperatures. Due to the limited dynamic
tensile test data available in the literature, data from dynamic
compression tests are also included here. Red symbols represent
data from the present study. Green and black symbols represent
tensile and compression data, respectively, from other studies.
To the best of our knowledge, our CrCoNi samples show the
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best overall dynamic strength and ductility at RT and cryogenic
temperatures among engineering materials reported so far
[13,15–22]. TWIP steels also exhibited excellent ductility at
cryogenic temperatures, attributed to deformation twinning
[15]. CrFeCoNi H/MEA was tested at 3000 s−1; however, com-
plete curves were not obtained using a traditional SHTB system
[13]. The TiZrNbHfTa HEA presented very high strength with
very limited strain [21], probably due to its body-centred cubic
structure possessing fewer slip systems. Inconel 718 and Ti-6Al-
4V exhibited high true ultimate compressive strength values,
while their true compressive strain at failure were also relatively
low [18,20].

Microstructure
Fig. 2 displays the microstructures of the samples before and
after deformation. Fig. 2a presents an image of a fully fractured

sample with two areas marked as “Area 1” and “Area 2”. Area 1
was ~2 mm away from the fracture surface, which was between
the end of the homogeneous deformation and the start of neck.
The microstructure in Area 1 largely reflected that of the
homogeneous deformation region. Area 2 was immediately
adjacent to the fracture surface. The local strain in Area 1 was
similar to the strain at incipient necking, i.e., almost the same as
the true strain at σUTS,T, 55%. As non-uniform deformation
occurred in the necking region, it is more appropriate to use
percent reduction in area (%RA) to quantify local strain in the
region. The %RA in Area 2 was 70%. For comparison, the %RA
in Area 1 was 36%. Fig. 2b shows a typical EBSD inverse pole
figure (IPF) map and corresponding {100}, {110} and {111} pole
figures of microstructure before deformation. Grains in the
material presented random orientation with an average grain
size of ~26 μm. There were many coarse annealing twins with

Table 1 Mechanical properties, including yield strength, true ultimate tensile strength (σUTS,T) and true strain at σUTS,T, of the bulk CrCoNi alloy at various
strain rates and temperatures

Strain rate (s−1) Temperature (K) Yield strength (MPa) σUTS,T (MPa) True strain at σUTS,T (%)

10−3 (QS) RT 509 ± 36 1130 ± 9 43 ± 1

2000 RT 805 ± 41 1603 ± 62 53 ± 1

2000 200 772 ± 58 1766 ± 45 55 ± 6

2000 77 872 ± 59 1809 ± 50 54 ± 2

Figure 1 Mechanical properties and work hardening rates of CrCoNi samples. (a) True (solid lines) and engineering (dashed lines) tensile stress–strain
curves of CrCoNi samples at QS and a high strain rate at RT and cryogenic temperatures. Insets at the lower left and right corners show sample photos (at the
same scale) before tensile loading and at failure, respectively. (b) Work hardening rates of samples. (c) Comparison of true ultimate strengths of CrCoNi and
other engineering alloys. Red symbols indicate CrCoNi data from the present study. Green symbols represent tensile test data and black symbols represent
compression tests from other studies [13,15–22].
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widths and twin spacings of ~5–10 and ~10–20 μm, respectively.
Most of the twins did not pass through a whole grain and
therefore the lengths were in the range of ~10–20 μm. After
deformation, strong texture developed in Area 1 in all samples,
as displayed in the IPFs and pole figures in Fig. 2c–e. Because the
mechanical properties and microstructures at 200 and 77 K were
very similar, only the microstructures of samples deformed at
200 K are presented here. It is common for face-centered cubic
alloys to have a dominant <111> and minor <100> texture along
the tensile direction after uniaxial tensile deformation [23,24].
The normal directions of the {111} slip planes of grains with
different crystallographic orientations are inclined to rotate
towards the tensile direction. When the tensile direction is
perpendicular to the {111} slip plane, the resolved shear stress on
the plane approaches zero [25], so that dislocation slip on the
plane stops and grain rotation also stops. The <100> texture
stems from deformation twinning [23]. The average grain sizes
in Fig. 2c–e were 6.5, 6.4 and 6.1 μm, respectively, which did not
differ much. The microstructures of large areas from samples
dynamically deformed at RT and 200 K are shown in Fig. S3,
indicating more deformation twins at 200 K than at RT.

The microstructures in Area 2 of the samples are shown in

Fig. 2f (QS deformation at RT), 2g (dynamic deformation at
RT), and 2h (dynamic deformation at 200 K). Because the
samples in Area 2 experienced large plastic deformation, some
sample areas were of very fine grain sizes and/or very high
densities of crystalline defects and were hence not identified by
EBSD. These areas appear as black areas in the figures. Fig. 2f
shows that, after QS deformation, relatively coarse grains were
stretched along the pulling direction. Fig. 2g, h display structures
with some resemblance. Both show large amounts of ultrafine-/
nano-grains near the fracture surface, as indicated by the yellow
arrows. The results show that the thickness of the region with
ultra-fine/nano grains in samples deformed at RT and 200 K was
~70 and ~100 μm, respectively. The thickness of ultrafine-/nano-
grains layers accounted for ~2% (0.07 mm × 2 / 6 mm) of the
engineering tensile strain at RT and ~3% (0.1 mm × 2 / 6 mm) at
200 K. Since the strain values of these areas are minor to the total
strain values, only the micro-structures outside these areas will
be discussed. The average grain size of the ultra-fine/nano grains
area for samples deformed at RT and 200 K was 0.54 and
0.28 μm, respectively. The average grain size excluding the
ultrafine-grained region shown in Fig. 2f–h was 3.4, 3.0 and
1.2 μm, respectively. In both Fig. 2g, h, many grains with a <110>

Figure 2 Microstructures of samples before and after deformation observed via EBSD. (a) An example (2000 s−1 at 200 K) of a fractured sample after high-
strain-rate tensile deformation showing sampling areas. (b) EBSD IPF map and pole figures before deformation. EBSD IPF map and pole figures of Area 1
after (c) QS at RT, (d) 2000 s−1 at RT, and (e) 2000 s−1 at 200 K. EBSD IPF map and pole figures of Area 2 after (f) QS at RT, (g) 2000 s−1 at RT, and (h) 2000 s−1

at 200 K. The tensile direction is perpendicular to the image planes of (c–e). The tensile direction marked in (f) applies to (f–h). The colour code at the lower
left corner of (b) applies to all EBSD maps in Figs 2 and 3.
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crystallographic orientation (green areas) were seen. Detailed
microstructures of areas away from the ultrafine-grained regions
will be shown later.

The TKD IPF maps in Fig. 3 show details of typical
microstructures from the necking areas of the same three
deformed samples as presented in Fig. 2. They were taken from
regions that were ~200 μm from the fracture surfaces. High
densities of primary and secondary twins were observed in all
samples. Fig. 3a shows that under QS condition, secondary twins
intersected with primary twins, as indicated by white circles at
two places, which is believed to improve both the strength and
ductility [26]. Fig. 3b shows the microstructure at 2000 s−1 and
RT. Red arrows point to primary twins. Intense twin-twin
interactions were also found here. Some twins, a few of which
are indicated by red arrows, had a <110> axis along the tensile
direction. Fig. 3c presents a magnified image of the area marked
with the black box in Fig. 3b, showing that fine grains formed
around twinned areas, as indicated by the black arrows. They
displayed relatively random orientations, as suggested by the
multiple pseudo-colours, indicating that they were dynamically
recrystallised (DRX) grains [27]. Nano-sized sub-grains bounded
by low-angle grain boundaries (LAGBs) were also seen, as
indicated by the white arrow, which is an indication of intensive
dislocation activities. Fig. 3d displays the microstructure at
2000 s−1 and 200 K. The spacing and width of primary twin
boundaries (TBs) were similar to those tested at 2000 s−1 and RT.
However, the number of secondary TBs was dramatically larger.
The density of TBs at cryogenic temperatures was higher than
that at RT. Like the contribution of TBs to the superior ductility
and strength of MEAs at cryogenic temperatures [5,8], TBs also
contributed crucially to the exceptional mechanical properties of

CrCoNi observed at high strain rates. Many nano-grains formed
around TBs, as indicated by the black arrows in Fig. 3e, a zoom-
in area in the white box of Fig. 3d. Nano-grains can form by
either deformation-induced grain refinement or DRX. Defor-
mation-induced grain refinement usually leads to nano-grains
with relatively high dislocation densities within individual grains
and, in many situations, neighbouring grains are separated by
LAGBs [28]. In contrast, DRX grains are of very low dislocation
densities (see Fig. 4a). Based on our structural characterization,
some of the nano-grains observed here were very likely caused
by DRX. This phenomenon is consistent with the report that
TBs can act as preferred zones for DRX [29]. The formation of
these nano-grains was very likely caused by DRX. The DRX led
to low dislocation densities in addition to the relatively random
grain orientations. Some recrystallised grains presented more
random orientations, including <110>.

Statistical data on the spacings, widths and densities of the
deformation twins in three samples are summarised in Table 2.
Each data set was extracted from image areas of 5 μm × 5 μm of
typical twin areas of the samples. The twin densities were cal-
culated based on the length of TBs in the observed areas. The
density of TBs increased with increasing strain rate and/or
reducing temperature.

Fig. 4 presents details of typical dynamic recrystallised grains
in a sample at 200 K. Fig. 4a shows some ultrafine-grained
grains, two of which are marked with red dash loops, with very
low dislocation densities. Meanwhile, nano-twins, some of which
interact with each other, were seen within nano-grains (Fig. 4b).
Stacking faults (SFs) were seen within nano-twins (Fig. 4c).

Twins contribute to the mechanical properties of materials
because TBs act as barriers for dislocation motion, thus pre-

Figure 3 Detailed microstructures of fracture areas of deformed samples observed via TKD. TKD IPF maps of samples deformed at (a) QS, (b) 2000 s−1 at
RT with a zoom-in image of the area marked with the black square presented in (c), and (d) 2000 s−1 at 200 K with a magnified image of the area marked with
the white square presented in (e). White circles in (a) indicate that secondary twins blocked by primary twins. Red arrows in (b) point to primary twins. Black
arrows in (c) and (e) point to DRX grains. The white arrow in (c) points to sub-grains formed by slip.
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venting high local dislocation concentration during dynamic
deformation, and effectively increasing the dislocation storage
capability of the materials [30]. It is critical to understand how
strain rate and temperature influence the density and distribu-
tion of dislocations in deformed samples. The density and dis-
tribution of GNDs, which contribute to the variation in local
lattice orientation, can be visualised using TKD [31–33]. The
results are presented in Fig. 5. The colour legend is for the GND
density maps. The dark grey areas were not identified by TKD.
For samples deformed at RT, with increasing strain rate, TBs
hindered or localised more GNDs, displayed as green belts in
Fig. 5a, b. At 200 K, GNDs were more evenly distributed because
TBs increased and were evenly distributed, as shown in Fig. 5c.
The density of GNDs increased with increasing strain rate and
decreasing temperature, which matches very well the variation of
the TB density in these samples. In addition to the difference in

average density of GNDs, the distributions of GNDs varied
according to TBs.

DISCUSSION

Deformation mechanisms
The microstructures in Area 1 of all samples were very similar
(Fig. 2c–e). Variation in microstructural evolution mainly
occurred in Area 2. Fig. 6 presents schematic diagrams of
deformation-induced microstructural evolutions under QS and
dynamic deformation based on the experimental observations
shown in Figs 2–4. Although the as-received samples contained
many annealing twins, these twins were significantly larger than
the twins shown in the deformed samples, implying that the
latter were deformation twins formed during the plastic defor-
mation process. Hence, the influence of annealing twins on

Figure 4 The microstructure of dynamic recrystallised grains of a sample dynamically deformed at 200 K. (a) Nano grains near the fracture surface. Two
grains with almost no dislocation are marked with red dash loops and indicated by red arrows. (b) An enlarged image of the area marked by the blue square in
(a). (c) An enlarged image of the area marked by the red square in (b). TBs and SFs in (c) are indicated.

Table 2 Spacings, widths and densities of twins of deformed samples

Test parameters (strain rate-
temperature)

Primary twins Secondary twins
TB density (nm−1)

Spacing (nm) Width (nm) Spacing (nm) Width (nm)

QS-RT 700–1200 50–120 100–580 50–100 5.0 × 10−3

2000 s−1-RT 300–500 50–150 150–800 30–150 5.9 × 10−3

2000 s−1-200 K 300–1000 80–150 20–200 20–100 8.7 × 10−3

Figure 5 The density maps of GNDs for deformed samples at (a) QS at RT, (b) 2000 s−1 at RT, and (c) 2000 s−1 at 200 K. The colour legend is for the density
of GNDs.

ARTICLES SCIENCE CHINA Materials

816 March 2022 | Vol. 65 No. 3© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021



microstructural evolution is not discussed.
Fig. 6 shows schematics of the microstructural evolution

processes during QS and dynamic deformation. Before defor-
mation, the material comprises equiaxed grains (Fig. 6a). For
samples experiencing QS deformation at RT, primary twinning
occurs (Fig. 6b), producing twins (in blue) with relatively large
lengths and widths. A high density of secondary twins (in yel-
low) subsequently forms. But most of the secondary twins are
blocked by the primary twins (Fig. 6c). For samples experiencing
dynamic deformation, many primary and secondary twins form
with increased densities, i.e., high strain rate promotes twinning.
Besides, sub-grains with LAGBs also form via slip (Fig. 6d),
which are not extensively seen in QS samples. LAGBs are closely
related to local dislocation densities. The increase of strain rate is
known to promote the pile-up of dislocations because disloca-
tions do not get enough time to slip to and disappear at grain
boundaries [16]. The increase of LAGBs with strain rate indi-
cates a higher dislocation density in the dynamically deformed
samples than in the QS deformed samples (Fig. 6e). DRX occurs
around TBs due to the high stored lattice strain energy. There-
fore, with increasing strain, secondary twinning starts to occur
and the number of DRX grains increases. During plastic
deformation, multiple nano-twinning events also occur within
these sub-grains and DRX grains.

While experimental observation of the necking region
revealed that deformation twinning, dislocation accumulation,
grain refinement, and DRX all contributed to the strength and
ductility of the material, deformation twinning was the domi-
nant factor. The resulting TBs played a critical role in promoting
dislocation accumulation, grain refinement and DRX. As sig-
nificant grain refinement and DRX occurred around TBs mainly
in the necking region at the late deformation stages, their overall
contributions to the strength and ductility were relatively minor.

Yield strength and flow stress
At the yield point, all samples were of the same initial micro-
structure since the samples were mainly subjected to elastic
tensile strain. Hence, the yield strength was primarily deter-
mined by the deformation conditions. Experimental results
show that, while both increasing strain rate and reducing tem-

perature increase yield strength, the strain rate affects yield
strength more significantly than temperature does. High strain
rate restricts the mobility of dislocations and gives less time for
dislocation slip [34]. The flow stress also increases after yield
because the increasing interactions of dislocations hinder their
motion [13].

Strain hardening at late deformation stages and σUTS,T
The slopes of the true stress–strain curves in Fig. 1a after
yielding are very similar, indicating similar strain hardening
rates between QS and dynamic deformation. For dynamic
deformation, the strain hardening rate and σUTS,T are higher at
cryogenic temperatures than at RT at the late stage of the true
stress-true strain curves. It is well-known that low temperature
promotes deformation twinning. TBs strengthen materials by
effectively hindering the motion of dislocations [9,30,35]. Fig. 3
shows that LAGBs were located near TBs. A large amount of
LAGBs is an indication of a high density of dislocations. As
shown in Fig. 5, the dislocation densities near TBs were high.
TBs intersect with each other and form a relatively stable net-
work that contributes to the superior strength [26]. Fig. 3b, d
present the intersections of some micron-sized twins, while
Fig. 4b shows the intersections of a few nano-sized twins. The
σUTS,T was higher and the strain hardening effect was more
pronounced at cryogenic temperatures than at RT, which was
ascribed to the increased twinning activities.

Grain refinement increases strength because GBs act as bar-
riers to the motion of dislocations [36]. The increase in the
density of LAGBs, as indicated by the increase in the number of
sub-grains, also contributed to the strengthening, although they
do not impede the dislocation motion as effectively as TBs and
conventional high-angle GBs. Although DRX reduces the dis-
location density that leads to softening [29], the resulting nano-
meter grain size strengthens materials through the Hall-Petch
effect. Thus, the nett result of the combined effect of DRX could
lead to hardening. The average grain size of the whole fracture
area was finer at cryogenic temperatures than at RT, which is
consistent with the observed higher fracture strength at cryo-
genic temperatures (Fig. 1a).

Increase in the density of TBs and decrease in the average
grain size enhance the overall density of dislocations, which
strengthens the alloy. Although increasing strain rate and
reducing temperature only slightly increased the overall density
of GNDs, they did change the spatial distribution of the GNDs.
More even spread of dislocations was observed in samples
dynamically deformed at cryogenic temperatures, which con-
tributed to the yield and ultimate strengths of the material.

Ductility
Localised dislocation concentration has been condemned
responsible for the poor ductility of materials at high strain rates
[4]. These materials usually do not present significant defor-
mation twinning activities. In contrast, materials that present
increased ductility at high strain rates usually display significant
twinning activities during high-strain-rate deformation [37,38].
Under this condition, full dislocation slip was relatively sup-
pressed and deformation twinning was promoted. Deformation
twinning contributes to the exceptional ductility at high strain
rates through three mechanisms: (a) while TBs impede dis-
location motion that strengthens alloys, they also increase the
dislocation storage capability and consequently improve the

Figure 6 Schematics of the microstructural evolution processes during QS
and dynamic deformation. (a) Microstructure before deformation. (b) Micro-
structure at early deformation stages under QS deformation. (c) Micro-
structure at late deformation stages under QS deformation. (d) Micro-
structure at early deformation stages under dynamic deformation. (e) Micro-
structure at late deformation stages under dynamic deformation. Images are
not to scale. Black, red and grey lines represent conventional high-angle GBs,
TBs and LAGBs, respectively. Blue and yellow areas represent primary and
secondary twins, respectively.
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strain hardening capability of materials, which delays necking
and therefore improves ductility [39]; (b) TBs effectively prevent
dislocation motion from one twin domain to another that sig-
nificantly reduces localised dislocation concentration; and
(c) TBs themselves facilitate deformation and improve ductility
by allowing partial dislocation slip along the twin planes [26].

Meanwhile, the grain refinement that occurred during high-
strain-rate deformation also contributed to the superior ducti-
lity. Two mechanisms operate for the grain refinement:
(a) dislocation accumulation, interaction, tangling, and spatial
rearrangement, and (b) DRX. While the first mechanism facil-
itates the movement of dislocations and reduces stress con-
centration, DRX effectively lowers the local dislocation density,
which enables further plastic deformation and thus improves
ductility at high strain rates. It is noted that deformation twin-
ning and DRX both weaken the texture of the alloy in the neck
area. Random crystallographic orientation relative to the loading
direction facilitates the initiation of multiple slip systems and
therefore contributes positively to the ductility [40].

CONCLUSIONS
We have successfully conducted high-strain-rate tensile defor-
mation of bulk CrCoNi MEA until failure at RT, 200 and 77 K
using an electromagnetic SHTB system and carried out extensive
microstructural characterisation to understand the deformation
mechanisms using EBSD/TKD and high-resolution TEM. The
yield strength, σUTS,T and the true strain at σUTS,T of the alloy all
increase with increasing strain rate and reducing temperature.
The alloy exhibits the best dynamic mechanical properties ever
reported at cryogenic temperatures. While the outstanding
combination of strength and ductility at high strain rates is
mainly attributed to the extensive deformation twinning, DRX
and grain refinement, which occur around TBs in the necking
region, also contribute to the strength and ductility at the late
stages of the deformation process.
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CrCoNi中熵合金优异的高应变速率拉伸力学性能
高鹏1†, 马自豪3†, 顾及2, 倪颂2, 索涛3, 李玉龙3*, 宋旼2*, 米耀荣1,
廖晓舟1*

摘要 拥有优异的力学强度和拉伸塑性对于结构合金是非常重要的 .
然而, 合金在高应变速率或者低温下变形时通常拉伸塑性非常有限. 本
文展示了块体CrCoNi中熵合金在高应变速率和低温下优异的综合拉
伸力学性能. 我们使用一种带冷却装置的电磁霍普金森拉杆装置得到
了在2000 s−1和77 K下完整的拉伸力学曲线. 结果表明合金在1.8 GPa下
具有超高的拉伸真应力 (σUTS,T), 在σUTS,T下的拉伸真应变为~54%. 该合
金优异的力学性能主要归因于大量变形孪晶的启动. 高应变速率和低
温都促使了孪晶的形成. 变形孪晶、滑移、动态再结晶引起的晶粒细
化促进了加工硬化, 从而增加了拉伸塑性.
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