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A B S T R A C T

In the present study, a face-centered cubic non-equiatomic Cr26Mn20Fe20Co20Ni14 high-entropy alloy (HEA) with
a low stacking fault energy of 17.6 mJ m−2 was prepared by vacuum induction melting, forging and annealing
processes. The recrystallized sample is revealed to exhibit an excellent combination of strength and ductility over
a wide temperature range of 4.2–293 K. With decreasing temperature from 293 to 77 K, the ductility and ulti-
mate tensile strength (UTS) gradually increase by 30% to 95% and 137% to 1020 MPa, respectively. At the low-
est temperature of 4.2 K, the ductility keeps 65% and the UTS increases by 200% to 1300 MPa, which exceed
those published in the literature, including conventional 300 series stainless steels. Detailed microstructural
analyses of this alloy reveal a change of deformation mechanisms from dislocation slip and nano-twinning at 293
K to nano-phase transformation at 4.2 K. The cooperation and competition of multiple nano-twinning and nano-
phase transformation are responsible for the superior tensile properties at cryogenic temperatures. Our study
provides experimental evidence for potential cryogenic applications of HEAs.

© 20XX

1. Introduction

Materials used in clean-energy industries, such as liquid natural gas
(LNG) and nuclear power, are required to possess high strength, high
ductility and toughness, especially at cryogenic temperatures. For ex-
ample, the LNG is stored at 77 K, and the jacket materials of supercon-
ductors in a nuclear reactor operate at 4.2 K. However, body-centered
cubic (BCC) and hexagonal close packed (HCP) structural metals and al-
loys usually experience a ductile-to-brittle transition and become brittle
with decreasing temperature to cryogenic atmosphere [1]. Fortunately,
materials with face-centered cubic (FCC) structures are even tougher at
cryogenic temperatures due to sufficient slip systems [2–4]. It is well
known that FCC materials with high stacking fault energies (SFEs), such
as Cu and Ni [3,4], deform predominantly by dislocation slips. The
cooling down of FCC materials with high SFEs to cryogenic temperature
can lead to the followings: (i) decreased thermal activation volume of
dislocation slip for plastic deformation, which results in the reduction
of mean free path of dislocation slip and the increase of flow stress and
strain hardening rate [4,5]; (ii) increased Peierls barrier height, i.e., a
higher stress is required to drive dislocations over the Peierls barrier

[4]; (iii) suppressed dislocation dynamic annihilation at grain bound-
aries and within grains due to the weakened thermally-activated cross-
slip and climb [6]. The above reduced activation volume and disloca-
tion annihilation as well as enhanced Peierls barrier make dislocation
slip difficult, and increase dislocation storage capability and strain
hardening ability in the FCC materials at cryogenic temperatures.

The FCC alloys with low SFEs are also reported to have high ulti-
mate tensile strength (UTS) and ductility. For example, 316 stainless
steel has outstanding ductility and UTS at 4.2 K (49% and 1680 MPa)
and 77 K (56% and 1312 MPa) [7]. Similarly, the ductility and UTS of
304 stainless steel at 77 K are 42% and 1521 MPa, respectively. The
ductility and UTS of high-Mn steel at 77 K are 67% and 1403 MPa, re-
spectively [8,9]. The high strength and ductility in FCC alloys with low
SFEs are attributed to extra deformation mechanisms involving twin-
ning and phase transformation [9]. Twinning produced extra twin
boundaries (TBs) and phase-transformation produced extra phase inter-
faces, which lead to dynamically accumulating dislocations and hard-
ening during deformation, so-called twinning-induced-plasticity
(TWIP) and transformation-induced plasticity (TRIP) effects [10,11].
Thus, over the past several decades, 300 series austenitic stainless steels
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Fig. 1. Initial microstructures of the hot-forged and annealed Cr26Mn20Fe20Co20Ni14 HEA sample. (a) EBSD crystal orientation map. The upper right inset is statisti-
cal grain size distribution. (b) The XRD pattern revealing the single-phase FCC structure of the annealed Cr26Mn20Fe20Co20Ni14 HEA.

and high-Mn steels were mainly used in cryogenic industries due to
their desirable strength and ductility.

Since emerging at 2004, high-entropy alloys (HEAs), or multi-
component alloys, containing at least four principal elements in equal
or near equal atomic ratios, open a completely new research field for
designing new materials with exceptional cryogenic properties
[12–15]. For example, an excellent combination of ductility and
strength at 77 K has been reported for single phase FCC CoCrFeMnNi
HEA (eg. ductility and UTS of 77% and 1280 MPa) [2] and CoCrNi
medium-entropy alloy (MEA) (eg. ductility and UTS of 90% and 1311
MPa) [16], due to the TWIP and TRIP effects. Thus, HEAs and MEAs
have potential applications at cryogenic temperatures [2,16–19].

Lowering SFEs can introduce TWIP and TRIP effects that are benefi-
cial to high strength and high ductility of FCC materials. First-principles
electronic structure calculations reveal that the SFEs of HEAs can be re-
duced by tailoring the atomic ratios of individual components [20,21].
For instance, the SFE of CrMnFeNiCo HEA is calculated as approxi-
mately 25.5–27.3 mJ m−2, and that of Cr26Mn20Fe20Co20Ni14 HEA is as
low as 3.5 mJ m−2 [20]. Therefore, in this study, we selected the
Cr26Mn20Fe20Co20Ni14 HEA with extremely low SFE as a model material
to study its mechanical properties and deformation mechanisms at a
wide temperature range of 4.2–293 K. Detailed characterization of mi-
crostructures are provided to understand the microstructure-
mechanical properties relationship of the investigated HEAs.

2. Experiments

2.1. Materials

The alloy ingot with a nominal composition of
Cr26Mn20Fe20Co20Ni14 was prepared from commercially pure elements
(Co, Ni: 99.9 wt%; Mn, Cr, Fe: 99.5–99.6 wt%). The BN crucible was
heated to 873 K to remove the water vapor and then was putted into the
vacuum induction melting furnace together with raw elements. The fur-
nace chamber was first evacuated to 8 × 10−9 MPa and then backfilled
with high-purity argon gas to reach 6 × 10−2 MPa. An IRTM-2CK in-
frared pyrometer was employed to monitor the temperature with an ab-
solute accuracy of ± 2 K. The pouring temperature was 1823 K and ap-
proximately a 2.5 kg of ingot was obtained with a length of 220 mm, an
upper inner diameter of 62 mm and a bottom inner diameter of 50 mm.
The HEA was re-melted twice to ensure homogeneity. The ingot was
hot-forged and subsequently annealed at 1273 K for 8 h to obtain a ho-
mogeneous structure.

2.2. Tensile tests

Dog-bone shaped specimens with a diameter of 3 mm and a gauge
length of 18 mm were cut from the annealed ingot via electrical dis-
charge machining and CNC turning lathe. All tensile tests were per-
formed on an MTS-SANS CMT5000 universal testing machine with con-
tacting strain gages at the Key Laboratory of Cryogenics, Technical In-
stitute of Physics and Chemistry, Chinese Academy of Sciences (TIPC,
CAS). Tensile tests of the Cr26Mn20Fe20Co20Ni14 HEA were carried out at
various temperatures, including room temperature (293 K), in a dry ice-
alcohol mixture (203 K), liquid nitrogen (77 K), liquid neon (20 K), and
liquid helium (4.2 K) with a strain rate of 1 × 10−3 s−1. The surface
temperatures of tensile specimens were measured by thermodetector.
For each temperature, at least three tensile tests were conducted.

2.3. Microstructural characterization

Chemical homogeneity of the HEA was investigated via atom probe
tomography (APT) using a Local Electrode Atom Probe (CAMECA LEAP
4000X Si). The APT specimen was prepared by a standard two-stage
electro-polishing, which is first in an electrolyte of 30% perchloric acid
and 70% glacial acetic acid at 12 V, and second in an electrolyte of 5%
perchloric acid and 95% 2-butoxyethanol at 15 V at room temperature.
Reconstruction and visualization of the APT data were performed using
the CAMECA Visualization and Analysis Software (IVAS 3.6.8) package.
X-ray diffraction (XRD) analysis was performed with a Bruker-AXS D8
Advance X-ray diffractometer equipped with Cu-Kα radiation source.
Electron back scattering diffraction (EBSD) analysis was conducted via
a high-resolution field emission Carl Zeiss-Auriga-45-66 scanning elec-
tron microscope (SEM). EBSD specimens were electropolished in an
electrolyte containing 10 vol% perchloric acid and 90 vol.% acetic acid.
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.
Furthermore, transmission electron microscope (TEM) observations
were conducted in an FEI-Tecnai G2 20 S-TWIN microscope operated at
200 kV. The high-resolution transmission electron microscope
(HRTEM) analysis was conducted in Titan G2 60-300 microscope oper-
ated at 300 kV. The TEM specimens were prepared by electro-polished
in an electrolyte containing 10% perchloric acid, 20% glycerol, and
70% methanol at 253 K via a twin jet polishing system.
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Fig. 2. Compositional distribution of the hot-forged and annealed Cr26Mn20Fe20Co20Ni14 HEA sample by APT. (a) Combined and individual Cr, Mn, Fe, Co, and Ni
atom maps of a 3-D reconstructed volume. (b–f) Nearest neighbor distribution analyses of Cr, Mn, Fe, Co, and Ni in the analyzed volume of the HEA sample with
reference curves when the element atoms in the volume are in a random distribution.

3. Results

3.1. Initial microstructures and compositional distribution

As shown in Fig. 1(a), the annealed Cr26Mn20Fe20Co20Ni14 HEA has
fully recrystallized microstructure with grain sizes ranging from 10 to
100 μm and an average grain size of 47 μm. The XRD pattern in Fig. 1
(b) reveals a single-phase FCC structure. The compositional homogene-
ity of the annealed sample was analyzed via APT. The 3D atom maps of
a reconstructed volume and the corresponding nearest neighbor distrib-
ution analyses in Fig. 2 show the overlap of the experimental curve with
the theoretical curve for each element, indicating a uniform and ran-
dom solid solution without any nano-precipitates or elemental segrega-
tions in the HEA.

3.2. Tensile properties

Fig. 3(a) shows the engineering stress-strain curves of the
Cr26Mn20Fe20Co20Ni14 HEA at different temperatures. The detailed me-
chanical properties are listed in Table 1. As shown in Fig. 3(a) and
Table 1, the yield strength (YS), UTS and ductility of the HEA at 293 K
are 145 MPa, 430 MPa and 73%, respectively. With temperature de-
crease to 77 K, the YS, UTS and ductility increase simultaneously to
450 MPa (210% increment), 1020 MPa (137% increment), and 95%
(30% increment), respectively. The simultaneous improvement in the
low-temperature strength and ductility of the Cr26Mn20Fe20Co20Ni14
HEA exceeds those of CrMnFeCoNi HEA but comparable with those of
CrCoNi MEA [2,16]. Further decrease of temperature leads to improve-
ment of strength but decline in ductility. At the lowest temperature of
4.2 K, the YS and UTS further increase to 660 MPa (355% increment)
and 1300 MPa (200% increment), respectively, while the ductility de-
creases to 65%. Furthermore, it is noted that the tensile curves of the
Cr26Mn20Fe20Co20Ni14 HEA exhibit obvious serrations at 20 and 4.2 K.
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Fig. 3. (a) Tensile engineering stress-strain curves tested at different temperatures. The inset shows the serration behaviors at 20 and 4.2 K. (b) Strain hardening rate
Θ versus true strain at different temperatures. Three stages could be distinguished, as marked along the black dashed line.

Table 1
Lists of the YS, UTS and ductility of the Cr26Mn20Fe20Co20Ni14 HEA at differ-
ent temperatures.

Temperature (K)

293 203 77 20 4.2

YS (MPa) 145 355 450 575 660
UTS (MPa) 430 730 1020 1209 1300
Ductility (%) 73 86 95 66 65

The stress fluctuation amplitude gradually increases from 8 to 162
MPa with increasing strain.

The strain hardening rates ( , where σ denotes the true
stress, ε denotes the true strain) at different temperatures are shown in
Fig. 3(b). Regardless of temperature, the five strain hardening rate
curves exhibit three distinct stages, containing the significant drop of
(stage I), the steady-state (stage II) and the further decreases of
(stage III). It is worth noting that the stage I extends with decreasing
temperature. Strain hardening exponent, n, simulated by the Hollomon
equation ( , where K and are the strength coefficient and the
true plastic strain, respectively) can be used to evaluate the strain hard-
ening capability. As shown in Fig. 4 and Table 2, the n values increase
from 0.45 to 0.69 with decreasing temperature from 293 to 4.2 K, com-
parable to those of stainless steels [10].

Fig. 5 summarizes the UTS and ductility of present HEA and other
materials at 4.2 K and 77 K, respectively [2-9,16,22–39]. As shown in
Fig. 5(a), at 4.2 K, most metals and alloys exhibit the strength-
ductility paradox between UTS and ductility, such as Cu, Al, Ti alloys,
etc. However, the Cr26Mn20Fe20Co20Ni14 HEA exhibits superior combi-
nation of ductility (65%) and UTS (1300 MPa), and the ductility ex-
ceeds that of the conventional 316 stainless steel (49%) [7]. At 77 K,
the Cr26Mn20Fe20Co20Ni14 HEA has the better ductility, comparable to
that of CoCrNi MEA [4,5,16,38,39].

3.3. Deformation and strengthening mechanisms at room temperature

Detailed TEM characterization was performed to reveal the underly-
ing deformation mechanisms of the Cr26Mn20Fe20Co20Ni14 HEA at dif-
ferent temperatures. Figs. 6 and 7 show the TEM micrographs and the
corresponding selected area electron diffraction (SAED) patterns of
samples tested at 293 K. At a true strain of 2%, a few dislocations and
long SFs are observed (Fig. 6(a)). As shown in Fig. 6(b) and (c), a great
quantity of planar dislocation arrays and some multiple {111} slip
traces are observed at the true strain of 6%, indicating strong planar
dislocation slip in the initial deformation stage. Besides, SFs are also
found frequently (Fig. 6(c)). With the true strain increase to 22%, defor-

mation twins are observed, as shown in Fig. 6(d). With further increas-
ing plastic strain to fracture (49%), numerous primary deformation
twins, secondary deformation twins, and even tertiary twins are ob-
served, which refine the coarse-grained matrix into nano-scale twin
lamellae with thickness of tens of nano-meters (Fig. 6(e)). High density
dislocations are observed within the twin lamellae (Fig. 6(f)).

HRTEM method was used to analyze the SF in the tensile-fractured
sample with a strain of 49% at 293 K. As shown in Fig. 8(a), the SF is
formed by the dissociation of an extended 1/2<110> dislocation into
two 1/6<112> partial dislocations. Fig. 8(b) and (c) display several
SFs with widths ranging from 7.9 to 21.8 nm, indicating there is a large
scattering of SF width measured by HRTEM. Fig. 8(d) shows the distrib-
ution of measured SF width from 38 SFs in the Cr26Mn20Fe20Co20Ni14
HEA and the average SF width is 13.6 nm. The SFE can be determined
by the equation [40]:

(1)

where is the SFE, μ is the shear modulus, approximately equal to
79.3 GPa [41], is the magnitude of Burgers vector, d is the SF width,

is the Poisson's ratio, is the angle between the dislocation line and
the Burgers vector of the dislocation (0° for the screw dislocation and
90° for the edge dislocation). At 293 K, the SFE of the
Cr26Mn20Fe20Co20Ni14 is calculated as 17.6 mJ m−2, which is larger than
the result by first-principle calculation (3.5 mJ m−2) but lower than the
measured SFE of CrMnFeCoNi HEA (30 ± 5 mJ m−2) by TEM [41].

3.4. Deformation and strengthening mechanisms at cryogenic temperatures

Fig. 9 presents the microstructures of the Cr26Mn20Fe20Co20Ni14
HEA at cryogenic temperatures and Fig. 10 displays the corresponding
SAED patterns. At 203 K, some long SFs and nano-scale twins are fre-
quently observed. As shown in Fig. 9(a), SFs on two sets of {111}
planes intersect with each other and spread uniformly within the
grains. Based on the statistical distribution of SF width from 32 SFs,
the average SF width and SFE are measured as 17.5 nm and 13.7 mJ
m−2 at 203 K, as shown in Fig. 11(a). Furthermore, some deformation-
induced nano-twins and a small number of HCP laths are also ob-
served, as shown in the inset in Fig. 9(b) and the corresponding SAED
patterns in Fig. 10(a–c). Fig. 12(a) and (b) further illustrates the nano-
twins and HCP laths by HRTEM, respectively. As shown in Fig. 12(b),
the HCP laths are sandwiched between matrix and twins. The lattice
parameters a and c of the deformation-induced HCP phase are mea-
sured as 2.56 and 4.13 Å, respectively. According to the SAED pat-
terns in Figs. 9(b) and 12(c), the HCP laths exhibit a consistent orien-
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Fig. 4. (a–e) Experimental true stress versus true plastic strain curves and simulated curves by Hollomon equation of the Cr26Mn20Fe20Co20Ni14 HEA at different tem-
peratures. (f) Variations of n with temperatures.

Table 2
Lists of the simulated values of the strain hardening exponent, n, and the
strengthening coefficient K from the Hollomon equation.

Temperature (K)

293 203 77 20 4.2

K (MPa) 895 1677 2363 2948 3394
n 0.45 0.52 0.55 0.59 0.69

tation relationship with the matrix as (000-1)HCP || (-111)FCC and [2-1-
10]HCP || [110]FCC, and share the same {111} habit planes with the co-
herent boundaries of the nano-twins [42].

At temperature of 77 K, lower SFE enhances the SF activities. As
shown in Fig. 11(b), the average SF width is measured as 25.7 nm from
21 SFs and the corresponding SFE is calculated as 9.9 mJ m−2 at 77 K.
As shown in Fig. 9(c), numerous projections of SFs overlapped on one
type of {111} planes and formed the discontinuous fringe contrast are

observed in the fractured HEA specimen. Furthermore, the interactions
between three pairs of parallel {111} faults form a rhombic hexahedron
(termed as “stacking-fault parallelepipeds” [43]), as shown in the inset
B in Fig. 9(c). Additionally, the content of the HCP phase increases as
compared to that at 203 K. As shown in Fig. 9(d), the primary deforma-
tion nano-twins and nano-HCP lamellae, are cut by the secondary type
(inset C in Fig. 9(d)) and form the parallelogram shaped intersection
structure (marked by the yellow parallelogram).

At temperatures of 20 and 4.2 K, SFs and twins are seldom observed,
and the single HCP phase transformation govern the plastic deforma-
tion, indicating the SFEs are further lowered. Unfortunately, the statis-
tical distribution of SF width and SFEs at 20 and 4.2 K couldn't be pro-
vided by the HRTEM measurements. As shown in Fig. 9(e) and (f), the
HCP bundles are observed in fractured HEA specimen, containing sev-
eral HCP lamellae with a thickness of approximately 5 nm. Another ob-
served microstructural feature is the severe collision between the HCP
bundles from different slip directions. As shown in area “D” in Fig. 9(e)
and the magnified image in Fig. 9(g), two HCP bundles collide together
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Fig. 5. Ultimate tensile strength (UTS) versus ductility of Cu, Al, Ti, Ni, NiFe, and NiCo alloys, 316, 304 and high-Mn steels, MEAs and HEAs at 4.2 K (a) and 77 K
(b), respectively. The dashed black lines were draw to schematically show the trade-off relationship between the UTS and ductility.

Fig. 6. TEM micrographs of the Cr26Mn20Fe20Co20Ni14 HEA with different g vectors and tensile true strains at 293 K. The fully labelled selected area electron dif-
fraction (SAED) patterns are shown in Fig. 7. (a) SFs are indicated by white arrows. (b) Parallel dislocation arrays and (-111) slip traces are indicated by dotted red
and white arrows, respectively. (c) Two sets of {111} slip traces and SFs are indicated by white dashed lines and solid arrows. (d) [110] zone axis (Z.A.) dark field
TEM micrograph showing deformation twin. The inset is SAED pattern of matrix “M” and twin “T”. (e) [110] zone axis bright field TEM micrograph showing multi-
ple twinning systems “T1”,“T2” and “T3”. (f) High-density and homogeneously-distributed dislocations.

and causes a slight deviation of 4.3° from the original slip direction of
the upper HCP bundle, generating small-angle GBs. The nano-HCP
lamellae at the intersecting region are divided into nano-grains
(marked by yellow dotted lines) with large-angle misorientation to the
original slip direction (marked by red dotted arrows). As shown in the

lower left region denoted as “E” in Fig. 9(e) and the magnified image in
Fig. 9(h), a thin HCP bundle cut through a thick HCP bundle. The thin
HCP bundle also breaks into nano-grains with large-angle misorienta-
tion. Besides, a single HCP bundle crosses another HCP bundle, giving a
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Fig. 7. (a) Fully labelled SAED pattern under [110] zone axis in Fig. 6d. The
matrix and twin are marked as “M” and “T” respectively. (b) The SAED pattern
under [110] zone axis of matrix (marked as “M”) and twins on two twinning
systems (marked as “T1” and “T2”) in Fig. 6e. (c) Fully labeled SAED pattern of
“M” and “T1” in (b). (d) Fully labeled SAED pattern of “M” and “T2” in (b).

6.4° deflection of slip direction at 4.2 K, as shown in the SAED in Fig. 9
(f).

XRD experiments were performed on the tensile samples of
Cr26Mn20Fe20Co20Ni14 HEA at different temperatures. As shown in the
Fig. 13(a), the diffraction peaks representing the (10-11) crystallo-

graphic plane for HCP phase are observed first at 203 K, corresponding
to the results from TEM (Fig. 9). With decrease of temperature, the in-
tensity of (10-11) diffraction peak enhances, indicating the increase of
volume fraction of HCP phases. According to the literature [44], the
volume fraction of HCP phases can be quantitative calculated by the
equation:

(2)

where n is the number of examined peaks, I is the integrated inten-
sity of the diffraction peak, is the material
scattering factor, is the volume of the unit cell, F is the structure fac-
tor, P is multiplicity factor, is temperature factor, is diffraction
angle. As shown in the Fig. 13(b), the volume fraction of HCP phases in
the sample at 203 K is approximately 4.7%. The volume fraction of HCP
phases increases with temperature decrease, and is approximately 30%
at 4.2 K.

4. Discussions

4.1. Temperature dependence on strain hardening rate

As shown in Fig. 3(b), all the HEA samples exhibit three distinct
stages with broad steady-state, which is different from the monotonic
decrease in conventional polycrystalline metallic materials. The fast
drop of strain hardening rates in stage I at a given temperature corre-
sponds to the conventional transition from elastic to dislocation-slip-
dominated plastic deformation [45]. At 293 K, the mobile unit disloca-
tions in dislocation arrays and the fast movement of SFs are responsible
for the lower value in stage I (Fig. 6(a–c)) [43]. While the hysteretic
drop or the extended stage I with decreasing temperature is resulted
from the increase of critical resolved shear stress (CRSS) for unit dislo-

Fig. 8. [110] zone axis HRTEM images of the tensile-fractured Cr26Mn20Fe20Co20Ni14 HEA with ε = 49% at 293 K. (a) HRTEM image revealing a SF was formed
from the dissociation of an extended 1/2<110> dislocation to two 1/6<112> partial dislocations. (b,c) HRTEM image showing massive SFs with width ranging
from 7.9 to 21.8 nm. (d) Statistical distribution of SF width and SFE at 293 K.
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Fig. 9. Postmortem bright-field TEM images of the tensile fractured Cr26Mn20Fe20Co20Ni14 HEA at different temperatures. The fully labelled SAED patterns are
showed in Fig. 10. (a) SFs intersection structure. (b) Deformation twins and nano-HCP phase as well as the SAED pattern under [110]FCC zone axis. (c) SFs paral-
lelepipeds. (d) The intersection structure of nano-twin-HCP composite lamellae on the two slip systems and the SAED pattern under [110]FCC zone axis. (e, f) Severe
intersection of HCP phase and the [110]FCC zone axis (Z.A.) SAED pattern. (g, h) Magnification of regions D and E, respectively, and shows the nano-grains (de-
noted by a yellow dotted line) with large-angle misorientation to the original slip direction (denoted with red dotted arrows).

cation [5]. In stage II, the steady-state is due to additional strengthen-
ing and hardening effects from deformation twinning and/or transfor-
mation, as shown in the TEM results above. The steady-state delays
the necking and finally enhances the uniform elongation and overall
ductility. It is worth noting that the strain range of the stage II first in-
creases with temperature decreasing from 293 K to 77 K, and then de-
creases with temperature decrease to 4.2 K, corresponding to the evolu-
tion of ductility in Fig. 3(a). At 293 K (Fig. 6(d)), twin lamellae typically
act as effective obstacles to impede the motion of dislocations, espe-
cially for those with slip direction not parallel to the twin lamellae
[46,47]. The deformation twinning dynamically increases the capacity
of dislocation accumulation and contributes to the steady-state in
stage II. At lower temperatures (203 K and 77 K), the density of twins

increases and phase transformation occurs, introducing more twin
lamellae and phase boundaries. Therefore, the samples at 203 K and 77
K possess higher strain hardening rate and broader steady-state II.
While the Cr26Mn20Fe20Co20Ni14 HEA exhibits obvious serration behav-
iors at 20 and 4.2 K. The similar serration behaviors are widely reported
in the Al-Mg alloys [48,49], TWIP steels [10,50] and metal glass [51],
resulting from the repeated pinning-breaking dislocation activity by the
diffusing-solutes, twinning and shear band. The authors believe that the
deformation twinning results in the serration behaviors in Al0.5CoCr-
CuFeNi HEA [52] at low temperature (7–9 K). For presently studied
Cr26Mn20Fe20Co20Ni14 HEA deformed at 20 and 4.2 K, the serration be-
haviors are attributed to the propagation and interaction of the HCP
lamellae (Fig. 9(e-h)). The tensile stress was released when the HCP
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Fig. 10. (a) The SAED pattern under [110]FCC zone axis of matrix (marked as
“M”) and twin (marked as “T”) as well as HCP phase in Fig. 9(b). (b) Fully la-
beled SAED pattern of “M” and “T” in (a). (c) Fully labeled SAED pattern of
“M” and HCP phase (marked as “H”) in (a). (d,e,f) Fully labeled SAED pattern
of “M” and “H” in Fig. 9(d, e, f), respectively.

lamella propagated smoothly while it was accumulated when the prop-
agation of the HCP lamella was blocked. The severe serration behaviors
result in plastic instability and premature fracture of
Cr26Mn20Fe20Co20Ni14 HEA at 20 and 4.2 K (Fig. 3(a)). As shown in Fig.
6(f), dislocations distribute and accumulate homogeneously within
twin and matrix lamellae. This means that the saturation of disloca-
tions, twins and phase transformation result in further decreases of in
stage III [45].

4.2. Temperature dependence on mechanical properties

As shown in Fig. 3(a), the yield strength, ultimate tensile strength of
the Cr26Mn20Fe20Co20Ni14 HEA all increase with decreasing tempera-
ture from 293 K to 4.2 K. While the ductility increases with temperature
decrease from 293 K to 77 K and then decreases with temperature de-
crease from 77 K to 4.2 K. The evolutionary trend of strength is in accor-
dance with that of CrMnFeCoNi HEA. The superior combination of
strength and ductility in CrMnFeCoNi HEAs are ascribed to the en-
hanced dislocation motion and earlier start of twinning at cryogenic
temperatures [2,53]. While the strengthening and toughening mecha-
nisms of the Cr26Mn20Fe20Co20Ni14 HEA have some difference due to
the lower SFE (17.6 mJ m−2 at 293 K). According to literature [54], the
deformation mechanisms of FCC materials can be summarized as a
function of SFE: (i) slip deformation of unit dislocations when SFEs ex-
ceed 60 mJ m−2; (ii) twinning deformation when SFEs are in the range
of 20–60 mJ m−2; (iii) transformation-induced deformation when SFEs
are lower than 20 mJ m−2. For the Cr26Mn20Fe20Co20Ni14 HEA sample at
293 K, the deformation mechanism changes from dislocation slip at low
strain level (ε<6%) to deformation twinning at medium to high strain
(ε>22%) (Fig. 6).

The SFE is also affected by the temperature, and decreases by
20%–30% when the temperature decreases from 293 to 77 K [55]. The
SFE of the Cr26Mn20Fe20Co20Ni14 HEA at 203 K and 77 K are 13.7 mJ
m−2 and 9.9 mJ m−2, respectively (Fig. 11). Compared to 293 K, the fur-
ther decrease of SFE at cryogenic temperatures enhances activity of SF
and nanoscale twinning. As shown in Fig. 9(a) and (c), SF paral-
lelepipeds are observed. Within the 3D parallelepipeds fault structure,
three individual SFs on three unparallel {111} planes act as the faces of
the hexahedron. The interactions between the two partial dislocations
on conjugated {111} planes form immobile Lomer-Conttrell dislocation
locks. The 3D SF structure and the Lomer-Conttrell dislocation locks are
effective in blocking of dislocation motion, thereby leading to a signifi-
cant strain hardening effect. Deformation twinning, by constantly gen-
erating new boundaries and reducing the mean free path of dislocations
during plastic deformation (“dynamic Hall–Petch”), produces a high
degree of strain hardening and a significant increase in the UTS. More-
over, twinning can provide an additional deformation mode to accom-
modate plastic deformation. The three-dimensional twin networks offer
multiple pathways for dislocation motion along the TBs and disloca-
tions can cross-slip from one TB to another through the “overpass”
mechanism constructed by the intersected TBs [56].

AT cryogenic temperatures, the reduced CRSS of the HCP phase-
transformation makes the transformation easier [57,58] and induces
TRIP effects in Cr26Mn20Fe20Co20Ni14 HEA (Fig. 9). The formed HCP
lamellar structures are very effective barriers for dislocation slip since
the transmission of edge-component dislocations into the HCP phase
would require the activation of <c> or <c + a> dislocation with a
component along [0001] [57]. The <c> or <c + a> dislocation typi-
cally exhibits extremely high CRSS in HCP materials, especially at low

Fig. 11. Statistical distributions of SF width and SFE at 203 K (a) and 77 K (b), respectively.
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Fig. 12. HRTEM images on [110]FCC zone axis of the tensile-fractured
Cr26Mn20Fe20Co20Ni14 HEA at 203 K. The insets show the corresponding fast
Fourier transform (FFT) patterns. (a) Deformation nano-twin with three atomic
layers. (b) nano-scale HCP laths sandwiched between matrix and twins. (c)
HRTEM image showing the [2-1-10]HCP || [110]FCC relationship. The HCP phase
shares the same {111} habit planes with the coherent twin boundaries.

temperatures. Besides, the nano-HCP laths are mainly formed in the
presence of nano-twins, leading to the formation of nano-twin-HCP
composite lamellae (Figs. 9(b) and 12). The nanocomposite lamellae of-
fer an optimal partition of strain and stress, and decrease the possibility
of damage nucleation due to their elastic compliance. Briefly, the com-
bination of enhanced SFs, TWIP and TRIP effects contribute to excellent
work hardening, preventing the early onset of necking instability. Thus,
the Cr26Mn20Fe20Co20Ni14 HEA possesses the simultaneous increase in
strength and ductility at 203 K and 77 K (Fig. 3(a)).

At temperature of 20 K and 4.2 K, the HCP phase transformation
dominates the plastic deformation. As shown in Fig. 9(e-h), the HCP

bundles and severe collision between the HCP bundles from different
slip directions are observed, leading to microstructure refinement. The
dynamic phase transformation, the high densities of phase boundaries
and the grain refinement contribute to higher strength (1300 MPa) at
4.2 K (Fig. 3(a)). However, the severe serrations at 4.2 and 20 K caused
by frequent FCC→HCP phase transformation result in plastic instability
and premature fracture of the Cr26Mn20Fe20Co20Ni14 HEA. Thus, the
ductility decreases obviously at 20 K and 4.2 K (Fig. 3(a)).

4.3. FCC→HCP transition mechanism

HRTEM was employed to discover the formation mechanisms of
HCP phase in terms of dynamics at atomic scale in the
Cr26Mn20Fe20Co20Ni14 HEA. Fig. 14(a) illustrates the transient phase
boundary (denoted by the orange dotted line) between the FCC and
HCP phases deformed at 20 K. A typical 1/6<112> Shockley partial
dislocation is observed and demonstrate that the atomic formation
mechanisms of the HCP phase from the FCC phase is alternate SF gener-
ation, as schematically represented in Fig. 14(b). Nine atomic layers in
the FCC matrix with an atomic packing order of ABCABCABC are in-
spected. As shown in Fig. 14(b), when an atomic layer is displaced by a
Shockley partial dislocation, an SF is introduced with a stacking se-
quence of CABCABABC, namely a thin HCP phase lamella with four
atomic layers of ABAB. When another Shockley dislocation moves on
the alternate (not adjacent) close-packed plane, the double alternating
SFs exhibit an atomic packing sequence corresponding to BCABABABC,
namely an HCP phase with six atomic layers. Therefore, the HCP phase
transformation of the Cr26Mn20Fe20Co20Ni14 HEA at cryogenic tempera-
tures is realized via alternating SF generation.

From thermodynamics, the phase transformation depends on the
difference in Gibbs free energies between the FCC and HCP phases. The
molar Gibbs free energy difference shows a positive rela-
tionship with the SFE, γ, and is expressed as [59,60]:

(3)

(4)

where is the coherent FCC-HCP interfacial energy (10 ± 5
mJ m−2) [59,61], is the planar packing density (moles/area) of a
close-packed plane {111}, a is the lattice constant of the FCC phase
(3.58 Å) and N is the Avogadro's number (6.02 × 1023). As shown in
Fig. 15, the values of decrease with temperature, and are in
a range marked as red shadow area. Obviously, the (>
80%) mostly perform as negative values and the fraction of negative

Fig. 13. (a) The XRD patterns of the Cr26Mn20Fe20Co20Ni14 HEA samples after tensile at different temperatures. (b) Evolution of the volume fraction of HCP phases
with temperature.
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Fig. 14. (a) [110] zone axis HRTEM images of the Cr26Mn20Fe20Co20Ni14 HEA
tested at 20 K. Phase boundary is denoted by the orange line between FCC and
HCP. (b) Schematic atomic formation mechanisms of the HCP phase from the
FCC phase via alternate SF generation. (c, d) The [2-1-10] zone axis HRTEM
images of HCP phase at 20 and 4.2 K, respectively. The insets show correspond-
ing FFT patterns.

values increases with decreasing temperature. When the temperature
dropping to 77 K, the highest value of is as low as -1.67 J
mol−1, i.e. the negative fraction reach 100%. The negative value sug-
gests that the formation energy of HCP phase is lower than that of FCC
phase, and the HCP phase is more stable than FCC phase. The calcula-
tions based on the density-functional theory (DFT) also revealed that
the formation energy of HCP structure is lower than that of FCC struc-
ture in CrCoNi MEA [62] and CrMnFeCoNi HEA [63] at 0 K, indicating
the HCP structure is stable at cryogenic temperature. Therefore, the de-
crease of SFE with decreasing temperature induces the decrease of

, promoting the HCP phase transformation in the
Cr26Mn20Fe20Co20Ni14 HEA, especially at cryogenic temperatures. Ac-
cording to Fig. 15, it is a scientific inference that the lower SFE de-
creases the values of , enhancing the HCP phase transforma-
tion. By extrapolation, at 20 and 4.2 K can be deduced and
the SFEs can be calculated to be 7.12∼7.35 mJ m−2 at 20 K and 6.1-6.87

mJ m−2 at 4.2 K, respectively. As shown in Fig. 14(c) and (d), the higher
densities of HCP phases at 20 and 4.2 K confirm the above inference.

4. Conclusions

In this work, a Cr26Mn20Fe20Co20Ni14 HEA was prepared and studied
in terms of the microstructures and mechanical properties as a function
of temperature from 293 to 4.2 K. Through systematic characterization
of microstructures and investigation of strengthening mechanisms, we
elucidate the microstructure-mechanical properties relationship of the
Cr26Mn20Fe20Co20Ni14 HEA. The main conclusions are as follows:

(1) The Cr26Mn20Fe20Co20Ni14 HEA with low-SFE (17.6 mJ m−2 at
293 K calculated by HRTEM) possesses excellent strain
hardening rate and high dislocation storage capacity (n > 0.45).
As a result, the Cr26Mn20Fe20Co20Ni14 HEA exhibits a superior
combination of strength and ductility over a wide temperature
range of 273-4.2 K.

(2) At 293 K, the YS, UTS and ductility of the Cr26Mn20Fe20Co20Ni14
HEA are 145 MPa, 430 MPa and 73%, respectively. The
deformation mechanism changes from dislocation slip at initial
stage ( =6%) to deformation twinning at mid to late stage ( >
22%).

(3) At 203 K, phases transformation happens form FCC to HCP, with
a volume fraction of 4.7%. With temperature decrease to 77 K, the
lower SFE (9.9 mJ m−2) facilitates the formation of abundant
twins and induces more phase transformation, enabling the
highly-effective-defects (dislocations, twin boundaries and phase
interfaces) storage. As a result, the YS, UTS and ductility increase
simultaneously to 450 MPa, 1020 MPa, and 95%, respectively.

(4) At 20 and 4.2 K, the deformation behavior is dominated by HCP
transformation (30% at 4.2 K), leading to the highest strength
and strain hardening rate. The propagation and interaction of the
HCP lamellae result in obvious serration behaviors. Thus, the YS
and UTS of the Cr26Mn20Fe20Co20Ni14 HEA at 4.2 K further
increase to 660 MPa and 1300 MPa, respectively, while the
ductility decreases to 65% due to plastic instability and
premature fracture caused by the severe serration behaviors.
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