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A B S T R A C T   

Stacking fault energy (SFE) of high- and medium-entropy alloys (HEAs and MEAs) can be tuned by tailoring the 
constituent. In this work, we prepared a non-equiatomic Cr26Mn20Fe20Co20Ni14 HEA with low SFE and inves-
tigated the Charpy impact behavior at 298 and 77 K, respectively. The Cr26Mn20Fe20Co20Ni14 HEA performs an 
inverse temperature dependence of absorbed impact energy, in contrast to the slight decrease of the equiatomic 
CrMnFeCoNi HEA. Detailed microstructural investigation along the cracks reveals that dislocation pilling-up and 
nano-twinning are the dominant strengthening mechanisms for the Cr26Mn20Fe20Co20Ni14 HEA at 298 K and the 
CrMnFeCoNi HEA at 298 and 77 K. For Cr26Mn20Fe20Co20Ni14 HEA at 77 K, except for the enhanced twinning 
and dislocation storage, additional hexagonal close packed (HCP) structured ε phase transformation also 
occurred, contributing to the higher strain hardening ability and impact toughness. This study provides exper-
imental evidence for designing HEAs for potential cryogenic applications.   

1. Introduction 

Seeking for structural materials with high impact and fracture 
toughness, used in the cryogenic applications, has been a persistent 
endeavor for the materials community. This is because coupling of low 
temperature and high impact loading rate poses a huge challenge for 
selecting applicable materials [1]. It is well known that the 
body-centered cubic (BCC) metals and alloys usually experience a 
distinct ductile-to-brittle transition (DBT) and lose most of their 
toughness with temperature decrease to cryogenic environment [2,3]. 
Although the DBT is less of a problem in certain face-centered cubic 
(FCC) metals and alloys (e.g., high Mn TWIP steels), the absorbed impact 
energy at fracture and impact toughness generally decrease slightly with 
reduction of temperature [4,5]. Particularly for certain austenite steels 
(304-type stainless steel [6,7]), the low-temperature deformation 
induced brittle BCC structured α’ martensite usually acts as a crack 
initiation site near the notch tip region, thereby accelerating the crack 
propagation and reducing the absorbed impact energy at fracture [8,9]. 
The corresponding fracture mode performs a transition from ductile 
and/or partly quasi-cleavage fracture to inter-granular fracture with 
decreasing temperature from 298 to 77 K [4,8]. On the other hand, an 
inverse temperature dependence of impact toughness was achieved in 

the austenite steels (Fe-30Mn-0.11C) by the combined effects of 
austenite stabilizing elements and an appropriately grain refinement 
[10]. 

While developing diluted solid solution alloys, high- and medium- 
entropy alloys (HEAs and MEAs) containing more than three principal 
elements in equal or near equal atomic percentages have tremendously 
broadened the field of alloy design [11-16]. So far, HEAs and MEAs have 
been reported to possess charming properties, especially at cryogenic 
temperatures, performing the potential application prospects in cryo-
genic industries [17,18]. For example, the CrMnFeCoNi HEA [19] and 
CrCoNi MEA [14] have been reported to possess excellent 
strength-ductility synergy and high fracture toughness at 77 K, which 
are ascribed to their low stacking fault energies (SFEs) and a high pro-
pensity for twinning. Moreover, the Al0.1CoCrFeNi HEA and Al0.3CoCr-
FeNi HEA sustain superior Charpy V-notch impact toughness at 
cryogenic temperatures, due to the high density of nanoscale twinning 
[20]. However, an excess of Al content, eg. Al0.75CoCrFeNi and 
Al1.5CoCrFeNi, induces numerous brittle BCC phase and ordered B2 
compound, accordingly resulting in tremendous reduction of the 
absorbed energy [21]. Twinning could efficiently dissipate energy and 
cause dramatic strain hardening by dynamically inducing twin bound-
aries (TBs) in the plastic region ahead of the V-notch tip, thereby 
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delaying the formation and propagation of microcracks during the 
impact deformation [22]. TWIP steels with FCC structure thus serve as 
cryogenic alloys due to the operative deformation twinning and strain 
hardening [23]. Besides, dislocation interaction and moderate phase 
transformation can also contribute to the high strain-hardening capa-
bility, thereby enhancing the impact toughness. However, excessive 
martensite ahead of the crack tip induced by impact load will degrade 
impact toughness [23-25]. After examining the previous materials with 
high toughness, we can conclude that homogeneous single-phase FCC 
structure, high propensity for twinning, high dislocation storage ca-
pacity and moderate phase transformation are critical strategies for 
improving the impact toughness of materials. Our further literature re-
view indicated that the deformation mechanisms (eg. twinning, dislo-
cation and phase transformation) in FCC materials are closely related to 
SFE, which can be summarized as: (i) dislocation motion when SFEs 
exceed 60 mJm-2; (ii) twinning when SFEs are in the range of 20–60 
mJm-2; and (iii) phase transformation when SFEs are lower than 20 
mJm-2 [26]. Furthermore, the SFE is also affected by the temperature, 
and decreases by 20-60% when the temperature decreases from 298 to 
77 K [27]. Therefore, controlling the microstructures by tunning the SFE 
seems to be an applicable option for improving the impact toughness of 
materials. 

In the current work, a non-equiatomic Cr26Mn20Fe20Co20Ni14 HEA 
with low SFE (24 mJm-2) was prepared for the Charpy impact investi-
gation [28,29]. Meanwhile, an equiatomic CrMnFeCoNi HEA with SFE 
of 30 ± 5 mJm-2 was selected for comparison [28,30]. Our early works 
have demonstrated that the Cr26Mn20Fe20Co20Ni14 HEA possessed 
enhanced strain hardening capacity and ductility, compared with those 
of other CrMnFeCoNi family alloys [29,31-34]. Therefore, our current 
research focuses on appraising the capability of Cr26Mn20Fe20Co20Ni14 
HEA to withstand impact loading and revealing the detailed deforma-
tion mechanisms at 298 and 77 K, respectively. 

2. Experiments 

The studied Cr26Mn20Fe20Co20Ni14 (atomic ratios) alloy ingot was 
prepared with commercially pure elemental metals (Ni, Co: 99.9 wt%; 
Mn, Fe, Cr: 99.5-99.6 wt%) and was re-melted twice to ensure chemical 
homogeneity. The ingot was further hot-forged at 1273 K and then 
annealed at 1273 K for 8 h to achieve a completely recrystallized 
structure [35]. The CrMnFeCoNi was cold rolled and annealed at 1273 K 
for 1 h to achieve an equiaxed grained structure. 

The Charpy V-notch specimens with the size of 1 × 4 × 18 mm3, and 
a V-notch depth of 0.8 mm were prepared from the as-annealed 
Cr26Mn20Fe20Co20Ni14 and CrMnFeCoNi HEAs. An Impact Pendulum 
Tester (Walter + bai, PH 50/15 J) was used for the Charpy impact tests 
at room temperature (RT, 298 K) and liquid nitrogen temperature (LNT, 
77 K). Traditional Charpy impact tests at LNT generally use ex-situ ex-
periments, in which the samples are precooled first in liquid nitrogen for 
a period of time, and then taken out for impact in a short time. This gives 
rise to a problem that the temperature rise of the precooled sample is 
very rapid, especially when the sample is in contact with the metallic 
test-piece supports, acting as a good thermal conductor. Besides, the 
high-speed impact deformation will also lead to obvious temperature 
rise [34]. Thus, the temperature is not exactly LNT. For acquiring the 
impact results at precise LNT, a paper device was designed with bottom 
size similar to the sample, as shown in Fig. 1. First, the device with the 
sample at the bottom was precooled in liquid nitrogen for about 20 min. 
Then, impact test was performed on the sample and device with filling of 
liquid nitrogen, ensuring that the sample was always at the LNT during 
the impact deformation process. Considering the influence of the paper 
device, more than 50 impact tests were performed on the individual 
device at RT and LNT, respectively. The impact energy of the individual 
device at RT was in the range of 0.016-0.022 J, while that of the indi-
vidual device filled with liquid nitrogen was in the range of 0.028-0.033 
J. Therefore, the actual impact energy of the sample was obtained by the 

total energy minus the impact energy of the individual device. 
Electron backscatter diffraction (EBSD), scanning electron micro-

scopy (SEM), energy-dispersive spectrometer (EDS) and high-resolution 
transmission electron microscopy (HRTEM) analyses were performed to 
analyze the compositions and microstructures of the Cr26Mn20Fe20-

Co20Ni14 and CrMnFeCoNi HEAs. Both EBSD and EDS specimens were 
electropolished for mirror finish surface in a Buehler ElectroMet 4 
polisher. The electrolyte contains 90% acetic acid and 10% perchloric 
acid and the voltage is 20 V. Specimen foils for HRTEM analysis were 
prepared by means of focused ion beam (FIB) cutting technology. 
HRTEM observations were conducted by a Titan G2 60-300 microscope 
operated at 300 kV. 

3. Results 

3.1. Microstructure before Charpy impact 

As shown in Fig. 2a, the as-annealed Cr26Mn20Fe20Co20Ni14 HEA 
consists of equiaxed grains with an average grain size of 33 μm, 
excluding the randomly distributed annealing twins [35]. The compo-
sition analysis by the SEM-EDS maps (Fig. 2b) reveals the homogeneous 
distribution of all the Cr, Mn, Fe, Co and Ni elements within the area of 
study (500 × 400 μm2). The XRD pattern (Fig. 2c) also indicates that the 
as-annealed Cr26Mn20Fe20Co20Ni14 HEA has a single-phase FCC struc-
ture. Fig. 3 shows the microstructures of the as-annealed CrMnFeCoNi 
HEA, which possesses equiaxed grains with a similar grain size of 27.5 
μm. 

3.2. Charpy impact properties 

The absorbed impact energy at fracture and the corresponding 
impact toughness of the Cr26Mn20Fe20Co20Ni14 and CrMnFeCoNi HEAs 
are illustrated in Fig. 4. As shown in Fig. 4, the absorbed impact energy 
and impact toughness of the CrMnFeCoNi HEA decrease slightly with 
reduction of temperature to 77 K. However, the change is so small that it 
is within the error bar. In contrast, the absorbed energy and impact 
toughness of the Cr26Mn20Fe20Co20Ni14 HEA exhibit an inverse tem-
perature dependence, which increase from 1.75 J to 59.5 Jcm-2 at 298 K 
to 1.89 J and 66.7 Jcm-2 at 77 K, respectively. 

Fig. 1. Schematic diagram of impact test at liquid nitrogen temperature (LNT). 
The samples lie at the bottom of the paper device filled with liquid nitrogen. 
Typical impact fractured specimens are shown in the inset. 
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3.3. Fracture morphologies 

To reveal the fracture modes of the Cr26Mn20Fe20Co20Ni14 (Cr26) and 
CrMnFeCoNi (Cantor) HEAs impacted at RT and LNT, respectively, the 
fracture surface morphologies were examined carefully by using SEM, as 

shown in Fig. 5. The morphologies of impact fracture surface are divided 
into the plane strain zone and the shear lip zone. In the plane strain 
region, numerous dimples are generated, which can achieve high 
absorbed impact energy and toughness during the impact process [22, 
36]. As shown in Fig. 5a, the CrMnFeCoNi HEA shows a higher ratio of 

Fig. 2. (a) An EBSD map of the as-annealed Cr26Mn20Fe20Co20Ni14 HEA showing fully recrystallized equiaxed grains before the Charpy impact test. The inset is the 
Inverse Pole Figure color code. (b) SEM-EDS maps of the elements in the Cr26Mn20Fe20Co20Ni14 HEA showing homogeneous elemental distributions. (c) The XRD 
pattern of the Cr26Mn20Fe20Co20Ni14 HEA revealing single-phase FCC structure. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 3. (a) An SEM image of the as-annealed CrMnFeCoNi HEA showing the microstructures before the Charpy impact test. (b) Grain size distribution.  
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the plane strain zone at RT, reflected as the larger width of the plane 
strain area (615 μm). In contrast, the Cr26Mn20Fe20Co20Ni14 HEA ex-
hibits the maximum width (664 μm) at LNT, indicating more energy 
consumed and thus the optimal impact toughness. Fig. 5 b-e show the 
corresponding magnified fractographs taken from the plane strain zone. 
Ductile dimples feature the fracture surfaces of all samples tested at RT 
and LNT. It is worth noting that the samples of Cr26Mn20Fe20Co20Ni14 
HEA at LNT form denser and smaller dimples (Fig. 5c), which are closely 
related to the deformation mechanism below. 

3.4. Deformation and strengthening mechanisms 

Post-mortem EBSD analysis was performed to reveal the deformation 
and strengthening mechanisms of the Cr26Mn20Fe20Co20Ni14 and 
CrMnFeCoNi HEAs at different temperatures. Fig. 6a shows the longi-
tudinal cross section of the fracture tip of the Cr26Mn20Fe20Co20Ni14 
HEA sample impacted at 298 K. Region I and II in Fig. 6a were selected 
for EBSD analysis. The region marked with yellow dotted lines repre-
sents the position only rather than the actual area of study. Fig. 6b is the 
EBSD map of region I which is approximately 400 μm away from the 
notch. In region I, numerous deformation twins are activated in the 
grain interiors. The volume fraction (vol%) of twin boundaries in region 
I is as high as 41 vol%, indicating the twinning is the predominant 
deformation mechanism due to the low SFE [29,35]. The nano-twin 
structure is further revealed by the HRTEM image (Fig. 6f) and the 
corresponding fast Fourier transform (FFT) pattern (Fig. 6g). In addition, 
massive residual stacking faults (SFs) are observed along the TBs, and 
two SFs (marked as white arrows) on two conjugated slip planes interact 
with each other (Fig. 6f). Fig. 6c shows the local misorientation map 
obtained by misorientation of every EBSD scanning pixel compared with 
its surrounding pixels. The twinning region has much higher misorien-
tation, i.e. brighter color, than the non-twinning region due to the high 
density of dislocations accumulated at TBs. According to the formula 
[37-39]: 

ρ= 2θKAM

xb
(1)  

where θKAM is the kernel average misorientation, x is unit length, which 
is equal to twice the step size (100 nm) used in EBSD acquisition, b =
0.253 nm is the magnitude of Burgers vector and ρ is the dislocation 
density. The dislocation density around the TBs (marked as ρT) is 
calculated as 6.57 × 1014 m-2, higher than the average value (5.35 ×
1014 m-2) of the entire grain (Fig. 9b). The results provide direct evi-
dences for the higher storage capability of dislocation on TBs, 

contributing to the high strain hardening ability. 
With increasing the distance from the notch (about 2000 μm), slight 

evolutions of microstructures are observed. As shown in Fig. 6d, massive 
deformation twins are still observed and the volume fraction of TBs in 
region II is 36 vol%, lower than that in region I (41 vol%). As shown in 
Fig. 9b, the average dislocation density of entire grain and around TBs 
decrease from 5.35 × 1014 to 4.11 × 1014 m-2 and 6.57 × 1014 to 4.97 ×
1014 m-2, respectively. 

With the temperature decrease to 77 K, twinning and dislocation slip 
are still the dominant deformation mechanisms in Cr26Mn20Fe20-

Co20Ni14 HEA, accompanied with a small number of hexagonal-close 
packed (HCP) structured ε phase laths. As shown in Fig. 7a, 7b and 7f, 
the 49 vol% TBs and 9.4 vol% ε phase are observed in region I. In 
contrast, the microstructures of the CrMnFeCoNi HEA indicate that the 
twinning is always the dominant strengthening mechanisms at both 298 
K and 77 K, just with certain difference in the volume fraction of twins 
(Figs. 8 and 9a). The HRTEM image (Fig. 7h) further illustrates the 
microstructures of nano-twins and HCP structured ε phase. Based on the 
corresponding FFT patterns, the ε phase lamella exhibits a consistent 
orientation relationship with the FCC matrix as (000-1)HCP || (-111)FCC 
and [2-1-10]HCP || [-1-10]FCC, and shares the same {111} habit planes 
with the coherent boundaries of the nano-twins. It is noted that debat-
able BCC structured α’ martensite is not observed in Cr26Mn20Fe20-

Co20Ni14 HEA at 77 K. Except the twinning and additional ε phase 
transforming, the strengthening mechanism of dislocation is also 
enhanced in the region I at 77 K. According to the local misorientation 
map (Fig. 7c), the average dislocation density is calculated as 7.06 ×
1014 m-2, which is higher than the value (5.35 × 1014 m-2) in the region I 
at 298 K (Fig. 9b). The results indicate a higher dislocation storage 
capability and strain hardening ability in Cr26Mn20Fe20Co20Ni14 HEA at 
77 K. 

To further reveal the microstructural evolution with the crack 
propagation at 77 K, the EBSD characterizations were performed in the 
region II. As shown in Figs. 7d, 7e and 7g, deformation induced twins 
and ε phases as well as the pilling up of dislocations are still observed, 
although most of impact energy has been absorbed in the region I. 
Compared with those in the region I, the volume fraction of TBs and the 
dislocation density in region II at 77 K decrease sharply from 49 vol% to 
44 vol% and from 7.06 × 1014 m-2 to 4.69 × 1014 m-2 (Fig. 9) respec-
tively. Besides, the volume fraction of ε phase decreases from 9.4 vol% to 
5.3 vol%. The decrement might result from weakened impact energy 
and lowered strain rate in region II. 

4. Discussion 

4.1. Impacted at RT 

For both Cr26Mn20Fe20Co20Ni14 and CrMnFeCoNi HEA samples 
impacted at RT, twinning is the dominant mechanism. Upon impact 
deformation, deformation twins incessantly generate additional 
boundaries and directly induce back stress for dislocation slip, particu-
larly for those with slip systems not paralleling to the twin lamellae [40, 
41]. The high density of TBs stored by deformation twins efficiently 
reduce the mean free path of dislocation and increase the interactions 
between TBs and dislocations, inhibiting the annihilation of dislocations 
and enhancing the dislocation multiplications [42,43]. Besides, defor-
mation twins have been proved that they additionally inhibit most of the 
embryonic shear bands to evolve into major ones that could mediate 
crack propagation [44]. 

Massive SFs along the TBs induce noticeable strain fields, indicating 
that stronger forces are necessitated for moving dislocations to across 
the SFs and twins [35]. Thus, SFs are efficient obstructions for the slip of 
dislocations, especially for those with slip planes intersecting with the SF 
plane, thereby substantially contributing to the strain hardening effect 
[45]. Moreover, the interaction of two SFs on two conjugate slip planes 
usually forms a super-sessile stair-rod dislocation with a Burgers vector 

Fig. 4. Comparisons of the Cr26Mn20Fe20Co20Ni14 and CrMnFeCoNi HEAs in 
absorbed energy and impact toughness at 298 and 77 K, respectively. 
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of 1/6<110> [29,35]. Such a super-sessile dislocation, also known as 
Lomer-Cottrell lock, could act as Frank-Read sources for enhancing 
dislocation multiplication, resulting in strengthening of the 
Cr26Mn20Fe20Co20Ni14 HEA [40]. 

The density of dislocations and deformation twins in impacted 
Cr26Mn20Fe20Co20Ni14 HEA are closely related to the distance to the 
notch (Fig. 6). The impact energy is absorbed firstly at the tip of notch, i. 
e. region I, by activating high density of twins and dislocations. With the 
crack propagation, the impact energy attenuates gradually and the 
strain rate decreases, leading to fewer deformation twins and disloca-
tions in the region II. These results indicate that twinning and TB- 
dislocation interaction under the dynamic loading promote the ab-
sorption of the impact energy and retard crack propagation. 

4.2. Impacted at LNT 

In quasi-static tensile tests, the CrMnFeCoNi HEAs usually show su-
perior combination of strength and ductility with temperature decrease, 
which are ascribed to the earlier start of twinning at cryogenic tem-
peratures [46,47]. While in Charpy impact tests, the CrMnFeCoNi HEA 
exhibits slightly decrease as the service temperature decreasing. Low 
temperature leads to enhanced yield strength of the CrMnFeCoNi HEA, 
accordingly inducing a reduction of the plastic zone size at LNT [44]. 
While low temperature enhances the twinning induced hardening abil-
ity (higher density of deformation twins), the effective volumes expe-
riencing strain hardening decreases with temperature decreasing. The 
counterbalance results in the slight decrease of impact toughness of the 
CrMnFeCoNi HEA at LNT. 

Fig. 5. (a) SEM overviews of the fracture surfaces of the Cr26Mn20Fe20Co20Ni14 and CrMnFeCoNi samples. (b) and (c) are SEM images showing the magnified 
fractographs of the Cr26Mn20Fe20Co20Ni14 HEA impacted at RT and LNT, respectively. (d) and (e) are SEM images showing the magnified fractographs of the 
CrMnFeCoNi HEA impacted at RT and LNT, respectively. 

W. Jiang et al.                                                                                                                                                                                                                                   
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The Charpy impact behavior of Cr26Mn20Fe20Co20Ni14 HEA is more 
striking, exhibiting higher impact toughness at LNT. First, the 
Cr26Mn20Fe20Co20Ni14 is a single-phase FCC HEA with homogeneous 
microstructures (Fig. 2b), in which Mn segregation at grain boundaries 
is not captured. In the traditional FeMn- and FeMnNi-based steels, 
apparent Mn segregation is an adverse factor that has been proved to 
decrease the grain boundary strength and general toughness, especially 
at cryogenic temperatures [7,48-50]. Second, the decrease of tempera-
ture markedly affects dislocation behaviors, which can be concluded as 
following: (i) reduced thermal activation volume of dislocation slip for 
plastic deformation, leading to the decrease of mean free path of dislo-
cation slip [34,51]; (ii) increased height of Peierls barrier, i.e., driving 
stress for dislocations over the Peierls barrier is higher [51]; (iii) sup-
pressed dislocation dynamic recovery due to the weakened 
thermally-activated cross-slip and climb [52]. As a result, the reduced 
activation volume and suppressed dislocation dynamic recovery as well 
as the enhanced Peierls barrier make dislocation slip difficult, increasing 
the dislocation storage capability and improving the strain hardening 
ability of the Cr26Mn20Fe20Co20Ni14 HEA at 77 K (Fig. 9b). 

Besides, moderate phase transformation increases the toughness of 
Cr26Mn20Fe20Co20Ni14 HEA by dissipating a large quantity of plastic 
energy [23,24]. The low temperature results in the reduction of SFE, 
thereby reducing the critical shear stress (CRSS) for phase transforming 
[27,29,53]. Furthermore, the high strain rate (103 s-1 [54]) in Charpy 
impact test facilitates the occurrence of phase transformation at LNT, 
which usually happens at 4.2 K in quasi-static tensile tests [55,56] 
Compared with the microstructures at 298 K, additional ε phase by 

phase transformation are activated at 77 K, providing an additional 
transformation toughening effect during the cryogenic impact test. The 
variation of impact toughness depends on the equilibrium between the 
dissipated energy and the fracture properties of the new phase [25]. As 
shown in Fig. 7h, the HCP structured ε phase in Cr26Mn20Fe20Co20Ni14 
HEA are mainly formed associated with nano-twins, resulting in a 
composite structure of nano-twin-HCP lamellae. The nano-composite of 
dual phase with coherent phase boundaries contributes the optimal 
distributions of strain and stress, and decreases the possibility of damage 
nucleation due to their elastic compliance. Moreover, the increased 
phase boundaries might act as strong barriers for the subsequent dislo-
cation slip. This is because the transmission of edge-component of 
blocked dislocations at phase boundaries into HCP phase requires acti-
vated <c> or <c + a> dislocations with a component along [0001] 
[57]. The <c> or <c + a> dislocation generally exhibits extremely high 
CRSS in deformation-induced nano-HCP phase, especially at low tem-
peratures [58]. 

Based on the above observations of the microstructural evolution 
along crack propagation, it could be concluded that enhanced nano- 
twinning, dislocation storage and additional HCP structured ε phase 
transformation are induced in Cr26Mn20Fe20Co20Ni14 HEA at 77 K. The 
multiple deformation mechanisms promote the accumulation of defects 
and efficient dissipation of imposed impact energy, thereby sustaining 
the higher strain hardening ability and achieving higher impact tough-
ness. Compared with the combination of dislocation slip and nano-twins 
in CrMnFeCoNi HEA at 77 K, the additional phase transforming effect 
might lead to higher strain hardening ability in the 

Fig. 6. (a) An SEM image of the Cr26Mn20Fe20Co20Ni14 HEA sample impacted at 298 K showing the longitudinal cross-section of the impact-fracture tip; (b) An EBSD 
image taken at region I; (c) A local misorientation map of region I; (d) An EBSD image taken at region II; (e) A local misorientation map of region II; (f) An HRTEM 
image showing deformation twins and SFs; (Matrix, twin and SFs are marked by “M”, “T” and white arrows, respectively). (g) The corresponding fast Fourier 
transform (FFT) pattern deduced from (f). 
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Cr26Mn20Fe20Co20Ni14 HEA [21]. 

5. Conclusions 

In this work, fully recrystallized Cr26Mn20Fe20Co20Ni14 and 
CrMnFeCoNi HEAs were prepared and the Charpy V-notch impact tests 
at RT and LNT were carried out. The EBSD and HRTEM analyses reveal 
the transition of dominant deformation mechanisms of Cr26Mn20Fe20-

Co20Ni14 from the nano-twinning at 298 K to HCP structured ε phase 
transformation at 77 K. The cooperation of dislocation pilling-up, SFs 
intersections, TWIP and/or TRIP effects contributes to an extraordinary 
impact energy absorption at fracture over a wide temperature range. 
The main conclusions are as follows: 

1. The absorbed energy and impact toughness of the Cr26Mn20Fe20-

Co20Ni14 HEA are 1.75 J and 59.5 Jcm-2 at 298 K, respectively. With 
the temperature decrease to 77 K, the impact parameters increase to 
1.89 J and 66.7 Jcm-2, respectively.  

2. At 298 K, the post-deformation analyses reveal that high volume 
fraction nano-twins are activated, acting as the prominent strengthen 
mechanism. The high density of nano-twins increases the storage 
capability of dislocation and strain hardening ability, contributing to 
the high impact toughness. In addition, the volume fraction of TBs 

and dislocation density decrease with increase of the distance from 
the notch, due to the gradually weakened impact energy.  

3. With the temperature decrease to 77 K, enhanced nano-twinning and 
dislocation pilling-up as well as the additional HCP structured ε 
phase transformation are induced in the Cr26Mn20Fe20Co20Ni14 HEA. 
The multiple deformation mechanisms dissipate imposed impact 
energy more efficiently, and provide superior strain hardening 
ability to delay the crack propagation, contributing an extraordinary 
impact toughness at cryogenic temperature. 

To sum up, the non-equiatomic Cr26Mn20Fe20Co20Ni14 HEA pos-
sesses outstanding impact resistance at room temperature and cryogenic 
temperature in comparison with the equiatomic CrMnFeCoNi HEA. The 
fundamental idea is that tuning the SFEs of HEAs by tailoring the atomic 
proportions of individual components to enhance TWIP and/or TRIP 
effects, thus to impede dislocation slip and increase dislocation storage 
for enhancing strain hardening. This discovery provides guidance for 
designing single phase HEAs with outstanding impact resistance. 
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[2-1-10]HCP || [-1-10]FCC relationship. The HCP phase shares the same {111} habit planes with the coherent TBs. 
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Fig. 8. EBSD images and twin boundary distribution of the CrMnFeCoNi HEA after the Charpy impact test. (a) and (c) at 298 K. (b) and (d) at 77 K.  

Fig. 9. (a) The distribution of misorientation in the Cr26Mn20Fe20Co20Ni14 HEA with different regions and the CrMnFeCoNi HEA impacted at 298 and 77 K, 
respectively. (b) The dislocation density ρ in different regions of the Cr26Mn20Fe20Co20Ni14 HEA impacted at 298 and 77 K, respectively. 
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