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A B S T R A C T   

High-entropy alloys (HEAs), recently emerging alloy materials with numerous excellent performances, may have 
a wide application prospect in impact engineering. However, previous research regarding the mechanical 
behavior of HEAs has primarily focused on quasi-static testing, whereas the dynamic mechanical behavior of 
HEAs at high strain rates remains elusive. In this paper, the unusual simultaneous strength-plasticity enhance
ment and the inhibition of the high strain rate embrittlement of CrMnFeCoNi HEA in impact tension were 
revealed via split Hopkinson tensile bar (SHTB) with high-speed photography. Quantitative microstructural 
analysis indicates that the cooperation of twins and dislocations is the crucial mechanism for the synchronous 
enhancement of strength-plasticity in this alloy under impact tension. A thermo-viscoplastic constitutive model 
based on dislocations and twins evolution was developed to describe dynamic mechanical behavior. The high 
plastic hardening under dynamic tension was revealed to be induced by high dislocation forest hardening and 
strong resistance of twins to dislocation motion. The excellent combination of dynamic strength-plasticity of 
CrMnFeCoNi HEA makes it becoming a promising candidate for impact engineering applications.   

1. Introduction 

The service safety of structural and alloys under high strain rate 
loadings has always been a key issue in aerospace, civil transportation, 
the defense industry, and other engineering applications [1–10]. The 
service conditions of impact engineering have stringent requirements on 
the strength, plasticity, and toughness of materials [2,4]. Considerable 
studies have been carried out on the dynamic mechanical behavior of 
traditional single-principal element alloys under impulsive loadings 
[11–16]. One critical problem is the plasticity or ductility degradation of 
metallic materials subjected to high strain rate loadings, i.e., high strain 
rate embrittlement. The high strain rate embrittlement presents a severe 
challenge to the service safety of metallic materials under impulsive 
loadings. Several new structures and materials have emerged in recent 
years, and their potential application in impact engineering has raised a 
keen research interest [17–21]. Among these, the multiple-principal 
element high entropy alloy (HEA), as a new chemically-disordered 
alloy, is one of the most promising materials owing to its excellent 
combination of strength and plasticity even under dynamic loadings. 

HEAs are a unique class of alloys with a high mixing entropy and a 

near-equimolar ratio [22–28]. Their topologically-ordered lattice 
structure with randomly arranged multi-element atoms imparts many 
fascinating properties to the HEAs, including excellent combination of 
strength and ductility [29–32], outstanding cryogenic plasticity [33], 
good hydrogen embrittlement resistance [34], and exceptional “self-
sharpening” capability [35]. Many of these properties signify that these 
new HEAs have great potential in impact engineering. However, previ
ous studies on the mechanical behavior of HEAs have mainly focused on 
the quasi-static state. As for dynamic behavior, Dai and co-workers re
ported the shock response of two typical equiatomic HEAs for the first 
time in 2016 and revealed that these two kinds of HEA exhibit relatively 
high Hugoniot elastic limit and high-phase transition threshold stress 
[36]. Subsequently, a few studies on dynamic tensile, compression, and 
shear behaviors have been reported in recent years [37–45]. However, 
the precise picture of the strain rate-dependent microstructure evolution 
and its link with macroscopic mechanical behavior remains elusive. As 
the most typical HEA, the Cantor alloy (i.e., CrMnFeCoNi) has been 
proven to be a single FCC solid solution alloy (FCC: face-centered cubic) 
[27]. In recent years, the strain rate and temperature related mechanical 
behavior of the CrMnFeCoNi HEA has received extensive attention from 
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researchers, including adiabatic shear localization [37,46], strain rate 
sensitivity [47,48], low-temperature serrated flow [33,49]. Moreover, 
deformation twins are common microstructural mechanisms of this HEA 
under extreme loading conditions such as low temperature or shock [34, 
36]. However, the unabridged dynamic tensile behavior of the 
CrMnFeCoNi HEA and especially the influence of twins on the plastic 
flow behavior are still unknown. 

In this work, we selected the stable single-phase FCC alloy, 
CrMnFeCoNi HEA, for quasi-static and dynamic mechanical experi
ments. A split Hopkinson tensile bar (SHTB) device paired with high- 
speed photography was used for dynamic tensile testing of the HEA. 
The evolution of the dislocations and twins was discussed by observing 
multiscale microstructural morphology. Electron backscatter diffraction 
(EBSD) experiments measured the quantized dislocation density and 
twin integration number. Finally, a thermo-viscoplastic constitutive 
model based on the evolution of the alloy microstructure was estab
lished to describe the hardening mechanism of the strain rate-dependent 
mechanical behavior. 

2. Material and methods 

2.1. Alloy preparation 

The equiatomic CrMnFeCoNi HEA used in this work was prepared by 
arc smelting the high-purity metal mixture (purity of each component >
99.9 wt%) in a high-purity argon environment. The ingot was repeatedly 
smelted at least five times to ensure the chemical uniformity of the alloy. 
After smelting, the initial ingot was cut into 7 mm-thick plates and then 
cold rolled with 70% reduction to 2.1 mm-thick sheets. The sheets were 
then placed in an annealing furnace and heated for 90 min to 820 ◦C, and 
then held at this temperature for 60 min to fully recrystallize. Subse
quently, the sheets were naturally cooled to room temperature in the 
furnace, whereupon the alloy sheets with an average grain size of 6.83 
μm were obtained (Fig. 1(a) and 1(b)). The specimens were basically 
composed of randomly oriented equiaxed grains. The ’dog bone’ tensile 
specimens were cut from the recrystallized sheets by wire electrical 
discharge machining, where the tensile direction of the specimens was 
consistent with the rolling direction of the sheets. The test section sizes 
of the quasi-static and dynamic tensile specimens were 3.8 mm × 2 mm 
× 12 mm and 3.8 mm × 1 mm × 2 mm (width × thickness × length), 
respectively. Moreover, the arc transition section diameters of the quasi- 
static and dynamic ’dog bone’ specimens were 4 and 0.5 mm, respec
tively. The surfaces of all specimens were polished with 2000-grit SiC 
papers. 

2.2. Quasi-static and dynamic tensile testing 

The quasi-static tensile tests (strain rate ε̇ = 5 × 10− 4 s− 1) were 
performed on a material testing machine (UTM4204), where an exten
someter measured the strain data of specimens. In the dynamic tensile 
tests, the SHTB with a diameter of 12 mm was used, whose detailed 
schematic diagram is shown in Fig. 2(a). In the SHTB, the length of the 
sleeve striker was 400 mm, and the bars and sleeve striker were made of 
steel with Young’s modulus of 210 GPa and a density of 7.8 g⋅cm− 3. In 
each dynamic test, two 1mm thick quarter-ring rubber sheets were used 
as the shapers. The specimens were affixed to special chucks using 
structural glue (ergo1309), and the special chucks were threaded on the 
bars to ensure connection. Fig. 2(b) shows a typical original waveform. 
The stress-strain curves were calculated by the double-wave method in 
this work [50]. The strain rate for dynamic testing was approximately 
7000 s− 1. As a consequence of the small length ratio of only 4 between 
the test section length and the arc transition section radius of the dy
namic test specimens, the deformation of the arc transition section was 
nonnegligible when calculating the strain. To correct the error caused by 
the deformation of the arc transition section, the parameter lm was 
introduced as the modified test section length [51], such that 

lm = l0 +
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where l0 and b0 are the initial length and width of the test section, 
respectively; R is the radius of the arc transition section; and σy and σmax 

are the yield and ultimate stress, respectively. When calculating the 
strain of the dynamic test, the stress curves of the specimens were first 
calculated. The yield stress σy and ultimate stress σmax were substituted 
into Eq. (1) to calculate the modified test section length lm. Finally, lm 
was used to calculate the accurate strain of the dynamic test. 

In the dynamic test, a high-speed camera (FASTCAM SA-X) with a 
shutter speed of 100,000 fps was used to observe the deformation pro
cess of the specimens and thus confirm whether the specimen breaks 
under the first load wave. To enable strain field measurements, the 
tensile specimens were painted with a speckle pattern prior to testing. 
Finally, the captured videos were processed using GOM Correlate 2019 
software for digital image correlation (DIC) analysis to calculate the 
strain field on the specimen surface. 

2.3. Microstructural characterization 

Microscopic characterization methods for the quasi-static and dy
namic tensile specimens included scanning electron microscopy (SEM; 

Fig. 1. (a) EBSD IPFx map of the recrystallized CrMnFeCoNi HEA microstructure, (b) histogram of statistical grain size, (c) photographs of the quasi-static and 
dynamic tensile specimens, and (d, e) detailed dimensions of the (d) dynamic and (e) quasi-static specimens (units in mm). 
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JSM-7900F), electron backscattered diffraction (EBSD), and trans
mission electron microscopy (TEM; JEM-2100F). The SEM experiments 
observed the microscopic morphology of the specimen fracture, whereas 
the EBSD and TEM experiments observed the specimen’s microstruc
tural evolution after plastic deformation. The specimens used for TEM 
observation were obtained by focused ion beam (FIB) processing, and 
the observation conditions and parameters of the microstructural char
acterization are described in detail in Section 3.3. 

3. Results and discussion 

3.1. Stress–strain relationship 

During dynamic testing with a strain rate of less than 5000 s− 1, the 
first tensile wave of SHTB is challenging to break the specimens. 
Incomplete loading is caused by the remarkable plasticity of the 
CrMnFeCoNi HEA and the insufficient loading tension of the 12 mm 
SHTB device used in this work. Therefore, to ensure the integrity of the 
stress–strain curves, a strain rate of 7000 s− 1 was chosen for the dynamic 
tensile testing in this work. Fig. 3 shows the engineering (Fig. 3(a)) and 
true (Fig. 3(b)) stress–strain curves of the CrMnFeCoNi HEA. Under 
quasi-static tension, the yield strength of the CrMnFeCoNi HEA is 399 
MPa, whereas the true ultimate tensile stress and strain under quasi- 
static conditions are 1042 MPa and 0.34, respectively. The increased 
load strain rate from quasi-static (5 × 10− 4 s− 1) to dynamic (7000 s− 1) 
induced an 18% increase in the yield strength (472 MPa), a 52% increase 
in the true ultimate tensile stress (1586 MPa), and a 68% increase in the 
true ultimate tensile strain (0.57). Comparing the tensile test results of 
these two strain rates, the CrMnFeCoNi HEA exhibited a higher work 
hardening at high strain rates, and both the strength and plasticity of the 
CrMnFeCoNi HEA were enhanced significantly at high strain rates. 

3.2. Dynamic deformation and fracture behavior 

The deformation process of the dynamic tensile specimens was 
recorded in situ by high-speed photography. The specimen surface 
observed by the high-speed camera is shown in Fig. 4(a), from which the 
true strain fields of the specimen surface were calculated by the DIC 
method (the strain mentioned in Section 3.2 are true strain). In Fig. 4(a), 
the areas of the specimens test section and the DIC calculation are 
marked in yellow and red rectangles, respectively. Fig. 4(b) includes the 
relevant high-speed photographs and DIC results of the dynamic speci
mens marked on the stress–strain curve. The duration of a single dy
namic tensile experiment is approximately 150 μs, and the high-speed 
photographs indicate that the specimen deformation process is basi
cally divided into three stages. First, a uniform deformation stage occurs 
prior to the strain reaching 0.25 (approximately 0–90 μs). Second, a 
strain concentration appears in the middle of the specimens at a strain 
range of 0.25–0.46 (approximately 90–130 μs). Third, the specimens 
begin to shrink until fracture. The above deformation process indicates 
that the studied HEA has excellent deformation uniformity and that the 
deformation localization phenomenon appears late in the process. Fig. 4 
(c) shows the strain–time curves of the dynamic tensile specimens ob
tained by DIC calculation and SHTB experiment. The consistency be
tween the two curves indicates that the experiments in this work are 
accurate. To further analyze the strain distribution on the specimen 
surface, an expanded area including all test sections and a portion of the 
arc transition sections were selected for DIC calculation (marked in blue 
in Fig. 4(a)). The calculated strain field of this expanded area was 
divided into 30 equal parts along the x-direction, whereupon the 
average strain value and standard deviation of each part were calcu
lated. Finally, the strain distribution curves (including error bars) at 0, 
60, 90, 110, 130, and 150 μs after dynamic loading are shown in Fig. 5 
(a). The deformation law of the specimens reflected by the strain 

Fig. 2. (a) Schematic diagram of the SHTB device; (b) typical original waveform.  

Fig. 3. (a) The engineering and (b) the true stress-strain curves of the CrMnFeCoNi HEA in different strain rates of 5 × 10− 4 s− 1 and 7000 s− 1.  
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distribution curve is consistent with the high-speed photographs. Note 
that the strain values (0.2-0.3) in the transition arc section of the spec
imen are relatively low. Fig. 5(b) plots the strain–time curves for three 
positions A–C selected from the expanded DIC calculation area, where 
the points A, B, and C are located at the edge, quarter, and center of the 
expanded DIC calculation area. For the times prior to 110 μs (the 
average strain is 0.31), the strains of the three positions are basically the 
same, where the smaller strain values at the specimen edge are owing to 
the earlier cessation of the deformation process. This result indicates 
that the strain rate of each position on the specimen surface is basically 
the same during most of the deformation process. In Section 3.3, the 
observation and analysis of the microstructures of the small strain re
gions in the dynamic tensile specimens are detailed. 

After tensile testing, the fractured specimens were collected for 
fracture surface observation by SEM experiment. Fig. 6 shows the 
microscopic morphology of the specimen fractures after quasi-static and 
dynamic tensile failure. As shown in Fig. 6(a) and 6(c), dimples are the 
main feature of quasi-static tensile specimen fracture, with a large 
number of orthogonal dimples and some shear dimples occurring on the 
fracture surface. This fracture indicates that CrMnFeCoNi HEA is a 

typical ductile fracture under quasi-static tension. However, multiple 
fracture characteristics are found in dynamic tensile specimens. The 
dimple fracture of the dynamic tensile specimen fracture is similar to 
that of the quasi-static tensile specimens and remains the dominant 
fracture characteristic. Furthermore, quasi-cleavage fracture character
ized by tearing dimples, river patterns, and tearing ridges is observed on 
the dynamic tensile specimens. The dimples and quasi-cleavage frac
tures are staggered on the dynamic tensile specimens, with clear 
boundaries between these two fracture types (Fig. 6(d–f)). Dimples are 
the primary feature of polycrystalline metals in ductile fracture [52], 
whereas quasi-cleavage fracture is a mode between cleavage and dimple 
fracture, suggesting a transition from ductile to brittle [53]. In previous 
reports regarding HEAs, the AlxCrMnFeCoNi HEA has been reported to 
transform from ductile fracture to quasi-cleavage fracture, characterized 
by river patterns and tear ridges the influence of the BCC phase and a 
high strain rate [42]. However, Fig. 6(e) shows that a large dimple 
fracture area still exists on the dynamic tensile sample fracture. There
fore, the high strain rate embrittlement effect of CrMnFeCoNi 
high-entropy alloy is suppressed. 

Fig. 4. (a) High-speed photography field-of-view and schematic diagrams of DIC calculation areas; (b) high-speed photographs correlated to a stress-strain curve of 
the CrMnFeCoNi HEA under dynamic tension; (c) strain–time curves obtained by the DIC method (black) and SHTB experimental tests (red). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. (a) Strain distribution curves including error bars along the x-direction at 0, 60, 90, 110, 130, and 150 μs after dynamic tension; (b) strain–time curves of 
points A, B, and C on the expanded DIC calculation area (red labeled dots on (a)). (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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3.3. Strain rate-dependent microstructural evolution 

To further explore the deformation mechanism of the CrMnFeCoNi 
HEA under dynamic tension at the sub-micrometer level under dynamic 
tension, EBSD measurements (0.2 μm step size) were obtained of the 
undeformed, quasi-static, and dynamic fracture specimens. Fig. 7(a–c) 
shows the x-direction IPF (IPFx) maps of these three specimen types, 
respectively, which coincides with the rolling direction (RD). Compared 
with the equiaxed grains of the undeformed specimens, the grains of the 
deformed specimens exhibit significant twisting and stretching along the 
tensile direction. The degree of grain torsion and tension of the dynamic 
tensile specimens are particularly severe due to the high-stress state and 
the significant plastic deformation of the alloy under dynamic tension. 
On the other hand, there are some annealing twins in the undeformed 
samples, and the effect of annealing twins on the mechanical properties 
of the materials is not discussed in this paper. We excluded all annealing 
twins in the subsequent analysis. According to the large width of 
annealing twin (micron-sized) and the characteristics of straight twin 
boundary, it is easy to distinguish from nano deformation twins. The 
twins in the following context generally represent nano deformation 
twins formed during the plastic deformation of HEAs. Deformation twins 
are scarcely observed in the quasi-static tensile specimens, whereas 
many deformation twins are observed in the dynamic tensile specimens. 
To quantify the number of deformation twins in the specimens, we ob
tained image quality (IQ) maps of the undeformed, quasi-static, and 

dynamic tensile specimens (Fig. 7(d–f), respectively), wherein the 
deformation twin boundaries are marked with red lines. The size of the 
nanotwinning bundle of deformation twins (about 10-200 nm) is much 
smaller than the observed range of EBSD experiments (about 80 μm). In 
order to count deformation twins, we divide the number of pixels 
identified by the analysis software as twins by the total number of pixels 
scanned to obtain the twin volume fractions (the scanning step size is 
200 nm) [54]. It is evident that only a few deformation twins are present 
on the quasi-static tensile specimens, and the twin volume fraction of the 
quasi-static tensile specimen was estimated as 0.004. Conversely, some 
grains were observed to be densely packed with deformed twin lamellas 
on the dynamic tensile specimens, and the twin volume fraction was 
estimated as 0.021. We note that the twin volume fraction measured in 
the studied CrMnFeCoNi HEA dynamic tensile specimen is lower than 
that obtained with low-temperature loading conditions or HEAs 
comprising other elements [30,41]. This result may be owing to the 
relatively higher stacking fault (SF) energy of the CrMnFeCoNi HEA at 
room temperature. Kernel average misorientation (KAM) maps are an 
analysis method that directly reflects the distribution of defects and 
plastic deformation within an alloy and allows an estimate of their 
dislocation density [55]. Fig. 7(g–i) respectively show the KAM maps of 
the undeformed, quasi-static, and dynamic tensile specimens, where all 
KAM maps were drawn with the first nearest neighbor, and the 
maximum misorientation angle was 5◦. In the KAM map, the color bar 
ranging from blue to red corresponds to KAM values ranging from 0◦ to 

Fig. 6. SEM images of the specimen fracture morphology under quasi-static (strain rate 5 × 10− 4 s− 1) and dynamic (strain rate 7000 s− 1) tension; (a) quasi-static 
fracture, (b) dynamic fracture, (c) dimples of quasi-static fracture, (d, e, f) dimple and quasi-cleavage fracture of dynamic tensile specimens. 
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5◦ (bottom of Fig. 7(g)), and the black lines in the maps represent grain 
boundaries. The KAM map of the undeformed specimen is primarily a 
deep blue color, indicating that the KAM values of most areas in this 
sample were close to 0◦. It means that the dislocations and defects in the 
undeformed alloy are few and evenly distributed. The KAM map of the 
quasi-static specimen exhibit that most areas turned a green color after 
plastic deformation. The number of dislocations increases appreciably 
after plastic deformation. Furthermore, the KAM values at the grain 
boundaries and small grains are more prominent, signifying concen
trations of dislocations and other defects at these locations. The KAM 
map of the dynamic tensile specimens shows more dislocation enrich
ment at the grain boundaries and small grains. Excepting the center of 
some large grains, there is a considerable accumulation of dislocations. 
To quantify the dislocation density in the specimens [56], The disloca
tion density was calculated by the following formula: 

ρ =
2θKAM

μb
, (2)  

where ρ is the dislocation density, b is the Burgers vector, and μ = nd is 
the kernel size (where n is the defined nearest neighbor and d is the scan 
step). The estimated dislocation densities of undeformed, quasi-static, 
and dynamic tensile specimens are calculated as 2.60 × 1013, 7.62 ×
1014, and 1.19 × 1015 m− 2, respectively. The above results indicate that 
the dislocation motion resistance enhancement of the CrMnFeCoNi HEA 
increases flow stress the as a result of the strain rate effect. However, 
high dislocation motion resistance has a negative effect on material 

plasticity. For example, 316L stainless steel exhibits increased strength 
but reduced plasticity under dynamic loading [42]. Therefore, the 
fracture surface of the CrMnFeCoNi HEA exhibits a tendency to change 
from tough to brittle locally. Additionally, similar to the effect on the 
CrMnFeCoNi HEA under a low-temperature environment, more defor
mation twins are nucleated and develop under dynamic tension. It has 
been previously demonstrated that twins increase the capacity of a 
material to store dislocations [31]. Furthermore, twins aid the formation 
of deep dimples during the fracture process, which effectively resists the 
nucleation and propagation of cracks [43, 44]. 

As mentioned in Section 3.2, the microstructure of dynamic tensile 
specimens under varying strain can be analyzed. According to the strain 
field distribution calculated by the expanded DIC (Fig. 5(a)), the mi
crostructures of three different strain positions on the dynamic tensile 
specimens were observed. Fig. 8 shows a series of ESBD results for a 
dynamic tensile specimen under strains of 0.26, 0.46, and 0.57, where 
Fig. 8(a–c) shows the IPFx maps of the specimens with varying strains 
along the RD, respectively. For the strain of 0.26, the degree of grain 
deformation is low, the grains remain equiaxed, and the nucleation of 
deformation twins is observed in individual grains. When the strain of 
the dynamic tensile specimen increases to 0.46, the grain exhibits a 
distinct twist and stretch along the tensile direction, and the orientation 
difference between some grains is significantly increased. Moreover, the 
nucleated deformation twins exhibit further development, and dense 
deformation twin lamellas have evolved in some grains. Ultimately, 
when the specimen deforms to strain 0.57, many grains exist with 

Fig. 7. Microstructural analysis of the undeformed, quasi-static (strain 0.34, strain rate 5 × 10− 4 s− 1) and dynamic (strain 0.57, strain rate 7000 s− 1) tensile 
CrMnFeCoNi HEA specimens via EBSD: (a–c) IPFx map; (d–f) IQ map with twin boundary labeling (red lines); (g–i) KAM maps. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 
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violent torsion and tension and a considerable number of deformation 
twins. Fig. 8(d–f) indicates a twin volume fraction of 0.006 and 0.015 for 
the dynamic tensile specimens with strains of 0.26 and 0.46, respec
tively. Fig. 8(g–i) shows KAM maps of the evolution of the dynamic 
tensile specimens with varying strain. Similar to Fig. 7(h), Under finite 
plastic deformation, the high KAM values are primarily distributed in 
the fine grain regions, grain boundaries, and few grains. When the strain 
of the dynamic tensile specimen increases to 0.46, more large grains 
begin to exhibit a sharp increase in KAM values. This result signifies a 
rapid accumulation of dislocations in the grains. Finally, the dynamic 
tensile specimen indicates that most of the grains have high KAM values 
at a strain of 0.57, indicating a considerable accumulation of disloca
tions in the grains at this time. The KAM map at this point is almost 
entirely covered in green. Furthermore, using Eq. (2), the dislocation 
densities of the dynamic tensile specimens with strains of 0.26 and 0.46 
were estimated as 7.55 × 1014 and 9.07 × 1014 m− 2, respectively. 

It has been observed that the primary deformation mechanisms of 
CrMnFeCoNi HEA are dislocations and twins. In particular, the presence 
of twins is crucial for simultaneous strength and plasticity enhancement 
of HEAs at high strain rates. To observe the microstructure of the 
deformed CrMnFeCoNi HEA specimens at the nanoscale, the quasi-static 
and strain dynamic tensile specimens with the strain of 0.34 and 0.57 
were cut using the FIB method to prepare the specimens for TEM 
observation. The TEM bright-field images revealing the quasi-static and 
dynamic tensile specimen dislocation morphology are shown in Fig. 9(a) 
and 9(b), respectively. The magnifications of Fig. 9(a) and 9(b) are 

consistent. The observation conditions under which the micrographs 
were obtained feature the same double-beam condition (g = (111)) 
(indicated with black arrows in Fig. 9). Fig. 9(a) reveals the presence of 
some dislocation cells (DCs) and tangles on the quasi-static tensile 
specimen, which have been similarly observed in some previous reports 
[30,41]. During severe deformation, the high-density dislocation accu
mulation reassembles into DCs, thereby refining coarse/fine grains to 
form nanograins [57]. In the dynamic tensile specimens shown in Fig. 9 
(b), the higher density of dislocation clusters and DCs was observed, and 
the DC size on the dynamic tensile specimen is generally smaller than 
that on the quasi-static tensile specimens. It has been reported that the 
average DC diameter can be considered inversely proportional to the 
root of the dislocation density [58]. Furthermore, the smaller DC size in 
the dynamic tensile specimen provides the alloy with higher flow stress. 
Thus, the high dislocation density is the key to the flow stress 
strengthening of the CrMnFeCoNi HEA under dynamic loading. How
ever, the high dislocation density typically limits the movement of dis
locations and induces the formation of accumulations, which leads to a 
strength-ductility trade-off dilemma at high strain rates [59,60]. On the 
other hand, the twin boundaries strengthen the alloy by blocking the 
movement of dislocations without a significant sacrifice of plasticity. In 
our work and other reports, for a CrMnFeCoNi HEA under dynamic or 
low-temperature loading conditions, the dense twin boundaries simul
taneously enhance the strength and plasticity of the alloy [30,34]. 

Fig. 10 shows TEM micrographs of the twin and SFs morphology. 
Fig. 10(a) and 10(b) show TEM bright-field images revealing typical 

Fig. 8. Microstructural analysis via ESBD of the dynamic (strain rate 7000 s− 1) tensile CrMnFeCoNi HEA specimen with strain values of (a, d, g) 0.26, (b, e, h) 0.46, 
and (c, f, i) 0.57: (a–c) IPFx map; (d–f) IQ map with twin boundary labeling (red lines); (g–i) KAM maps. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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twin morphologies within the quasi-static and dynamic tensile speci
mens, respectively. Deformation twins were observed in both the quasi- 
static and dynamic tensile specimens, and selected area diffraction 
(SAD) patterns obtained near the twins all reveal two sets of diffraction 
spots belonging to the FCC twins and the FCC matrix. Deformation twin 

lamellas on the quasi-static tensile specimen are sparse and scattered, 
whereas a large number of close-packed deformation twins are observed 
in some grains of the dynamic tensile specimens. Deformation twins 
generally are observed in alloys possessing moderate/low SF energy 
after large plastic deformation, which is the deformation mechanism 
that increases material strength and plasticity. Moreover, Fig. 10(c) re
veals many SFs around the deformation twins, whereas a high-resolution 
TEM image in the lower-left corner of Fig. 10(c) shows a clear twin 
boundary. Furthermore, the SAD patterns near the SFs (upper-right 
corner of Fig. 10(c)) indicate the spreading of FCC spots into streaks. It is 
generally believed that SFs are the precursors of twins. In another report 
on CoCrFeNiNb0.1 HEA specimens, only some SFs were observed in the 
sample when cold rolled to 10% at low temperature, whereas nano- 
twins were generally observed in the specimen when cold rolled to 
25% at low temperature [61]. Fig. 10(d) shows a high-resolution TEM 
image of the deformation twins present in the dynamic tensile speci
mens, where the twin boundaries are marked with solid yellow lines in 
the image. The observation of SFs (green arrows in Fig. 10(d)) was 
common around the twin boundary steps, which may be related to the 
formation and evolution of the twin boundaries. In particular, some 
continuous SF lines (dashed green lines in Fig. 10(d)) were observed in 
the high-resolution TEM image. We also note the nucleation of a new 
twin boundary (solid yellow lines in Fig. 10(d)) when three consecutive 
layers of atoms manifest SFs. Moreover, Fig. 10(d) reveals the repeatedly 
interrupted twin boundary steps in the dynamic tensile specimen sub
jected to severe plastic deformation. This phenomenon may be the trace 
of the interaction between twin boundaries and dislocations. There is 
currently a possible explanation for the positive effect of twins on alloy 
plasticity: First, a possible situation explaining the interaction between 
dislocations and twin boundaries is the decomposition of dislocation 
into a partial dislocation that moves over the twin boundary and a 
partial dislocation that remains on the twin boundary. The latter partial 
dislocation is absorbed by the twin boundary, inducing the twin 
boundary to migrate and form a step. This process effectively releases 
the stress concentration caused by the deformation, signifying that the 
twin boundary has the ability to accommodate considerable plastic 

Fig. 9. Bright-field TEM images revealing the dislocation morphology of the (a) 
quasi-static and (b) dynamic tensile specimens. Enlarged image (right side) of 
the red frame area indicated on the left side. Indicated in each image are the 
double-beam condition (g; black arrows), dislocation cells (DC; yellow arrows) 
and stacking faults (SF; green arrows). (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 10. Bright-field TEM micrographs revealing twins and 
SFs: (a) quasi-static tensile specimen showing typical twin 
morphology; (b–d) dynamic tensile specimen showing (b) 
typical twin morphology, (c) twin/SF morphology, and (d) 
high-resolution TEM image of twin/SF. Indicated in each 
image are the twins (red arrows), twin boundaries (TB; yellow 
arrows/lines) and stacking faults (SF; green arrows/lines). 
(Insets) SAD patterns from corresponding sample areas in the 
dashed circle. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of 
this article.)   
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strain [62–64]. Therefore, the cooperation of twins and dislocations is 
crucial for the synchronous enhancement of strength and plasticity in 
this alloy under dynamic tension. 

4. Constitutive model based on dislocation and twin evolution 

The observations and analysis of microstructure given in Section 3.3 
reveal and quantify many dislocations and twins in the CrMnFeCoNi 
HEA specimens under dynamic tension. Consequently, a thermo- 
viscoplastic constitutive model that independently considers this twin 
enhancement effect is introduced, and is summarized as 

σflow
(
εp, ε̇, T

)
= σmatrix + σtwin, (3)  

where σflow is the flow stress related to the plastic strain εp, the strain rate 
ε̇, and the temperature T; σmatrix is the matrix-related stress; andσtwin is 
the twin-related stress. The stresses of the CrMnFeCoNi HEA matrix and 
the twins as weighting by their content in the alloys are given as 

σflow
(
εp, ε̇, T

)
= (1 − F)σm( εp, ε̇, T

)
+ Fσt ( εp, ε̇, T

)
, (4)  

where F is the twin volume fraction, σm and σt are the flow stresses of the 
matrix and twin, respectively. The flow stress of the matrix is decom
posed into a solution strengthening stress σm

ss(ε̇, T), a grain boundary 
strengthening stress σm

HP, and a dislocation forest strengthening stress 
σm

for(εp, ε̇,T). Similarly, the flow stress of the matrix is decomposed into a 
twin critical stress σt

crit, a twin boundary strengthening stress σt
HP, and 

the effect of the twin on the surrounding dislocation slip σt
slip(εp, ε̇,T)

[41,65,66]. This is written as 

σflow
(
εp, ε̇,T

)
= (1 − F)

(
σm

ss(ε̇,T) + σm
HP + σm

for

(
εp, ε̇, T

))

+F
(

σt
crit + σt

HP + σt
slip

(
εp, ε̇, T

))
.

(5) 

In this work, the solution strengthening stress of the matrix σm
ss(ε̇,T) is 

determined by the yield strength obtained from the experiment. The 
effect of the Hall-Petch term is introduced to describe the grain 
boundary strengthening stress of the matrix and twins, given respec
tively as 

σm
HP =

HP
̅̅̅̅̅
dg

√ , (6)  

σt
HP =

HPt
̅̅̅̅̅̅̅̅̅
dtwin

√ , (7)  

where HP is the Hall-Petch coefficient of CrMnFeCoNi HEA (reported 
value 490 MPa⋅μm1/2 [67]), dgis the grain size (6.83 μm in this work), 
and HPt is the Hall-Petch coefficient of twins. However, this latter 
parameter is mostly empirically determined in the references and, in this 
work, its value corresponding to the magnitude of HP. Therefore, it was 
assumed that HPt = HP. The parameter dtwin is the equivalent grain size 
of a grain containing twins, given as 

dtwin =
1 − F

sin(α)ndg, (8)  

where α is the angle between the slip plane and the twins plane, and n is 
determined by the average number of lamellae inside the matrix grains 
[66]. The Taylor hardening model describes the dislocation forest 
strengthening of the matrix, such that 

σm
for

(
εp, ε̇,T

)
= MχGb

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ρ
(
εp, ε̇,T

)√

, (9)  

where M is the Taylor constant, χ is the dislocation hardening coeffi
cient, G is the shear modulus, and ρ(εp, ε̇,T) is the dislocation density. 
The evolution of the dislocation density is described by the Kocks- 
Mecking-Estrin evolution law model [68], given as 

dρ
dεp

= M
(

1
bL

− f (ε̇, T)ρ
)

, (10)  

where f(ε̇,T) is the strain rate and temperature-dependent dynamic re
covery coefficient of dislocation, and L is the mean free path expressed 
by 

1
L
=

1
dg

+ k
̅̅̅ρ√
, (11)  

where k is the work hardening coefficient. Additionally, σt
slip(εp, ε̇,T)

increases in proportion to the slip dislocation density such that 

σt
slip

(
εp, ε̇, T

)
= MGCbbtρ

(
εp, ε̇,T

)
, (12)  

where C is the twin hardening coefficient, and bt is the Burgers vector of 
the twinning dislocation. The evolution of the twin volume fraction F is 
described as 
⎧
⎪⎪⎨

⎪⎪⎩

F = 0σflow < σt
crit

dF
dεp

= (1 − F)NVtwσflow ≥ σt
crit

, (13)  

where N is the number of nuclei per unit volume, and the Vtw is the 
volume of a newly-formed twin [69]. In this model, the probability of 
twin nucleation is related to the current flow stress, given as 

N = N0exp
[

−

(
σt

crit

σflow

)s(ε̇,T)]

, (14)  

where N0 is the material constant, and s(ε̇,T) is the twin growth effi
ciency dependent on strain rate and temperature. Among them, The twin 
critical stress σt

crit of the CrMnFeCoNi HEA is calculated according to [69, 
70] 

σt
crit = 6.14

γSF

b
, (15)  

where γSF is the SF energy of the CrMnFeCoNi HEA, and its value is 30 
mJ/m2 [71]. In this work, the calculation result of the twin critical stress 
σt

crit is 722 MPa. This value is close to those reported by Li et al. and 
Gludovatz et al. [29,57]. Following twin nucleation, it is assumed that 
the twin nuclei immediately grow into disc-shaped twins whose diam
eter and thickness are approximately equal to the grain size and the 
average twin width, respectively: 

Vtw =
1
4

πed2
g , (16)  

where eis the average twin width. In this work, the value of e is estimated 
to be 10 nm based on accumulated experimental observations. To 
summarize, the CrMnFeCoNi HEA constitutive model parameters that 
exhibit dependence on the evolution of the dislocation density and the 
twin volume fraction are tabulated in Table 1. We acquired only two 
experimental data sets of the strain rates, and all experiments in this 
work were at room temperature. The strain rate-dependent parameters 
of the constitutive model under the two strain rates are directly given in 
Table 1, and the temperature dependence of the parameters is not 
considered in this paper. The evolution models of the dislocation density 
and twin volume fraction were fitted based on the EBSD experimental 
data in Section 3.3. Fig. 11(a) shows that the constitutive model with the 
determined parameters is in excellent agreement with the CrMnFeCoNi 
HEA tensile test data in this work. Moreover, Figs. 11(b) and 11(c) also 
indicate that the fitting results of the dislocation density and twin vol
ume fraction evolution models are acceptable. 

This constitutive model describes the evolution process of the flow 
stress in the CrMnFeCoNi HEA. First of all, the dynamic tensile 
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specimens exhibit a higher yield strength than the quasi-static tensile 
specimens. The low dislocation dynamic recovery coefficient under 
dynamic tension indicates that the dislocation density of the material 
increases rapidly. Additionally, the higher dislocation density in the 
dynamic tensile specimen causes the flow stress to reach the twin critical 
stress earlier, at a strain of 0.08. However, the flow stress of the quasi- 
static specimen satisfies the stress condition of twin nucleation at the 
strain of 0.12. After twin nucleation, the twin evolution rate of the quasi- 
static tensile specimens is limited, whereas the dynamic tensile speci
mens possess a higher twin growth efficiency toward twin nucleation 

and multiplication. Specifically, the twin volume fraction of the final 
dynamic tensile specimens is 6.1 times higher than that of the quasi- 
static tensile specimens. In conclusion, the flow stress enhancement of 
the CrMnFeCoNi HEA under dynamic tension is owing to its high 
dislocation density and a certain scale of twins. To describe the contri
bution of the matrix and twins to the flow stress of the studied 
CrMnFeCoNi HEA, Fig. 12 shows area graphs of the matrix and twins in 
the flow stress of the quasi-static and dynamic tensile specimens. The 
effect of twinning strengthening is feeble in the quasi-static tensile 
specimens, and dislocation forest strengthening plays the dominant role 
in the quasi-static flow stress strengthening of the studied alloys. 
Correspondingly, twins in the dynamic tensile specimens provide 27% of 
the work hardening. This result indicates that twins make an essential 
contribution to enhancing the dynamic flow stress of the studied alloys. 

5. Conclusion 

The strain rate-dependent mechanical behaviors of the CrMnFeCoNi 
HEA were studied using quasi-static and dynamic tensile experiments. 
The accuracy of the dynamic experiment was verified using high-speed 
photography and DIC calculation. The multiscale microstructural evo
lution of the deformed specimens was observed and analyzed with a 
series of SEM, EBSD, and TEM experiments. On the basis of these 
experimental results, a thermo-viscoplastic constitutive model was 
established to describe the mechanical behavior of the CrMnFeCoNi 
HEA under dynamic tension by taking into account the enhancement of 
alloy strength via the presence of twins. The influence that the micro
structural evolution has on the deformation behavior of the alloys was 
discussed. The key conclusions are summarized below:  

(1) The studied CrMnFeCoNi HEA possessed an excellent strength- 
plasticity combination under dynamic tension. The yield stress, 

Table 1 
All the parameters of the constitutive model.   

Description Value 

HP Hall-Petch coefficient 490 MPa⋅μm1/2 

dg average grain size 6.83 μm 
α angle between the slip plane and the twin plane 60◦

n average number of twin lamellae inside grains 5 
M Taylor constant 3.06 
χ dislocation hardening coefficient 0.47 * 
G shear modulus 79.3 GPa 
b Burgers vector 2.55 nm 
f (Q) dislocation dynamic recovery coefficient (5 × 10− 4 s− 1) 2.08 ** 
f (D) dislocation dynamic recovery coefficient (7000 s− 1) 1.66 ** 
k work hardening coefficient 0.012 * 
C twin hardening coefficient 1900 * 
bt Burgers vector of twinning dislocation 1.04 nm 
N0 materials constant 2.3E+17 * 
s (Q) twin growth efficiency (5 × 10− 4 s− 1) 0.89 ** 
s (D) twin growth efficiency (7000 s− 1) 1 ** 
γSF stacking fault (SF) energy 30 mJ/m2 

E average twin width 10 nm  

* fitted strain rate-independent parameter. 
** fitted strain rate-dependent parameter. 

Fig. 11. (a) The flow stress of the quasi-static (5 × 10− 4 s− 1) and dynamic (7000 s− 1) tensile tests (data points) and the accurate fitting results of the constitutive 
model in this work (solid lines); (b) dislocation density calculated by KAM maps (data points) and fitted dislocation density evolution curves (solid lines); (c) twin 
volume fraction calculated by EBSD results (data points) and fitted evolution curves (solid lines). 

Fig. 12. Area graphs of the proportion of the matrix and twins in the flow stress of the (a) quasi-static and (b) dynamic tensile specimens.  
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true ultimate stress, and strain of the alloys under dynamic tensile 
loading increased by 18%, 52%, and 68% to 472 MPa, 1586 MPa, 
and 0.57, respectively, in comparison to the yield stress (399 
MPa), true ultimate stress (1042 MPa), and strain (0.34) under 
quasi-static tension.  

(2) The high-speed photographic observation showed that the 
deformation of the sample was uniform and there was no pre
mature strain localization. Furthermore, the fracture morphol
ogies of the specimens under the two loading conditions were 
significantly different. The quasi-static tensile specimen fractures 
were the common plastic dimple fracture. In contrast, the fracture 
surface of the dynamic tensile specimens manifested the limited 
brittle transition and consisted of dimples and quasi-cleavage 
fractures.  

(3) Under dynamic tensile loading, the dislocation density of the 
specimen, as calculated by KAM maps, was higher and the 
dislocation cell size was smaller than that under quasi-static 
tensile loading. This result signified that the dislocation evolu
tion was more active under dynamic tension. Furthermore, few 
twins existed in the quasi-static tensile specimens, whereas ample 
thin and dense twin lamellas were commonly observed in the 
dynamic tensile specimens. The twin statistics results revealed 
that the twin volume fraction of the dynamic tensile specimens 
was about six times that of the quasi-static tensile specimens. The 
interaction between the dislocations and the efficiently-evolved 
twins has the ability to accommodate considerable plastic 
strain. Thus, the plasticity of the alloys is enhanced under dy
namic tension. 

(4) The fitting results of the constitutive model, based on the evo
lution of the dislocation density and twin volume fraction, agreed 
with the experimental results herein. These constitutive model 
results indicated that the strength enhancement of the alloys 
under dynamic tension is primarily provided by dislocation forest 
hardening accompanying high dislocation density and strong 
dislocation motion resistance from twins. 
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