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A B S T R A C T   

In the current work, the coherent L12-phases-strengthened Co40Cr20Ni30Mo2Al4Ti4 (in atomic percent, at.%) 
high-entropy alloy (HEA) exhibits an excellent strength-plasticity synergy during dynamic tension. The diameter 
and volume fraction of L12 precipitates are about 7.8 nm and 9.85%, respectively. When the strain rate is 1700/s, 
the yield strength of the alloy is 950 MPa, the ultimate tensile strength is up to 1725 MPa, and the elongation 
remains at 40%. The plastic deformation of the alloy in a quasi-static state is dominated by dislocations. During 
dynamic tension, stacking faults contribute to the high strength and effective work hardening of the alloy as an 
additional deformation mechanism. The present work provides a basic theoretical guidance for understanding 
the dynamic-deformation behaviors and mechanisms of precipitation-strengthened HEAs.   

1. Introduction 

In recent years, high-entropy alloys (HEAs) have attracted extensive 
attention and related research contents have proliferated due to their 
multi-component design concept and the resulting excellent mechanical 
properties [1–5]. Among them, a large number of reports on precipita-
tion strengthening have proved that it is a powerful means to strengthen 
face-centered-cubic (fcc) HEAs, especially the precipitation of coherent 
ordered L12 phases [6,7]. In addition, the explorations of such alloys are 
not limited to the mechanical properties at room temperature, but also 
involve some extreme service environments, such as ultra-low temper-
atures in liquid-nitrogen and even liquid-helium conditions and high 
temperatures above 900 ◦C [8–10]. Fortunately, under these service 
conditions, these precipitation-strengthened HEAs have shown great 
potential as structural application materials. 

The strain rate is another key factor affecting the mechanical 
response of materials except temperature. Compared with traditional fcc 
pure metals and alloys, fcc HEAs show stronger dependence on tem-
perature and strain rate [11]. However, these studies on 
temperature-strain rate-dependent mechanical properties are all based 
on the strain-rate jump tests in the quasi-static loading range [12–15]. In 
order to fully tap the application potential of HEAs, it is essential to 

further investigate and explore their mechanical behaviors and defor-
mation mechanisms under high strain rates to meet the requirements of 
the aviation industry, automotive engineering, earthquake and other 
fields [16–18]. In contrast to quasi-static deformation, the alloys are 
prone to produce adiabatic shear bands and deformation twins during 
dynamic deformation [19,20]. The research on dynamic-compression 
deformation of the CoCrFeMnNi HEA shows that it is easier to reach 
the critical twinning stress under dynamic conditions, and twins are 
formed under smaller strains (the onset true plastic strain for twinning 
were determined to be 20.5% at strain rate of 10−4 s−1 and 6.2% at 
strain rate of 4700 s−1), which leads to stronger work-hardening ability 
[19]. Similarly, the AlxCoCrFeNi (x = 0.1 and 0.3) alloy system also 
achieves strength doubling at high strain rates [21,22]. Moreover, the 
strain-rate sensitivity related to the microstructures of the alloys in this 
system has also been discussed [23–25]. However, the investigations on 
these alloys are mainly subjected to dynamic compressive or shear 
loading, and little is known about the mechanical behaviors under dy-
namic tension. CoCrNi medium-entropy alloy (MEA) and CoCrFeNi HEA 
have been shown to exhibit more significant strength-plasticity synergy 
in dynamic tension than in quasi-static deformation [26,27]. Unfortu-
nately, most of the HEA systems used for dynamic-deformation research 
are single-phase solid solutions. At present, the studies on mechanical 
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responses and deformation mechanisms of precipitation-strengthened 
HEAs under dynamic tension have not been involved. 

In the current work, the mechanical properties of the Co40Cr20Ni30-
Mo2Al4Ti4 (in atomic percent, at.%) HEA strengthened by coherent L12 
phases under quasi-static and dynamic tension were evaluated, and the 
transformation of the strain-rate-related deformation mechanism was 
revealed. The present work provides a basic theoretical guidance for 
understanding the dynamic-deformation behaviors and mechanisms of 
precipitation-strengthened HEAs. 

2. Materials and methods 

The ingots with the nominal composition of Co40Cr20Ni30Mo2Al4Ti4 
(in atomic percent, at.%) were obtained by vacuum-arc melting under a 
Ti-gettered argon atmosphere. Each ingot was flipped and re-melted 
more than five times to ensure the chemical uniformity. Then, the 50 
× 20 × 5 mm3 (length × width × thickness) thin plates were prepared by 
a water-cooled copper-mold suction-casting method. The as-cast plates 
were first homogenized at 1200 ◦C for 2 h. Then, cold rolling was carried 
out with a total reduction ratio of 80% (the thickness changed from 5 to 
1 mm). Subsequently, annealing at 1200 ◦C for 3 min to achieve fully 
recrystallized microstructures. Finally, aged at 800 ◦C for 1 h. All heat 
treatments were conducted in the air and followed by water quenching. 

Dog-bone-shaped specimens with gauge dimensions of 12.5 × 3 × 1 
mm3 and 10 × 3 × 1 mm3 were fabricated by electro-discharge 
machining for quasi-static and dynamic tensile tests, respectively. 
Quasi-static tensile tests were performed on an Instron 5969 universal 
testing machine, and dynamic tensile tests were carried out, using a split 
Hopkinson tensile-bar (SHTB) apparatus. At least three samples were 
measured in each case to ensure the reliability of the data. 

The phase identification was conducted, using X-ray diffraction 
(XRD) with Cu-Ka radiation. The scanning angle range of 2θ is 20◦–80◦. 
The microstructures of the alloy were characterized by scanning elec-
tron microscopy (SEM, Phenom XL), electron backscatter diffraction 
(EBSD) (the scanning step is 1 μm), and transmission electron micro-
scopy (TEM, FEI Tecnai F30) with the selected area electron diffraction 

(SAED). For SEM and EBSD analyses, the surfaces of the samples were 
ground to 2000 grit SiC paper, and then electrochemically polished with 
a HClO4:C2H6O = 1:9 solution (in a volume percent, vol%) with a direct- 
current (DC) voltage of 20 V at 298 K. For TEM analyses, the samples 
were firstly mechanically ground to a thickness below 30 μm and then 
punched into 3 mm-diameter discs. Finally, twin-jet electro-polishing 
was performed, employing the same electrolyte at a voltage of 20 V and 
a temperature of about - 10 ◦C. 

3. Results 

3.1. Initial microstructures 

Fig. 1 exhibits the microstructural characterization of the current 
alloy. The aged samples are uniform equiaxed grains and contain 
quantities of annealing twins, as shown in the SEM image of Fig. 1(a). 
Excluding twin boundaries, the average grain size of the current alloy is 
about 86.3 μm by a linear intercept method. The inverse pole figure 
(IPF) map of Fig. 1(b) displays the basically random grain orientation. 
The average grain size, including twin boundaries determined by EBSD, 
is about 33.6 μm, as shown in the statistical graph of the grain-size 
distribution in Fig. 1(e). Fig. 1(c) is the texture IPF map constructed 
for the crystallographic orientation along the rolling direction, indi-
cating weak <001> and <111> silk textures in the alloy, which are 
often observed in fcc alloys annealed after cold rolling. Only one set of 
fcc diffraction peaks can be identified in the XRD pattern [Fig. 1(d)], but 
the subsequent results show that the alloy is fcc + L12 dual-phase 
structure. Fig. 1(f) shows the misorientation angle distribution of 
grains, where the number fraction of grains with a misorientation angle 
of 60◦ is as high as 0.6, which means a high proportion of Σ3 annealing- 
twin boundaries. The illustration is an enlarged view of the local area in 
Fig. 1(b), where the white arrows indicate some annealing twins. 

The microstructures of the alloy were further revealed by the TEM 
analysis, as presented in Fig. 2. Fig. 2(a) is the dark-field (DF) TEM 
image of the alloy, in which fine and dispersed spherical particles are 
uniformly distributed in the matrix. Fig. 2(b) shows the SAED pattern 

Fig. 1. The initial microstructures of the current alloy. (a) SEM image; (b) Inverse pole figure map; (c) Texture inverse pole figure map; (d) XRD pattern; The 
distribution of (e) grain size and (f) grain misorientation angles corresponding to the area of (b). The inset shows an enlarged view of some twin boundaries (indicated 
by white arrows). 
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obtained along the [011] zone axis, which is consistent with the previ-
ous XRD results, confirming that these spherical particles are ordered 
L12 phases. Through statistics on several DF-TEM images, it is deter-
mined that the diameter of L12 particles is about 7.8 nm, and the volume 
fraction is approximately 9.85%. Fig. 2(c) is a high-resolution TEM 
(HRTEM) image of the alloy, which proves the completely coherent 
interface relationship between the matrix and the precipitates. 
Furthermore, the illustrations in the red and yellow rectangular boxes 
are the fast Fourier transform (FFT) images of the matrix and the pre-
cipitate, respectively. The matrix is indexed to be fcc, and the pre-
cipitates have additional (001) and (011) superlattice diffraction spots, 
which further authenticates the L12 phase structure of the precipitates. 

3.2. Quasi-static and dynamic mechanical properties 

Quasi-static and dynamic tensile tests were conducted to further 
evaluate the performance potential of this alloy, as shown in Fig. 3. The 
engineering stress-strain curves of the alloy under quasi-static (10−3/s, 
10−2/s, and 10−1/s) and dynamic (1100/s and 1700/s) tension are 
shown in Fig. 3(a). In the quasi-static loading range, the yield strength 
increases slightly with the increase of strain rate, from 680 MPa at 10−3/ 
s to 745 MPa at 10−1/s. In contrast, the ultimate tensile strength remains 
stable while the elongation decreases from 46.5% to 36.5%, as the strain 
rate increases. It should be noted that the tensile curve with a strain rate 
of 1100/s is not completely recorded because the samples are not 
broken. Therefore, the table in Fig. 3(a) does not show the ultimate 
tensile strength and elongation under this condition, and only the yield 
strength of 820 MPa is obtained. Compared with the strain rate of 10−3/ 
s, when the strain rate increases to 1700/s, the yield and ultimate tensile 
strengths increase by 40% and 59%, respectively, reaching 950 MPa and 
1725 MPa. However, unlike the effect of strain rate on plasticity in the 
quasi-static range, this alloy has no obvious embrittlement during dy-
namic tension, and still maintains a large elongation of 40%. Fig. 3(b) 
exhibits the curves of the strain-hardening rate, θ,/true stress versus true 

strain under quasi-static and dynamic tension. According to their char-
acteristics, the work-hardening behavior can be divided into three 
stages. In the first stage I, namely the elastic-plastic transition zone, the 
work-hardening rates drop sharply. In the second stage II, the work- 
hardening rates increase slowly in quasi-static states and decrease in 
dynamic states. In the third stage III, the work-hardening rates of both of 
them decrease rapidly. The work-hardening ability under quasi-static 
and dynamic tension shows great difference in the stage II, which is 
closely related to their potential characteristic micro-deformation 
mechanisms. This feature will be discussed in the next chapter. 

Fig. 4 summarizes the mechanical properties of the current alloy, Al 
alloys, Mg alloys, Ti alloys, TRIP/TWIP steels, fcc HEAs, and other 
metals in dynamic tension/compression (see supplementary materials 
for data points in the figures) [27]. The strain rates are all in the order of 
1000. The yield strength of traditional Al and Mg alloys is low, usually 
about 100–500 MPa, and the elongation is within 40%. TRIP/TWIP 
steels, austenitic steels, and some fcc HEAs possess medium 
strength-plastic combination with yield strengths of about 400–700 MPa 
and elongations of 30%–60%. Dual-phase steels have ultra-high 
strengths, up to about 1500 MPa. However, the plastic loss is great, 
and the elongation is less than 10%. In contrast, the current alloy shows 
an excellent strength-plasticity synergy. 

3.3. Quasi-static deformation microstructures 

Fig. 5 presents the EBSD results of the microstructures near the 
fracture of the sample with a strain rate of 10−3/s. After large plastic 
deformation, the grains are significantly elongated along the tensile 
direction, and substantial slip lines are formed in the grains, as shown in 
the band-contrast map in Fig. 5(a). The orientation of grains in deformed 
samples is no longer random, and the typical strong <111> texture in 
fcc alloys is found along the tensile direction, as presented in Fig. 5(b) 
and (d). Fig. 5(c) shows the distribution of geometrically necessary 
dislocations of the sample, suggesting relatively uniform plastic 

Fig. 2. TEM observations of the microstructures. (a) Dark-field TEM image shows the uniform dispersion distribution of L12 particles; (b) A SAED pattern along the 
[011] zone axis showing the L12 structure; (c) High-resolution TEM image. The insets are the fast Fourier transform images of the matrix and L12 phases. 

Fig. 3. Mechanical properties of the alloy. (a) Engineering stress-strain curves under quasi-static and dynamic tension; (b) Strain-hardening rate, θ,/true stress versus 
true strain. 
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deformation. In order to unveil the micro-deformation mechanisms of 
the current alloy, it was characterized by TEM, as shown in Fig. 6. The 
plastic deformation in a quasi-static state is dominated by dislocations, 
and it displays obvious planar-slip characteristics, that is, dislocation 
arrays along two directions. The planar-slip bands from different slip 
systems intersect each other, forming a Taylor lattice structure with a 
spacing of several hundred nanometers. These network structures, 
which are refined with deformation, also subdivide grains, shorten the 
average free path of dislocation movement, and cause continuous work 
hardening of materials. Fig. 6(b) indicates the slip traces of dislocations. 

3.4. Dynamic deformation microstructures 

Fig. 7(a) and (f) present samples with strain rates of 1100/s and 
1700/s, respectively. The actual elongation of the sample with a strain 
rate of 1100/s is 30%, which is still in the stage of uniform deformation, 
without necking, while the sample with a strain rate of 1700/s has a 
slight necking. Fig. 7(b–e) and (g-j) are the EBSD characterizations of the 
red and yellow rectangular areas in Fig. 7(f), respectively, that is, the 
microstructures far away from and near the fracture surface. The local 

strain distribution in different regions is also uneven. There is no 
obvious deformation of grains in the area far from the fracture, and the 
grains show a slightly weak <111> texture along the tensile direction. 
As shown in Fig. 7(d), a small amount of dislocations are detected in this 
region, indicating limited plastic deformation. The higher dislocation 
density near the grain boundaries reveals that dislocation slip is blocked 
at the interfaces, and plastic deformation preferentially occurs at the 
grain boundaries. The grains near the fracture surface are mildly elon-
gated and the dislocation slip and multiplication are further increased. 
As shown in Fig. 7(i), severe dislocation accumulation and entanglement 
are found in this area, and dislocation density is significantly increased, 
which means that higher plastic deformation is sustained near the 
fracture. Moreover, the sample presents a stronger <111> texture than 
the quasi-static one. 

The two samples after dynamic tension were characterized by TEM 
to clarify their micro-deformation mechanisms under dynamic condi-
tions, as exhibited in Fig. 8. Compared to the quasi-static deformation, 
the planar slip feature disappears in the sample with a strain rate of 
1100/s, and is replaced by extensive dislocation entanglement [Fig. 8 
(a)]. Furthermore, additional nanoscale stacking faults appear in the 

Fig. 4. Comparison of dynamic-mechanical properties among the current alloy and other metals and alloys. The maps of (a) yield strength versus strain rate and (b) 
total elongation versus strain rate (the yield strength and corresponding total elongation are obtained from the true stress-strain curves). 

Fig. 5. EBSD characterizations of the sample with a strain rate of 10−3/s. (a) Band-contrast map; (b) Inverse pole figure map; (c) Geometrically necessary dislo-
cations; (d) Texture inverse pole figure map. 

Fig. 6. TEM images of the quasi-static deformed sample. (a) Bright-field TEM image showing the planar-slip characteristics of dislocations; (b) Slip traces of dis-
locations; (c) Dark-field TEM image of L12 phases. 
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microstructures, and the corresponding SAED pattern displays “awn 
lines” symbolizing stacking faults, as exhibited in the green circle of 
Fig. 8(c). The DF-TEM analysis is performed on the green circle area to 
testify stacking faults more intuitively. As shown in Fig. 8(d), the bright 
parts are stacking faults, and the spacing between adjacent stacking 
faults is about 17 nm. The sample with a strain rate of 1700/s has a large 
deformation, and the density of stacking faults increases substantially. 
At this time, the spacing of stacking faults is refined to about 8 nm, as 
shown in Fig. 8(e–g). Besides, the interaction of stacking faults on 
different slip planes forms Lomer-Cottrell (L-C) locks, which act as 
dislocation sources and powerful obstacles to pinning dislocations, 
facilitating the effective strain hardening of the alloy [Fig. 8(h)] [28,29]. 

3.5. Fracture morphologies 

Fig. 9 presents the low- and high magnification fracture morphol-
ogies of this alloy at the strain rates of 10−3/s, 10−2/s, 10−1/s, and 
1700/s, respectively. When the strain rate is 10−3/s, the fracture surface 
is flat with relatively uniform dimples. When the strain rate increases to 
10−2/s, the roughness of the fracture surface increases significantly. The 
sheets formed by the connection of voids appear in local areas, and the 
dimples become less and shallower. When the strain rate continues to 
increase to 10−1/s, the number of dimples decreases markedly, and 
intergranular cracks become more. Hence, in the quasi-static range, with 
the increase of the strain rate, the fracture mechanisms gradually transit 
from a ductile to brittle fracture, resulting in a continuous decline in the 
plasticity of the alloy. It is gratifying that the fracture morphology at the 
strain rate of 1700/s is similar to that at the strain rate of 10−3/s, with 

Fig. 7. Dynamic tensile samples and EBSD characterization. Physical pictures of samples with strain rates of (a) 1100/s and (f) 1700/s, compared with unstretched 
samples; EBSD images of the area (b–e) far away from and (g–j) near the fracture surface of the sample with a strain rate of 1700/s; (b, g) Band-contrast map; (c, h) 
Inverse pole figure map; (d, i) Geometrically necessary dislocations; (e, j) Texture inverse pole figure map. 

Fig. 8. TEM images of samples with strain rates of (a–d) 1100/s and (e–h) 1700/s. Bright-field TEM image of (a) dislocations and (b) stacking faults; (c) A SAED 
pattern showing the L12 structure and stacking faults; (d) Dark-field TEM image of stacking faults; (e) Bright-field and corresponding (f) dark-field TEM images of 
stacking faults; (g) High-resolution TEM image of stacking faults; (h) Lomer-Cottrell locks. 
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obvious dimples and tearing ridges. Consequently, the elongation of the 
alloy at a strain rate of 1700/s is equivalent to that at 10−3/s. 

4. Discussion 

4.1. Precipitation strengthening 

The coherent ordered L12 precipitates provide the high strength of 
the current alloy. In principle, when the precipitates are small in size and 
coherent with the matrix, the shear mechanism dominates the precipi-
tation strengthening. Otherwise, the Orowan bypass mechanism plays a 
dominant role. The critical size of precipitates here is about 100 nm 
[30]. For a shear mechanism, coherent strengthening (Δσcs), modulus 
strengthening (Δσms), and ordered strengthening (Δσos) are the main 
sources [31]. The larger value between the sum of the former two and 
the latter represents the contribution of precipitation strengthening. In 
view of the size of precipitates in this alloy is small enough, and the 
direct evidence of the coherence between the matrix and the precipitates 
shown in Fig. 2(c), it is reasonable and very reliable to select the shear 
mechanism for the quantitative calculation of precipitation strength-
ening. Δσcs, Δσms, and Δσos can be calculated by the following formulas 
[31]: 

ΔσCS =M⋅αε(G⋅εc)
3
2

(

rf

0.5Gb

)1
2

(1)  

ΔσMS = 0.0055M(ΔG)3
2

(

2f

G

)1
2(r

b

)3m
2
−1 (2)  

ΔσOS = 0.81M
γAPB

2b

(

3πf

8

)1
2

(3)  

where M = 3.06 is the Taylor factor [32], αε and m are constants, equal 
to 2.6 and 0.85, respectively, εc = 0.002 is the constrained 
lattice-mismatch strain, G is the shear modulus of the matrix, r and f are 
the average radius and volume fraction of the precipitates, respectively, 
b = 0.253 nm is the Burger vector, ΔG is the difference between the 

shear modulus of the matrix and the precipitates (the shear moduli of the 
matrix and the precipitates are 88.7 GPa and 77.4 GPa, respectively [33, 
34]), and γAPB = 200 mJ/m2 is the anti-phase boundary energy of the 
precipitates [35]. It is calculated that Δσcs, Δσms, and Δσos are 110 MPa, 
64 MPa, and 334 MPa, respectively. So, the contribution of precipitation 
strengthening is 334 MPa, which accounts for one half of the yield 
strength of this alloy, indicating that coherent L12 phases have a 
remarkable strengthening effect on the matrix. 

4.2. Excellent dynamic-mechanical properties 

As shown in Figs. 3 and 4, the alloy possesses eminent dynamic- 
mechanical properties and strong work-hardening ability, which is 
originated from the synergistic effect of various plastic-deformation 
mechanisms, including the dislocation slip, stacking fault, and L-C locks. 

The molecular dynamics simulation results of tensile deformation of 
Al10(CrCoFeNi)90 HEA shows that the introduction of nanotwins can 
improve the strength of the samples with equiaxed grains [36]. In 
addition, the strength of the alloy increases monotonously with the 
decrease of the twin boundary spacing [36]. In the same way, nano-scale 
deformation twins exhibit a prominent contribution to work hardening 
in plastic deformed high manganese steel [37]. This is similar to the 
stacking faults in the current alloy. Compared with quasi-static tension, 
the alloy possess higher strength under dynamic tension. When the 
strain rate increased from 1100/s to 1700/s, the spacing between 
adjacent stacking faults decreased, the stacking fault networks are 
refined, and the strength is accordingly improved. Similar to the 
twinning-induced plastic effect, the stacking fault networks are contin-
uously formed and refined during the dynamic deformation process, 
effectively dividing the grains into smaller dislocation-motion regions. 
These nano-spaced stacked fault networks reduce the average free path 
of dislocation movement, resulting in a dynamic Hall-Patch effect [9, 
38]. The stacking faults can not only hinder the movement of disloca-
tions, but also serve as the favourable locations for producing partial 
dislocations. As a consequence, they can adapt to the plastic deforma-
tion in the lattice and maintain the ductility of the alloy. Additionally, 
co-planar stacking faults intersected with each other promote the 

Fig. 9. Fracture morphologies of the samples tested at (a, e) 10−3/s; (b, f) 10−2/s; (c, g) 10−1/s; and (d, h) 1700/s. (a–d) and (e–h) are the low- and high- 
magnification morphologies of the tensile fracture, respectively. 
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formation of stacking-fault networks and abundant sessile L-C locks. 
This L-C lock involves stacking fault band on two intersecting slip 
planes, so it can neither slide on two intersecting slip planes nor on its 
own slip plane. Therefore, they can pin the stacking fault networks to 
make them more stable. In general, these L-C locks, stacking faults and 
precipitates, as strong obstacles to dislocation movement and 
Frank-Read dislocation sources, stimulate the proliferation and accu-
mulation of dislocations, and together contribute to the high strength 
and work hardening of the alloy [28,29]. During quasi-static deforma-
tion, dislocation motion is controlled by the thermal activation [24]. By 
comparison, the thermal-activation efficiency decreases during dynamic 
deformation. Besides, fast moving dislocations cause phonon scattering 
and increase the viscosity of dislocation motion [39,40]. Therefore, the 
phonon-drag effect in dynamic states and additional plastic-deformation 
mechanisms make the alloy possess both the high strength and large 
ductility in dynamic tension. 

4.3. Dynamic-deformation mechanisms 

Extensive deformation twins were detected in the microstructures of 
the quasi-static and dynamic tensile deformation of the single-phase 
CoCrNi MEA, and the density of deformation twins under dynamic 
tension has increased compared with that under quasi-static deforma-
tion [26]. Plastic deformation dominated by dislocation slip and 
deformation twins is also recognized in CoCrFeNi HEA under shock 
compression. The deformation twins under low velocity impacts appear 
as individual twins, while the deformation twins expand into twin 
bundles under high velocity impacts [41]. Unlike these cases, the cur-
rent alloy does not form deformation twins during dynamic deforma-
tion. Based on the classical dislocation theory, the critical twinning 
stress, τcritical, can be calculated by the following formula [42]: 

τcritical =
2αGbp

D
+

γsf

bp

+ τfr (4)  

where α = 0.5 is a constant reflecting the characteristics of dislocation, 
bp = 0.147 nm is the Burgers vector of the Shockley partial dislocation, D 
is the effective length of twinning sources, γsf is the stacking-fault en-
ergy, and τfr is the lattice-friction stress. D = 15 nm can be evaluated by 

̅̅̅̅̅̅

8
3πf

√

d− d, where d is the diameter of precipitates [35]. It is clear that the 
first term in Formula 4 strongly depends on the source size, D. The 
nanoscale L12 phases in this alloy reduce the matrix channel to only 15 
nm. Hence, the first term in Formula 4 is 870 MPa. Accordingly, the 
critical twinning normal stress is 2660 MPa. The contribution of the 
second term caused by the stacking-fault energy is 1097 MPa. The lattice 
friction stress of the third item is 218 MPa [43]. When the strain rate is 
1700/s, the maximum true stress of the alloy in the tensile process is 
2358 MPa, which is far less than the theoretical critical twinning stress 
(3975 MPa). Therefore, the formation of twins is suppressed. According 
to the above analysis, it can be concluded that fine and dispersed pre-
cipitates are not conducive to the formation of twins. 

Specific details about the calculation of the stacking-fault energy are 
described as follows [44]: 
γsf = 2ρΔGγ→ε + 2σγ→ε (5)  

ρ= 4
̅̅̅

3
√ 1

a2N
(6)  

ΔGγ→ε =
∑

xiΔG
γ→ε
i +

∑

xixjΩ
γ→ε
ij (7)  

where ρ is the molar surface density of the {111} plane, ΔGγ→ε is the 
Gibbs free-energy difference between the γ-austenite and the 
ε-martensite, σγ→ε = 7.5 mJ/m2 is the interface energy [45], a and N are 
lattice and Avogadro constants, respectively, xi,j is the molar fraction of 
the components, i and j, ΔGγ→ε

i is the Gibbs free-energy difference of γ 

and ε, Ω
γ→ε
ij is the Gibbs free-energy difference of γ and ε of a binary 

system with components, i and j. All parameters are listed in Table 1. The 
stacking-fault energy of the current alloy is about 52.7 mJ/m2. When the 
stacking-fault energy is greater than 40 mJ/m2, the plastic deformation 
of fcc alloys is usually dominated by the dislocation slip [46], which is 
consistent with the microstructure characteristics of the quasi-static 
tensile samples. Apart from the stacking-fault energy, strain rate is 
another pivotal factor affecting the deformation modes of the alloy. 
Deformation twins are commonly found in alloys deformed at high 
strain rates. The reason why there are no twins in this alloy is that the 
critical twinning stress is significantly increased due to the tiny size of 
the matrix channel. 

5. Conclusions 

In the present work, a precipitation-hardening Co40Cr20Ni30-
Mo2Al4Ti4 HEA was developed, which presents excellent dynamic- 
mechanical properties. The deformation mechanisms of the alloy 
under quasi-static and dynamic tension were revealed. The conclusions 
are summarized as follows.  

(1) A large number of coherent ordered L12 particles were observed 
in the current alloy. The diameter and volume fraction of L12 
precipitates are about 7.8 nm and 9.85%, respectively.  

(2) The current alloy possesses an excellent strength-plastic synergy 
in dynamic tension. When the strain rate is 1700/s, the yield and 
ultimate tensile strengths of the alloy are 950 MPa and 1725 MPa, 
respectively. In addition, it can still maintain a large elongation of 
40%.  

(3) In a quasi-static state, the plastic-deformation mode of the alloy is 
dislocation slip. During dynamic tension, stacking faults as an 
additional deformation mechanism promotes the high strength 
and effective work hardening of the alloy.  

(4) The fine and dispersed L12 particles reduce the sizes of the matrix 
channel and twinning source, which greatly increases the critical 
twinning stress. Therefore, the formation of twins under dynamic 
tension is inhibited. 
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Table 1 
Relevant parameters of stacking-fault energy.  

Parameter Thermodynamic function (J/mol) Reference 
ΔGγ→ε

Co −427.59 + 0.615T [47] 
ΔGγ→ε

Cr −2846-0.163T [47] 
ΔGγ→ε

Ni 1046 + 1.255T [47] 
ΔGγ→ε

Al 2800+5T [47] 
ΔGγ→ε

Ti −6000 + 0.1T [47] 
ΔGγ→ε

Mo −3650–0.63T [47] 
Ω

γ→ε
CoCr −4621.59 + 7.32T+(7341.73–7.93T)(XCo-XCr) [48] 

Ω
γ→ε
CoNi −820-1.65T [49] 

Ω
γ→ε
CoAl 27,956.3–13.9659T-28,740(XAl-XCo) [50] 

Ω
γ→ε
CoTi 65,258-29.109T-16,240(XCo-XTi) [51] 

Ω
γ→ε
CoMo 241.4 + 12.8T+(-26,593.7–17.31T)(XCo-XMo) [52]  
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the work reported in this paper. 
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