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Abstract: In order to obtain good strength−plasticity synergy for a medium entropy alloy (MEA) CrCoNi, cold rolling, 
asymmetric rolling, cryorolling and asymmetric-cryorolling with subsequent annealing at different temperatures were 
conducted. The results showed that the asymmetric-cryorolled alloy achieved a high strength of over 1.6 GPa. After 
annealing at 1073 K, it retained a high strength of ~1 GPa while the elongation reached nearly 60%. After annealing, the 
heterogeneous characteristics were formed in asymmetric-cryorolled samples, which were found to be more distinct 
than those of the samples subjected to asymmetric rolling. This resulted in the generation of high strength and ductility. 
Key words: medium entropy alloy; heterogeneous structure; annealing; mechanical properties; asymmetric cryorolling 
                                                                                                             
 
 
1 Introduction 
 

Medium/high entropy alloys (MEAs/HEAs) 
are characterized by excellent mechanical 
properties, which have attracted immense attention 
from scientists and engineers [1]. Recently, WU   
et al [2] reported that the strength and ductility of 
equi-atomic MEA CrCoNi are higher than those of 
the HEA CoCrFeMnNi. The alloys have good 
combinations of strength and ductility in the 
temperature range from 77 to 673 K. Besides, the 
strengths of these MEAs increased as the 
temperature decreased [3]. LAPLANCHE et al [4] 
reported that nano-twinning in MEA CrCoNi 

occurred in larger strain ranges than in the 
five-element HEA CoCrFeMnNi, which improves 
the strength and ductility. GLUDOVATZ et al [5] 
achieved a balance between ultra-high strength and 
ductility in MEA CrCoNi, which has a tensile 
strength close to 1 GPa and a uniform elongation of 
70%.  

The thermomechanical processing (TMP) 
routes involve plastic processing and subsequent 
annealing [6] which significantly influence the 
mechanical properties of the material [7]. 
SUNKARI et al [8] reported that cryorolled HEA 
contains a larger density of potential heterogeneous 
nucleation sites than cold-rolled HEA. Cryorolled 
HEA had a heterogeneous structure composed of 
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residual deformation regions and recrystallization 
regions, which helped to increase the strength− 
plasticity synergy. REDDY et al [9] utilized a 
combined method involving cryorolling and 
warm-·rolling to prepare an HEA with structure− 
composition dual heterogeneous microstructure. 
And this HEA exhibited a combination of excellent 
strength and ductility. PATEL et al [10] studied the 
effect of different cryorolling routes on the  
structure, texture, and hardness of the eutectic HEA 
AlCoCrFeNi2.1. The deformed structure appeared as 
a reserved lamellar structure area inherited from the 
cast structure of the eutectic HEA, and the rolled 
material exhibited an obvious heterogeneous 
structure. The results revealed that the TMP 
behavior exerts a significant impact on the 
performance of the HEAs [11]. Therefore, it is 
important to find a better TMP route to further 
improve the performance of the equi-atomic MEA 
CrCoNi, and other MEAs/HEAs with similar 
structures. 

Cryorolling and asymmetric rolling are severe 
plastic deformation (SPD) technologies. Compared 
to other SPD technologies such as high-pressure 
torsion, cryorolling and asymmetric rolling can be 
used to process products with larger scales. The 
cryorolling [12,13] can effectively suppress the 
dynamic recovery of materials and improve the 
accumulation efficiency of dislocations. Conversely, 
high-density dislocations can also help generate a 
large number of nucleation sites during annealing. 
This results in the generation of finer grains [14,15] 
and increases the yield strength to the critical 
resolved shear stress of twinning. This significantly 
improves the strength of the material and can 
enhance the ductility of numerous metal-based 
materials [16,17]. WON et al [18] performed 
multi-pass caliber cryorolling on HEA 
CoCrFeMnNi and obtained ultra-fine grain (UFG) 
structures. BHATTACHARJEE et al [19] utilized 
the difference of stress partitioning in the 
constituent phases of cryorolled HEA to affect the 
stored energy and the driving force of the 
recrystallization process. The process resulted in the 
generation of a heterogenous microstructure in the 
eutectic HEA AlCoCrFeNi2.1, leading to the 
simultaneous increase in the strength and ductility 
of the alloy. Asymmetric rolling is widely used to 
study the performance improvements of Ti, Al, and 
Cu sheets [20] and can also be used to fabricate 

HEA materials. HAN et al [21] conducted the 
asymmetric rolling and subsequent annealing 
process to prepare HEA CoCrFeNiMn with gradient 
structure and fine grains, which brought high back 
stress and work hardening, leading to high strength 
and ductility. JEONG and KIM [22] reported that 
incomplete recrystallization resulted in the bimodal 
heterostructure in the non-equi-atomic HEA 
produced by asymmetric rolling and annealing. The 
material exhibited a higher yield strength and better 
uniform elongation. However, the influence of 
asymmetric cryorolling on the properties of 
MEAs/HEAs is rarely studied. 

In the previous studies on the equi-atomic 
MEA CoCrNi, some research believed solid 
solution strengthening [23] and the compositional 
dependence of the yield strength [24] could explain 
its superior performance. Apart from this, most of 
the studies indicated nano-twinning could be the 
main reason [4,25,26]. However, the critical stress 
of twinning at room temperature is quite high. Thus, 
it is difficult for the actual resolved shear stress to 
achieve. Based on the discussion above, the 
processes of cold rolling, asymmetric rolling, 
cryorolling, and asymmetric cryorolling were used 
to manufacture equi-atomic MEA CrCoNi in this 
study. And the rolled alloys were annealed at 
different temperatures.  

 
2 Experimental 
 

The experimental equi-atomic MEA CrCoNi 
ingots were vacuum arc-melted from the starting 
elements with purities higher than 99.9%, which 
were wire-cut to sheets with thickness of 1 mm. The 
distribution of Cr, Co, and Ni in the sample (Fig. 1) 
was characterized with a Bruker M4 Tornado X-ray 
fluorescence (XRF) spectrometer equipped with an 
Rh anode. The experiments were conducted under 
vacuum conditions, operated at 20 kV and 400 mA. 

The as-cast sheets were cold-rolled (298 K), 
asymmetric-rolled (298 K, rolling speed ratio: 1.4), 
cryorolled (77 K), and asymmetric-cryorolled (77 K, 
rolling speed ratio: 1.4) to thickness of 0.2 mm. The 
sheets were rolled nine passes, and the total rolling 
deformation reached 80%. Table 1 presents the 
rolling process parameters. To ensure that cryogenic 
temperatures were maintained during the process of 
cryorolling, the samples were immersed in liquid 
nitrogen for more than 10 min before every rolling 
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Fig. 1 XRF images of medium-entropy CrCoNi alloy:  
(a) Cr; (b) Co; (c) Ni 
 
Table 1 Rolling process parameters 

Rolling pass Thickness/mm 

1 1.00±0.01 

2 0.92±0.02 

3 0.83±0.03 

4 0.75±0.04 

5 0.63±0.04 

6 0.52±0.02 

7 0.43±0.04 

8 0.29±0.04 

9 0.20±0.01 
 
pass. Then the specimens were annealed at 873, 973, 
and 1073 K for 30 min, followed by air cooling. 

The mechanical properties of the samples were 
measured using an AGS-X 10 kN tensile tester 
(Shimadzu, Nakagyo-ku, Kyoto, Japan) at room 
temperature with a tensile rate of 1×10−3 s−1. Three 
samples from each group were selected and 
stretched under the same experimental conditions. 
The tensile specimens had the following 
dimensions: parallel length of 16 mm, width of 
2.5 mm, and thickness of 0.2 mm. 

A Philips CM200 field emission gun 

transmission electron microscope (FEG-TEM) 
operating at 200 kV was used to examine the 
microstructures of the specimens in the planes of 
the rolling and normal directions. A Thermo Fisher 
Helios G4 PFIB was used to prepare the TEM 
specimens from the rolled samples with an in-situ 
lift-out technique. The post-focused ion beam (FIB) 
specimen process was carried out using a Fischione 
1040 Nanomill operating at 500 V and 180 µA at a 
tilt angle of ±10° after polishing each side for     
2 min. The digital micrograph software was used  
to measure the randomly selected grain size.    
One hundred grains were used to generate the  
grain size distribution result. The microstructures  
of the annealed materials were characterized  
using an electron backscatter diffraction (EBSD) 
system (Oxford Instruments, Nordlys, Abingdon, 
Oxfordshire, UK) in Institute of Metal Research, 
China. The step size for the EBSD measurements 
was 0.0754 µm. The material was first polished 
mechanically. Then, it was ion-etched using a Leica 
RES101 ion-etcher (Leica Microsystems, Ernst- 
Leitz-Strasse, Wetzlar, Germany). Subsequently, it 
was analyzed using an OXFORD Nordlys Nano 
EBSD camera and Channnel5 processing software 
to obtain the EBSD results. The fracture surfaces of 
the tensile test specimens were analyzed using a 
TESCAN MIRA3 scanning electron microscope 
(SEM). A PANalytical Powder diffractometer, 
Empyrean II system with Co as the anode, 
operating at 45 kV and 40 mA, was used to analyze 
the phase structures of the materials. 
 
3 Results 
 
3.1 Phase identification and phase stability 

The as-cast MEA CrCoNi exhibited a single 
FCC structure and a stable phase structure even in 
the temperature range of 1200−1500 K. The 
average valence electron concentration (VEC) is a 
reliable descriptor for the prediction of the crystal 
structure, and it is given as follows [27]:  

1
VEC (VEC)

n

i i
i

c
=

=                         (1) 
 
where (VEC)i is the VEC of the ith element, and ci 
is the concentration of the element. The VECs of 
Co, Cr, and Ni were 9, 6, and 10, respectively [27]. 
The VEC of the equi-atomic MEA CrCoNi was 
calculated as 8.33, similar to that of HEA 
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CoCrFeMnNi [28]. According to ZADDACH    
et al [29], the FCC phase is more stable when the 
VEC is greater than 8. This indicates that the 
stability of the FCC phase of the MEA CrCoNi is 
slightly better than the stability of HEA 
CoCrFeMnNi. 

Figure 2 shows the XRD diagrams of the 
rolled MEA CrCoNi. The lines in Figs. 2(a−d) 
represent the full widths at half maximum (FWHM) 
for samples subjected to the process of cold rolling, 
asymmetric rolling, cryorolling, and asymmetric 

cryorolling, respectively. These samples exhibited 
single FCC solid-solution structures, indicating that 
asymmetric rolling and cryorolling did not change 
the phase compositions of the alloys. It was 
observed that after the process of annealing, the 
composition of the recrystallized phase did not 
change. 

Figure 3 shows the phase maps of the alloy, 
which reveals that the primary phase was FCC. The 
presence of a small amount of the BCC phase was 
also observed in EBSD diagram but not in XRD  

 

 
Fig. 2 XRD peak FWHM measurements of MEA CrCoNi subjected to different processes: (a) Cold-rolling;         
(b) Asymmetric rolling; (c) Cryorolling; (d) Asymmetric cryorolling 
 

 
Fig. 3 Phase maps of CrCoNi via asymmetric cryorolling followed by annealing at 873 K (a) and 1073 K (b) 
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patterns. When the annealing temperature was 
873 K, the material contained 0.968% BCC phase, 
and when the annealing temperature was increased 
to 1073 K, the proportion of the BCC phase 
decreased to 0.367%. MORAVCIK et al [30] also 
observed the existence of BCC phase at the grain 
boundary of the equi-atomic MEA CrCoNi. LIANG 
et al [31] also detected BCC phases with a volume 
fraction of ~6% in a precipitation-hardened high 
entropy alloy with ultra-high strength, and the  
BCC phases were Cr-rich lamellar phases. They 
calculated the forecast value of the BCC 
contribution to the strength, which was similar    
to the actual value obtained from experiment. 
WANI et al [32] reported that the microstructure  
of the cold-rolled and annealed eutectic HEA 
AlCoCrFeNi2.1 was coarser than that of the as-cast 
alloy. However, the former was stronger than the 
latter. This could be partially attributed to the 
increase in the BCC phase content. SHI et al [33] 
constructed a two-stage heterogeneous eutectic 
HEA consisting of micron-grade alternate FCC/B2 
lamellae. It was also observed that the micron-grade 
FCC lamellae consisted of submicron-grade 
FCC/BCC grains. These results illustrated that the 
BCC phase not only exerted a strengthening effect 

but also hindered the deformation of heterogeneous 
structure. This also contributed to the back-stress- 
strengthening effect. In addition, Fig. 3 reveals that 
BCC phase mainly appeared at the triple junction, 
grain boundaries, and the annealed twin boundary, 
which is similar to the past reports [34]. Larger and 
higher proportion of the BCC phase particles were 
also observed at the triple junction compared to the 
grain boundary. However, the BCC phase particles 
were rarely observed at the twin boundary. The 
contents of the BCC phase followed the trend:  
triple junctions < grain boundaries < non-coherent 
twin boundaries < stack faults < coherent twin 
boundaries < dislocations [35]. The positions and 
size of the BCC phase were analyzed to better 
understand the formation mechanism of the second 
phase. However, compared to the entire FCC matrix, 
the proportion of the BCC phase was very small. 
Therefore, the second phase enhancement effect is 
neglected in the subsequent analysis of the 
deformation-strengthening mechanism. 
 
3.2 Microstructure produced following rolling 

and annealing processes 
Figures 4(a, b, d, e) show the TEM images of 

MEA CrCoNi subjected to cold rolling, asymmetric 
 

 
Fig. 4 TEM images of MEA CrCoNi: (a) After cold rolling; (b) After asymmetric rolling; (c) Cold-rolled CrCoNi 
twinning diffraction spot; (d) After cryorolling; (e) After asymmetric cryorolling; (f) Asymmetric-rolled CrCoNi 
twinning diffraction spot 
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rolling, cryorolling, and asymmetric cryorolling 
processes, respectively. The all show the effect 
exerted by severe cold plastic deformation on the 
alloy (a large number of tangled dislocation cells 
with small regions and high density were evident). 
The grains observed in the TEM image of the 
asymmetric-rolled alloy were smaller than the 
grains in symmetric-rolled alloys. The dislocation 
cells produced by cryorolling were denser than 
those formed in cold rolling, and the degree of grain 
size reduction was also more significant. This 
indicated that cryorolling introduced greater 
deformation intensity, resulting in significant grain 
refinement. The extent of grain refinement achieved 
was greater in this case than the extent of grain 
refinement achieved with asymmetric rolling. 
Selected area diffraction (SAD) patterns of each 
region are shown at the lower right corner of each 
figure. The SAD pattern of the alloys produced by 
cold rolling and asymmetric rolling indicated that 
the rolled alloy exhibited a simple FCC structure. 
These results were consistent with the results 
presented in Fig. 2. The SAD pattern of cryorolled 
and asymmetric cryorolled alloys changed from a 
typical single crystal diffraction pattern to circular 
nanocrystal diffraction patterns composed of 
diffraction spots. This indicated that the structure 
was polycrystalline with various crystal orientations. 
This further confirmed the significantly finer grains 
observed in TEM image. The SAD patterns of the 
asymmetric-rolled samples tended to form a 
complete polycrystalline diffraction ring, indicating 
that the internal stress was higher in the material 
and the difference in the neighboring grain 
orientation was also larger. 

Figure 5 shows the EBSD images of the rolled 
MEA CrCoNi samples after annealing at 873 K and 
1073 K. The coordinates presented at the upper 
right corner of Fig. 5 indicated that the EBSD 
shooting position was the transverse direction (TD) 
plane formed by the normal direction (ND) and 
rolling direction (RD). 

The small grain size produced after annealing 
could be attributed to the influence of the lattice 
distortion and sluggish diffusion on the 
recrystallization rate. The lattice distortion effect 
reduced the driving force for the nucleation and 
growth of new grains. The sluggish diffusion effect 
suppressed the grain boundary mobility, 
synergistically reducing the recrystallization rate 

and inhibiting the growth of the recrystallized 
grains. The significantly low stacking fault energy 
(SFE) of the MEA CrCoNi resulted in a greater 
extent of twinning in the material, and the severely 
fractured microstructure provided more potential 
nucleation sites for recrystallization [32]. As the 
annealing temperature increased, the externally 
applied thermal energy gradually offset the 
abovementioned effect which suppressed grain 
growth. The growth of grains was evident in the 
samples annealed at 1073 K. The color distribution 
observed in the 873 K-annealed alloys was rather 
messy, showing no evident trend toward the 
formation of a certain crystal plane. As the 
annealing temperature increased, the orientation of 
a large number of grains changed toward the same 
plane orientation, indicating that the annealing 
temperature affected the orientation distribution  
of the recrystallized grains. Furthermore, the 
proportion and sizes of the recrystallized grains 
increased simultaneously. In addition, distinct 
annealing twinning was evident in the coarse 
recrystallized grains. 
 
3.3 Mechanical properties after rolling and 

annealing 
Figure 6 shows the tensile strength and 

fracture elongation of the MEA CrCoNi subjected 
to four kinds of rolling processes and subsequent 
annealing. Excellent mechanical properties were 
observed in the asymmetric-cryorolled MEA 
CrCoNi samples. The strength was well above 
1.6 GPa while a fracture elongation of 19% was 
maintained. In addition, the conventional change in 
the mechanical properties caused by recrystallization 
following heat treatment was observed in all four 
cases. As the annealing temperature was increased, 
the degree of recovery and recrystallization of the 
alloy increased, and the stress generated during 
rolling decreased. Furthermore, the density of the 
dislocations produced during the recrystallization 
process gradually decreased under these conditions. 
As the annealing temperature increased, the tensile 
strength decreased, and the fracture elongation 
increased, showing a stronger strain hardening 
ability. The ductility of the asymmetric-cryorolled 
alloy annealed at 873 K could be significantly 
improved, which was approximately double    
that of the unannealed alloy, while the strength still 
remained at a high value of 1153 MPa. When the  
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Fig. 5 EBSD orientation imaging maps of MEA CrCoNi sample subjected to different processes and annealed at 873 K 
(a, c, e, g) and 1073 K (b, d, f, h) for 0.5 h: (a, b) Cold rolling; (c, d) Asymmetric rolling; (e, f) Cryorolling;         
(g, h) Asymmetric cryorolling 
 
annealing temperature reached 973 K, the fracture 
elongation increased significantly. At this time, the 
tensile strength of the alloy was 1047 MPa. The 
tensile strength of the sample annealed at 1073 K 
reached 966 MPa, while the fracture elongation 
exceeded 57%. 

Figure 7 shows tensile fracture morphologies 
of the specimens. The fracture morphologies of the 
specimens all represented the characteristics of the 
typical dimple fracture. Thus, these fractures were 
basically plastic fractures. Although there were no 
significant differences in the dimensions, the 
dimple size distribution was more uniform on the 
asymmetric-rolled sample compared to the 
distribution observed in other samples. The dimple 

size was universally larger than that observed in the 
symmetric specimen. A deeper and denser dimple 
morphology can also be clearly seen, resulting in 
the better ability to absorb plastic deformation 
energy. The results reflect the tensile mechanical 
properties reported earlier (the fracture elongation 
of the asymmetric-rolled specimen was higher than 
that of the symmetric-rolled specimen). The 
cryogenic conditions helped produce significantly 
larger (the average size of the dimples of the 
asymmetric-cryorolled specimen was in the range 
of 3−11 µm, while that of the asymmetric-rolled 
specimen was in the range of 1−6 µm), deeper, and 
denser morphologies, which corresponded to better 
plastic toughness. It has already been concluded 
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Fig. 6 Mechanical properties of alloys subjected to asymmetric cryorolling (a), cold rolling (b), asymmetric rolling (c), 
and cryorolling (d) after different annealing treatments 
 

 
Fig. 7 SEM images of fracture morphologies of cold-rolled (a), asymmetric-rolled (b), cryorolled (c), and asymmetric- 
cryorolled (d) samples 
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that the dimple morphology was affected by the 
rolling-speed ratio earlier. The effect of the 
cryogenic treatment conditions on the depth and 
density of a dimple of the rolled part was larger 
than the effect generated by the rolling speed ratio. 
The microscopic morphology reveals that the 
strengthening effect of the cryogenic treatment 
process on the plastic toughness was larger than the 
effect generated by the rolling-speed ratio. Figure 8 
shows the morphologies of the dimples annealed at 
1073 K. As the annealing temperature increased, the 
dimples became deeper and denser. The results 
were consistent with the increase in ductility. 

 
4 Discussion 
 
4.1 Effect of rolling processes on hetero- 

structured microstructure 
Figure 9 shows the grain size distribution in 

the alloys produced by cold rolling and asymmetric 
rolling. The average grain size of the cold-rolled 
material was 552 nm, and most of grains are in the 
size range of 600−699 nm. In contrast, the average 
grain size of the alloys via asymmetric rolling was 
466 nm, and most of grain sizes were mainly in  
the range of 300−399 nm. This shows that the grain  

 

 

Fig. 8 SEM images of fracture morphologies of different samples annealed at 1073 K: (a) Cold-rolled; (b) Asymmetric- 
rolled; (c) Cryorolled; (d) Asymmetric-cryorolled 
 

 
Fig. 9 Grain size distribution of cold-rolled (a) and asymmetric-rolled (b) MEA CrCoNi 
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size in asymmetric-rolled alloy was significantly 
smaller than that observed in the cold-rolled alloy. 
However, a lamellar structure with severe 
deformation was formed in the alloy by cryorolling. 
Therefore, the specific dimensions of the alloy 
grains are not discussed due to the small fine 
lamellar spacing and tangled dislocations. Based on 
the analysis of the grain spacing observed in the 
TEM image and the TEM ringed diffraction 
patterns mentioned earlier, it was believed that 
nanocrystals were obtained in this region by 
cryorolling. Moreover, the heterogeneous lamellar 
structure was observed in the alloy after asymmetric 
cryorolling. The lamellae in some regions had 
smaller spacings than others, and the soft lamellar 
structures were heterogeneously dispersed in the 
hard matrix, forming a heterogeneous lamellar 
structure. As reported by WU et al [36], the 
heterogeneous lamellar structure obtained with 
asymmetric rolling could be attributed to the 
variation in the slip systems and plastic strain in 
grains exhibiting different initial orientations. The 
TEM images shown in Fig. 4(e) also indicate that 
the dislocation density in the coarse lamellae was 
relatively low. This is consistent with the 
characteristics of the heterogeneous lamellar 
structure, which is responsible for the generation of 
a strain gradient between the soft and hard lamellae. 

STEPANOV et al [37] studied the tensile 
properties of HEA CrMnFeCoNi at 298 and 77 K 
and found that the tensile strength of the alloy at the 
cryogenic temperature can be as high as 1500 MPa. 
The tensile strength recorded at 77 K was higher 
than the tensile strength of the alloy recorded at 
298 K. The increase in the strength was influenced 
by the ratio of twinning and the higher strain range 
of twinning. The stacking-fault energy of the MEA 
CrCoNi was significantly low ((22±4) mJ/m2) [4], 
which was 25% lower than the value of HEA 
CrMnFeCoNi [38]. This indicated that the MEA 
CrCoNi was likely to form the deformation 
twinning [25]. Correspondingly, twinning was 
evident in the TEM images of both the cold-rolled 
and asymmetric-rolled specimens. Figures 4(c, f) 
show the diffraction spots of the cold-rolled and 
asymmetric-rolled samples, respectively, confirming 
the presence of twinning. Twinning introduced twin 
boundaries. The generation of a large number of 
interfaces results in a decrease in the dislocation 
mean free path, which enhances the strength. The 

strengthening effect exerted by the twin boundary 
was similar to that exerted by the high-angle grain 
boundary. The increase in the yield strength 
attributed to the twin boundary can also be 
determined according to Hall–Petch equation as 
follows:  

1/2
y 0 TBkσ σ λ −= +                        (2) 

 
where σy is the yield strength attributed to the twin 
boundary, σ0 is lattice friction resistance, kTB is a 
constant, and λ is the average twin thickness. 
Therefore, enhanced twinning in the specimen also 
results in increased alloy strength. A large number 
of dislocations pile up under these conditions. 
Storage dislocations can be generated in the    
twin interface induced by deformation, increasing 
the strength and ductility simultaneously [39]. 
However, according to previous research [40], a 
large number of sessile dislocations in the twinning 
can promote strain hardening, thereby delaying the 
onset of necking and improving the uniformity of 
elongation achieved before fracture. LIU et al [41] 
reported that the low stacking fault energy (SFE) of 
the MEA CrCoNi sample resulted in a decrease in 
the thickness of the deformation-twinning width 
and better mechanical performance. SATHIARAJ  
et al [42] studied MEA CrCoNi that was annealed at 
973 and 1373 K following the process of cold 
rolling. A large number of annealing-twins were 
observed in all the samples, and the content of 
twins increased significantly at 1373 K. According 
to the Fullman and Fischer theory [43] of the 
formation of annealing-twinning, annealing twins 
are driven by the constant migration of the triple 
points. The content of annealing twinning increases 
as the recrystallized grain size increases. Studies on 
CrCoFeMnNi HEA by OTTO et al [44] also 
revealed that the content of twins was significantly 
influenced by the extent of the grain growth. 
BHATTACHARJEE et al [45] studied the evolution 
of the grain boundaries of pure nickel sintered at 
1173, 1373 and 1573 K. They found that when the 
sintering temperature increased, the grain size 
increased, and the proportion of the Σ3 boundary 
also increased, indicating a growth in the content of 
annealing twins. WU et al [46] reported that the 
grain size reduction resulted in a decrease in the 
thickness of the twin and an increase in the twin 
spacing, which strongly inhibited the twin activities 
of the recrystallized alloys. The smaller the 
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thickness of twinning was, the smaller the slip 
dislocations that could pass through the nanoscale 
twin were. The effect of the strain hardening by 
twinning was weakened as the twin spacing 
increased. Thus, an increased extent of grain 
refinement hindered the promotion effect of 
twinning, resulting in a decrease in the hardening 
ability. 

Twinning could not be observed clearly in the 
TEM images (Figs. 4(d, e)) for cryorolled samples. 
This could be attributed to the small grain size and 
high dislocation density. High-resolution TEM 
images were recorded to confirm twinning. 
Figures 10(a, b) and 10(c, d) correspond to samples 
by symmetric rolling and asymmetric rolling at 
cryogenic temperatures, respectively, which 
confirm the presence of high-density deformation 
twinning. The results agree well with the results 
reported by LAPLANCHE et al [4]. More 
deformation-induced twinning was found in the 

low-temperature deformation of the MEA CrCoNi 
and HEA CoCrFeMnNi FCC materials than in   
the corresponding room-temperature-deformed 
materials. 

Theoretically, the recrystallization temperature 
decreases as the extent of plastic deformation of the 
alloy increases. And the recrystallized grain sizes 
decrease at the same time [47]. Correspondingly, as 
shown in Fig. 5, the grain size of the asymmetric- 
rolled and 973 K-annealed sample was smaller than 
the grain size of the cold-rolled and 973 K-annealed 
sample. The results indicated that the extent of 
deformation in asymmetric-rolled samples was 
larger than the extent of deformation observed in 
cold-rolled samples when the rolling reduction and 
number of rolling passes were the same. When the 
annealing temperature reached 1073 K, a more 
distinct heterostructure appeared in asymmetric- 
rolled specimen, in which lamellar structure 
consisting of coarse soft grains and lamellar  

 

 
Fig. 10 HRTEM micrograph of deformed nanostructure of cryorolled MEA CrCoNi (a) with enlarged view showing 
deformation twinning (b), and HRTEM micrograph of deformed nanostructure of asymmetric-cryorolled MEA  
CrCoNi (c) with enlarged view showing deformation twinning (d) (The electron beam directions for both micrographs 
are close to 110) 
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structure consisting of fine grains superimposed  
on each other, forming a heterogeneous lamellar 
structure. The coarse lamellae were easier to deform 
plastically under conditions of plastic deformation 
(compared to the fine lamellae), while the fine 
lamellae remained elastic and acted as a constraint 
on the coarse layer. Due to the continuity of the 
strain among different regions, there were plastic 
strain gradient in the areas between two different 
lamellae, which needed to be adjusted by 
geometrically necessary dislocations (GNDs). The 
GNDs stacking at the interface generated a back 
stress which obstructed the dislocations from 
moving in grains, increasing the yield strength. The 
interaction between the large and small grains 
promoted the formation of multiaxial stress states, 
which stimulated the spatial nucleation of new 
GNDs, accelerating the activity of new slip systems 
and improving the ductility of the material [48]. 

Distinct grain refinement can be observed in 
the EBSD maps for the cryorolled and annealed 
specimen, with a significantly smaller grain size 
than the grain size of cold-rolled and annealed 
samples. This explains the relationship of the 
mechanical properties mentioned above. Unlike 
asymmetric-rolled material, the presence of 
heterogeneous lamellar structure was not observed 
in cryorolled materials, indicating that the 
generation of a heterostructure does not depend on 
the process of cryorolling. The coarse grains of the 
asymmetric-cryorolled alloy after annealing at 
873 K formed a lamellar structure that was 
distributed in the fine lamellae. The proportion of 
fine grains was also larger, and the size was smaller 
than that of the former, which proved that the 
process of asymmetric cryorolling helped maximize 
the extent of plastic deformation of the alloy under 
the same rolling procedure (same rolling passes and 
rolling reduction). When the sample was annealed 
at 1073 K, the coarse lamellae in the heterostructure 
grew significantly at the high annealing temperature, 
but the alloy retained the distinct fine-grain 
lamellae under these conditions. The asymmetric- 
cryorolled alloy exhibited a two-stage structure that 
was more distinct than the structure in the 
asymmetric-rolled alloy after annealing at 1073 K. 
The load transfer and elastic−plastic transformation 
characteristics of the strain distribution among the 
grains of different sizes resulted in an increase in 
the rate of strain-hardening. As a result, a larger 

strain gradient appeared between the soft and hard 
domains. This resulted in the production of more 
numbers of GNDs that helped adjust the strain 
gradient. This also promoted back stress to further 
improve the material properties. 
 
4.2 Influence of heterostructure microstructure 

on mechanical properties 
In general, the work hardening of metal-based 

materials is primarily influenced by the dislocation 
density. According to the Taylor hardening 
relationship, the formula for calculating the flow 
stress and dislocation density [49] is as follows:  

2 2
S GCGb CGbσ ρ ρ ρ= = +              (3) 

 
where σ is the flow stress, C is a constant, G is the 
shear modulus, b is the magnitude of Burgers  
vector, and ρ is the dislocation density. ρ can be 
classified into statistically stored dislocations ρS and 
geometrically necessary dislocations ρG. ρS is 
related to the equivalent plastic strain arising from 
the mutual attraction of dislocations. ρG is related to 
the plastic strain gradient attributed to the unequal 
extent of deformation inside the material [50]. For 
traditional homogeneous materials, dislocations 
represent statistically stored dislocations. However, 
for heterogeneous materials, a significant influence 
of GNDs on back stress is observed which may 
even be much larger than the strengthening effect 
exerted by the equivalent plastic strain [36]. 

FU et al [51] prepared HEAs exhibiting the 
single-phase FCC structure with the processes of 
hot rolling, cold rolling, and annealing. The 
properties of the hot-rolled thick plates (coarse- 
grained (CG) materials) were compared with those 
of the annealed heterostructure materials. It was 
found that the plasticity of the heterostructure was 
similar to that of the CG material, while the   
yield strength of the former (350 MPa) was 
approximately double that of the latter (614 MPa). 
This revealed a high work-hardening ability. 
Furthermore, the breaking strength reached 
1308 MPa. SHI et al [33] used a eutectic HEA 
AlCoCrFeNi2.1 and designed a two-phase micro- 
structure of ultrafine grains with the process of 
rolling and annealing. The process yielded a 
heterogeneous lamellar structure with a high 
interface density from the as-cast state. Two-phase 
strengthening inside the lamella was also observed. 
Under the effect of the two-stage strain partitioning 
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process, the yield strength of the alloy could   
reach 1.5 GPa, while the plasticity was still 16%, 
performing an improved strength and a well- 
balanced ductility. CHEN et al [52] produced a 
gradient hierarchical structure (GHS) by subjecting 
HEA Al0.1CoCrGeNi to the cyclic dynamic torsion 
(CDT). Materials with coarse, intermediate, and 
fine-grained regions showed superpositions over 
individual regions. The mechanical properties 
obtained were better, and a synergistic enhancement 
was observed. The researchers attributed the 
heterogeneous structure to the back-stress 
strengthening effect. In addition, it was observed 
that GHS materials exhibited excellent twinning 
activities. SLONE et al [53] cold-rolled and 
annealed equi-atomic MEA CrCoNi, resulting    
in the production of a partially recrystallized 
heterogeneous microstructure, which significantly 
improved the yield strength and ductility of the 
alloy (1100 MPa and 23%). The strength and 
ductility of the material were compared with those 
of the equi-atomic MEA CrCoNi subjected to high- 
pressure torsion (HPT) and annealing by YOSHIDA 
et al [54]. It was found that the heterostructure alloy 
exhibited better uniform elongation properties than 
the homogeneous ultrafine-grained alloy while 
having a similar strength. 

Among these four kinds of rolling processes, 
the tensile strength of the cold-rolled sample at 
room temperature could reach 1478 MPa, and that 
of asymmetric-rolled sample reached 1498 MPa, 
with an increase in ductility of more than 2%. The 
tensile strength of the cryorolled alloy could reach 
up to 1513 MPa, while the tensile strength of the 
alloy subjected to asymmetric cryorolling could 
further increase to 1612 MPa. A slight increase in 
the ductility was also observed in the latter. Both 
the strength and ductility of the alloy subjected to 
asymmetric rolling were superior to those of the 
symmetric-rolled alloys. The properties of the 
cryorolled alloys were better than those of the 
alloys subjected to room temperature rolling. XIA 
et al [55] reported that asymmetric rolling helped 
tilt the texture orientation toward the plane of the 
matrix. This promoted plastic deformation. MA   
et al [56] also reported that asymmetric rolling 
could refine the grains, improving the strength  
and ductility of the material. SARMA et al [57] 
concluded that the deformation of alloys with low 
stacking fault energy generally relies on twinning, 

while alloys characterized by high stacking fault 
energy tend to deform by slip dislocations. Most of 
the metals with stacking fault energies between 
high and low values deform by dislocation slip 
during the process of cold rolling. And twinning 
deformation occurs during the process of 
cryorolling, which allows cryorolling to enhance 
the strength and ductility of the alloy. The extent of 
increase is more than that achieved by the process 
of cold rolling. The results are consistent with the 
equations presented in the discussion above. YU  
et al [58] studied the Ti−6Al−4V alloy that     
was subjected to the processes of asymmetric 
cryorolling, asymmetric rolling, and cold rolling. 
They also reported that the alloys obtained via 
asymmetric cryorolling exhibit significantly better 
mechanical properties than the alloys subjected to 
asymmetric rolling and cold rolling. This can be 
attributed to the strong grain refinement effect, 
second phase size reduction, and higher dislocation 
density accumulation. Analyses of the grain size, 
SAD pattern, fracture morphology, and damage 
tolerance revealed that the high-ductility 
strengthening effect produced during cryorolling 
was larger than that produced during asymmetric 
rolling. 

In addition, Fig. 6 reveals that the strength and 
fracture elongation increased in turn for cold-rolled, 
asymmetric-rolled, cryorolled, and asymmetric- 
cryorolled alloys after annealing at different 
temperatures. The performances of the annealed 
alloys confirmed this. The σts·εfe (ultimate tensile 
strength × fracture elongation) value of the cold- 
rolled alloy was only 23.9 GPa·%, while it was 
26.6 GPa·% for the asymmetric-rolled specimen. It 
further increased to 27.2 GPa·% when the sample 
was subjected to cryorolling. This value of the alloy 
subjected to asymmetric cryorolling increased to 
30.6 GPa·%, which was significantly higher than 
that for the alloy obtained by the ordinary rolling 
process. Furthermore, when the sample was 
annealed at 1073 K, the σts·εfe value of the 
asymmetric-cryorolled alloy could reach up to 
55.1 GPa·%. This was significantly higher than 
40 GPa·% of the MEA with a three-stage 
heterostructure obtained from forging, conventional 
rolling, and annealing [59]. The result revealed  
that the process of asymmetric cryorolling could 
help improve the damage tolerance of the MEA 
CrCoNi. 
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5 Conclusions 
 

(1) MEA CrCoNi subjected to asymmetric 
cryorolling showed superior mechanical properties, 
with an ultra-high strength of over 1.6 GPa, while 
maintaining a ductility of 19%. 

(2) Significant heterogeneous lamellar 
structure was found in the alloy obtained by 
asymmetric cryorolling and subsequent annealing. 
The dislocation cell density in different lamellae 
was different, and there was distinct strain 
partitioning, forming a heterostructure material. 

(3) As the annealing temperature increased, the 
strength of the alloy decreased, while the ductility 
increased significantly. When the annealing 
temperature was 1073 K, the asymmetric-cryorolled 
alloy had a high strength of nearly 1 GPa and the 
elongation was close to 60%. 

(4) Grain distribution in alloys subjected to 
asymmetric cryorolling and subsequent annealing 
had a larger difference in grain size. The cryogenic 
treatment could bring more significant two-stage 
structural characteristics to the asymmetric- 
cryorolled alloys. 
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摘  要：为了获得具有更好强塑性平衡的 CrCoNi 中熵合金，采用冷轧、异步轧制、深冷轧制和深冷异步轧制 4
种工艺对中熵合金 CrCoNi 进行加工，并对合金进行不同温度的退火处理。研究结果表明：深冷异步轧制的合金

获得超过 1.6 GPa 的高强度，当经过 1073 K 的退火处理后，在具有接近 60%的伸长率的同时，仍然保留接近 1 GPa
的强度。采用深冷异步轧制和退火后，得到较室温异步轧制更为明显的异质特征，这使材料具有更高的强度与更

好的塑性。 
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