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ABSTRACT 

Heterostructuring gives solutions to achieve better mechanical performance of metallic 

materials. For instance, partial static recrystallization by short-term annealing induces bimodal 

grain size distribution. Distinct from the well-studied ‘static heterostructuring’ by cold rolling 

followed by annealing, this study introduces ‘dynamic heterostructuring’ by hot rolling. 

Dynamic recrystallization (DRX) during the hot rolling as a softening mechanism leaves room 

for dislocation accumulation. With the expectations of enhanced strain hardening of the as-

rolled materials with the aid of the DRX, we monitored tensile responses of the as-hot-rolled 

equiatomic CoCrFeMnNi high-entropy alloys (HEAs). Among the hot rolling temperatures 

from 800 ℃ to 900 ℃ with a thickness reduction ratio of 78.6% for the HEAs, the hot rolling 

at 850 °C results in a bimodal grain size distribution, i.e., partial DRX. It comprises relatively 

fine DRXed grains and coarse unrecrystallized grains: the latter is harder than the DRXed ones 

with relatively low dislocation density. The microstructural heterogeneity results in uniform 

elongation of ~13% due to the accumulation of dislocations at the grain boundaries inside the 

soft DRXed grains. This endows the as-hot-rolled single-phase HEAs with strain hardenability 

without the aid of phase transformation, deformation twinning, or precipitates. In addition, the 

hot-rolled HEAs with high dislocation density have doubled yield stresses of those of 

conventionally cold-rolled and annealed counterparts. Considering the industrial benefits of the 

simplified thermo-mechanical control processes, this work extends the academic and practical 

value of DRX by dynamic heterostructuring through annealing-free hot-rolling. 

 

Keywords: A. metals and alloys; C. grain boundaries, mechanical properties, microstructure, D. 

scanning electron microscopy, SEM  
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1. Introduction 

 Beefing up mechanical properties lies at the heart of concerns for metallurgists to 

ensure the soundness of advanced structural materials in a variety of extreme environments. In 

particular, high yield stress as well as decent formability is essential for automotive, aerospace, 

and energy industries with their increasingly high standards for safety [1,2]. Recently, a number 

of heterostructuring strategies have provided appreciable pathways to achieve better 

mechanical performance. For instance, metal additive manufacturing is a new-fangled 

metallurgical field that efficiently renders microstructural heterogeneity with cellular structures 

by its thermal effects [3,4]. On the other hand, phase decomposition and recrystallization 

kinetics have been specifically governed to cope with the heterostructural design for the 

wrought metallic materials [5–7]. For instance, partial recrystallization is a salient key to 

promoting strain hardening due to microstructural incompatibility between hard 

unrecrystallized and soft recrystallized grains [6–9]. This scenario originates from the short-

term annealing of severe plastic deformed alloys at certain temperatures. However, in a 

practical view, a mishandling of annealing time by just a few tens of seconds can dramatically 

change the recrystallization fraction and the size of recrystallized grains [10]. That is, the 

mechanical responses can be degraded once the optimum annealing condition is not reached. 

In addition, plastic deformation followed by annealing takes significant time and costs. Thus, 

more feasible and concise thermo-mechanical control processes are required for the successful 

deployment of the advanced materials and processes linked to desirable mechanical responses 

in commercial products. 

 In the alloy design landscape, high-entropy alloys (HEAs) have emerged as a new 

alloying concept due to their versatile characteristics including mechanical [11–13], 
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anticorrosive [14,15], and magnetic properties [16,17]. For the mechanical responses, single 

face-centered-cubic (FCC) HEAs involving Co, Cr, Ni, and other metallic or even organic 

elements exhibit noticeable strain hardening [12,18,19]. However, a low yield stress is a major 

drawback of the FCC HEAs. In terms of upgrading the yield stress, cold-rolled HEAs with high 

dislocation density give superior yield stress, but a lack of strain hardenability makes them 

impractical to be used as sought-after structural materials [20,21]. 

Meanwhile, various metallic materials experience dynamic recrystallization (DRX) 

under hot plastic deformation [22–28]. The DRXed fraction, texture, and grain size of the 

equiatomic CoCrFeMnNi HEAs have been carefully examined by controlling the temperature 

and strain rate of the hot compression/rolling [27]. However, to the best of our knowledge, the 

effect of the DRXed microstructures induced by the hot rolling on the mechanical responses of 

HEAs has hardly been discussed in detail. In this regard, we monitored the tensile properties 

of as-hot-rolled HEAs in relation to the DRX behavior with the expectations that the DRX, 

especially partial DRX for dynamic heterostructuring, could introduce strain hardenability for 

the as-hot-rolled HEAs. The dynamic heterostructuring by hot rolling is distinguished from 

conventional ‘static heterostructuring’ by cold rolling and heat treatment involving partial static 

recrystallization. 

To determine the sole effect of the DRX-induced dynamic heterostructuring on strain 

hardening without any aid of transformation-induced plasticity (TRIP) or precipitation, which 

has been a hot topic toward the record-breaking combinations of strength and ductility for the 

past few years [29,30], a single-phase CoCrFeMnNi HEA was considered as the target alloy. 

By hot rolling at several temperatures that result in different DRX behaviors, partially DRXed 

microstructures were obtained at certain rolling temperatures. Thanks to the dynamic 
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heterogeneity of grain sizes of the as-hot-rolled HEAs, strain hardening occurred with uniform 

elongation of 13% during the tensile deformation at an ambient temperature despite the absence 

of annealing. The dynamic heterostructuring offers a solution for the notoriously low uniform 

elongation of the as-rolled HEAs. Thus, this study can greatly raise their industrial applications 

while retaining the benefits of the high-yield stress compared to the annealed ones. 

 

2. Experimental 

Four equiatomic CoCrFeMnNi HEA ingots were cast using vacuum induction melting 

(MC100V, Indutherm, Germany) under an argon atmosphere with elements of 99.99% purity. 

The ingots were homogenized at 1100 ℃ under the argon atmosphere for 6 hours followed by 

water quenching. The homogenized ingots of a 7-mm thickness were hot-rolled at 800, 825, 

850, and 900 ℃ down to a thickness of 1.5 mm by a 78.6% thickness reduction ratio, followed 

by air quenching. The thickness reduction ratio per each rolling pass was 15%. After every two 

back-and-forth rolling passes, the rolled plate was reheated in a furnace for 5 minutes to retain 

the hot rolling temperature and to avoid redundant grain growth [31]. The hot-rolled specimens 

are referred to as HR800, HR825, HR850, and HR900 according to the hot-rolling temperatures 

in degree Celsius. Given that full recrystallization occurs by annealing at 800 ℃ for an hour 

after cold rolling with the same thickness reduction for the same alloy [32], the four hot rolling 

temperatures were anticipated to provoke the DRX. 

Dog-bone-shaped tensile specimens of gauge length 5 mm, width 2.5 mm, and 

thickness 1.5 mm, were obtained along the rolling direction (RD) of the hot-rolled plates. The 

tensile specimens were polished using SiC papers up to 1200-grit to remove oxides on both 

surface layers. The specimens were white- and black-sprayed for the accurate measurement of 
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elongation and local strain distribution during the tensile deformation using digital image 

correlation (DIC). Tensile tests at an ambient temperature with a nominal strain rate of 10–3 s–

1 were conducted using universal testing equipment (Instron 5582, Instron Corp., USA), 

accompanying the DIC with ARAMIS 12M (GOM, Germany) installation. Each mechanical 

test was conducted three times for data reproducibility. 

Microstructures of the as-hot-rolled and tensile deformed samples were analyzed using 

electron backscatter diffraction (EBSD) and electron channeling contrast imaging (ECCI) with 

a field emission scanning electron microscope (FE-SEM, JSM-7900F). The EBSD analyses 

utilized an Oxford AZtecHKL system. The samples were polished with SiC papers up to 1200-

grit on the transverse directional (TD) plane, beneficial to observe nano-scale dislocation 

structures of the as-hot-rolled plates [33]. Electrochemical polishing was exploited on a 

mechanically polished surface using a solution of 92% acetic acid + 8% perchloric acid at 28 

V for 25 seconds, which shows the best image quality. The EBSD step size was 0.7 μm for 

images at low magnification of 180×. The EBSD step sizes of more magnified images are 

presented in the figure captions. For the ECCI, an electron beam intensity of 20 kV, a probe 

current of 18 μA, a working distance of 5.5 mm, and a tilting degree from –2° to 2° were 

applied using a backscattered electron detector of the FE-SEM. X-ray diffraction (XRD) 

analysis was performed on the hot-rolled HEAs using a Bruker D8 Advance diffractometer 

with Cu Kα radiation under a range of diffraction angle (2θ) from 30° to 100° and each step 

size was 0.013°. 
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3. Results 

3.1. As-hot-rolled microstructures 

3.1.1. Identifying DRX grains 

Figure 1 gives inverse pole figure (IPF) maps of the hot-rolled HR800 with a minority 

of fine DRXed grains. Generally, annealing-induced partially recrystallized grains can be 

identified by a grain orientation spread (GOS) criterion of 2° [33,34]. In contrast, for the as-

hot-rolled cases, DRXed grains are exposed to hot rolling deformation after nucleation until 

the hot rolling is finalized; plenty of the DRXed grains have GOS values above 2°. Thus, a 

higher GOS criterion than 2° is required as reported in other partially recrystallized 

microstructures by hot rolling [23]. In the present HEA, the grains with GOS values below 6° 

obviously reveal the fine DRXed grains of the HR800 in Fig. 1(b), whose areal fraction is 

16.6%. Using the GOS criterion of 2° in Fig. 1(d), lots of the DRXed grains are misidentified 

as unrecrystallized grains, compared to Fig. 1(c) with the criterion of 6°. Hereafter, the 

recrystallized/unrecrystallized grains are referred to as ‘DRX/NonDRX grains.’ The grain size 

distribution in Fig. 1(f) excluding twin boundaries shows that a large portion belongs to the 

NonDRX grains. The average grain size of the NonDRX grains of ~400 μm in Fig. 1(h) is 

larger than that of the as-homogenized state of ~136 μm before the hot rolling in Supplementary 

Fig. S1(a), while that of the DRX grains is 6.65 ± 7.64 μm. Note that a clear dark grain of an 

ECC image in Supplementary Fig. S1(b) indicates a lack of dislocations before the hot rolling. 

It infers that dislocations generated during the hot rolling promote the migration of grain 

boundaries and coarsen the NonDRX grains. The dislocation structures of the as-hot-rolled 

states using the ECCI are given in the latter part. 
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Figure 1. (a–e) EBSD IPF maps of the hot-rolled microstructures of the HR800. Grains with 

GOS values (b) below 6°, (c) above 6°, and (d) above 2°. (e) An enlarged view of DRX grains 

in (a) with an EBSD step size of 90 nm. (f–h) Grain size distributions of the HR800 for the (f) 

whole, (g) DRX, and (h) NonDRX grains. RD and ND in (b) mean rolling and normal 

directions, respectively. 

 

Meanwhile, the DRX grains mostly exist along the grain boundaries of the coarse 

NonDRX grains as shown in Fig. 1(a and e). The necklace structure of the fine DRX structure 

is the typical morphology of the DRXed microstructures [22,23,28]. Given the low areal 

fraction of the DRX, the DRX grains are presumed to be newly recrystallized. In Fig. 1(e), the 

newly generated DRX grains exhibit random orientations regardless of those of the adjacent 

NonDRX grains. Because of the insufficient number of the DRX grains, the texture analysis is 

not made in the HR800.  

 

3.1.2. Texture of DRX grains and grain size distribution 

An increase in hot rolling temperature accelerates the driving force of the DRX [28,34]. 
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Moreover, the grain growth of the DRX is also dependent on the hot rolling temperature 

because the migration of the grain boundaries is a thermally activated process. The grain 

growth rate (ν) follows an Arrhenius-type equation [35]: 

𝜈 = 𝜈0 exp (−
𝑄0

𝑅𝑇
),                           (1) 

where ν0 is a preexponential constant and Q0 is the activation energy for the grain boundary 

migration. R and T are the gas constant and temperature, respectively. Thus, the increase in hot 

rolling temperature awakens both the DRX and the grain growth. 

To figure out the DRX grains in the HR825 in Fig. 2(a), the same GOS criterion of 6° 

was used in Fig. 2(b and c). The DRX fraction of the HR825 is appreciably increased to 64.8% 

compared to that of the HR800. In a yellow dotted box in Fig. 2(b), some DRX grains are 

located inside a NonDRX grain, which are assumed to originate from the shear bands of the 

NonDRX grain. Considering that stored energy by rolling deformation is locally concentrated 

in the shear bands, the shear bands can serve as the nucleation sites of the DRX as well as grain 

boundaries [24]. Note that the IPF map colors of the DRX grains at the shear bands in the 

NonDRX grain in the yellow box are different from those of the other DRX grains in the red 

box in Fig. 2(b). For the texture analysis of the numerous fine DRX grains, orientation 

distribution function (ODF) maps of 𝜑2 = 0° and 45° sections of the DRX grains are plotted 

in Fig. 2(d–f). Overall, {011}//ND α-fiber and {111}//ND γ-fiber are prominent in the DRX 

grains in Fig. 2(d), which are typical rolling textures of FCC metallic materials [36]. A large 

portion of the DRX grains in the red box in Fig. 2(b) exhibits {011}<100> Goss, which belongs 

to the α-fiber in Fig. 2(e). In contrast, the α-fiber is not detected in the DRX grains at the shear 

bands in Fig. 2(f), which corresponds to the yellow box in Fig. 2(b). Instead, these DRX grains 

display the γ-fiber. In general, γ-fiber has higher stored energy than α-fiber [37]. It concurs 
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with the high stored energy of the shear bands where the rolling deformation is locally 

concentrated. Indeed, the DRX grains nucleated at the shear bands are exposed to a larger 

amount of rolling deformation than the other DRX grains. 

 

Figure 2. Hot-rolled microstructures of the HR825. EBSD IPF maps of (a) the entire area, (b) 

DRX, and (c) NonDRX grains with a GOS criterion of 6°. (d) ODF 𝜑2 = 0° and 45° sections 

of the DRX grains in (b). (e, f) ODF sections of the separate parts in the red and yellow dotted 

boxes in (b), respectively. (g–i) Grain size distributions of the HR825 for the (g) whole, (h) 

DRX, and (i) NonDRX grains. 

 

As well as the areal fraction, an average grain size of 8.04 ± 5.49 μm of the DRX grains 
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of the HR825 in Fig. 2(h) is higher than that of the HR800 because of the more active DRX 

and grain growth with an increase in hot rolling temperature. Due to the increased fraction of 

the DRX grains, the average grain size of the NonDRX grains in Fig. 2(i) decreases in the 

HR825. However, the entire grain size distribution in Fig. 2(g) still shows a large discrepancy 

in areal fraction of each grain between the DRX and NonDRX grains, making it hard to call a 

balanced bimodal grain size distribution. To boost the effect of the microstructural 

heterogeneity between the DRX and NonDRX grains, the vast grain sizes of the NonDRX 

grains need to be decreased by the increase in the DRX fraction. 

With a further increase in the hot rolling temperature, the HR850 shows the balanced 

grain size distribution between the DRX and NonDRX grains in Fig. 3 due to the more vigorous 

DRX behavior. In the EBSD IPF maps of the HR850 in Fig. 3(a–c), the same GOS criterion 

distinguishes the DRX grains. The sites of the DRX – grain boundaries or shear bands – are 

hard to be identified in Fig. 3(b) due to the active DRX behavior with an areal fraction of 73.7%. 

The average grain size of 8.27 ± 5.93 μm of the DRX grains in the HR850 in Fig. 3(e) is slightly 

higher than that of the HR825 in Fig. 2(h). In contrast, the average NonDRX grain size of 

several tens of micrometers in the HR850 in Fig. 3(f) is markedly reduced by the increase in 

the DRX fraction, rendering the bimodal grain size distribution in Fig. 3(d). 

Meanwhile, the texture of the DRX grains of the HR850 exhibits γ-fiber without any 

trace of α-fiber in Fig. 3(g). It indicates that the DRX grains have been exposed to more rolling 

deformation compared to the HR825. As hot rolling temperature increases, DRX becomes more 

prevalent; the DRX occurs in earlier rolling passes, and more amount of deformation is applied 

to the DRX grains until the final thickness is reached. In this regard, the texture analyses in 

Figs. 1–3 exhibit the evolution of the main texture of the DRX grains according to the increase 
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in the hot rolling temperature: random orientations → α-fiber → γ-fiber. 

 

Figure 3. Hot-rolled microstructures of the HR850. EBSD IPF maps of (a) the entire area, (b) 

DRX, and (c) NonDRX grains. (d–f) Grain size distributions of the HR850 for the (d) whole, 

(e) DRX, and (f) NonDRX grains. (g) ODF 𝜑2 = 0° and 45° sections of the DRX grains in 

(b). 

 

3.1.3. DRX fraction according to hot rolling temperature 

For the HR900, all the hot-rolled grains are DRXed with several annealing twins, see 

Fig. 4(a). The DRX grains mainly exhibit γ-fiber in Fig. 4(b) as in the case of the HR850. The 

average grain size is 9.16 ± 5.27 μm in Fig. 4(c), a bit coarser than that of the DRX grains of 

the HR850 due to the active grain growth at high rolling temperature. The DRX fractions of 

the four as-hot-rolled microstructures according to the hot rolling temperature are illustrated in 

Fig. 4(d). For the identification of constituent phases, the XRD profiles of the four hot-rolled 
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HEAs in Supplementary Fig. S2 exhibit a single FCC phase without any precipitates. As such, 

the hot rolling temperature range from 800 ℃ to 900 ℃ is suitable to render the different areal 

fractions of the DRX grains in the single-phase hot-rolled HEAs. 

 

Figure 4. EBSD (a) IPF map, (b) ODF 𝜑2 = 0° and 45° sections, and (c) grain size distribution 

of the HR900. (d) The DRX fractions of the as-hot-rolled HEAs according to the hot rolling 

temperature. 

 

3.2. Mechanical properties 

Tensile properties at an ambient temperature of the as-hot-rolled CoCrFeMnNi HEAs 

are exhibited in Fig. 5(a–c) and Table 1. Yield stress of 770.3 ± 6.5 MPa of the HR800 with the 

least DRX fraction is the highest among the four cases. The yield stress decreases as the hot 

rolling temperature increases in Fig. 5(a and b). Nonetheless, the HR825 and HR850 have 

doubled yield stresses of those of the fully recrystallized ones by annealing after cold rolling 

which exhibit similar total elongation in Fig. 5(d) [10,21,32,38–43]. Even when compared to 

the cases of partially recrystallized ones by annealing, the HR825 and HR850 exhibit better 

combinations of yield strength and total elongation. 
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Figure 5. Tensile properties at an ambient temperature of the as-hot-rolled CoCrFeMnNi HEAs. 

(a, b) Engineering stress-strain curves and (c) strain hardening rate curves plotted with the true 

stress-strain curves. (d) Combinations of yield stress and total elongation of the HR825 and 

HR850 (dynamic heterostructuring) with a variety of processing routes of the present HEAs: 

cold rolling [10,38,39], annealing for partial recrystallization, i.e., static heterostructuring 

[10,21,38,40,41], and annealing for full recrystallization [10,21,32,38–43]. The notation 

“CR+ANN” indicates cold rolling followed by annealing. 

 

Table 1. Tensile properties at an ambient temperature of the four as-hot-rolled CoCrFeMnNi 

HEAs. YS, UTS, U. El., and T. El. stand for yield stress, ultimate tensile stress, uniform 
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elongation, and total elongation, respectively. 

 YS, MPa UTS, MPa UTS – YS, MPa U. El., % T. El., % 

HR800 770.3 ± 6.5 853.0 ± 8.8 82.7 4.47 ± 0.47 29.0 ± 1.6 

HR825 758.4 ± 1.7 848.6 ± 3.8 90.2 10.4 ± 1.03 36.3 ± 2.6 

HR850 735.4 ± 3.4 830.7 ± 0.9 95.3 13.0 ± 0.33 39.0 ± 1.4 

HR900 718.8 ± 3.8 797.9 ± 6.3 81.1 3.77 ± 0.34 31.9 ± 0.7 

 

The HR800 shows a poor uniform elongation of 4.47 ± 0.47% in Fig. 5(b), which is a 

typical drawback of conventional as-rolled metallic materials. On the contrary, the HR825 and 

HR850 indicate doubled and tripled uniform elongation of 10.4 ± 1.03% and 13.0 ± 0.33%, 

respectively, compared to that of the HR800. Notably, the uniform and total elongation of the 

HR850 in Table 1 are remarkable regarding the as-rolled state. In stark contrast, the fully 

DRXed HR900 with the lowest yield stress exhibits a meager uniform elongation of 3.77 ± 

0.34%, similar to that of the HR800. Accordingly, only the HR825 and HR850 are strain-

hardenable as shown in the strain hardening rate curves in Fig. 5(c). The two curves of the 

HR825 and HR850 are clearly above the other two during the tensile deformation. Given the 

marginal DRX in the HR800 and the full DRX in the HR900, the bimodal distribution of grain 

sizes due to the coexistence of the DRX and NonDRX grains in the HR825 and HR850 seems 

to unleash the strain hardening behavior. Not only the grain sizes, but the internal dislocation 

densities of the DRX and NonDRX grains will differ because the DRX is a softening 

mechanism by alleviating the dislocation density. In other words, compared to the DRX grains, 

the NonDRX grains seem to have higher dislocation density; they would be relatively hard. 
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Once the tensile deformation is applied to the heterogeneous microstructures, dislocations tend 

to accumulate at the grain boundaries inside the soft grains because strain incompatibility rises 

across the soft/hard domain boundary [8,9]. In this regard, monitoring the changes in 

geometrically necessary dislocation (GND) densities of the DRX and NonDRX grains is 

essential to figure out the microstructural heterogeneity conducive to the hetero-deformation-

induced strain hardening.  

 

3.3. Tensile deformation in heterostructured HEAs by partial DRX 

To figure out the origin of strain hardening of the HR850 exhibiting the most balanced 

bimodal microstructure and the highest uniform elongation, the microstructural evolution by 

the tensile deformation needs to be probed. Before the tensile deformation, Fig. 6(a) gives an 

ECC image of the as-hot-rolled HR850 presenting both plenty of DRX grains and a relatively 

coarse NonDRX grain elongated along the RD. Several annealing twins indicate that their 

matrices belong to the DRX. The grain boundary between the DRX and NonDRX grains is 

magnified in Fig. 6(b) with a different ECC tilt angle of 2° toward the best contrast image. The 

clearly dark DRX grain indicates a minority of dislocations and no microbands inside. On the 

other hand, the NonDRX grain consists of multiple microbands elongated along the RD with a 

submicron-scale thickness, providing a sharp contrast image within the grain. Given that the 

microbands originate from in-grain shear zones bounded by the GNDs [44], the GNDs induced 

by local rotation to accommodate the orientation misfits during the hot rolling give rise to the 

boundary conditions in the NonDRX grain, viz., forming the microbands [45]. The comparison 

of the GND density between the DRX and NonDRX grains is made in the following paragraph. 

As well as the GNDs, the relatively coarse grain size of the NonDRX grain also contributes to 
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forming the microbands compared to the fine DRX grains because a decrease in grain size 

inhibits the generation of the microbands [44]. 

 

Figure 6. ECC images of the as-hot-rolled HR850 with a tilt angle of (a) –2° and (b) 2°, where 

(b) is an enlarged part of a yellow box in (a). Red arrows in (a) and yellow arrows in (b) 

represent annealing twins and microbands, respectively. 

 

For the microstructural evolution upon a tensile strain, EBSD IPF and GND density 

maps of the initial and tensile deformed HR850 by a true strain (ε) of 0.1 are given in Fig. 7(a–

f). The local true strain is tracked by DIC images, indicated in Fig. 7(g and h). For the HR850, 

ε of 0.1 is right before necking of ε of 0.122 in Fig. 5(c). The NonDRX grains of the initial state 

of the HR850 have higher GND density than the DRX grains as shown in EBSD GND density 

maps in Fig. 7(b and c). It accords with the lack of dislocations in the DRX grain as shown in 

the ECCI in Fig. 6(b). The difference in the dislocation density is attributed to the more rolling 

deformation in the NonDRX grain, given the hot rolling-induced microbands in the NonDRX 

grain in Fig. 6(b). Comparably speaking, the NonDRX grain is harder than the DRX grain. 

According to the misorientation profiles in the DRX and NonDRX grains in Fig. 7(i and j) 
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along the red and black arrows in Fig. 7(a), respectively, no noticeable misorientation is 

observed in the single DRX grain but profuse misorientation peaks of ~2° exist in the NonDRX 

grain. Note that the misorientation angles in the NonDRX grain conform to those of the 

microbands of 1.0° ~ 2.5° in austenitic steel [46]. Thus, the numerous low-angle 

misorientations in the NonDRX grain support the widely distributed microbands; some of them 

are confirmed in Fig. 6(b). 

 

Figure 7. EBSD (a, d) IPF maps and GND density maps for the (b, e) DRX and (c, f) NonDRX 

grains of the (a–c) initial and (d–f) tensile deformed HR850 by a true strain (ε) of 0.1. (g) A 

local strain map for the fractured HR850 obtained by the DIC method. (h) The exact location 
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corresponding to the ε of 0.1 is shown by a narrower strain range. (i, j) One-dimensional 

misorientation profiles of a single DRX and NonDRX grains along the red and black arrows in 

(a), respectively. (k) demystifies the GND density evolution of the DRX and NonDRX grains 

upon the true strain. The EBSD step size for each map is 80 nm. 

 

As tensile deformation is applied, an increase in the GND density of the DRX grains 

is higher than that of the NonDRX grains in Fig. 7(e, f, and k). It infers that more dislocations 

are accumulated in the DRX grains because of the strain incompatibility between the relatively 

soft DRX and the hard NonDRX grains. This awakens back stress in the HR850. Moreover, 

the back stress induced by the GNDs in the soft DRX grains alleviates resolved shear stress for 

the dislocation slip; the DRX grains accommodate enhanced plastic strain due to the promoted 

dislocation slip [47]. Meanwhile, no deformation-induced phase transformation occurs during 

the tensile deformation in Supplementary Fig. S3. In brief, the dislocation accumulation in the 

soft DRX grains results in the strain hardening without the aid of TRIP or twinning effect 

despite the as-hot-rolled states. Considering that the fully DRXed HR900 exhibits the poor 

uniform elongation in Fig. 5(b), the coexistence of the DRX and NonDRX grains is essential 

for the strain hardenability. 

 

4. Discussion 

4.1. Dislocation accumulation in wavy slip in DRX 

 For the direct confirmation of the dislocation accumulation between the DRX and 

NonDRX grains, Fig. 8 gives ECC images of the HR850 deformed by ε of 0.1 in the uniform 

Jo
ur

na
l P

re
-p

ro
of



20 

 

deformation stage. A relatively coarse NonDRX grain elongated along the RD and several DRX 

grains coexist in Fig. 8(a). In an enlarged view in Fig. 8(b), regarding the mottled appearance 

of the DRX grain in the ECC image, the DRX grain has orientation gradients containing 

microbands. It is in stark contrast to the clear dark image of a DRX grain of the initial state in 

Fig. 6(b), implying that the tensile deformation has developed the local orientation gradients 

and dislocations in the DRX grains. According to a more magnified view in Fig. 8(c), prevalent 

dislocation cells corresponding to wavy slip are generated in the DRX grain near the grain 

boundary during the deformation. In contrast, with a different ECC tilt angle which gives a 

dark contrast in the NonDRX grain in Fig. 8(d), much fewer dislocations are amassed at the 

grain boundary into the NonDRX side. Thus, the ECC images in Fig. 8(c and d) directly show 

that dislocations are accumulated at the grain boundaries into the relatively soft DRX grain, 

coincident with the GND density evolution in Fig. 7. In other words, it can be safely argued 

that the orientation gradient and the microbands in the DRX grains arise from the accumulation 

of the dislocations during the tensile deformation. The tangled dislocations in the wavy slip in 

the DRX grains can provoke dislocation hardening, thus carry more uniform elongation [48]. 

Considering the large fraction of 73.7% of the DRX grains in Fig. 3(b), the generation of 

dislocations in the DRX grains is beneficial to the strain hardening of the HR850. 
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Figure 8. ECC images of the tensile deformed HR850 by a true strain of 0.1. (a) shows several 

DRX grains and a NonDRX grain elongated along the RD. (b) is an enlarged part of (a). (c, d) 

exhibit an enlarged part of (b) with different ECC tilt angles: (c) 2° and (d) –0.5°. 

 

In contrast to the dislocation cells in the DRX grain in Fig. 8(c), planar slip lines are 

observed in the NonDRX grain in Fig. 8(b). The planar and wavy slip can emerge in the 

CoCrFeMnNi HEAs by differing grain sizes [49]. In large grains, a single slip system is 

awakened during the tensile deformation [50]. At an ambient temperature, stacking fault energy 

(SFE) of the equiatomic CoCrFeMnNi HEA is 18.3 ~ 27.3 mJ/m2 [51]. The low SFE and the 

single slip system lead to planar slip in the NonDRX grain. On the other hand, multiple slip 
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systems can be activated in small grains at the same deformation level because of limited 

conditions of strain compatibility with regard to the surrounding small grains [49,50]. The 

operation of the multiple slip systems gives rise to an increase in cross-slip probability and 

wavy slip. Moreover, in spite of the low SFE, the DRX as a softening mechanism involving 

dynamic recovery during the hot rolling promotes cross-slip; the planarity of dislocation slip is 

relaxed [24,50]. Thus, the formation of the dislocation cell structures in wavy slip in the DRX 

grain in Fig. 8(c) is attributed to the relatively small grain size and the DRX mechanism. 

Regarding the absence of dislocation barriers except for grain boundaries and the seamless 

transition from planar to wavy slip in the DRX grain, the accumulation of dislocations in the 

DRX grain is the main contributor to the strain hardening of the hot-rolled HEAs. 

 

4.2. Effect of hot rolling on improving yield stress 

The doubled yield stress of the HR850 compared to those of the fully recrystallized 

ones by annealing in Fig. 5(d) is considered to originate from high dislocation density of the 

HR850. It can be extrapolated by a prominently higher kernel average misorientation value of 

the as-hot-rolled HR850 than that of the annealed one [32] in Supplementary Fig. S4. The effect 

of hot-rolled textures on yield stress can be neglected regarding their low intensity in Figs. 2(d), 

3(g), and 4(b), which is a common feature of FCC metallic materials with low SFE [52,53]. 

Indeed, the dynamic heterostructuring by the proper adjustment of the hot rolling 

temperature gives rise to the strong yet fracture-resistant HEAs: the relatively soft DRX grains 

mainly contribute to strain hardening with appreciable yield stresses. Compared to the marginal 

uniform elongation of the previously reported as-rolled CoCrFeMnNi HEAs [10,38,39], the 

present study significantly improves the strain hardening as shown in Fig. 9(a and b). For the 
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partially DRXed microstructures, the balanced bimodal grain size distribution between the 

DRX and NonDRX groups in the HR850 further enhances the strain hardenability in Fig. 9(c). 

The point to address is that the grain boundaries between the DRX and NonDRX grains play a 

key role in accommodating dislocations during the tensile deformation. Given that DRX is 

commonly observed in hot working processes, it is believed that the dynamic heterostructuring 

can be applied to other metallic materials beyond the multi-principal element alloying concept. 

 

Figure 9. Tensile properties of the as-rolled equiatomic CoCrFeMnNi HEAs comprising hot 

rolling and cold rolling [10,38,39] with the same thickness reduction: (a) yield stress and 

uniform elongation and (b) a difference between ultimate tensile stress (UTS) and yield stress 

(YS) and uniform elongation. (c) An enlarged part of (b) focusing on the HR825 and HR850. 

The insets in (c) show the grain size distributions of the HR825 and HR850. 

 

5. Conclusion 

This study introduces dynamic heterostructuring by a single-step hot rolling for the 

single-phase equiatomic CoCrFeMnNi HEAs. Despite the as-rolled states without the aid of 

phase transformation or precipitates, the present study reveals strain hardenability as well as 

doubled yield stress compared to the conventionally cold-rolled and annealed ones. The major 

findings are demonstrated below. 
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(1) A proper control of the hot rolling temperature conduces to partially DRXed hot-

rolled microstructures with appropriate areal fractions. For the HEAs hot-rolled at 

850 ℃, a balanced bimodal distribution of grain sizes between the DRX and 

NonDRX grains is obtained. As well as the grain size heterogeneity, the DRX 

grains have lower internal dislocation density than the NonDRX grains because the 

DRX is a softening process by consuming dislocations.  

(2) The strain incompatibility between the DRX and NonDRX grains during tensile 

deformation originates from their different grain characteristics. The dislocation 

accumulation in wavy slip at the grain boundaries into the relatively soft DRX 

grains leads to strain hardenability of the HR850 with a uniform elongation of ~13% 

despite the as-rolled states. Moreover, the dislocations generated by the hot rolling 

also result in a doubled yield stress of the HR850 compared to those of the cold-

rolled and annealed HEAs. 
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Highlights 

⚫ Hot rolling at certain temperatures induces partial dynamic recrystallization. 

⚫ Microstructural heterogeneity of grain size and internal dislocation density rises. 

⚫ Strain incompatibility gives uniform elongation of 13% despite as-rolled states. 

⚫ A number of dislocations generated by hot rolling result in enhanced yield stress. 

⚫ This study shows more concise heterostructuring process by single-step hot rolling. 
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