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A B S T R A C T   

The effect of severe warm-rolling on the microstructure and texture development in FCC equiatomic CoCr
FeMnNi HEA was investigated in the present work. For this purpose, the HEA was warm-rolled to 90% reduction 
in thickness at 600 ◦C and annealed for 1 h at temperatures up to 1200 ◦C. To highlight the effect of warm- 
rolling, a critical comparison was made with similarly deformed and annealed cold-rolled HEA. The warm- 
rolled HEA showed an ultrafine lamellar microstructure, which was, however, significantly coarser than the 
cold-rolled HEA. The significantly coarser microstructure in the warm-rolled HEA could be attributed to the 
dynamic annihilation of dislocations during deformation. Warm-rolled HEA showed a pure metal or copper type 
texture instead of a predominantly brass type texture in the cold-rolled HEA. The stark differences in the 
deformation texture could be attributed to the increase in the SFE at the temperature of warm-rolling, which 
promoted more homogeneous deformation by dislocation slip over twin mediated deformation and extensive 
shear band formation. The lower stored energy and coarser deformation structure of the warm-rolled HEA 
resulted in higher recrystallization temperature, and consistently larger recrystallized grain size than the cold- 
rolled HEA. Annealing also resulted in the weakening of the recrystallization texture owing to the absence of 
strong preferential nucleation or growth. The HEA warm-rolled and annealed at 750 ◦C resulted in a fine-grained, 
completely recrystallized microstructure with the optimum strength-ductility combination. The present results 
revealed that warm-rolling could be effectively used as a processing route for tailoring microstructure and 
properties of CoCrFeMnNi HEA.   

1. Introduction 

The conventional approach to alloy design hinges on selecting one 
principal element to which other alloying elements are added to 
improve the existing properties or even achieve new properties. 
Although the traditional approach has been remarkably successful in 
developing a wide range of useful engineering alloys, the scope for 
creating advanced alloys is squeezed, which necessitates a fresh 
approach to alloy design. In this context, the advent of high entropy 
alloys (HEAs) signifies a paradigm shift [1]. 

HEAs are originally proposed as multicomponent alloys derived 
based on the novel alloy design philosophy of mixing a large number 
(usually greater than five) of elements with equiatomic or near- 
equiatomic concentration [1]. Despite being featured by the presence 
of a large number of elements, the HEAs may yet consist of solid solution 
phases with simple crystal structures such as FCC (e.g., equiatomic 
CoCrFeMnNi [2]), BCC (HfZrTiTaNb), FCC + BCC [1], or even HCP [3, 

4]. The existence of solid solution phases has been attributed to the high 
configurational entropy due to the mixing of a large number of elements, 
which can stabilize phases with simple crystal structures by decreasing 
the free energy sufficiently [1]. More recently, the scope of HEAs has 
been considerably expanded to include non-equiatomic multiphase 
HEAs, thereby unfolding the massive unexplored composition space 
existing in the hyper-dimensional phase diagrams for developing novel 
complex concentrated and compositionally complex alloys (CCAs) [5,6]. 
Meanwhile, HEAs have attracted unprecedented attention for possible 
usage in advanced structural applications due to their many unique and 
intriguing properties [7–24]. 

The mechanical properties of engineering alloys can be vastly 
enhanced by microstructural tailoring through appropriate thermo- 
mechanical processing (TMP) routes [25–28]. TMP routes involving 
deformation and thermal treatments can significantly affect the micro
structure and texture of the processed materials, thereby opening the 
pathway for tuning the mechanical properties. Therefore, TMP aspects 
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of HEAs have gained considerable momentum in the last few years. 
Consequently, the microstructure and properties of different HEA classes 
are intensely investigated by a wide variety of different processing 
routes. In particular, the CoCrFeMnNi has been used as a model alloy 
due to the stable FCC structure of this HEA. The effect of various pro
cessing parameters, namely strain [29], starting grain size [30], 
cryo-rolling [28,31], and heating rate [32] on microstructure and 
texture formation during cold-rolling in the FCC equiatomic CoCr
FeMnNi HEA have been clarified. 

Warm-rolling of materials carried out above the cold-rolling regime 
but below the recrystallization temperature or hot-rolling is an attrac
tive processing strategy for tuning microstructure and mechanical 
properties. In comparison to cold-rolling, the forming load is reduced, 
which leads to energy savings. As compared to hot-rolling, the surface 
finishing is considerably better in warm-rolled materials due to the 
reduced oxidation and scale formation [33]. In addition, warm-rolling 
can be effectively used for controlling microstructure and texture in 
aluminum, steels, and other alloys [34]. However, the effect of this 
processing route on microstructure, texture, and mechanical properties 
has been investigated only to a limited extent in HEAs. Nevertheless, the 
limited research investigations carried out on eutectic [35,36] and other 
dual-phase [37] HEAs shows the considerable potential of warm-rolling 
for tailoring microstructure for enhancing mechanical properties. 

In the present research, we investigate the effect of warm-rolling on 
microstructure, texture, and mechanical properties of FCC single-phase 
CoCrFeMnNi HEA. To highlight the impact of warm-rolling, the results 
are compared with the same HEA processed previously by cold-rolling 
[29]. It is envisaged that the present research will be useful in under
standing the effect of warm-rolling in other single-phase FCC HEAs. 

2. Experimental 

2.1. Processing 

The experimental alloy in the form of buttons (approximately ~ 100 
g) was prepared by arc melting under a protective argon atmosphere, 
starting with high purity elements (>99% purity). The melt was flipped 
and remelted for four to five times for achieving consistency in the 
composition. The process was followed by drop-casting in a water- 
cooled copper mould. The as-cast ingots with the dimensions of 75 
mm (length) × 10 mm (width) × 6 mm (thickness) were further ho
mogenized at 1100 ◦C for 6 h to improve the chemical homogeneity. 
Samples with the dimensions of 20 mm (length) × 10 mm (width) × 6 
mm (thickness) were extracted from the homogenized alloy and cold- 
rolled to ~50% reduction in thickness (corresponding to ~3 mm 
thickness) using a laboratory rolling machine having roll diameter of 
~140 mm (SPX precision instrument, Fenn Division, USA) and further 
annealed at 800 ◦C for 1 h in a salt bath furnace to break the coarse as- 
cast structure. These cold-rolled and annealed specimens (of thickness 
~3 mm) were used as the starting material for further thermo- 
mechanical processing by warm-rolling. 

The warm-rolling process was carried out at 600 ◦C, which was just 
below the recrystallization temperature of the HEA (~650 ◦C), as re
ported in the previous investigations by Bhattacharjee et al. For this 
purpose, the small specimens obtained from the starting cold-rolled and 
annealed plates (50% cold-rolled and annealed at 800 ◦C/1 h) were 
multi-pass (~16–18 passes were used) warm-rolled up to 90% reduction 
in thickness (corresponding to a final thickness ~300 μm). The speci
mens were kept in a furnace at 600 ◦C for 20 min before each pass. To 
minimize the heat loss, the rolls were preheated to ~200 ◦C. Rectangular 
strips were obtained from the 90% warm-rolled sheets and were further 
annealed for 1 h at temperatures varying from 600 ◦C to 1200 ◦C in a salt 
bath furnace. 

2.2. Characterization 

The phase identifications in selected bulk specimens was carried out 
by x-ray diffraction (XRD; Make: Rigaku, Japan and Model: Ultima IV) 
using Co-Kα radiation (λ = 1.79 Å), scan rate of 2◦ per minute, and scan 
step size of 0.02◦. The microstructure and texture of the deformed and 
annealed specimens were investigated by Electron Backscatter Diffrac
tion (EBSD) and Transmission Electron Microscopy (TEM) techniques. 
For this purpose, an automated EBSD system (EDAX-AMETEK Inc., USA) 
mounted on a scanning electron microscope equipped with a field 
emission gun (FEG-SEM) (JEOL-JSM 7800F, Make: JEOL, Japan), and a 
TEM with LaB6 emitter was used. The EBSD specimens were prepared by 
careful mechanical polishing using emery papers, followed by diamond 
abrasive pastes, and finishing with electro-polishing using an electrolyte 
solution comprising of 90% ethanol and 10% perchloric acid (by vol
ume). For the deformed materials, the scans were performed with very 
fine step-size ~0.04 μm. The step-size was higher for the starting and 
annealed materials ranging from ~0.06 μm to 2.5 μm. The EBSD dataset 
obtained was analyzed by TSL-OIM™ software. Several EBSD scans were 
acquired from the starting, deformed, and annealed specimens. These 
scans were merged to obtain the orientation distribution functions 
(ODFs) and pole figures (PFs) by imposing orthotropic symmetry and 
using the harmonic series expansion method (Series Rank = 22). A cut- 
off angle of 15◦ was imposed to calculate the volume fraction of the 
different texture components. 

Further microstructural analysis of selected specimens was carried 
out using JEOL JEM-2100 transmission electron microscope (TEM) (200 
kV), and precession electron diffraction (PED) mounted on an FEI Tecnai 
TEM (200 kV). The PED data was analyzed by the TSL-OIM™ (EDAX 
Inc., USA) software. The samples were prepared by mechanical polish
ing followed by ion milling (PIPS-II, Gatan Inc., USA). 

The mechanical properties were evaluated by hardness (Model: 
DuraScan 20; Make: Emco Test, Austria) and tensile tests (Maker: Ins
tron Inc., USA, Model: Instron 5967). The hardness tests were carried out 
on the rolling plane using an applied load of 500 gm-f and a dwell time 
of 15 s. The tensile tests were carried out with the tensile axis parallel to 
the rolling direction (RD) and using an initial strain rate of 10− 3 s− 1. The 
engineering strain was measured using the digital image correlation 
(DIC) technique (Correlated Solutions Inc., USA). 

3. Results 

3.1. Microstructure and texture of warm-rolled HEA 

The microstructure of the starting material obtained by initial 
thermo-mechanical processing comprising of 50% cold-rolling and 
annealing (800 ◦C/1 h) is shown in Fig. 1. The IPF map of the starting 
material (Fig. 1(a)) shows a wholly recrystallized microstructure sepa
rated by high angle boundaries (HABs; misorientation (θ)>15◦; high
lighted by black lines). The microstructure also shows the presence of 
considerable fractions of annealing twin boundaries (TBs, highlighted 
by yellow). The average recrystallized grain size is found to be ~10 μm. 
The (111) PF (Fig. 1(b)), together with the ODF (Fig. 1(c)), indicates a 
somewhat diffuse texture in the starting material. The ODF is overlaid 
with selected texture components (summarized in Table 1) for further 
understanding of the texture. The ϕ2 = 0◦ section shows the presence of 
a weak cube component ({001}<100>) along with the ND-rotated 
variant ({001}<110>) of the cube component. The X-ray diffraction 
profiles of the starting and 90% warm-rolled materials are compared in 
Fig. 1(d), which shows the presence of the typical FCC peaks only and 
does not indicate any presence of the intermetallic σ phase. 

The microstructure and texture development following 90% warm- 
rolling are presented in Fig. 2. The IPF map (Fig. 2(a)) obtained from 
a region of interest (Region I) shows the development of a predomi
nantly lamellar banded structure subdivided by HABs along with the 
ND. The bands appear to contain low angle boundary (LABs; 
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2◦≤misorientation (θ)≤15◦; highlighted by white lines). The average 
spacing between the HABs along the ND is found to be < 0.3 μm, which 
confirms the development of an ultrafine microstructure due to warm- 
rolling. The (111) PF (Fig. 2(b)) shows the development of a typical 
pure metal or copper type deformation texture, which is further sub
stantiated by the relevant ODF sections (ϕ2 = 0◦, 45◦, and 65◦) in Fig. 2 
(c). The ϕ2 = 0◦ section of the ODF shows strong intensity at the G/B 
location, while the ϕ2 = 45◦ section shows the presence of a prominent 
copper component with very comparable intensity levels. Meanwhile, 
the ϕ2 = 65◦ section shows the presence of a distinct S ({123}<634>) 
component. 

The IPF map (Fig. 2(d)) obtained from another region (Region II); 
although it shows a lamellar structure, the bands are not as extended as 
the bands in Region I. Nevertheless, the bands are separated by HABs 
with a profuse internal LAB network. The (111) PF (Fig. 2(e)) shows a 
pure metal type texture with a weaker brass component. The texture 
development is further understood from the ODF (Fig. 2(f)). The ϕ2 =

0◦ section of the ODF shows an intensity peak at the G/B location 
({110}<115>) midway between the G ({110}<001>) and B ({110}<
112>) orientations. The ϕ2 = 45◦ and ϕ2 = 65◦ sections confirm the 
presence of the strong Cu and S components, respectively. 

The microstructure of the warm-rolled HEA is further investigated 

using TEM and PED techniques. The TEM micrograph (Fig. 3(a)) ob
tained from the ND-RD section shows the banded structure, which ap
pears to contain dislocation debris inside the deformed lamellar bands. 
The image quality (IQ) map (Fig. 3(b)) obtained from the ND-RD section 
using the precession electron diffraction (PED) technique again cor
roborates with the lamellar structure. The IQ map also shows the pres
ence of a tiny grain (~0.5 μm) bounded by HAGBs from all sides. The 
corresponding kernel average misorientation (KAM) map of the IQ map 
(in Fig. 3(b)) is shown in Fig. 3(c). High KAM values indicate the pres
ence of misorientations, which in other words, signify the presence of 
deformation structure. The KAM map displays a very heterogeneous 
distribution of misorientation, featured by the presence of bands with 
low KAM regions (highlighted in blue) adjacent to bands having high 
KAM (highlighted in green). Further, the internal misorientation profile 
in a selected band and the tiny grain are determined along with the 
white and black arrows, respectively. The misorientation profiles 
plotted in Fig. 3(d) and (e) determined along the white and black arrows, 
respectively, show low point-to-point misorientation but the presence of 
remarkable point-to-origin or cumulative misorientation. 

It may be interesting to compare the microstructure and texture of 
the cold-rolled HEA deformed to 90% reduction in thickness reported by 
Bhattacharjee et al. [29]. The TEM micrograph (Fig. 4(a)) and the 
associated selected area diffraction pattern (SADP) (shown inset in Fig. 4 
(a)) show a nanoscale structure with HAB spacing ~30 nm. The (111) PF 
of the cold-rolled HEA (Fig. 4(b)) shows a predominantly brass type 
texture as opposed to a pure metal type texture in the warm-rolled HEA. 
These remarkable differences in texture could be further understood 
quantitatively from Fig. 4(c). The cold-rolled HEA shows a stronger B 
component as compared to the Cu and S components, whereas the 
warm-rolled HEA shows a significantly stronger S component as 
compared to the B component. 

3.2. Microstructure and texture after annealing 

The microstructural changes upon annealing of the 90% warm-rolled 
HEA are shown in Fig. 5. The IPF map (Fig. 5(a)) of the specimen treated 
for 700 ◦C/1 h shows the presence of the deformed structure, amply 
corroborated by the presence of a LAB network. The near-complete 
absence of recrystallized grains indicates that recrystallization is yet to 

Fig. 1. (a) IPF map, (b) (111) PF, and (c) ODF of the 50% cold-rolled and annealed HEA used as the starting materials for further thermo-mechanical processing. The 
legends of the orientations are summarized in Table 1. (d) Compares the XRD profiles of the starting and 90% warm-rolled HEAs. 

Table 1 
Key deformation and recrystallization texture components in warm-rolled 
HEA. 
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start in the warm-rolled material; however, the (111) PF (Fig. 5(d)) 
suggests that the deformation texture is sharpened. The IPF map (Fig. 5 
(b)) following annealing treatment for 750 ◦C/1 h results in complete 
recrystallization so that the microstructure consists of equiaxed recrys
tallized grains completely bounded by HABs with profuse annealing 
twins. The associated (111) PF appears weakened with scattered in
tensities (Fig. 5(e)). The IPF map of the specimen treated for 800 ◦C/1 h 
(Fig. 5(c)) does not show any significant changes compared to that of the 
specimen treated for 750 ◦C/1 h. The (111) PF (Fig. 5(f)) also appears 
very similar to that of the specimen treated for 750 ◦C/1 h. 

The evolution of microstructure and texture following annealing at 
higher temperatures is represented in Fig. 6. Increasing annealing tem
perature results in a consistent increase in grain size, which can be 
quickly confirmed from the IPF maps of the HEA annealed at 900 ◦C 
(Fig. 6(a)), 1000 ◦C (Fig. 6(b)), and 1200 ◦C (Fig. 6(c)). Profuse 
annealing twins could be identified in all the IPF maps. The (111) PFs of 
the three annealed materials (Fig. 6(d), (e), and Fig.6(f)) indicate the 
retention of deformation texture components. 

The changes in texture with increasing annealing temperature can be 
further understood from the ODFs of the different annealed materials in 

Fig. 2. ((a), (d)) IPF maps, ((b), (e)) (111) PFs and ((c), (f)) ϕ2 = 0◦, 45◦ and 65◦ sections of the ODFs of the HEA warm-rolled to 90% reduction in thickness at 600 ◦C 
obtained from two different regions, namely Region I ((a)–(c)) and Region II ((d)–(f)). The legends of the orientations are summarized in Table 1. 

Fig. 3. (a) TEM micrograph, (b) PED-IQ map, and (c) KAM map of the 90% warm-rolled HEA. (d) and (e) show the misorientation profiles along the white and black 
arrows in (b), respectively. 
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Fig. 7. The ϕ2 = 0◦, 35◦, 45◦, and 65◦ sections of the ODFs of the spec
imens annealed at 750 ◦C (Fig. 7(a)) and 800 ◦C (Fig. 7(b)) show the 
presence of orientations along the α-fiber (ND//<110>, running from 
the G to the rotated-G orientation through the B orientation). However, 
perceptible scatter of orientations could be easily recognized. The ϕ2 =

0◦ section of the ODF of the 900 ◦C (Fig. 7(c)) and 1000 ◦C (Fig. 7(d)) 
annealed material shows intensity cantered around the G component, 
while the ϕ2 = 0◦ section of the ODF of the 1200 ◦C (Fig. 7(e)) indicates 
the presence of orientations along the α-fiber. The ϕ2 = 35◦ sections of 
the different annealed specimens do not reveal the presence of a 
prominent BR component. The ϕ2 = 45◦ sections of the ODFs shows 
weak Cu component except the specimen annealed at 900 ◦C. The ϕ2 =

65◦ sections of the ODFs shows a considerable weakening of the S 
component (which was relatively strong in the warm-rolled specimen) 
after annealing. Overall, the texture is weakened after annealing at 
different temperatures. 

The microstructural development during annealing is further 
analyzed quantitatively in Fig. 8. The variation in recrystallized grain 
size with annealing temperature is represented in Fig. 8(a) and 
compared with the grain size in the cold-rolled and annealed HEA re
ported previously by Bhattacharjee et al. [29] up to an annealing 

temperature of 1000 ◦C. It is noted that the average grain size in the 
warm-rolled and annealed HEA was consistently much higher than that 
of the cold-rolled and annealed HEA. The average grain size values in the 
cold-rolled and warm-rolled HEA following annealing at 900 ◦C are ~3 
μm and ~20 μm, respectively. After annealing at 1000 ◦C, the average 
grain size values of the warm-rolled HEA are ~40 μm, which is twice 
than that of the cold-rolled HEA ~20 μm. 

The misorientation angle distribution of the different annealed ma
terials (Fig. 8(b)) shows a strong peak at 60◦, which corresponds to the 
profuse Σ3 annealing TBs present in the microstructure. For further 
understanding, the variation of the Grain Boundary Character Distri
bution (GBCD) elucidating the fractions of the LABs, HABs, and TBs in 
the different warm-rolled and annealed HEAs are shown in Fig. 8(c). At 
lower annealing temperatures, the TB fractions do not differ signifi
cantly. However, at higher annealing temperatures where significant 
grain growth occurs, the TB fraction increases perceptibly. This could be 
clearly understood from the higher TB fractions obtained in the HEA 
specimens annealed at 1000 ◦C and 1200 ◦C. A very similar trend in the 
GBCD variation has been reported for the cold-rolled and annealed HEA 
[29]. 

The texture development in the warm-rolled and annealed HEA is 

Fig. 4. (a) TEM micrograph (inset shows selected area diffraction pattern), (b) (111) PF of the 90% cold-rolled HEA. (c) Shows the quantitative comparison of the 
typical texture components in the 90% cold- and warm-rolled HEA (WR and CR stand for warm- and cold-rolled materials). The data for cold-rolled HEA is obtained 
from reference [29,38]. 

Fig. 5. (a) through (c) are the IPF maps of the 90% warm-rolled HEA annealed at (a) 700 ◦C, (b) 750 ◦C, and (c) 800 ◦C for 1 h. (d) Through (f) show the cor
responding (111) PFs. 
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compared with their cold-rolled and annealed counterparts reported by 
Bhattacharjee et al. [29] For this purpose, the volume fractions of the 
Cu, S, and total volume fraction of the α-fiber components (sum of the 
volume fractions of the orientations along the α-fiber summarized in 
Table 1) in the cold- and warm-rolled condition and after treating at 
800 ◦C, 900 ◦C, and 1000 ◦C for 1 h are considered for comparison 
(Fig. 9). The volume fraction of the α-fiber in the cold-rolled specimen is 
significantly decreased after annealing, indicating a weakening of the 
texture. On the other hand, the volume fraction of the strong S 
component in the deformation texture of the warm-rolled HEA is 
considerably diminished after annealing. Meanwhile, the volume frac
tion of the α-fiber is also decreased after annealing (albeit the slight 
increase in the 900 ◦C annealed condition). Therefore, the texture is 
weakened after annealing in the warm-rolled HEA, like the behavior 

observed for the cold-rolled HEA. 
The mechanical properties of the warm-rolled and annealed speci

mens are evaluated using hardness (Fig. 10(a)) and tensile tests (Fig. 10 
(b)). The hardness of the warm-rolled HEA is ~380 Hv, which decreases 
consistently with increasing annealing temperature. The hardness of the 
specimen treated at 750 ◦C (where a completely recrystallized fine- 
grained microstructure is obtained) is ~213 Hv. Annealing at temper
atures of 900 ◦C and beyond results in low hardness values. Conse
quently, tensile properties were only compared for the as-cast, warm- 
rolled, and after annealing at 600 ◦C (which corresponds to deformed 
state) and 750 ◦C (corresponding to completely recrystallized state). The 
starting material shows low strength but high elongation. Warm-rolling 
results in a considerable enhancement in strength but at the expense of 
ductility. Annealing at 600 ◦C results in a decrease in strength, with only 

Fig. 6. ((a)–(c)) IPF maps and ((d)–(f)) (111) PFs of the 90% warm-rolled HEA annealed at ((a), (d)) 900 ◦C, ((b), (e)) 1000 ◦C and ((c), (f)) 1200 ◦C for 1 h.  

Fig. 7. ϕ2 = 0◦, 35◦, 45◦ and 65◦ sections of the ODFs of the 90% warm-rolled HEA annealed at (a) 750 ◦C, (b) 800 ◦C, (c) 900 ◦C, (d) 1000 ◦C and (e) 1200 ◦C for 1 h. 
The legends of the symbols used for the different orientations are summarized in Table 1. 
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marginal improvement in ductility. Meanwhile, annealing at 750 ◦C 
results in an improved strength ductility combination featured by 
YS~710 MPa, UTS~815 MPa, and elongation to failure~16%. 

4. Discussion 

The significant observations concerning the effect of severe warm- 
rolling are the formation of a predominantly lamellar structure and 

copper type deformation texture. The formation of a deformation- 
induced ultrafine lamellar deformation structure has been widely re
ported in different FCC metals and alloys and attributed to the grain 
subdivision mechanism [39,40]. It has been argued that the equiaxed 
grains in the starting material are subdivided by the lamellar HABs on an 
increasingly finer scale with increasing deformation. The processes 
governing the generation of ultrafine and nanoscale lamellar structure 
could be accompanied by microstructural and textural changes. The 

Fig. 8. Variation of (a) average grain size (CR and WR indicate cold- and warm-rolling, respectively. The data for cold-rolled and annealed HEA is obtained from 
Ref. [29]) (b) misorientation angle distribution and (c) grain boundary character distribution in the warm-rolled HEA with annealing temperature (the data for 
cold-rolled HEA is obtained from Refs. [29]). 

Fig. 9. Comparison of the key texture components in the cold- and warm-rolled HEA deformed and annealed at different temperatures (CR and WR indicate cold- and 
warm-rolling, respectively. E.g. Cu-CR and Cu-WR indicate Cu component in the cold- and warm-rolled HEAs, respectively). 
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microstructural processes might involve the formation of the LAB 
dominated cell and sub-grain structure at early stages of deformation, a 
gradual increase in the misorientation angle of the cell/sub-boundaries 
with increasing deformation by the accumulation of the dislocation at 
the boundaries, and final conversion of the LABs into random HABs. On 
the other hand, from the point of view of texture evolution, the grain 
subdivision process could lead to the rotation of different parts of grains 
to different stable end orientations owing to the selection of different 
slip systems, thereby leading to the macroscopic division of grains by 
deformation bands and microscopic subdivision in increasingly finer 
scale by the HABs [39,40]. 

Nevertheless, the warm-rolled HEA differs considerably from its 
cold-rolled counterpart with respect to microstructure and texture 
evolution. The warm-rolled HEA shows a much larger HAB spacing 
~300 nm than the nanoscale structure in the cold-rolled HEA with HAB 
spacing ~30 nm. These remarkable differences in microstructure could 
be accounted for by the dynamic annihilation of dislocations during 
severe warm-rolling by the process of climb or cross-slip. The annihi
lation of dislocations is amply corroborated by the high fraction of the 
low KAM regions in the as warm-rolled deformation structure and low 
point to point misorientation (typical for a sub-grain structure), but 
rather large cumulative misorientation indicating progressively misor
iented sub-grains. The annihilation of dislocations could effectively 
diminish the dislocation population available for accumulation at the 
LABs for converting them into random HABs. Therefore, the creation of 
the deformation-induced HABs is significantly inhibited in the warm- 
rolled HEA, thus leading to a much larger HAB spacing than that in 
the cold-rolled HEA. 

Meanwhile, the deformation texture of the warm-rolled HEA is 
featured by a pure metal type or copper type texture as opposed to a 
predominantly brass type texture in the cold-rolled HEA. The texture 
transition from pure metal type to brass type texture with decreasing 
SFE has been extensively investigated in different alloy systems [41]. 
Therefore, the evolution of a brass type deformation texture is charac
teristic of the low SFE materials [42] and is consistent with the recent 
theoretical [43] and experimental [44] reports. Although the mecha
nism of texture transition is yet to be fully clarified, mechanisms 
involving extensive twin and shear bands formation have been intensely 
debated [41,45]. It is noteworthy that the SFE of the CoCrFeMnNi HEA 
shows a strong temperature dependence, increasing with increasing 
temperature [46]. At the warm-rolling temperature, the increased SFE of 
the HEA favors deformation by dislocation slip over deformation by 
twinning. At the same time, unlike deformation by cold-rolling, the 
rather homogeneous deformation at the elevated temperature of 
warm-rolling could effectively suppress the propensity for the formation 

of extensive shear bands. These factors amply justify the development of 
predominantly pure metal or copper type texture in the warm-rolled 
HEA. 

The previous studies by Bhattacharjee et al. [29] on the 90% 
cold-rolled HEA revealed that recrystallization already occurs at 650 ◦C, 
whereas a completely recrystallized microstructure can be obtained only 
after treating for 700 ◦C/1 h. Considering the liquidus temperature of 
the HEA ~1339 ◦C (1612 K), the annealing temperature of 700 ◦C (973 
K) results in a homologous temperature of ~ 0.61× Tm, which is 
decidedly higher than the upper bound of recrystallization temperature 
~ 0.50 × Tm [29]. In the warm-rolled material, a completely recrystal
lized microstructure is obtained even at a higher annealing temperature 
~750 ◦C (1023 K). 

It is noteworthy that the cold-rolling results in a much finer micro
structure (the HAB spacing <50 nm is almost an order of magnitude 
lower than that in the warm-rolled HEA ~300 nm). Besides, the cold- 
rolled microstructure is also featured by a high density of deformation 
heterogeneities such as shear bands [29]. On the other hand, 
warm-rolling leads to dynamic annihilation of dislocations, leading to a 
diminished driving force for static recrystallization. Therefore, the 
cold-rolled microstructure has a perceptibly higher driving force for 
recrystallization and greater density of the potential nucleation sites. 
These characteristic differences lead to higher recrystallization tem
perature in the warm-rolled HEA. At the same time, due to a lower 
density of nucleation sites, grain growth dominates in the warm-rolled 
material, which leads to a consistently larger recrystallized grain size 
in the warm-rolled HEA. While this difference in grain size is quite 
evident even at lower annealing temperature, at higher annealing tem
peratures where substantial grain growth may occur readily, the dif
ference in grain size with similarly treated cold-rolled HEA is 
remarkable. 

Annealing of the warm-rolled HEA also results in a perceptible 
change in grain boundary character distribution distinguished by the 
generation of a high fraction of TBs, similar to the behavior observed in a 
wide range of medium to low SFE alloys [47,48]. The fraction of TBs 
appears to further increase with increasing annealing temperature 
during grain growth, mainly at the expense of the random HABs. The 
fraction of the LABs is not significantly affected. Such a pattern in the 
evolution of the boundary pattern is also shown by the cold-rolled HEA. 
It is noted that the driving force for grain growth is the total reduction in 
the grain boundary energy. Since the boundary energy of the Σ3 TB is 
significantly lower than the random HABs [49], the formation of TBs at 
the expense of random HABs are favored to minimize the overall 
boundary energy. 

The recrystallization textures of the cold- [29] or even cryo-rolled 

Fig. 10. (a) shows the hardness variation of deformed and annealed specimens. (b) Shows the tensile properties of the selected specimens (WR (90%) indicates the 
90% warm-rolled specimen). 
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[31] HEA investigated by Bhattacharjee et al. reveal the retention of the 
deformation texture components. While a brass dominated texture has 
been universally reported by different cold-rolled low SFE materials 
[41], the recrystallization texture shows considerable differences. 
Heavily cold-rolled low SFE brass shows a strong BR component 
({236}<385>) upon annealing, which is strongly affected by various 
annealing parameters. The origin of a strong brass component has been 
attributed to mechanisms involving preferential nucleation, subsequent 
twinning, and growth owing to a high mobility 40◦<111> relationship 
with the B, which is the main component of the deformation texture. In 
contrast, the cold-rolled low SFE CoCrFeMnNi shows the retention of 
deformation texture, namely the α-fiber components (including G, G/B, 
and B) [29] so that the recrystallization texture is a random sampling of 
the deformation texture components, similar to the behavior observed in 
certain authentic and TWIP steels [50–52]. Thus, the formation of 
recrystallization texture in the cold-rolled HEA is essentially featured by 
the absence of preferential nucleation and growth. 

In the present case, the deformation texture of the warm-rolled HEA 
is a predominantly pure metal or copper type texture, similar to heavily 
cold-rolled medium to high SFE materials. However, unlike the typically 
strong and sharp cube texture observed in heavily cold-rolled and 
annealed medium to high SFE materials, the recrystallization texture of 
the warm-rolled HEA shows considerable weakening. The origin of cube 
texture has been considered from the point of view of preferential 
nucleation (due to the pre-recovered structure of the cube bands) or 
preferential growth (due to the high mobility misorientation relation
ship with the surrounding S orientation). Nevertheless, the weakening of 
the recrystallization texture precludes the role of strong preferential 
nucleation or growth; a pattern also observed for cold-rolled HEA even 
though the starting deformation textures are significantly different. In 
essence, irrespective of the different deformation texture in the cold- 
[29] and warm-rolled HEAs, the recrystallization texture formation is 
featured by the absence of strong preferential nucleation or growth. 

The hardness variation in the warm-rolled and annealed HEA shows 
the usual behavior, decreasing with increasing annealing temperature. 
In good agreement, the warm-rolled and materials annealed below the 
recrystallization temperature shows high strength but very limited 
tensile elongation. The material treated for 750 ◦C/1 h, which yields a 
fine-grained, fully recrystallized microstructure, shows an impressive 
strength-ductility balance. Further, the weakening of recrystallization 
texture is expected to diminish anisotropy in mechanical properties. 
Evidently, thermo-mechanical processing by warm-rolling can consid
erably improve the mechanical properties of CoCrFeMnNi HEA. 

5. Conclusions 

In the present research, FCC equiatomic CoCrFeMnNi HEA was 
thermo-mechanically processed by severe warm-rolling and annealing. 
The following conclusions may be drawn from the present study: 

(i) Warm-rolling to 90% reduction in thickness resulted in a pre
dominantly lamellar microstructure, which was an order of 
magnitude coarser than the similarly cold-rolled HEA. The 
significantly coarser microstructure in the warm-rolled HEA 
could be attributed to the dynamic annihilation of dislocations 
during deformation.  

(ii) Warm-rolling results in the development of pure metal or copper 
type texture as opposed to a predominantly brass type texture in 
the cold-rolled HEA. The stark differences in the deformation 
texture could be attributed to the increase in the SFE, which 
promotes more homogeneous deformation by dislocation slip 
over deformation by nano-twinning or extensive shear band 
formation. 

(iii) The lower stored energy due to dynamic annihilation of dislo
cations and coarser deformation structure of the warm-rolled 

material resulted in higher recrystallization temperature, and 
coarser recrystallized grain size.  

(iv) Annealing resulted in the weakening of the recrystallization 
texture. The recrystallization texture formation indicated the 
absence of strong preferential nucleation or growth.  

(v) The HEA warm-rolled and annealed at 750 ◦C, which yielded a 
fine-grained, completely recrystallized microstructure with an 
optimum strength-ductility combination. In summary, the pre
sent results demonstrated that warm-rolling could be effectively 
used as a processing tool for tailoring microstructure and prop
erties of CoCrFeMnNi HEA. 
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