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a b s t r a c t

The characteristics of dynamic recrystallization (DRX) of a CoCrFeMnNi higheentropy alloy

(HEA) was investigated via hot compression testing in the temperature range 950e1100 �C

and at true strain rates of 10�2 and 10�1 s�1. The discontinuous DRX was found to be the

dominant mechanism corroborating the microstructural evolution. The progress of the

initiation of DRX was investigated in terms of critical strain/stress required using the Poliak

eJonas analytical criterion. Consequently, a new kinetic model based on Avramietype

function was established for the HEA to predict the DRX fractional recrystallization. It

was revealed that the volume fraction of DRX grains increased with increasing strain. In

the case of 10�2 s�1, steadyestate flow was achieved after the completion of one DRX

process cycle resulting in further straining, leading to the occurrence of dynamic resto-

ration processes involving formation of substructures and generation and annihilation of

dislocations inside the DRX grains which effectively increased the fraction of partially

deformed DRX (substructured) grains. A good agreement between the proposed DRX ki-

netics model and microstructure observation results validated the accuracy of DRX kinetics

model for CoCrFeMnNi HEA. The preferred orientation of the nonerecrystallized grains

was towards the formation of <101> fiber texture, whereas a random microetexture is

revealed in the recrystallized grains.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

High entropy alloys (HEAs) as hypothesized by Yeh et al. [1],

are complexmultieprincipal elemental alloys, containing four
i.fi (M. Patnamsetty).
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or more principal alloying elements that form simple solid

solutions. Murthy et al. [2] contemplates the novel concept of

HEA design as the renaissance in metallurgy that created a

worldwide drive for alloy design in a pathebreaking manner

in the history of metallurgical research. The initial design
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approach of HEAs was to attain a singleephase alloy through

high configuration mixing entropy [1]. However, a review

report by Miracle and Senkov [3] explains the emergence of

new design concepts enabled facilitation of multicomponent

alloy systems that have shown new paths of research to

explore a wide range of astonishing properties achievable

through proper alloy design. In addition, George et al. [4]

reviewed a significant number of HEAs, and explained the

enormous possibilities of compositional spaces to develop a

combination of novel or advanced properties like high

strength, improved fatigue resistance, high corrosion resis-

tance, good damage tolerance etc. It is worth noting that these

properties can change rapidly even with a small variation in

the composition. The equiatomic, face centered cubic (FCC),

singleephase solid solution, CoCrFeMnNi HEA was the first

such example reported in 2004 and is termed as ‘Cantor alloy’

after its discoverer Prof. Brian Cantor [5]. Additionally, the

Cantor alloy happens to be the most researched HEA, as the

singleephase FCC based alloy is stable over a wide range of

temperatures (~800e1200 �C) [4]. Thus, it has attracted enor-

mous attention as a model HEA in order to gain a better un-

derstanding of the properties realizable on FCC based HEAs. In

addition, a study by Li et al. [6] on the irradiation properties of

Cantor alloy has also shown excellent irradiation resistance,

suitable for nuclear industry.

Deformation processing of high entropy alloys (HEAs) can

be challenging at elevated temperatures. Hence, a compre-

hensive understanding of the effects of processing parame-

ters on deformation mechanisms is, vital since these in turn

may significantly influence the microstructural evolution as

well as resultant mechanical properties. Accordingly, opti-

mized processing can facilitate the occurrence of safe

microstructural mechanisms such as dynamic recovery

(DRV) and DRX enabling microstructural reconstitution. The

degree of occurrence of DRX process depends on the flow

stress during deformation, for which the accuracy depends

on the hot deformation parameters, i.e., strain, strain rate,

and temperature. In a previous study on the evaluation of hot

deformation characteristics of Cantor alloy at different strain

rates and temperatures by Patnamsetty et al. [7] has shown to

experience various deformation mechanisms including the

safe processing phenomena of DRX and DRV and also, the

manifestation of adiabatic and/or localized shear bands

depending on the processing parameters. In addition, a pro-

cessing map of Cantor alloy was recently constructed at au-

thors' laboratory [7] using the principles of dynamic materials

modelling (DMM) in order to map and identify different

deterministic domains in temperatureestrain rate space

characterizing various microstructural mechanisms oper-

ating in these domains as well as the regime marking the

manifestation of instabilities that must be avoided for

defectefree processing. Considering all the operating hot

deformation mechanisms [7], it was clearly established that

DRX was the dominant mechanism for a defectefree pro-

cessing of the alloy. Accordingly, a DRX domain extending

over the strain rate and temperature ranges of 10�2 e5 x 10�1

s�1 and 950e1100 �C, respectively, was considered ‘safe’ for

hot working of the alloy. In addition, DRX expectedly played a

vital role in reducing the deformation resistance and pro-

moted grain refinement in the material through
microstructural reconstitution. It is noteworthy that pro-

cessing parameters, i.e., temperature, strain, and strain rate,

significantly affect the DRX grain size and its volume fraction.

Therefore, models describing the kinetics of DRX and evolu-

tion of dynamically recrystallized grain structures and cor-

responding sizes should be developed in order to characterize

the DRX behavior during the hot deformation process.

Additionally, the DRX process normally occurs in low stack-

ing fault energy (SFE) materials [8]. In this context, the Cantor

alloy was reported to be a low SFE material at room tem-

perature [9]. However, based on ab initio calculations, Huang

et al. [10] showed that the SFE increased with the increase in

temperature of the alloy.

To achieve the desired mechanical behavior and to control

the microstructural homogeneity, the understanding of the

microstructural evolution is very essential. On the other hand,

the mechanical properties are also influenced by the

microetexture evolution, which in turn is associated with the

microstructural evolution. Both the texture as well as micro-

structural reconstitution is governed by DRX, which in turn

determines the final properties of metals and alloys. There are

only few studies that have reported the crystallographic

texture evolution during the mechanical processing of Cantor

alloy. For instance, studies on cold rolling [11], severe plastic

deformation [12] as well as rotary swaging [13] of Cantor alloy

have all shown the evolution of brass type texture, which is

common in low SFE alloys and this behavior is related to the

evolution of deformation twins. The annealing treatments of

cold rolled Cantor alloy [11] has resulted in static recrystalli-

zation with the microstructure changes occurring in the form

of grain boundary (GB) nucleation and annealing twinning.

Additionally, the nuclei formed along these GBs has retained

the rolling textures, whereas the formation of annealing twins

was associated with a randomized texture. Eleti et al. [14]

stated the formation of weak textures during the hot defor-

mation of Cantor alloy at 800, 900 and 1000 �C and strain rates

10�3, 10�2 and 1s�1 in both DRX and deformed

(unerecrystallized) grains. Formation of weaker texture in the

DRX grains is attributed to a subsequent increase in the frac-

tion of annealing twins during hot deformation that ran-

domizes the orientation of the DRX grains. However, no clear

explanation was mentioned about the formation of weak

texture in the unerecrystallized grains. Further statistical

experiments were suggested in the same study by Eleti et al.

[14] to confirm the texture evolution of the unerecrystallized

grains. On the other hand, Soares et al. [15] reported the evo-

lution of <101> fiber texture along the compression axis (in

the deformed grains) during compression testing conducted at

a very high strain rate (2800 s�1 at room temperature). There

are not many studies on kinetic modelling of DRX behavior of

FCC based HEAs. Therefore, the current investigation has

addressed the following objectives.

The objectives of the current investigations are as follows:

(i) To determine the critical conditions for the

commencement of DRX within the safe workability

domain (deformed at 950e1100 �C and 10�2 e 10�1 s�1

strain rates) using the criteria proposed by Poliak and

Jonas [16], where critical stress and strain necessitated

for the initiation of DRX process are established from

https://doi.org/10.1016/j.jmrt.2021.11.089
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the inflection point on the strain hardening rate (q) vs.

flow stress (s) curve;

(ii) Establishing a model to elucidate the kinetics of DRX

using an Avramietype function encompassing different

deformation conditions;

(iii) Characterization of associated microstructural changes

as a result of DRX accompanied by changes in the flow

stress that requires careful analysis both before and

after the compression testing, particularly in respect of

grain structure evolution and corresponding size, vol-

ume fraction of DRX grains, occurrence of twinning, and

misorientation distribution of the substructure along

different deformation conditions; and

(iv) Determination of the characteristics of microetexture

formation following the DRX process as a function of

the variation in processing conditions, viz., strain rate

and temperature. In particular, the evolution of

microetexture components and substructures of the

dominantly oriented grains, need to be characterized

following the completion of DRX.
2. Experimental details

2.1. Materials and methods

A ~2 kg ingot (~140 � 40 � 40 mm3) of CoCrFeMnNi HEA,

comprising of 20 at. % of each alloying element was drop cast

using high purity elemental powders via melting in a vacuum

induction melting furnace at SWEREA AB, Sweden. The HEA

was homogenized at 1150 �C for 12 h in argon atmosphere and

cooled to room temperature inside the furnace. The homog-

enized HEA was hot rolled at 1000 �C in multiple passes with a

reduction of ~10% per pass, to a final thickness of ~11 mm.

During hot rolling, the HEA was reheated in the furnace after

each pass to maintain the selected rolling temperature.

Finally, cylindrical specimens of dimensions ~ 48 � 10 mm
Fig. 1 e Flowchart showing the processing sequence of the exp

sample extraction, hot compression testing in Gleeble simulato

region of interest.
were extracted from hot rolled plate in the traverse e normal

direction via electric discharge machining (EDM), as shown in

the flow chart (Fig. 1). These specimens were uniaxially hot

compressed according to a test plan using a Gleeble® 3800

thermomechanical simulator. The schematic of the experi-

ments conducted in the Gleeble is shown in Fig. 1. The data

corresponding to the DRX domain, as delineated in the pro-

cessing maps (i.e., strain rate of 10�2 e 10�1 s�1 and temper-

ature ranges of 950e1100 �C respectively) developed by

Patnamsetty et al. [7] were considered in the current article, to

evaluate and model the DRX kinetics as a function of pro-

cessing parameters.

2.2. Material characterization

For the EBSD studies, the hot compressed samples were sliced

at center-plane towards the compression axis (CA) and the

respective specimens were polished using standard metallo-

graphic technique. The final stage of polishing was carried out

using a non-crystallizing amorphous 0.02 mm colloidal silica

suspension (MasterMet-2) to enable EBSD analysis. The EBSD

data acquisition was done using a field emission scanning

electron microscope (FE-SEM, Zeiss ULTRA Plus) equipped

with a Symmetry® EBSD detector (Oxford instruments). The

EBSD data was acquired at an acceleration voltage of 20 kV,

covering an area of 600 mm� 600 mmwith a step size of 0.7 mm,

and analyzed using the HKL Channel 5 software. As normally

interpreted, the grain boundaries (GBs) were categorized as

high angle (HAGBs) and low angle grain boundaries (LAGBs)

corresponding to the misorientation angle (4) ranges 4 � 15�

and 2� < 4 < 15�, respectively, to determine their characteris-

tics in respect of microstructural evolution. The grain size was

calculated considering the grains with HAGBs. Additionally,

the GBs regions including S3 twin (CSL) GBs regions were dis-

regarded from the grain size evaluations. Furthermore, the

grain average misorientation (GAM) map was constructed

from the EBSD data to characterize fully recrystallized,

partially-deformed and deformed grains as per HKL Channel 5
eriments comprising hot rolling of as-cast Cantor alloy,

r and finally, sectioning for microstructural analysis in the
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manual using Tango software [17]. The grains with the GAM

value < 2� and almost no LAGBs or subgrains inside them are

illustrated as complete recrystallized grains, while the grains

with the GAM value > 2� and mostly filled with LAGBs/sub-

grains, are designated as deformed grains. If the grain com-

prises of sub-grains, i.e., the GAM value is < 2�, but the

misorientation between sub-grains is > 2�, then the respective

whole grain is defined as substructured or partially-deformed

grains [18]. The kernel average misorientation (KAM) is con-

structed to indicate the localized strain in the

microstructures.

For the texture analysis, the inverse pole figures (IPFs) were

evaluated for both recrystallized (includes the ‘recrystallized’

grains) and un-recrystallized (includes the ‘deformed’ and

‘substructured’ grains) fractions as per recrystallization frac-

tion map considering the overall microstructure. For the

contouring of the IPFs the halfwidth and cluster size were

considered as 10� and 11�, respectively. The halfwidth controls

the spread of the plane normal aligned with the specimen

axes in the inverse pole figure. The cluster size represents the

clustering of the same orientations thus speeding up the cal-

culations as the software considers all the orientations and

recognizes the clusters of same orientation (e.g., from the

same grain) and substitutes the clusters by a single orienta-

tion with an increased weight.
3. Results and discussion

3.1. Flow stress behavior

Typical true stress vs. true strain curves, plotted using the data

from the hot compression tests of CoCrFeMnNi HEA in the

strain rate and temperature ranges of 10�2 e 10�1 s�1 and

950e1100 �C, respectively, are shown in Fig. 2. At all the test

conditions, the flow stress values increased with increase in

strain rate and decrease with increase in temperature. It is

clearly visible that for all test conditions, the flow stress rises

to a maximum value typical of peak stress (sp) behavior, fol-

lowed by flow softening on further straining. This is typically a

behavior of low SFE alloy implying the possible occurrence of

DRX mechanism [14]. Initially, at low strains, work hardening

is the governing mechanism operating during the hot defor-

mation, resulting in accumulation and multiplication of
Fig. 2 e Truestressvs. truestraincurvesof theHEAatvarious tem
dislocations. During this time, the flow stress increases

abruptly, as the cross slip of screw dislocations (mechanical

recovery) is sluggish. This is due to the low SFE value of the

current HEA. Eleti et al. [14] reported a similar flow behavior of

Cantor alloy. Consequently, the DRX occurs in HEAs following

continued straining, since it is difficult to recombine the

Shockley partials into initial perfect dislocations. Accordingly,

the extent of cross slip and dynamic recovery in FCC based

HEAs is relatively low. Therefore, the density of dislocations

keeps increasing during hot deformation thus generating a

driving force to initiate the DRX process. As the density of

dislocations reaches a critical value, the DRX process is

commenced and the work hardening rate starts to decrease

significantly reaching the sp, beyond which the flow stress

drops leading to softening. According to study by Varela-

Castro et al. [19] on the critical strain (εc) required for the

commencement of DRX of different steels is slightly lower

than the peak strain (εp) and is normally ~0.7e0.9 times the εp.

The softening of flow curve is due to the large-scale annihi-

lation of dislocations due to the microstructural reconstitu-

tion through the formation of DRX grains [20]. Finally, a

steady-state condition of flow curve is achieved, whereby an

equilibrium is reached between the concurrent work hard-

ening and dynamic softening processes. Referring to Fig. 2b,

the true stressestrain curves of the samples deformed at 10�2

s�1 strain rates and at 1100, 1050 and 1000 �C temperatures,

show that the flow curves initially rise to the sp conditions

corresponding to the peak strains of ~ 0.18, 0.20, 0.23 respec-

tively (as shown in Table 1), beyond which the flow stress

curves show flow softening and gradually reach steady-state

behavior at the true strains of ~ 0.45, 0.5 and 0.6, respec-

tively. On further straining, the flow stress curve largely tends

to remain as steady-state, which is attributed to the compe-

tition of work hardening during hot deformation with the

simultaneous softening via the occurrence of DRV and DRX

leading tomicrostructural reconstitution, a similar behavior is

observed by Ghosh et al. [21] during the hot deformation of

Ti þ Nb stabilized IF steel. In the current case of the test at

950 �C, the peak strain can be discerned from the curve, but

the steady-state strain could not be reached at least up to the

experimental strain of ~ 0.7.

On the other hand, at 10�1 s�1 (Fig. 2a), the steadyestate

behavior could not be reached for all the hot compression

tests in the temperature range 950e1100 �C up to ε ~ 0.7,
peratures recordedat thestrain rates (a) 10¡1 and (b) 10¡2 s¡1.

https://doi.org/10.1016/j.jmrt.2021.11.089
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Table 1e Experimental parameters corresponding to the occurrence of DRX in Cantor alloy and corresponding values of nc

and k estimated at different test conditions.

Strain rate (s�1) Temperature (�C) sc (MPa) sp (MPa) εc (MPa) εp (MPa) nc k

10�1 950 183 199 0.24 0.27 2.6 0.36

1000 160 165 0.20 0.25 4.3 0.13

1050 130 137 0.13 0.22 3.3 0.18

1100 99 112 0.09 0.20 4.7 0.16

10�2 950 143 152 0.14 0.26 3.9 0.12

1000 112 116 0.12 0.23 3.4 0.19

1050 85 90 0.10 0.20 4.3 0.17

1100 71 81 0.08 0.18 2.5 0.22
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though the sp behavior is clearly evident, marking the peak

strains of ~ 0.27, 0.25, 0.22 and 0.20 occurring at 950, 1000,

1050 and 1100 �C, respectively (Table 1). Referring to tests at

10�1 s�1, it should be noted that the continuous decrease in

flow stress up to ~0.7 strain at all temperatures without

reaching the steady-state is an indication of incomplete DRX.

A study by Quan et al. [22] on hot deformation of

3Cr20Ni10W2 alloy at 930 �C shows the similar result of

incomplete DRX.

3.2. Identification of critical strain/stress values for the
onset DRX

As explained above, the DRX process is initiated after

exceeding the required critical strain/stress value in a flow

curve. Before the sp value is reached, the work hardening
Fig. 3 e q vs. s curves of hot deformed HEA at different temper

10¡2s¡1 and (c & d) 10¡1s¡1.
occurs in respect of increase in dislocation density, i.e., the

flow stress increases till reaching the peak strain. Thereafter,

dynamic softening behavior dominates over work hardening

rate, which eventually decreases the flow stress values.

Therefore, it is obvious that the sp behavior during the

isothermal compression is associated to the DRX process [23].

But it is generally difficult to recognize the flow stress corre-

sponding to the initiation of DRX process from the true

stressestrain curve. Therefore, a criterion proposed by Poliak

and Jonas [16] can be used to determine the critical strain/

stress required to initiate the DRX. This criterion is based on

the change in strain hardening rate (q ) as a function of flow

stress (s ). Accordingly, the sp value corresponds to the inter-

section of the plot of q vs. s, at q ¼ 0, whereas the critical stress

(sc) value for the commencement of DRX process is the in-

flection point as shown in Fig. 3b, d.
atures in the range 950e1100 �C and at strain rates (a & b)

https://doi.org/10.1016/j.jmrt.2021.11.089
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Fig. 4 e vq/vs vs. s curves steel at temperatures 950e1100 �C and strain rates (a) 10¡2s¡1 and (b) 10¡1s¡1.

Fig. 5 e Strain hardening rate ðqÞ vs. true strain ðsÞ curves at

two strain rates 10¡2s¡1 and 10¡1 s¡1for the HEA plotted at

different temperatures i.e. (a) 1100 �C, (c) 1050 �C, (e)
1000 �C, (g) 950 �C and corresponding estimated XDRX

values (b, d, f, h), respectively.
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In order to derive the strain hardening rate, q ¼ ðvs=vεÞ _ε,
the respective experimental flow curves were smoothened

using a fast fourier transform (FFT) filter. Further, the varia-

tion of calculated strain hardening rate (q) was plotted against

flow stress (sÞ, as shown in Fig. 3a-d. Ryan and McQueen [24]

explains that the work hardening curves (Fig. 3a, c) are

comprised of two stages: firstly, the rate of work hardening

dropped rapidly due to dynamic recovery and secondly, the

slope of the curve changed sharply representing the DRX

initiation. In addition, the extrapolation from the inflection

point q ¼ 0 during this second stage is the saturation stress

(ssat) that relates to the softening due to DRV. The softening

due to DRX is the difference between the ssat and s from the

flow curve.

It is hard to derive an exact inflection value, as shown in

Fig. 3a and c. Therefore, an analytic approach proposed by

Poliak and Jonas [16] to identify the inflection point is

considered. In this approach, a second derivative of q (gener-

ated from Fig. 3a-d) is plotted against the s (i.e., vq= vs vs: s).

The generated data at all the test conditions (as shown in

Fig. 4), provide the exact values of sc. The minima in these

curves for the respective temperatures and strain rates

represent the corresponding sc values. Therefore, the evalu-

ated critical strain (εc) can be easily used to identify the sc

values from the respective flow curves.

3.3. DRX kinetics

3.3.1. Strain analysis to identify the maximum dynamic
softening
In order to identify the strains at which the dynamic softening

rates are maximized, the work hardening rates were plotted

against true strains, based on the flow stress curves recorded

at 1100, 1050, 1000 and 950 �C for both strain rates (10�1 and

10�2 s�1), as shown in Fig. 5a, c, e, and g, respectively. The

minima (minimum point in the curve) in these individual

plots correspond to the respective strains (ε*) at which the

dynamic softening rates are maximized. It can be seen that

the ε
* expectedly rises with decreasing deformation temper-

ature and increasing strain rate. In addition, the work hard-

ening rate tends to increase back to q ¼ 0 at the end of the

DRX cycle, after reaching this minimum. Therefore, the q vs: ε

plots can be used to define the start of the steady-state strain.
From q vs: ε plots (Fig. 5a), it is noticed that q values became

zero, implying that DRX was complete at both strain rates at

1100 �C. However, at 900 �C, strain hardening rate did not

https://doi.org/10.1016/j.jmrt.2021.11.089
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reach the point at q ¼ 0, therefore the dynamic recrystalliza-

tion was partial at the maximum strain imposed, i.e., ~ 0.7

strain. The calculated DRX parameters are listed in Table 1,

which clearly depicts that at a given deformation tempera-

ture, the respective critical strain/stress values increase with

the increasing strain rate and decreases with increase in

temperature.

3.3.2. Analysis of kinetic model of DRX
The flow curves (Fig. 2) at all the test conditions clearly

exhibited either DRX or partial DRX behaviors. Initially, the

flow curve increases with increasing strain due to the work

hardening. However, the DRX initiates with the nucleation of

new strain free grains during the hot deformation and the

work hardening rate starts to decrease due to the evolution

of these new strain free grains (DRX grains). Therefore, the

evolution of new DRX grains results in a consequent soft-

ening of the flow stress curves. The sp appears in the flow

curve due to the decrease in flow stress (strain softening) on

further straining. Finally, a dynamic equilibrium is achieved

due to the balance between strain hardening and strain

softening behaviors, as stated above. The difference between

the DRX and the DRV curves, as schematically shown in

Fig. 6, can be used to estimate the net softening fraction

attributed to DRX.

The equation used to estimate the volume fraction of DRX

(XDRX) [25] can be expressed as follows:

XDRX ¼ðssat �sPÞ=ðssat � sssÞ for ε � εc (1)

where, sP, sss and ssat are the peak stress, steady state-stress,

and saturated stress, respectively, as schematically shown in

Fig. 6. In the equation, the numerator ssat � sP is flow softening

and denominator ssat � sss signifies the max attainable soft-

ening (Fig. 6). Therefore, flow softening is closely related with

the XDRX value. As previously explained, the initiation of DRX

occurs at the critical strain. It can be seen from Fig. 5b, d, f, and

h that as the strain increases for a given condition, the XDRX

value increases and reaches a maximum value of 1. It is
Fig. 6 e Schematic representation of DRX and DRV curves

showing the strain/stress parameters used to determine

the kinetics using Avramieequations. sP, sss; sc and ssat

are the peak stress, steady-state stress, critical stress for

the commencement of DRX and saturated stress

respectively.
apparent that the strain required to reach the same amount of

XDRX value, increases with the decrease in deformation tem-

perature. A similar trend is seen in Fig. 5 b, d, f, h, i.e., at the

deformation temperature of 950 �C, the DRX is delayed to

higher strains in comparison with the flow behavior at other

three temperatures (1000, 1050 and 1100 �C). In contrast the

XDRX value increases with the decrease in strain rate at a

constant strain and temperature. Therefore, a decrease in

strain rate enhances the degree of DRX mechanism, thus

leading to the decrease in flow stress values, which is also

consistent with the current results.

Furthermore, the expression of XDRX can be illustrated by

an exponent-type Avrami equation as shown in Eq. (2) [25]:

XDRX ¼ 1� exp
�� k

�ðε� εcÞ
��

εp

��nc� (2)

Where, nc is the Avrami exponent, k is a constant. On applying

natural logarithm to Eq. (2) gives:

lnf � lnð1�XDRXÞg¼ ln Kþ nc ln
�ðε� εcÞ

� �
εp

��
(3)

The term lnf � lnð1�XDRXÞg was plotted against lnfðε �
εcÞ =ðεpÞg, to estimate the nc and k. For example, at 1050 �C/

10�1 s�1, the values of nc and k were calculated to be 3.4 and

0.18, respectively, as shown in Fig. 7.

The estimated values of k and nc at different deformation

conditions are shown in Table 1. In addition, the average

values of k and nc were estimated to be about 3.6 and 0.19,

respectively. Therefore, by substituting the average values of k

and nc in Eq. (3), XDRX can be expressed as:

XDRX ¼ 1� exp
h
�0:19

�ðε� εcÞ
��

εp

��3:6
i

(4)

In order to validate the model equation (Eq. (4)) describing

the volume fraction of DRX on further straining, the predicted

results (Fig. 5b, d, g, h) were plotted together with the exper-

imentally obtained data (Eq. (2)), as shown in Fig. 8(a-d). The

model data (plots with symbols) is correlated very well with

the experimental data (plotted with solid lines).
Fig. 7 e Linear fitting of data points from the

lnf � lnð1�XDRXÞg vs: lnfðε�εcÞ =ðεpÞg plot at 10¡1s¡1/

1050 �C to determine the nc and k .
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3.4. Microstructural characterization and micro-texture
analysis

In this section, the characteristics of the microstructure and

micro-texture evolutions, following the occurrence of DRX

process in CoCrFeMnNi HEA at the stated test conditions are

presented. The research investigations were conducted using

the FESEM-EBSD. Both the evolution of micro-texture com-

ponents as well as the characteristics of substructures

examined in the grains of dominant orientation following the

DRX process were determined. The microstructural evolution

during hot deformation at various test conditions essentially

mediated through the DRX mechanism, thus resulting in

nucleation of fine, equiaxed grains along the pre-existing

grain boundaries. The occurrence of DRX in low SFE mate-

rials is well-established and has been previously established

for CoCrFeMnNi HEA [14].

3.4.1. Initial material
The as hoterolled CoCrFeMnNi HEA prior to the isothermal

compression experiments was examined for the starting

microstructure using the EBSD; the data were acquisitioned in

the plane normal to the rolling direction (i.e., parallel to the

compression axis of the test samples). The microstructure as

shown in Fig. 9a comprises equiaxed grains with an average

grain size of ~ 18 mm (disregarding the S3 twin GBs). Figure 9

shows the inverse pole figure (IPF) map (Fig. 9a) with HAGBs

(black color; 4 > 15�) and image quality (IQ) map (Fig. 9b) with
Fig. 8 e An assessment of the estimated XDRX values (symbols)

experimentally obtained data (solid lines) at two different strain

1050 �C, (c) 1000 �C and (d) 950 �C.
S3 twin boundaries (red color CSL boundaries) that are formed

during hot rolling, making up a fraction of ~4%. Similarly, the

green color boundaries are the LAGBs (2 < 4 < 15�) make up for

about ~52.5% of all boundaries. The inverse pole figure (Fig. 9c)

shows that the <101> fiber was observed with an intensity

around ~2.5 multiples of uniform density (MUD), which is a

probability density defining the frequency of the occurrence of

any given texture components.

3.4.2. Effect of temperature and strain rate on the
microstructure
The microstructural evolution following the isothermal

compression of the alloy to a true strain of ~0.7 has been

further investigated using IPF color maps (as shown in Fig. 10).

The average grain size (D) expectedly increased with an in-

crease in deformation temperature and a decrease in strain

rate (Table 2). In addition, it is known that the increase in

deformation temperature enhances the degree of DRX

because of enhanced GBmobility and this could accelerate the

DRX process [26]. The formation of DRX nuclei which has been

assumed to be dependent on the evolution of the substructure

[27]. The dynamic balance between the DRX nucleation rate

and grain boundary migration velocity could be achieved by

two competing temperature activated processes, viz., bulk

diffusion and grain boundary diffusion. According to Rav-

ichandran and Prasad [28], DRX is consisting of two competing

processes: interface formation (nucleus) and interface

migration (growth). An interface can be expressed as a
as a function of true strain ðsÞ in comparison with the

rates 10¡2 and 10¡1 s¡1 and temperatures (a) 1100 �C, (b)
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Fig. 9 e a) IPF map recorded on a plane parallel to the compression direction (CD); b) Band contrast image with HAGBs (4

>15�; black color), LAGBs (2 < 4 < 15�; green color) and S3 twin GBs (red color); c) inverse pole figure parallel to compression

axis.
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boundary formed due to the generation of dislocation, recov-

ery, and rearrangement, and further on attaining a certain

configuration of large angle boundary (i.e., after the formation

of nucleus) the respective interface will migrate. In DRX, the

material acts as a power dissipator (no significant energy

storage). When the interface formation and migration occur
Fig. 10 e IPF color maps of the hot deformed Co
simultaneously, the DRX process is controlled by the slower

one of these processes. If the interface formation rate is

slower than migration rate, the material should experience

certain strain before the critical configuration of the nucleus is

achieved for migration, that leads to flow softening. A similar

trend was observed in the XDRX vs: ε plots, at two strain rates
CrFeMnNi HEA at different test conditions.
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Table 2 e Grain size and grain boundaries evolution at different test conditions.

Strain rate
(s�1)

Temperature
(�C)

Average Grain Size
(D mm)

DDRX (mm) Dunrecrystallized

(mm)

Recrystallization
area fraction fDRX

HAGBs LAGBs S3 Twin GBs

10�1 950 5.58 4.21 6.82 11.10 46.83 53.17 2.96

1000 6.20 5.35 7.93 22.10 57.57 42.43 5.33

1050 5.70 5.18 6.79 25.50 43.66 56.34 6.39

1100 13.78 10.79 18.72 39.20 70.67 29.33 10.60

10�2 950 6.82 5.17 8.32 23.50 65.10 34.90 7.17

1000 8.74 5.62 11.21 19.70 65.36 34.64 7.28

1050 13.08 6.86 18.13 18.20 68.14 31.86 9.57

1100 16.14 5.76 19.42 5.87 67.09 32.91 6.77
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(Fig. 8). For instance, at 10�2 s�1, the increase in temperature

decreased the true strain value to complete the DRX, i.e.,

XDRX ¼ 1 signifying enhanced DRX kinetics. The sooner the

DRX process is completed in respect of amount of strain, the

faster the steadyestate flow behavior is reached (as explained

in section 3.1). However, at strain rate 10�1 s�1 and tempera-

tures 950e1050 �C the XDRX is < 1 which confirms the incom-

plete DRX process. In addition, the final XDRX value at a true

strain of ~0.7 (Fig. 8b e d) expectedly increases with the in-

crease in temperatures, suggesting enhanced DRX process

with increase in temperature.

In the current experiments at 10�1 s�1, the LAGB fractions

have evidently decreased with an increase in temperature.

Figure 11a e d & 12a e d show the presence of LAGBs (as

shown in Table 2) and local misorientation (KAM) along the

boundaries of deformed grains. The respective LAGBs and

local misorientations, typically account for the accumulation

of dislocation density evolved during the hot deformation.

The increase in temperature too increased the fDRX value (The

area fraction in the EBSD map comprising of defined DRX

grains as shown in Fig. 13a - d) for reasons stated above, dis-

playing largeescale elimination of dislocations into the for-

mation of nuclei of DRX grains and accordingly, the fractions

of LAGBs decreased with an increase in temperature.
Fig. 11 e Image quality (IQ) maps highlighting HAGBs (solid blac

compression conditions.
However, at 1050 �C/10�1s�1, there is a slight increase in LAGBs

fraction, and their concentration is mostly along the GBs of

the deformed grains (the local misorientation intensity as

shown in Fig. 12c). This is tentatively due to the role of the GBs

during the DRX process that may eventually lead to bulging of

the GBs (nucleus) prior to the onset of DRX. However, the

process needs to be confirmed, particularly in relation to the

deformation conditions.

It is also known that S3 twin GBs are well associated with

the DRX mechanism in low SFE materials. In addition, Kumar

et al. [29] reported that the formation of S3 twin GBs reduces

the boundary energy and facilitates enhanced GB mobility. In

the current experiments, the increase in temperature

(950e1100 �C) at 10�1 s�1 increased the fraction of S3 twin GBs

(Table 2), which facilitated the occurrence of DRX mechanism

and thereby increased the fDRX values, too. Furthermore, the

DRX grains at 10�1s�1 (Table 2) showed a slight increment in

average DRX grain size (DDRX), varying marginally in the range

from 4.2 to 10.8 mmwith the increase in temperature from 950

to 1100 �C. At these temperatures, fine DRX grains were

observed along the preeexisting GBs, as shown in Fig. 10aed.

Accordingly, a necklace type of microstructure is visible at

these temperatures. Such a morphology of GBs confirms the

primary nucleation mechanism (DRX) occurring during hot
k line), LAGBs (green lines) and S3 Twin GBs at different hot
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Fig. 12 e KAM profile of hot deformed CoCrFeNiMn HEA at different test conditions.
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deformation is associated to discontinuous DRX (DDRX) [30].

Additionally, the progression of DDRX mostly occurs in the

case of low SFE materials. The study by Huang and Log�e [30]

also suggests that when the stored energy in the low SFE

materials exceeds the critical value, a new DRX grain is

formed along the GBs through the conventional formation

(nucleation) and migration (growth) of interfaces. At 10�1s�1/

1100 �C, the XDRX value reached a maximum at ~0.7 strain,

though the steadyestate was apparently not yet reached at

this strain. Hence, the DRX grains formed have not experi-

enced any appreciable strain further. Therefore, there is no

considerable number of dislocations generated in the DRX

grains (as shown in Fig. 12d). Thus, we can see a sudden

increment of fDRX value and S3 twin GB fraction.

At 10�2s�1
, DDRX varied in a narrow range (~5.2e6.9 mm)

with the increase in deformation temperature (Table 2), and

overall grain size slightly increased with increase in
Fig. 13 e GAMmaps highlighting recrystallized grains (blue color

(red color) at different test conditions.
deformation temperature (~6.82e16.14 mm). At 950 �C/10�2s�1

the DRX nucleation is observed along the GBs of the initial

grains, which resemble the necklace type microstructure that

is associated with DDRX mechanism. In addition, the local

misorientation profile (Fig. 12e) shows the accumulation of

dislocations along the GBs of the deformed grains, which will

eventually lead to the DDRX, though there is a competition

between DRV and DRX. Additionally, the critical strain εc for

the commencement of DRX at 950 �C/10�2s�1 is lower (0.14), as

compared to 950 �C/10�1s�1 (0.24), and the fDRX at 950 �C/
10�2s�1 is greater (23.5%) as compared to 950 �C/10�1s�1

(11.1%), i.e., the DRX kinetics were enhanced at 950 �C/10�2s�1,

due to the lower εc value and more time was required for

straining due to lower strain rate. In addition, it is observed in

Fig. 8d that at 950 �C for both the strain rates the DRX process

is incomplete as the XDRX value could not reach completion

(XDRX < 1). However, at ~0.7 ε the XDRX of 950 �C/10�2s�1 is
), subestructured grains (yellow color) and deformed grains
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Fig. 14 e (a) Relationship between DDRX and Z, (b) Experimental Vs. Predicted DRX grain sizes.

Table 3 e Dependence of DDRX on the Z parameter for
different materials.

Alloy ADRX nDRX References

CoCrFeMnNi 49.15 �0.09 Current work

UNS 6617 super alloys 9851.00 0.014 [32]

FGH96 superalloy 1730.00 �0.08 [33]

Medium carbon steel LZ50 98738.00 �0.2956 [34]

300 M steel 21000.00 �0.22 [35]

304 stainless steel 5200 �0.17 [36]

40Cr steel 6683.26 �0.0901 [37]
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greater than the XDRX corresponding to 950 �C/10�1s�1 dis-

playing enhanced kinetics at lower strain rate.

Further, the true stressestrain curves for samples

deformed at 1000, 1050 and 1100 �C temperatures and at a

strain rate of 10�2 s�1 are flow softening type and tend to reach

the steady-state after ~0.6, 0.5 and 0.45 strains respectively,

which means that the first cycle of DRX process was

completed, followed by continued nucleation and growth of

new DRX grains during the steady-state regime on further

straining. However, with further straining to experimental

strain of about 0.7, the newly formed DRX grains also experi-

enced intense dynamic recovery that involved in formation of

substructures and generation and annihilation of dislocations

causing dynamic equilibrium, which did change the misori-

entation profile of the newly formed grains. An interface

forms because of dislocation generation, recovery and rear-

rangement and will migrate (nucleus) when it attains a

configuration of large angle boundary. At lower strain rates,

dynamic recovery significantly competes with DRX compared

to that at high strain rates and hence, we can see the decrease

in the number of grains with uniform orientation (blue

colored) from the GAM/recrystallization fraction maps (Fig. 13

f-h). Therefore, at 10�2s�1, regardless of the number of DRX

cycles the specimen has gone through the given temperature

the fDRX values at the current final strain (~0.7 ε) decreased

with increase in temperature. Similarly, the S3 twin GBs,

HAGBs and LAGBs showed varied narrow range values (as

listed in Table 2) as the DRX grains experienced deformation

on further straining.

From Fig. 13 it can be concluded that DDRX values strongly

depend on the strain rates as well as deformation tempera-

tures, i.e., DDRX should have a close relationship with

ZenereHolloman (Z) parameter. The Zeparameter was eval-

uated at ε ¼ 0:7, from the constitutive model of CoCrFeMnNi

HEA [31]. The following equation [32] was used to build a

mathematical model to be able to predict the DRX grain size:

DDRX ¼ ADRX:Z
nDRX (5)

Where, DDRX e average DRX grain size, ADRX, nDRX are material

constants. In order to obtain the relationship between DDRX

and Z parameter, the DDRX value from the specimens at tem-

perature 950, 1000 and 1050 �C at both strain rates were
selected. As shown in Fig. 14a the DDRX can be presented as a

power function of Z parameter as follows:

DDRX ¼49:15
�
Z�0:09

�
(5a)

The experimental and predicted DRX grain sizes are

compared as shown in Fig. 14b. The established model well

predicted the DRX grain size of the HEA. In addition, Table 3

shows the ADRX and nDRX of different steels and super alloys.

A low value of nDRX exponent suggests that the influence of Z

parameter on DDRX is very low. The Z parameter exponent

(nDRXÞ varies in a narrow range (�0.014 to �0.2956) regardless

of the alloy type (Table 3) and all these values vary are in a

narrow range suggesting low dependence of DDRX on Z

parameter.

3.4.3. Microtextural evolution
In the uniaxial compression tests, the preferred isothermal

compression texture can be characterized by considering the

compression axis as the reference direction. In this regard,

the data from the EBSDmeasurements was used to construct

the inverse pole figures (IPFs) and the respective IPFs are used

to characterize the microetextural evolution. The IPFs

are evaluated separately for overall state (i.e., recry

stallizedþ unerecrystallized grains), only the ‘recrystallized’

grains fraction (area of blue colored grains as shown in

Fig. 13) as well as only the unerecrystallized grain fractions

(i.e., including the area fraction of grains that are in red and

yellow colors according to Fig. 13) at all deformation condi-

tions, are shown in Fig. 15, Fig. 16, and Fig. 17, respectively.
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https://doi.org/10.1016/j.jmrt.2021.11.089


Fig. 15 e Over all IPFs obtained parallel to compression direction at different test conditions.
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Additionally, the peak MUD values are shown for each IPF.

The IPFs of recrystallized grains (Fig. 16) have shown weaker

texture as expected, whereas the deformed texture is indi-

cating <101> and <100> fiber textures. However, at 1100 �C/
10�1 s�1, the deformed texture is oriented mostly towards

<100> fiber (though the MUD values point to a weak texture).

It is presumed that an increase in the fraction of DRX grains

(fDRX ¼ 39.2%) enabled a change in the crystal orientation. The

IPFs of all the recrystallized grains are showing random

texture due to the formation of S3 twin GBs, as large orien-

tations change during the formation of S3 twins, a similar

behavior of hot deformed Cantor alloy was explained by Eleti

et al. [14]. Additionally, in the case of unerecrystallized

grains (Fig. 17), a strong deformed texture is observed that

is tending towards <101> fiber texture corresponding to all

test conditions. The increase in temperature reduced the
Fig. 16 e IPFs of recrystallized (DRX) grains obtained paralle
peak MUD values at both the strain rates. However, at test

condition 1050 �C/10�1s�1, a higher MUD value is observed in

comparison with the test condition 1000 �C/10�1s�1. The

reason behind this is that in the case of unerecrystallized

grains (Fig. 12c), the dislocation density was increased

along the grain boundaries. This shows that an increase in

concentration of dislocations will eventually lead to the

formation of DRX grains on further straining. Additionally, in

the orientation space, the texture components in the grains

are formed in convergent regions of the velocity, i.e., even if

the subgrain formation builds up the misorientations in the

parent grain, the subgrains and the parent grains converge

towards the same idea texture component (<101>compo-

nent in the current case) [38].

The overall grain IPFs have shown similar texture when

compared to recrystallized grains IPFs. This is due to the
l to compression direction at different test conditions.
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Fig. 17 e IPFs of unerecrystallized grains obtained parallel to compression direction at different test conditions.
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dominance of the unerecrystallized grains fractions. The IPFs

(Fig. 15) show the presence of <101> fiber texture due to a large

fraction of unerecrystallized grains. However, at higher tem-

peratures, a weak texture spreads towards <100> component.

A similar behavior (with <100> and <111> components) of

texture analysis is attributed to low SFE alloys, like CoCr-

FeMnNi HEA [14].
4. Conclusions

In this work the characteristics of DRX behavior in CoCr-

FeMnNi HEA has been investigated at strain rates 10�2 and

10�1 s�1 and in the temperature range of 950e1100 �C. The
evolving microstructure and micro-texture have been

analyzed in the light of deformation conditions. The conclu-

sions from the present work were as follows:

1. As expected, the critical strain for the initiation of DRX

process decreased with an increase in temperature at both

the strains rates.

2. The values of k & nc were estimated for the cantor alloy

with the help of Avramietype functions fitted to the

experimental data at different deformation conditions in

order to be able to predict the volume fraction of DRX (XDRX)

values.

3. The fDRX values increased with the increase in deformation

temperature at 10�1 s�1, unlike in the case of hot defor-

mation at 10�2s�1, where the fDRX value actually reduced

with increase in temperature. This means that the DRX

process was completed (XDRX ¼ 1) with the increase in

temperature and a steadyestate behavior was achieved at

~0.6, 0.5 and 0.45 strains for 1000, 1050 and 1100 �C tem-

peratures respectively, deformed at 10�2 s�1. Therefore, the

evolved DRX grains experienced straining and dynamic

equilibrium via dynamic restoration processes, which
increased the average misorientation angle in course of

steadyestate flow.

4. The necklace structure along the grain boundaries shows

the DDRX as a dominant DRX mechanism. The respective

necklace structure comprises finely recrystallized grains in

various stages of growth with substructure (LAGBs) and

high local misorientation intensity.

5. Microtextural evolution quantified by IPFs revealed the

evidence of the tendency towards <101> fiber compression

texture formation and is observed to be most dominant

among the unerecrystallized grains.
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