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ARTICLE INFO ABSTRACT

Keywords: To establish the characteristics and kinetics of dynamic softening in a Al 3CoCrFeNi high-entropy alloy (HEA),
High entropy alloys isothermal compression tests were carried out in a suitable temperature range of 1273-1423 K at 10~2 and 10"
Critical stress/ strain -1

s~ in accord with our previous study. It was found that the discontinuous dynamic recrystallization (DRX) was
the dominant microstructural reconstitution mechanism. The conditions of critical stress/strain for the onset of
dynamic recrystallization were determined using the Poliak-Jonas analytical criterion. Further, a kinetic model
was established based on the Avrami-type function in order to be able to predict the volume fraction of DRX. The
DRX volume fraction expectedly increased with strain. The microstructural investigation of the isothermally
compressed specimens revealed a good agreement with the proposed DRX kinetics model and validated its ac-
curacy. Additionally, the evolution of DRX with strain was characterized by interrupting the test carried out at
1323 K/10~! s 1 at different strains. The progress of DRX evolving as increased formation of new recrystallized
grains further corroborated the predictions of the kinetic model. The micro-texture analysis revealed random
texture in the recrystallized grains, whereas the unrecrystallized grains had shown their preferred orientation

Plastic flow
Discontinuous dynamic recrystallization
Avrami equation

towards the <101> fiber texture.

1. Introduction

The discovery of High entropy alloys (HEAs) [1] has attracted sig-
nificant attention in the recent decade due to their excellent mechanical
and physical properties. In addition, this alloy design concept based on
the multi-principal alloying elements opens up a vast compositional
space. The original concept of HEAs was to achieve a single-phase solid
solution with a high configurational mixing entropy [1]. The first such
development of a single-phase solid solution was the face centered cubic
(FCC) CoCrFeMnNi HEA, wherein the alloying elements were in equia-
tomic proportions [2]. In order to further enhance the mechanical
strength, a new concept of alloy design emerged that included inter-
metallic precipitates and multiple phases, often combining one or more
alloying elements in different proportions [3]. In this context, a
Alp 3CoCrFeNi HEA is considered as a potential engineering material for
structural application due to its excellent synergy of strength and
ductility [4]. Initially, the Aly 3CoCrFeNi HEA was assumed to have a
single-phase FCC structure due to low Al concentration [5]. Whereas the
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as-cast Alp3CoCrFeNi HEA exhibited a tensile strength of ~300 MPa
with 60% ductility, a combination of severe cold rolling to ~90%
reduction and aging at 823 K resulted in markedly enhanced tensile
strength of ~1850 MPa with a concomitant reduction of ductility to
~5%, essentially due to the precipitation of AI—Ni based ¢ and B2
precipitates [6]. Recently, Wang et al. [7] reported an excellent synergy
comprising tensile strength and ductility of ~1060 MPa and ~26%,
respectively, for the Al 3CoCrFeNi HEA, achieved through a cold rolling
reduction of ~70% followed by aging at 1073 K. Therefore, a careful
tailoring of microstructures in Alp3CoCrFeNi HEA by enabling opti-
mized formation and stabilization of ¢ and/or B, precipitates can
remarkably enhance mechanical properties, including impact toughness
[8], wear resistance [9], work hardening characteristics through twin-
ning assisted By precipitation [10], and fatigue resistance [11].

High temperature mechanical processing of materials is invariably
necessary to shape them into suitable components, besides imparting
desired microstructures and properties. The intrinsic hot workability of
an alloy depends on its chemistry, prior processing history and
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microstructure, besides its response to the imposed deformation condi-
tions. Processing under non-optimal temperature, strain and strain rate
conditions may lead to undesirable cracking, void formation, manifes-
tation of plastic instabilities, etc. in the microstructure. However, opti-
mized processing based on science-based methodologies may
pragmatically enable the occurrence of safe microstructural mecha-
nisms, such as DRX and dynamic recovery (DRV), thereby preventing
the formation of any microstructural defects. Therefore, it is prudent to
optimize the processing conditions in order to facilitate the occurrence
of safe microstructural mechanisms such as DRX, thus enabling micro-
structural reconstitution [12]. In a previous study by the authors [13] on
the hot deformation characteristics of Aly 3CoCrFeNi HEA, conducted in
a broad matrix of different temperature and strain rate ranges, the re-
sults revealed the occurrence of various microstructural mechanisms
such as manifestation of adiabatic shear bands, grain boundary (GB)
cracking, flow localization and wedge cracking, depending on the
deformation parameters. In addition, deformation conditions resulting
in the occurrence of safe microstructural mechanisms, i.e., DRX and
DRV, were also identified. The principles of dynamic materials model
(DMM) were used to construct a processing map for Aly 3CoCrFeNi HEA
in order to identify various deterministic domains in the temper-
ature-strain rate space characterizing several microstructural mecha-
nisms that were operating in the respective domains. In addition, the
instability regime marking the manifestation of unstable, localized flow
resulting in microstructural defects, was demarcated on the processing
map. Based on the characterization of different deterministic domains in
the processing map of Al 3CoCrFeNi HEA [13], the deformation con-
ditions pertaining to the domain with DRX as the dominant micro-
structural mechanism, was considered as ideal for the defect-free
processing of Alyp3CoCrFeNi HEA. Accordingly, the respective DRX
domain of Alp 3CoCrFeNi HEA, extending over the strain rate and tem-
perature ranges of 2 x 1071-107! s7! and 1273-1423 K was considered
‘safe’ for hot working.

It is well known that DRX is a favorable microstructural mechanism,
which not only reduces the deformation resistance, but also promotes
grain refinement through the microstructural reconstitution. The pro-
cess, therefore, can be advantageously used during the large-scale in-
dustrial processing such as forging and hot rolling [14]. In addition, the
processing parameters such as temperature, strain rate and strain,
significantly influence the nucleation, size and volume fraction of the
DRX grains. Therefore, it is imperative that the characteristics and ki-
netics of DRX are appraised to be able to understand the evolution of
DRX reconstituted grains during the hot deformation processes. Also,
there are limited investigations on the modelling of DRX kinetics of
HEAs. For example, our previous study [15] focused on the character-
ization and modelling of DRX in CoCrFeMnNi HEA using the
Poliak-Jonas analytical criterion and Avrami type function, investigated
in the strain rate and temperature ranges of 1072-107! s™! and
1223-1373 K, respectively.

The occurrence of discontinuous dynamic recrystallization (DDRX)
process is the main restoration mechanism in low stacking fault energy
(SFE) materials [16]. In this context, Zaddach et al. [17] reported that
the SFE of CoCrFeNi HEA measured by XRD was in the range of 20-25
mJ/m?. He et al. [18] mentioned in their study that the addition of Al in
CoCrFeNi HEA lowered the SFE of Al ;CoCrFeNi HEA. However, recent
ab initio calculations estimate the SFE of Al 3CoCrFeNi to be somewhat
higher at ~53 mJ/m? [19]. Accordingly, Gwalani et al. [20] reported
formation of deformation twins in a homogenized Aljy3CoCrFeNi
following heavy cold rolling reduction of ~90%. With regard to the high
temperature deformation of Al 3CoCrFeNi alloy, Hagdadi et al. [21]
observed the manifestation of DDRX along prior grain boundaries of the
sample hot deformed at 1373 K /5 x 1073571,

It is to be noted that the desired mechanical properties can be ach-
ieved in an alloy by carefully tailoring the microstructures through
optimized thermo-mechanical treatments. Nonetheless, there is a
probability of micro-texture evolution during the course of hot
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deformation, which in turn can influence the mechanical properties. The
DRX mechanism during hot deformation governs the reconstitution of
the microstructure and can be associated with micro-texture evolution.
In this context, they are only a few studies on the evolution of micro-
texture during the hot deformation of FCC based HEAs. For example,
our previous study [15] as well as that of Eleti et al. [22] on the hot
deformation characteristics of CoCrFeMnNi HEA distinctly revealed the
evolution of a weaker <101> fiber texture in unrecrystallized
(deformed) grains along the compression axis. Further, the DRX grains
showed a random texture attributing to an increase in the fraction of
annealing twins (X3 boundaries).

In order to address different research gaps concerning the charac-
teristics and kinetics of dynamic softening in Aly 3CoCrFeNi HEA, the
main objectives of the present investigation are:

i. to identify the critical stress/strain values for the initiation of
DRX in the temperature and strain rate ranges of 1273-1423 K
and 1072-107' s7!, respectively, using Poliak and Jonas
criterion;

ii. to establish a model elucidating the DRX kinetics at different
deformation temperatures and strain rates, using an Avrami-type
function;

iii. to characterize the evolution of microstructure in the course of
occurrence of DRX and respective flow stress behavior and vol-
ume fraction of DRX grains, grain size and microstructural
development as a function of deformation conditions;

iv. to characterize the evolution of micro-textures at different
deformation temperatures and strain rates; and.

v. to understand the progression of DRX evolving with strain
through interrupted testing at different strains for an appropriate
test condition.

2. Experimental details
2.1. Materials and methods

An experimental casting of Alp3CoCrFeNi HEA, weighing ~2 kg,
with the ingot dimensions of ~140 x 40 x 40 mm was procured from
Swerim AB, Stockholm. The alloy was melted in a vacuum induction
melting furnace under argon atmosphere. The raw materials used were
99.9% pure elemental powders. Prior to solidification, the ingot was
held in liquid state for ~1 min to ensure that complete melting and
homogeneous mixing of the entire casting. The cast alloy was later
soaked at 1473 K for 24 h in argon atmosphere to increase the chemical
homogeneity, followed by cooling inside the furnace. Prior to hot roll-
ing, the cast sample was preheated to 1323 K and hot rolled to ~11 mm
thickness in 26 passes with a total rolling reduction of ~70%. The alloy
was reheated in the furnace for about 10 min after every pass to main-
tain the rolling temperature for subsequent pass [13]. From the hot
rolled plate, specimens of dimensions ~ @8 x 10 mm were extracted
using the electric discharge machining in the traverse-normal direction,
as illustrated in Fig. 1. These specimens were uniaxially hot compressed
using a Gleeble® 3800 thermomechanical simulator in accordance with
a test plan. Fig. 1 includes a schematic illustration of the hot compres-
sion experiments conducted in accordance with the deformation con-
ditions pertaining to the DRX domain delineated in the processing map
developed by the authors [13]. Correspondingly, the temperature and
strain rate ranges of 1273-1423 K and 1072-10"! s}, respectively were
considered in the present work to assess and model the kinetics of DRX
as a function of deformation temperature, strain and strain rate. Besides,
for a select test condition (1323 K/ 1071 s’l) that was identified as
appropriate for describing the DRX process, the samples were com-
pressed to different strains of 0.2, 0.4 and 0.6 strains, in order to be able
to characterize the progress of DRX evolving with the formation of new
recrystallized grains as a function of strain. The samples were immedi-
ately cooled in air to room temperature for further characterization.
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Fig. 1. A schematic representation of the experiments including hot rolling of as-homogenized Aly3CoCrFeNi HEA, EDM extraction of samples, isothermal
compression testing at different temperatures and strain rates using Gleeble® 3800 simulator, and finally, sectioning of the hot deformed samples along the

compression axis for microstructural analysis in the plane of interest.

2.2. Material characterization

For the electron backscattered diffraction (EBSD) analysis, the hot
compressed samples were polished as per the recommended procedure,
the details of which are presented elsewhere [13]. A field emission
scanning electron microscope (FE-SEM, Zeiss ULTRA Plus) equipped
with a Symmetry® EBSD detector (Oxford instruments) was used for the
acquisition of EBSD data, operated at 20 kV acceleration voltage. The
location of interest for the EBSD analysis of the compressed samples is
shown in Fig. 1. The EBSD data was acquired covering an area of 600 pm
x 600 pm with 0.7 pm step size. Further, the HKL Channel 5 software
was used to analyze the EBSD data. In order to characterize the micro-
structure evolution, the grain boundaries (GBs) in the EBSD maps were

classified as low-angle grain boundaries (LAGBs) and high-angle grain
boundaries (HAGBs) corresponding to the misorientation angle (¢)
ranges of 2 ° < ¢ < 15°and, ¢ > 15°, respectively. The grains with
HAGBs were considered for the grain size evaluation. Further, the X3
twin boundaries were disregarded for the grain size calculation. Besides,
the EBSD data were used to construct the grain average misorientation
(GAM) maps, in order to characterize the recrystallized, partially-
recrystallized and deformed grains. In this regard, the grains with
GAM values <2° and practically no subgrains or LAGBs inside them are
regarded as recrystallized grains, while the grains with the GAM value
>2° and mostly comprised of subgrains or LAGBs, are regarded as
deformed grains. On the other hand, if the grains comprise of subgrains
with the GAM value <2° and the misorientation between subgrains >2°,
then the grains are defined as substructured or partially-deformed
grains. In addition, the Kernel average misorientation (KAM) maps
were also constructed, in order to depict the local misorientation profiles

in the microstructures [15].

Similarly, for the micro-texture analysis, the grains revealed in EBSD
maps were grouped as recrystallized (including DRX grains) and
unrecrystallized grains (including substructured grains and deformed
grains) [15]. Further the pole figures were constructed for the recrys-
tallized and unrecrystallized grains to evaluate the evolution of texture.

3. Results and discussion

3.1. Flow stress behavior

The flow curves of Aly3CoCrFeNi HEA, hot deformed in the tem-
perature range of 1273-1423 K at 1072 and 107! s7! strain rates are
shown in Fig. 2. The flow stress values typically decrease with increase
in temperature and decrease in strain rate. Further, at all the test con-
ditions, the flow curves showed peak stress (c,) behavior, followed by
softening of flow curves. This flow stress behavior is usually associated
with the low SFE alloys that undergo hot deformation at intermediate
strain rates for a possible occurrence of DRX mechanism [23]. In the
early stages of compression, the flow stress increases with an increase in
strain due to work hardening, which is caused by the generation and
multiplication of dislocations. The flow stress values rapidly increase
due to the sluggish cross slip of screw dislocations, a behavior typical of
low SFE material, such as Aly 3CoCrFeNi HEA. The enhanced density of
dislocations results in the generation of thick-walled subgrains (dynamic
recovery), up to the point where the strain exceeds the critical strain (&.).
Eventually, the DRX process sets in at a strain greater than ¢., whereby
the original strained grains are replaced by new recrystallized grains. It
is assumed that the formation of DRX nuclei depends on the size of the
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Fig. 2. Flow curves of isothermally compressed Aly 3CoCrFeNi HEA in the temperature range of 1273-1423 K at the strain rates of (a) 10! and (b) 10257 L.

substructured cells and the dislocations densities in the respective cell
walls. Generally, the DRX flow curves are marked by flow softening
beyond the peak strain (), followed by reaching a steady-state flow
upon further straining. The DRX mechanism is defined as the dynamic
process of nucleation and growth of newly formed strain-free grains
during continued straining beyond the ¢, and is considered to be a pri-
mary softening mechanism resulting in microstructural reconstitution.
Also, the average DRX grain size remains nearly constant for a given set
of conditions. The presence of substructures in the DRX grains are
attributed to the presence of a significant dislocation density due to the
continued deformation [24]. The occurrence of DRX in the low SFE
materials during continued straining is attributed to the difficulty in
achieving perfect dislocations through the recombination of Shockley
partials. As a result, the FCC-based HEAs have relatively low levels of
cross-slip and dynamic recovery [15]. Therefore, the density of dislo-
cations continues to increase during hot deformation particularly at high
and intermediate strain rates, thereby generating a driving force for the
onset of the DRX process. When the density of dislocation reaches a
critical value (g.), the DRX process commences and the rate of work
hardening begins to reduce significantly, eventually reaching the &,
beyond which the flow softening occurs. The flow curve softening is
caused by the large-scale annihilation of dislocations because of the
microstructural reconstitution via the evolution of DRX grains [25].
Eventually, the flow curve reaches the steady-state, where the work
hardening process is in equilibrium with the dynamic softening process.

As mentioned earlier, the true stress-strain curves of Alg3CoCrFeNi
HEA samples, hot deformed in the temperature range of 1273-1423 K at
107! and 1072 571, showed typical op (peak stress) behavior corre-
sponding to the respective ¢, values (as shown in Table 1), beyond which
the flow softening behavior is observed. It should be noted that the
steady-state behavior could not be reached for both the strain rates and
there is a continuous decrease in the flow stress up to the true strain of ~
0.7, which indicates the incomplete DRX process. In comparison, our
previous study on the hot deformation behavior of CoCrFeMnNi HEA in

Table 1

Experimental peak stress/ strain and critical stress/strain values corresponding
to the manifestation of DRX in Al 3CoCrFeNi HEA. Estimated n. and k values at
different test conditions are also included in the table.

Strain rate Temperature o op £ & ne k
() ®) [MPa]  [MPa]
1071 1273 205 212 0.16 0.3 24 036
1323 141 156 0.14 0.26 3.3 0.13
1373 109 122 0.13 024 39 0.18
1423 92 107 0.11 021 26 0.16
1072 1273 120 131 0.15 0.29 3.1 0.12
1323 89 99 0.13 026 45 0.19
1373 70 82 0.10 020 3 0.17
1423 56 61 0.09 017 48 0.22

the temperature range 1273-1373 K at 102 57! too showed continuous
flow softening (incomplete DRX), even at the highest temperature
(1373 K) [15].

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

The method of identifying the conditions for critical strain/ stress
values for the onset of DRX using the criterion proposed by Poliak and
Jonas [14] has been explained in detail elsewhere [15] and is briefly
described here. In this regard, the o, values are identified for each flow
curve and the respective strain values are considered as ¢.. Further, a
Fast Fourier transformation (FFT) filter was used to smoothen the flow
curves, and derived with respect to strain at every strain rate and tem-
perature, followed by determination of the strain hardening rate (6),
given as 6 = (do/0¢); (i.e., the partial derivative of stress with respect to
strain taken at constant strain rate.). Fig. 3a and b show 0 vs. ¢ plots
made for all the flow stress curves at the two strain rates 102 and 1077,
respectively. The corresponding o, values were estimated corresponding
to 6 = 0, for all the true stress-strain curves at different temperatures.

The inflection point in the 6 vs. ¢ curve is defined as the o, for the
onset of DRX [26], initially, 0 slows down quickly due to the occurrence
of DRV (just before the inflection point) and later, a sharp change occurs
in the slope of the 0 vs. ¢ curve. The green arrow as shown in Fig. 3b is
the inflection point of the sample hot deformed at 1323 K/ 102 57},
representing the onset of DRX. The extrapolation of the inflection point
to meet the x-axis at @ = 0 illustrates the second stage, where the satu-
ration stress (osq) hypothetically relates to DRV. Therefore the flow
softening due to DRX corresponds to the difference between o4 and o at
a particular condition of temperature and strain rate [27].

It is usually difficult to locate the exact inflection point (o) from the
6 vs. o plot. Therefore, the inflection point is more precisely identified
using an analytical approach proposed by Poliak and Jonas [14]. In this
approach, the second derivative of 0 vs. o plot is plotted against ¢ value,
(i.e., 00/00 vs. 6), as shown in Figs. 3(c) and (d). The o, is the minima of
this 06/dovs. o plot as shown in Fig. 3 (c), (d). Further, the ¢, values are
evaluated at o, for each flow curve. The estimated values of o, 6, £ and
&p are listed in Table 1.

3.3. DRX kinetics

3.3.1. Strain analysis to identify the maximum dynamic softening

The strains corresponding to the maximized dynamic softening rates
can be identified by plotting the work hardening rates (6) against the
strain values (¢). A representative graph showing 6 vs. ¢ plots of
Aly 3CoCrFeNi HEA at 1373 K/ 1072 and 1373 K/10 ! is shown in Fig. 4.
The dynamic softening rates are maximized at the minima of the 6 vs. ¢
curves, marked as ¢* in Fig. 4. Further, the strain reaching back at 6 =
0 after passing the ¢* (minima) value is defined as the end of the DRX
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cycle, which also marks the onset of steady-state flow. However, in some
cases, the 0 value doesn’t return back to zero value after the minima,
which represents the incomplete DRX cycle. In this case the volume
fraction of DRX did not reach the maximum value, i.e., 1.

3.3.2. Analysis of kinetic model of DRX
In order to model the kinetics of DRX, the flow curves should exhibit
op behavior and flow softening on further straining. The flow curves of

Alp 3CoCrFeNi HEA samples at all the test conditions clearly exhibited
work hardening at initial strains, c, and flow softening behaviors on
further straining due to the nucleation of DRX grains. In the current
modelling approach, the experimental curves are considered to be the
results of the simultaneous operation of DRV and DRX processes [27].
Therefore, the difference between the DRV and DRX curves, as illus-
trated in Fig. 5, can be used to calculate the fraction of dynamic soft-
ening attributed to DRX. The DRV flow curve represents the work
hardening behavior of the unrecrystallized (pancaked) grains. Further,
the DRX is initiated at ¢, and eventually leads to softening on further
straining, which is the difference between the opgry and opgx values. At
the point of saturation, we get the saturated stress (0sq), which

— OpRrv
ch cSsat ______________
= N
e 1
w‘\ CC ————— |
A I |
g cSSS P e —— j ——— —I ————————
wn I | Oprx
I
: I
! I
] I
! I
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Fig. 5. Schematic illustration of DRV and DRX curves showing the stress/strain
parameters used to determine the kinetics using Avrami-equations. oy, oc, 0p,
and o, are the steady-state stress, critical stress for the onset of DRX, peak
stress, and saturated stress respectively.
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represents the work-hardened grains and therefore the driving force for
the continuation of DRX [27]. The DRX volume fraction (Xprx3) can be
estimated as:

(Uml - 61))

Xprx1 = ﬁ fore > e, (€H)
sat — Uss

where, o5, opand oy, are the saturated stress, peak stress and steady
state-stress respectively, as illustrated in Fig. 5. The numerator (654 — 6p)
in the Eq. 1 constitutes the flow softening, whereas the denominator o4,
— o5 indicates the maximum achievable softening (Fig. 6).

Furthermore, the Xprx values can also be estimated by an exponent-
type Avrami Eq. [27] and can be expressed as:

(e —e.) "
prx2 = 1 —exp| —k
X P{ { (Sp) }

where, k is a constant, n. is the Avrami exponent and the Xpgx» is the
volume fraction of DRX evaluated using Eq. 2. Applying natural loga-
rithm to both sides of the Eq. 2 imply:

(2)

In{ = In(1 — Xppea) } = 1,,,<+ncln{(€(£ jc) } @

To estimate the k and n. values, the In{— In (1 — Xprx2)} values were
plotted against ln{%} values. For example, a representative plot at
&

1323 K /107! s71, as shown in Fig. 6, enabled estimation of k and n,
values to be about 0.19 and 3.26, respectively. The estimated values of k
and n. at other test conditions are also listed in Table 1. The average
values of k and n. were approximated to be about 0.2 and 3.6, respec-
tively. Therefore, by substituting the average values of k and n, in Eq. 3,
the Xpgrxo for the Aly 3CoCrFeNi HEA can also be expressed, as:

3.6
X = 1 —exp | —020 E—€) )
(gp)

Further, the predicted Xprxa values (Eq. 4) were plotted together
with the Xprx1 values (Eq. 2) against true strain, as shown in Figs. 7(a) —
(d). It is observed that the Avrami model predicted the DRX volume
fractions (Xprx2, plotted as symbols) as a function of true strain very
accurately, correlating well with the experimental results (Xpgrxi,
plotted as solid lines). In addition, it is observed from Fig. 7 that the Xpgx
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o
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Fig. 6. Linear fitting of In{ — In(1 — Xprx2) } vs.ln{(*("‘;) } for Al 3CoCrFeNi

&p

HEA deformed at 1323 K/ 10"'s7! enabling estimation of n and k values.
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values increased with the increase in temperature and decrease in strain
rate. Therefore, as expected, the degree of DRX increased with lowering
of strain rate, resulting in the reduction of flow stress that is quite
consistent with the current results (Fig. 2).

When compared with the DRX kinetics of CoCrFeMnNi HEA hot
deformed in the temperature and strain rate ranges of 1273-1323 K and
1072-1071 s’l, respectively [15], the DRX volume fractions of
Al 3CoCrFeNi HEA were found to be lower compared to those of
CoCrFeMnNi HEA under similar test conditions. This is because the
presence of Al in Al 3CoCrFeNi HEA enhances lattice distortion, which
consequently reduces the diffusion speed of the solute atoms and va-
cancies [28]. Therefore, the sluggish diffusion in the Aly 3CoCrFeNi HEA
due to the presence of Al reduced the migration of dislocations and GBs,
thereby retarding the rate of DRX process. Furthermore, in order to
create a lattice distortion, a single phase must be stable without any
precipitation [29]. In the present case, according to the CALPHAD
predictions, the FCC phase was found to be stable for the Aly 3CoCrFeNi
HEA at temperatures >1373 K [6]. Although, the occurrence of By phase
is possible at temperatures <1373 K according to CALPHAD, the short
time of hot deformation was not enough to stabilize the By phase.
Therefore, it is presumed that Aly3CoCrFeNi HEA samples under the
current test conditions comprised essentially of the FCC phase and
devoid of any precipitates. Therefore, the lattice distortion caused by the
Al enhanced the flow stress values in Aly3CoCrFeNi HEA compared to
those of CoCrFeMnNi HEA under similar test conditions [15].

3.4. Microstructural characterization and micro-texture analysis

3.4.1. Initial material

The microstructure of as hot-rolled Aly3CoCrFeNi HEA was exam-
ined using the EBSD technique. Figs. 8(a) and (b) depict the inverse pole
figure (IPF) and the image quality (IQ) maps, respectively. The X3 twin
boundaries and LAGBs in the IQ map account for ~15.2% and ~ 57% of
all the GBs. Further, the microstructure depicted in Figs. 8(a) and (b)
essentially comprised of equiaxed grains with an average grain size of ~
52 pm (disregarding the X3 twin boundaries). Fig. 8 (c) shows the in-
verse pole figure with a weak texture that is mostly oriented towards
<111> fiber with the peak intensity around ~ 2.14 multiples of uniform
density (MUD¥).

3.4.2. Effect of temperature and strain rate on the microstructure

The evolution of microstructures in the isothermally compressed
Al 3CoCrFeNi HEA samples has been investigated using inverse pole
figure (IPF) maps (Fig. 9), image quality (IQ) maps (Fig. 10), grain
average misorientation (GAM) maps (Fig. 11), and Kernel average
misorientation (KAM) maps (Fig. 12). The average grain size increased
with the decrease in strain rate and increase in temperature (Table 2).

In general, an increase in temperature enhances the GB mobility
which eventually improves the DRX rate [30]. In addition, it has been
assumed that the evolution of substructure influences the formation of
DRX nuclei [31]. The rates of DRX nucleation and GB migration can be
dynamically balanced by the occurrence of competing thermally acti-
vated competing processes, i.e., bulk diffusion and GB diffusion. Further,
the interface can be defined as a boundary formed as a result of the
generation, recovery and rearrangement of dislocations, and the
respective interface migrates only when a specific configuration of the
large angle boundary is achieved, i.e., nucleation. DRX involves two
competing processes i.e., formation of interface (nucleus) and migration
of interface (growth) [32]. When the formation of interface and its
migration occurs concurrently, the DRX is driven by the slower of these
two processes. If the rate of interface formation is sluggish compared to
the rate of migration, then the material should experience certain strain
(e, in this case), before attaining the critical configuration of the nucleus
enabling migration to occur that eventually leads to the softening of the
flow stress curve. Additionally, it is known that the DRX mechanisms in
low SFE materials is influenced by the presence of ~3 twin boundaries,
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where the GB energy is reduced by the formation of X3 twin boundaries,
enabling enhanced GB mobility [33]. Therefore, an increase in the
fraction of £3 twin boundaries enhances the kinetics of DRX.

Currently, in the stated test conditions of Aly3CoCrFeNi HEA, the
increase in temperature expectedly enhanced the DRX kinetics and as a
result, the corresponding strain required to complete the DRX (Xpgrx = 1)
decreased, as shown in Fig. 7. For instance, at 107257, an increase in
temperature decreased the strain required to achieve the maximum DRX
volume fraction, i.e., Xprx = 1, signifying enhanced DRX kinetics.
However, the Xprx was found to be <1 at 107! s7! in the temperature
range of 1273-1323 K, (Table 1), signifying the incomplete DRX process.
Additionally, the &, values for the initiation of DRX, as listed in Table 1,
decreased with the increase in temperature and decrease in strain rate.
This means that the DRX kinetics were enhanced at lower strain rate
(1072 s71) and at higher temperatures, as the critical configuration to
form large angle boundaries (nucleus) can be reached at small strains, as
the rate of interface formation becomes faster than rate of migration,
due to enhanced recovery and diffusion. Further, it was observed that
much higher strains were needed in the case of Aly3CoCrFeNi HEA
compared to CoCrFeMnNi HEA [15] to reach similar levels of Xprx
values under the imposed test conditions (1273-1373 K/1071-1072
s™1), and this has been attributed to the addition of Al in Alg 3CoCrFeNi
HEA, which retarded the DRX rate as a result of sluggish diffusion and
lattice distortion effects, as explained in Section 3.3.2.

At 107! 571, the increase in deformation temperature decreased the
low angle grain boundary (LAGB) fractions, as shown in Table 2. In the
entire temperature range (1273-1423 K), nucleation of fine DRX grains
was evident through nucleation and growth of a necklace-type micro-
structure along the GBs of the prior deformed grains, as shown in Figs. 9
(@) — (d). Such formation of DRX grains along the GBs during hot
deformation are associated with the discontinuous dynamic

recrystallization (DDRX) process [33]. The presence of LAGBs and the
high intensity of local misorientations (KAM) along the GBs of the
pancaked (prior) grains, as shown in Figs.10(a) - (d) and Figs. 11(a) —
(d), respectively, typically represent the evolution of dislocation den-
sities during the hot deformation. The nucleation of fine, recrystallized
grains along the GBs of the pancaked grains marked the onset of DRX. In
addition, at 10~! s, the fraction of X3 twin boundaries increased with
the increase in deformation temperature, as shown in Figs. 10(a) - (c),
and also listed in Table 2. The increase in the fraction of X3 twin
boundaries further enhanced the occurrence of DRX and thus increased
the respective fprx values (the area fractions of DRX grains (blue color)
in the GAM maps, Fig. 12), as listed in Table 2, demonstrating the for-
mation of DRX nuclei via large-scale elimination of dislocations.
Accordingly, the LAGB fractions decreased with the increase in defor-
mation temperature.

Furthermore, the average DRX grain size (Dprx) increased with the
increase in deformation temperature, varying marginally in the range of
~ 5.4-16 pm, as listed in Table 2. Eventually, the increase in tempera-
ture at 10! s~! enhanced the DRX rate. On the other hand, the Xprx
values realized at 1373K /10 ' s~ and 1423 K / 10~ 5! reached high
levels prior to or near 0.7 strain, although the respective flow curves did
not yet reach the steady-state at this strain. This is due to the continuous
reconstitution of the microstructure occurring through the evolution of
DRX grains. However, at 1423 K/107! s7}, there was a slight reduction
in the Dprx, and fprx, and correspondingly, a slightly higher LAGB
fraction compared to that at 1373 K/ 107! 57! (Table 2). This is attrib-
uted to the accelerated nucleation and growth of new DRX grains at the
higher temperature, i.e., 1423 K (Figs. 10(d), 12(d)).

In the case of Aly3CoCrFeNi HEA samples hot deformed at 1273 K/
1072 57! and 1323 K/1072 s7, necklace-type recrystallized micro-
structures were observed along the GBs of the pancaked grains formed as
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a result of the nucleation and growth of DRX grains, as shown in Figs. 10
(e) and (f), respectively. The corresponding KAM profile maps (Figs.11
(e) and (f), respectively) revealed accumulation of dislocations at the
GBs of the pancaked grains, which eventually led to the occurrence of
DDRX, although there existed a competition between DRX and DRV. The
Dpgyx values at 1273 K/1072 57! and 1323 K/10 %5~ ! are ~ 6.1 and 11
pm, respectively. Further, at 1273 K/1 025 'and 1323 K/107 257, the
Xprx values almost reached a maximum value of unity, as shown in
Figs. 7(c) and (d), respectively. In comparison, the corresponding Xprx

values of the samples deformed at the same temperatures (1273 and
1323 K), but at the higher strain rate of 107! s71, could not reach the
maximum level (i. e, Xprx<1) at 0.7 strain, as the DRX process was
incomplete. This is because of the fact that at lower strain rate, the large
angle boundary configurations (nucleus) were achieved at lower ¢,
values resulting in enhanced DRX kinetics.

On the other hand, Aly 3CoCrFeNi HEA samples deformed at 1373 K/
10725 ! and 1423 K/10~2 s ! reached the maximum value of Xprx(i.e.,
1), indicating the completion of first DRX cycle and that too at lower
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Table 2

The evolution of grain size following DRX and corresponding fractions of GBs (including twin boundaries) at different test conditions.

Strain rate Temperature

™ )

Average grain size (D
pm)

Dprx

(um) (um)

Dunrecrystallized

Recrystallization area fraction

forx

X3 twin boundaries
(%)

LAGBs
(%)

HAGBs
(%)

1273
1323
1373
1423
1273
1323
1373
1423

6.22
7.60
16.91 16.0
13.01 12.4
9.25 6.1
13.30 11.0
22.25 19.9
32.94 30.4

5.4
6.8

7.6

9.3
21.0
14.5
11.3
16.9
28.1
41.1

60.8
59.6
35.0
37.3
59.5
46.0
24.0
26.2

7.6
10.3
29.9
23.0

9.6
18.0
32.6
33.8

26.8
27.9
61.0
55.4
20.7
40.4
57.8
66.4

39.2
40.4
65.0
62.7
40.5
54.0
76.0
73.8

strains compared to those of the samples deformed at higher strain rate
10~ s7! at the same temperatures (1373 K and 1423 K). It is to be noted
that the flow curves at 1373 K/1072 s and 1423 K/10 251, as shown
in Fig. 2(b), displayed continuous flow softening without any steady-
state, due to continuous occurrence/progression of dynamic recrystal-
lization. Therefore, the fprx values at 1072 s71, as listed in Table 2,
increased with the increase in temperature. Likewise, the LAGBs
decreased and X3 twin boundaries increased with the increase in tem-
perature as listed in Table 2. The increase in the deformation tempera-
ture led to the coarsening of DRX grains, e.g., the Dpgrx values at 1373 K/
10725 ! and 1423 K/10"2 57! were ~ 19.9 and 30.4 um, respectively.

It is known that the Dpgx is strongly influenced by both the defor-
mation temperature as well as the strain rate. In other words, the Zener-
Holloman (Z) parameter has a close relationship with Dpgx. In this study,
the Z parameter was evaluated at 0.7 strain using a constitutive model
describing the flow behavior of Al 3CoCrFeNi HEA, developed in our
previous study [13]. The relationship between the Dprx and Z parame-
ters can be expressed as:

Dpry = Apgx ® 2" %)
where, Aprx and npgrx are material constants.

Referring to Fig. 13, the relationship between Dprx and Z parameter
considering all the Dpgx values obtained on the hot deformed specimens

10

Ln (Dprx[Hm])

4.0

3.5

3.0 1

2.5

2.0 1

IN(Dpy) = — 0.3103 x In(Z) + 9.7469
R? = 0.7591

21 22 23 24 25 26 27
In(Z[s™)

Fig. 13. Relationship between Dprx and Z.
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tested in the DRX domain comprising temperature range 1273-1423 K
and at the two strain rates (10~! and 1072 s1), as listed in Table 2, can
be expressed as:

(6)

Table 3 lists the Apgrx and npgrx values of the HEAs studied by the
present authors in comparison with those of different steels and super-
alloys reported in literature. A low value of npgx for Aly 3CoCrFeNi HEA
(—0.31) suggests that the Z parameter highly influenced the Dprx. In
comparison, the nprx values of different alloys listed in Table 2, vary in a
narrow range (— 0.09 to —0.36) suggesting weak dependence of Dprx on
Z parameter. The positive value (0.014) of nprx for UNS 6617 superalloy
[34] remains elusive.

Dpgy = 1.7101 x 10* @ (27%")

3.4.3. Effect of strain on microstructural evolution

In order to understand the DRX characteristics of Alg3CoCrFeNi
HEA, a select test condition of 1323 K/10~! s~! was considered appro-
priate. As mentioned earlier, a number of samples were isothermally
compressed to different strains (= 0.2, 0.4 and 0.6) other than the
maximum strain (0.7 strain) employed for all the tests, enabling inter-
ruption of the test at different strains to understand the progression and
mechanisms of DRX in the alloy. The microstructures of these samples
deformed to different strains were characterized using the EBSD anal-
ysis, in order to understand the accumulated dislocation densities, onset
of DRX process and DRX grain growth. The IPF maps of the samples
deformed to true strains of 0.2, 0.4, 0.6 and 0.7 are presented in Fig. 14
along with the representative flow stress curve. Further, the evolution of
microstructures at different strains were investigated using the IQ maps
(Figs. 15 (a) - (d)), KAM maps (Figs. 15 (e) — (h)) and GAM maps
(Figs. 15 (@) - ).

Initially, at 0.2 ¢, which is above the . (0.14), a high density of
dislocations was accumulated near the GBs of the prior grains. In this
regard, the accumulation of LAGBs (in green color) and the high in-
tensity of KAM, as shown in Figs. 15(a) and (e), respectively, represent
the accumulation of dislocations along the GBs of the prior grains.
Further, the GBs of the prior grains were distorted, which would become
the potential nucleation sites for the occurrence of DRX. These sites with
high dislocation densities would eventually be replaced by the new DRX
grains. Newly formed fine DRX grains are clearly visible along the GBs of
the prior grains in the corresponding GAM map as presented in Fig. 15i,
suggesting the onset of DRX process already at the ¢. At 0.4 ¢, i.e.,
beyond the g, = 0.26, flow softening occurred due to the continued
formation of DRX grains replacing the dislocations accumulated along
the GBs of the prior deformed grains (as shown in Fig. 15f). These strain-
free DRX grains were also observed in the GAM map, as shown in Fig. 15
(§). The corresponding Xprx and fprx values at 0.4 ¢ were estimated to be
about 0.1 and 6.2%, respectively, as can be discerned from Fig. 7(c) and
Fig. 15(j). In addition, the X3 twin boundaries (red color), which are
known to enhance the DRX kinetics, were also observed along the
nucleation sites of the DRX grains Fig. 15(b).

On further straining to 0.6 ¢, the flow stress curve showed increased

Table 3
Dependence of Dpgx on the Z parameter for different materials.
Alloy Aprx Nprx References
CoCrFeMnNi 49.15 —0.09 [15]
40Cr steel 668.326 —0.0901 [35]
UNS 6617 superalloy 9.851 0.014 [34]
304 stainless steel 5200 -0.17 [36]
FGH96 superalloy 1730.00 -0.18 [37]
300 M steel 21,000.00 —0.22 [38]
Medium carbon steel LZ50 98,738.00 —0.2956 [39]
UNS N08028 Ni based corrosion resistant 5,610,000 -0.36 [40]
alloy
Alp 3CoCrFeNi 16,292 —0.31 Current
work
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Fig. 14. Microstructural evolution in Al 3CoCrFeNi HEA hot deformed at
1323 K/ 10! s7! to different true strains of ~ 0.2, 0.4, 0.6 and 0.7 respectively.

softening, whereby the DRX process continued to result in dynamic
nucleation and migration of new strain free grains, thereby decreasing
the fraction of LAGBs and the density of dislocations generated, as
shown in Fig. 15(c) and (g), respectively. Eventually, the volume of DRX
grains increased, i.e., the Xprx value and, the fprx value at this strain
(0.6 ¢) increased to =~ 0.6 and 21.3%, respectively, as shown in Fig. 7(c)
and Fig. 15(k). Accordingly, the fraction of ¥3 twin boundaries
increased to 8.1%, as shown in Fig. 16(c) enhancing the DRX kinetics.
Furthermore, deformation to 0.7 ¢, resulted in further flow softening,
thereby enhancing the DRX rate and volume of DRX grains. It is to be
noted that the LAGBs and dislocations accumulated throughout the
pancaked grains finally get replaced by the new DRX grains, which also
undergo deformation during continued straining. The increase in den-
sity of dislocations is reflected in respect of increase in GAM value,
where the fraction of deformed grains (red) is increased to ~ 5%, Fig. 15
.

Figure 14 clearly depicts how the continued straining resulted in
increased formation of fine DRX grains. As the deformation continued to
0.7 strain, the corresponding Xprx and, the fprx values reached about ~
0.9 and 27.9%, respectively, as shown in Fig. 7(c) and Fig. 15(1). The
corresponding fraction of X3 twin boundaries increased to 10.3%, as
shown in Fig. 15(d). It should be noted that the increments of Xprx and
fprx values with the increase in strain were not in the same range, as they
represented the volume and area fractions, respectively. On further
straining, the steady-state flow would be achieved marking a dynamic
balance between dislocation generation due to continued straining and
softening due to dynamic recrystallization. However, in the current test
condition, the Xprx value had not yet reached maximum (1), since the
flow curve did not show any steady-state. Therefore, the DRX process
was incomplete at the calculated strain of 0.7.

3.4.4. Microtextural evolution

In order to characterize the texture evolution, the inverse pole fig-
ures (IPFs) were constructed using the acquired EBSD data at different
test conditions, as shown in Fig. 1. In this regard, the IPFs are initially
evaluated for overall grain as shown in Fig. 16. Further, the grains are
partitioned based on the GAM maps as ‘recrystallized’ grain area frac-
tions (area of blue colored grains in Fig. 12) and ‘unrecrystallized’ grain
area fractions (i.e., the areas of yellow and red colored grains in Fig. 12).
The IPFs of the ‘recrystallized’ grain fractions and the ‘unrecrystallized’
grain fractions are constructed separately for all the deformation con-
ditions as shown in Figs. 17 and 18, respectively. In addition, the peak
MUD (multiples of uniform density) values are shown for each IPF to
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Fig. 15. (a) - (d) IQ maps, (e) — (h) KAM maps, (i) — (1) GAM maps of Al 3CoCrFeNi HEA hot deformed at 1323 K/ 107! s7! at different strains (=~ 0.2, 0.4, 0.6

and 0.7).

quantify the evolution of the fiber textures. In this regard, the IPF at each
deformation condition of the overall grains (Fig. 16) and the recrystal-
lized grains (Fig. 17) depicted weak textures. This was due to the for-
mation of £3 twin GBs, which enhanced the formation of DRX grains
with random orientations [15,22].

On the other hand, the IPFs of the un-recrystallized grains displayed
higher peak MUD values representing a strong deformation texture
oriented towards <101> fiber texture, as shown in Fig. 18. A similar
behavior of texture evolution in unrecrystallized grains is reported in a
hot deformed CoCrFeMnNi FCC HEA [15,22]. Further, an increase in
test temperature at 1072 s7}, decreased the peak MUD values of each
IPF, as shown in Fig. 18. With increase in the deformation temperature,
the volume fraction of the un-recrystallized grains gradually decreased
(as listed in Table 3), which eventually resulted in the decrease of the
peak MUD values.

On the contrary, the peak MUD values of HEA deformed at 107! s7!
mostly remained steady, in the range of ~ 4.5-4.9. This is due to the
increase in the generation of dislocations at 10! s~! and therefore, the
DRX process was still in active mode. Hence the fraction of unrec-
rystallized grains increased and contributed to the intensification of the
deformation texture as well as the peak MUD values. Further, it should
be noted that the peak MUD values in the IPFs of the overall grains are
higher than those of the recrystallized grains due to the greater contri-
bution of the texture of dominant unrecrystallized grains. Additionally,

12

it should be noted that in the orientation space, the texture components
form during hot compression in the convergent regions of the velocity, i.
e., the subgrain and the parent grains finally converged to the same ideal
texture component, even though the subgrain formation built up mis-
orientations in the parent grain. In this case of FCC based alloys, the
ideal texture component of the deformed grain is <101> component
[41].

The IPF maps of the unrecrystallized grains of the hot deformed
Alp 3CoCrFeNi HEA at 1323 K/ 10! s~ are also presented as shown in
Fig. 19, to understand the texture evolution as a result of increase in
strain. Initially, at 0.2¢, the peak MUD value is low with weak texture
(Fig. 19) as the generation of dislocations is small, and the prior grains
(unrecrystallized grains) are not yet deformed to the extent to evolve
into any appreciable texture. Further, at 0.4¢, the prior grains underwent
continued deformation, eventually leading to the oriented <101>
texture component, thereby increasing the peak MUD. Further increase
in strain increased the formation of 3 twin boundaries and eventually
increased the DRX rate. Therefore, the newly formed DRX grains
contributed to the random texture, which effectively reduced the peak
MUD values for the IPFs at 0.6 and 0.7¢.

4. Conclusions

Using a Gleeble thermomechanical simulator, the DRX
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Fig. 17. IPFs of recrystallized (DRX) grains obtained at 10~!, 1072 s~ strain rates and temperatures in the range of 1273-1423 K.

characteristics and kinetics of a Al0.3CoCrFeNi HEA have been inves-
tigated by performing hot compression testing in the temperature range
of 1273-1423 K, and at two strain rates, 1072 and 10! s~ L. The
respective microstructures and micro-textural evolution were analyzed
at each deformation condition. In addition, some samples were
deformed to different strains at the selected test condition of 1323 K/
107! s7! in order to comprehend the evolution and progress of DRX
process in the alloy. The following conclusions can be drawn from this
study:

Like in other alloy systems, the values of ¢. and &, decreased with the
increase in deformation temperature and decrease in strain rate, though
the values of ¢ were found to be much lower than the corresponding ¢,
values.

13

. The Avrami-type functions were prudently employed to estimate the
values of n. (3.6) and k (0.2) at different deformation conditions to be
able to predict the volume fractions of DRX (Xprx).

. With the increase in deformation temperature from 1273 to 1423 K,
the area fractions of DRX grains (fprx) increased from 26.8 to 61% at
107! s7! and 20.7-66.4% at 1072 57! at a true strain of ~ 0.7

. DDRX is found to be dominant microstructural mechanism in all the
selected test conditions.

The microstructural reconstitution at different strains could be
reasonably characterized through EBSD analysis, though very fine
grains (below about 80 nm) cannot be discerned due to the limited
resolution. Also, a comparison could be made regarding the evolution of
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Fig. 19. IPF maps of unrecrystallized grain obtained at 1323 K/ 10~}

DRX grains in respect of the calculated Xpgx.

4. Interruption of hot compression testing to different strains enabled
comprehending the progression of DRX, which was further corrob-
orated with the evolved microstructures.

5. The microtextural evolution revealed that the IPF maps shows the
deformation grains are mostly oriented towards <101> fiber texture
due to hot compression.
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