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Abstract: Fabrication of a newly developed high entropy alloy is an essential step to enable it to be
used as an industrial structure for its potential applications, such as billets, frames and tubes. Bulk
forming processes at high temperatures are preferably used requiring the hot flow behavior of the
HEA, which needs to be thoroughly investigated for accurate construction of a robust constitutive
model and, hence, reliable process simulation and optimizations. In this study, to compensate
for the lack of modelling microstructure using conventional phenomenological models, a novel
physical mechanism-based model of CoCrFeMnNi high-entropy alloy was established. Particularly,
the adiabatic heat effect was taken into account for modelling the HEA for the first time. The hot
flow behavior, as well as grain evolution of this alloy under different forming conditions, are well
modelled. The modelling predictions obtain great agreement with the experimental results, the
calculated R-value (all higher than 0.95) and AARE (all smaller than 0.05) because the different
conditions provide validity to the accuracy of the model prediction. In addition, the temperature
increase due to deformation heat was well predicted to further evident to the accuracy of model.
Furthermore, the hardening behavior during hot deformation was also compared, enabling the
provision of useful guides for process designers of hot bulk forming HEAs.

Keywords: high-entropy alloy; adiabatic heat; hot bulk forming; constitutive model; hot flow behavior

1. Introduction

Traditional alloys such as aluminum and titanium alloys, those widely used in
aerospace components, are unable to meet the stringent service requirements of new
generation transport vehicles, especially for high temperature applications. Development
of new high-entropy alloys has brought promising possibilities for researchers to design
such alloys to obtain satisfying high temperature properties.

In 2004, Yeh et al. [1] firstly defined a new class of multi-component equiatomic alloy,
which are commonly reerred to as HEAs (high-entropy alloys). Up to date, different kinds
of HEAs with promising properties have been reported, including face-centered cubic
(FCC), body-centered cubic (BCC), hexagonal-close packed (HCP) structure-based HEAs,
lightweight HEAs and precious-metal functional HEAs [2]. The FCC structure-based HEAs
have low yield strength and high plasticity, while the BCC-structured HEAs with refractory
properties usually have high yield strength and high plasticity [3]; the HCP structure-based
HEAs have been confirmed to be stable at high temperatures (2373 K), which are expected to
be used in high-temperature structure components of aerospace [4]. The lightweight HEAs
are mostly composed of light elements such as Ti, Al and Mg, with excellent properties in
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strength, hardness and corrosion, and with high strength-to-weight ratio [5]. The precious-
metal functional HEAs are usually composed of unusual precious elements including Ru,
Rh, Pd, Ag, Ir, Pt and Au [2]. Generally, one or more of these elements are chosen to
enhance the properties of other common high-entropy alloys. In addition, the research on
nanocrystalline high-entropy alloys is currently making a breakthrough. Maya K. et al.
used a thin film forming process to study the phase evolution of this alloy [6]. Wu et al.
presented a new strategy to develop thermally stable, ultra-strong and deformable crystal-
glass nanocomposites, and discovered that symbiotic alloy exhibited superior physical
properties [7].

Among the high-entropy alloy systems, the equiatomic CoCrFeMnNi high-entropy
alloy is the most typical one with an FCC structure [8]. Such an alloy exhibits remarkable
ductility and fracture toughness properties, especially at cryogenic temperatures due
to the deformed twining that contributes to plastic straining [9–11]. To further achieve
the practical application, the fabrication of developed HEAs into industrial-sized raw
structures, such as billets, using forging, sheets using rolling and tubes using extrusion,
etc. is required. For the above-mentioned processes, the as-casted materials are preferably
formed at elevated temperatures, considering the significantly enhanced hardening of
HEAs at room temperature or even lower temperatures [11,12]. To facilitate the design of
reasonable bulk forming processes and reasonable process parameters, the hot deformation
behavior and microstructure evolution of material need to be thoroughly understood, based
on which a robust reliable material model could be established for accurate finite element
method (FEM) optimizations of the processes.

Constitutive models are necessary to characterize material’s viscoplastic flow behavior
and implementation into finite software, and up to now, there are some related studies on
modelling the flow behavior of the high-entropy alloy CoCrFeMnNi. Extensive phenomeno-
logical models were established for HEAs, such as the ZA model [13] and Arrhenius-type
model [14]. Wang et al. [15] found the collapse of grains in the deformation zone. Such grain
collapse lead to thermal softening in the high-entropy alloy, especially at the high strain rate
conditions. The Zerilli–Armstrong model was used to describe the behavior of the alloy at
room temperature, which was found better in predictive accuracy than the Johnson–Cook
model [16]. Patnamsetty et al. [14]. adopted a hyperbolic-sinusoidal Arrhenius-type model
to define the deformation characteristics of a CoCrFeMnNi high-entropy alloy and obtained
an excellent agreement between experiments and predictions in the hot compression tests.
Brown et al. [17]. compared the suitability of seven models for predicting the flow behavior
of CoCrFeMnNi high-entropy alloy to evaluate the accuracy between modelling fit and
experimental results. The results revealed the modified Johnson–Cook, Arrhenius-type,
Hensel–Spittel, and modified Hensel–Spittel models showed strong agreement with the
experimental results. However, these proposed models failed to describe microstructure
evolution and only simply verified the fit of the prediction stress–strain curve. Particularly,
for the hot bulk forming processes, the deformation-induced heat would increase the ma-
terial temperature significantly. The non-uniform temperature distribution would affect
subsequent material flow during forming, which requires it to be accurately captured in
FE simulations.

To eliminate the above-mentioned knowledge gap, this study establishes a physical
mechanism-based model of high-entropy alloy CoCrFeMnNi. Both the macro and micro
variables were accurately predicted by the proposed model. A series of hot compression
tests of CoCrFeMnNi using a Gleeble hot simulator and microstructure analysis by Electron
Backscattered Diffraction (EBSD) was conducted for three strain rates at 1000 ◦C. The model
developed obtains a high degree of agreement with the experimental results in fitting the
hot flow behavior and predicting the grain evolution of this alloy. Particularly, the model
considers the adiabatic heat effect on the forming of the HEA for the first time, since
adiabatic heat is a primary factor of material softening during forming. The variations of
the deformation heat at different strain rates were accurately predicted by establishing the
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adiabatic heat and heat dissipation equations, and good agreement with the experimental
results was obtained.

2. Experimentation
2.1. Material and Specimen

The material is an equiatomic five-element CoCrFeMnNi raw rod blank with high
purity (>99.99%), which consists of a single FCC solid solution phase. Figure 1a shows
the grain microstructure of EBSD photo of the as-received material. Figure 1b gives the
area fraction of grain size, with 182 grains being measured, and the average deviation
was 4.35 µm. The original grain size, approximately 23.91 µm, is considered a large grain
size. For clarity, to clearly present the grain morphology, Figure 1a only shows a partial of
the EBSD map. The quantitative analysis result is given in Figure 1b. The main chemical
composition of CoCrFeMnNi is given in Table 1.
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Table 1. Main chemical composition of CoCrFeMnNi (wt%).

Fe Cr Mn Ni Co

20.2 20.05 19.4 19.5 20.4

To characterize the hot flow behavior of HEA, a cylindrical specimen was machined
from an as-casted billet for Gleeble testing. The diameter was 8 mm and height was 12 mm,
exhibiting a high degree of thermodynamic stability and excellent malleability, and the
standard dimension can avoid buckling during compression and ensure the accuracy of
stress–strain results.

2.2. Test Program

A series of hot compression tests were performed at the Gleeble 3800 thermal-mechanical
simulator (Poestenkill, New York, NY, USA) at different temperatures and strain rates.
These tests were completed at the Beijing Institute of Aeronautical Materials and the test
atmosphere is in the air. Due to the robust temperature control using electrical resistance
heating of Gleeble, the test temperature can be controlled with ±1 ◦C, which provides
the assurance of temperature accuracy for high-temperature compression experiments.
Through this, the temperature variation during hot compression can be captured by the
Gleeble simulator.

Before the hot compression process, the end surface of the specimen was covered
with graphite flakes for lubrication to reduce the interfacial friction between the anvil and
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the specimen. To avoid temperature overshoot during the current heating process, the
specimen was firstly heated at a rate of 5 ◦C/s to a value 100 ◦C lower than the deformation
temperature. Then the specimen was further heated to the target temperature using a
slower heating rate of 2 ◦C/s and kept soaking for 1 min to ensure temperature uniformity
before compression tests. The test temperature contains 950 ◦C, 1000 ◦C and 1050 ◦C, and
the strain rates were 0.001/s, 0.01/s and 0.1/s. All specimens were compressed to a true
strain level of 0.5 at a specific combination of temperature and strain rate. The specimens
were cooled to room temperature by air cooling after the completion of the test.

3. Material Model

In this study, a physical-based model scheme was selected enabling the physical
internal variables to be introduced into the equations. Both macroscopic flow behavior
and corresponding microstructure evolutions, i.e., dislocation density, grain size and
recrystallisation [18], can be cooperatively modelled. The model is based on establishing
the rate equation and the iteration of each physical internal variable by using the Euler
method [19], which is a highly effective method for modelling materials, especially for the
complex physical phenomena involved in the hot forming process.

3.1. Adiabatic Heating Modelling

During hot bulk forming, an adiabatic heating effect due to the influence of external
force on the billet cannot be ignored, as the increase of temperature would result in the
softening of flow stress and variation of microstructure. Strain rate is the governing factor
affecting the extent of the adiabatic heating. For a lower strain-rate range (<10−3), the
process can always be treated as isothermal, i.e., the material does not undergo a significant
temperature rise during the deformation process, considering a sufficiently long time is
given for the heat dissipation. However, high strain-rate deformation is often adiabatic,
due to the lack of heat transfer, a portion of the deformation work is transferred into
heat resulting in the attendant temperature increase. In addition, this process may be
accompanied by instabilities of the deformation process (e.g., adiabatic shear), which
may cause significant differences between the experiment and its numerical model. The
temperature rise in the specimen can be estimated by the following Equation (1):

∆T =
β

ρCp

∫ εp

0
σ
(
εp
)
dεp (1)

where β is the fraction of heat conversion usually taken as 0.9 [20–22], which implies that
90% of the work of plastic deformation is changed to heat. ρ and Cp are mass density and
specific heat for alloy, respectively. The mass density for the CoCrFeMnNi is 804.2 kg/m3,
and the specific heat is 430 J/(kg·K) [23]. To distinguish dislocation density ρ and mass
density, mass density is replaced by the symbol ρm. The specific value of the temperature
rise can be calculated mathematically. In this study, to form a complete set of internal
variable models, Equation (1) is being derivative, establishing the temperature rise rate
equation, which is given in the following Equation (2):

.
Tε = β

σ

ρmCp

∣∣ .
εp
∣∣ (2)

where Tε is strain-induced temperature rise. For isothermal conditions, the instantaneous
temperature T is equal to the initial temperature T0 without variation, Ideally. However,
for bulk forming processes, the billet normally experiences large deformation that arises a
significant temperature increase that cannot be ignored. The instantaneous temperature
T equals (T0 + ∆T), where ∆T can be calculated by Equation (2), which can be seen that
strain and stress are two main factors determining the instantaneous temperature. To keep
a consistent form of equations, the rate form of temperature rise is used.
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To precisely simulate the actual changes of the material temperature during the hot
bulk forming, the dissipation of heat should be simultaneously considered with the tem-
perature rise. It is necessary to establish the temperature rise and heat dissipation balance
mechanism, i.e., the adiabatic and heat dissipation equations, which can enable the predic-
tion of the changes in the specimen temperature during testing at different strain rates. The
heat dissipation equation still considers the stress strain as the main influence factor, and a
simple one-dimensional function is chosen to form the heat dissipation equation, which is
given as follows:

.
T

d
ε = a

(
σ
∣∣ .
εp
∣∣)+ b (3)

where a and b are fitting coefficients, integrating Equation (2) with Equation (3) to form
a total temperature variation equation, which is used to predict the general temperature
variation of the specimen in hot compression experiments. The total temperature variation
equation is given as follows:

.
T

t
ε = β

σ

ρmCp

∣∣ .
εp
∣∣+ a

(
σ
∣∣ .
εp
∣∣)+ b (4)

3.2. Unified Viscoplastic Constitutive Equations

The dislocation-based viscoplastic constitutive equations have been developed for
many metals and alloys under hot forming conditions. The equations consider the interac-
tive influences between macroscopic flow and corresponding microstructure variations,
which include work hardening resulting from dislocation variation and dynamic softening
due to thermal activation [24], providing an accurate description of the hot flow behavior
and microstructure evolution. In this subsection, the viscoplastic constitutive equations of
the model set for the CoCrFeMnNi HEA are discussed.

Equation (5) is the viscoplastic flow rule, given in the form of a strain rate equation.
The plastic strain rate considers the grain size evolution and work hardening of the material
during deformation, especially at high temperature. In Equation (5), k, K and n1 are
the temperature-dependent constants, d is the normalized average grain size, R is the
hardening amount [25] and u is the temperature-independent constant.

.
ε =

(
σ − R − k

K

)n1(
d
)−u

(5)

Equation (6) is the isotropic hardening rate equation to describe the variation of hard-
ening. Sandstrom and Lagneborg pointed out that material hardening is correlated directly
with dislocation density [26], further establishing Equation (6), where B is a temperature-
depended material constant, ρ is the actual dislocation density and ρ is the normalized
dislocation density of the material, varying from 0 at the beginning of the deformation and
increasing as the deformation progresses until saturation (ρ ≤ 1) [27].

.
R =

1
2

Bρ−0.5
.
ρ (6)

Equation (7) is the normalized dislocation density rate equation considering the
recrystallization effect on dislocation densities, where A, C1, and C2 are temperature-
dependent coefficients. S and

.
S represent the recrystallization volume friction and its

rate form. .
ρ = A(1 − ρ)

∣∣∣ .
ε

p
∣∣∣− C1ρn2 − [C2ρ/(1 − S)]

.
S (7)

Equation (8) is the critical dislocation equation that determines the occurrence of the
recrystallization, i.e., the recrystallization of the material begins when the current dislo-
cation density is higher than the critical dislocation, where q3 and q4 are the temperature-
dependent constants.

ρc = q3

( .
ε

p
)q4

(8)



Metals 2022, 12, 1011 6 of 14

Equation (9) is the recrystallization rate equation, where q1 is a material constant and
q2 is a temperature-depended coefficient. d is normalized grain size and equal to d/d0,
where d0 is the initial grain size and d is the current grain size.

.
S =

q1(0.1 + S)q2(1 − S)ρ2

d
(9)

Equation (10) is the grain size rate equation to describe the evolution of the material
during deformation, where γ1, γ4 and w3 are temperature-dependent coefficients. γ2, γ3,
w1, and w2 are material constants.

.
d = w1d

−γ1 + w2
.
ε

pd
−γ2 − w3

.
S

γ3
(

d
)γ4

(10)

Equation (11) is the stress–strain equation based on 1D Hook law, where εT is total
strain, can be described for the macroscopic flow stress–strain of the material, including
elastic strain and plastic strain, and E is Young’s modulus.

σ = E
(

εT − εP
)

(11)

A set of constitutive equations based on the above physical variable models are used
to fit the hot compression flow curves of the CoCrFeMnNi at different conditions. The
equations expressed through the Arrhenius relationship [28] in Table 2 are all temperature-
dependent material constants and these coefficients can be used to achieve acceptable
comparing results between modeling prediction and experimental results, where Q is the
activation energy and R is the gas constant.

Table 2. The equation set of temperature-dependent material constants.

K = K0 exp
(

QK0
RT

)
k = k0 exp

(
Qk0
RT

)
n1 = n10 exp

(
Qn10
RT

)
A = A0 exp

(
QA0
RT

)
B = B0 exp

(
QB0
RT

)
C1 = C10 exp

(
−QC10

RT

)
C2 = C20 exp

(
−QC20

RT

)
q2 = q20 exp

(
Qq20
RT

)
q3 = q30 exp

(
Qq30
RT

)
γ1 = γ10 exp

(
−Qγ10

RT

)
γ4 = γ40 exp

(
Qγ40
RT

)
q4 = q40 exp

(
−Qq40

RT

)
W3 = W30 exp

(
−QW30

RT

)
E = E0 exp

(
QE0
RT

)
4. Results and Discussion
4.1. Adiabatic Heating during Hot Compression Tests

The adiabatic heating during the Gleeble hot compression tests was quantified by the
record of the real-time temperature values of the specimen. Figure 2 describes adiabatic
heat, dissipate heat and the comparison of experimental temperature variations and total
temperature equation fitted predictions at different strain rates.

Figure 2a gives the comparison of the temperature increment due to adiabatic heating
for three strain rates of 0.001/s, 0.01/s and 0.1/s. It can be seen that the higher strain
rate leads to the higher temperature increment—the heat generation failing to dissipate
in time at a fast deformation rate, resulting in a large temperature increment. However,
the deformation heat loss is more at the low strain rate, leading to a slight change in
temperature increment. Figure 2b gives the predicted temperature dissipation for different
strain rates by established heat dissipation in Equation (3), which is obtained by back-
propagating the total temperature in Equation (4). In Figure 2b, the higher strain rate
leads to faster heat dissipation, which can effectively balance the temperature rise due to
adiabatic heating.
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The comparison between the experimental temperature variations and the prediction
of total temperature variation according to Equation (4) is shown in Figure 2c, where the
scatter plot is the variation of the macroscopic temperature of the compression experiment
at three strain rates recorded by a Gleeble thermal simulator, and the line plot is the
prediction result of the total temperature equation developed in this paper. As shown in
this figure, a higher strain rate leads to higher actual macroscopic temperature rise of the
material, which corresponds to the adiabatic heating-induced temperature rise at different
strain rates in Figure 2a.

To examine the reliability of the proposed model’s prediction results and experimental
data of the total temperature variation, R-value and AARE are calculated to provide a
strong description according to the following equation:

R =
∑N

i=1(TE − σE)
(
TP − TP

)√
∑N

i=1
(
TE − TE

)
2 ∑N

i=1
(
TP − TP

)
2

(12)
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AARE(%) =
1
N ∑N

i=1

(
TE − TE

)2
∣∣∣∣TE − TP

TE

∣∣∣∣× 100% (13)

where TE and TP are experimental and predictable temperature, TE and TP are the mean
of experimental temperature and N is the number of data. The R-value represents the
linearity between experimentation and prediction. An R value of 1 indicates that simulation
results perfectly coincide with experimental results. Hence, a higher R-value implies better
correlation between the experiment and the prediction, reflecting the accuracy of the
model’s prediction. The calculated R values in Figure 2c are 0.8926 (0.001/s), 0.8537 (0.01/s)
and 0.85405 (0.1/s). The R-value is maximum at the strain rate of 0.001/s, indicating that
the model is more relevant to the experiment under this condition. For all three conditions,
the R-values were greater than 0.85, indicating that the fittings of the models are acceptable.
The AARE represents the deviation of the experiment and predictions, the smaller the
AARE is, the smaller the error of prediction temperature is, and the corresponding AARE
is 0.0103, 0.0224, 0.0254. The AARE is minimum at a strain rate of 0.001/s, reflecting the
minimum deviation between model predictions and experimental results. Both R-value and
AARE reflect the accuracy of the predictive description of the total temperature variation
calculated in this paper.

4.2. Hot Deformation of HEA

The material flow behavior in hot deformation is very complex that is affected by the
coupled effects of dynamic softening, i.e., DRX and recovery and work hardening, i.e.,
dislocation density accumulation. This subsection discusses the results of the hot flow
behavior of HEA, model predictions and the analysis of hardening performance.

4.2.1. Hot Flow Behavior of HEA

Figure 3 compares hot compression behavior between constitutive model prediction
(solid lines) and experimental results (scattered points). The comparison results are divided
in Figure 3. Figure 3a is the results under a temperature 1000 ◦C (0.001/s, 0.1/s and 0.1/s),
and Figure 3b is the results under strain rates 0.01/s (950 ◦C, 1000 ◦C and 1050 ◦C). The
good agreement of the fitting performance can be seen from the two result figures, with the
hardening stage (dislocation accumulation) and softening stage (dynamic recrystallization)
of the stress–strain curves under different conditions. All the curves show a similar trend
that the peak of the flow stress increases as the strain rate increases and the deformation
temperature decreases, which due to the high strain rate causes fast dislocation accumula-
tion, and recrystallization and dynamic recovery are not activated at a low temperature,
which leads to a high-stress level.

From all the stress–strain curves of the hot deformation process in Figure 3, a huge
slope of the curve can be seen at the initial stage and the curve becomes slightly flattened
or even show a decrease at the later stage of deformation as the strain increases. Because in
the initial stage of deformation, work hardening is produced due to the drastic increase
in dislocation density [29], but with the further deformation, the material goes from the
elastic stage to the plastic deformation stage, and the stress growth becomes slower, while
the combined effect of temperature and strain rate causes the stress level to decrease to
some extent.

In Figure 3a, the softening phenomenon at strain rate 0.01/s is significant at 1000 ◦C,
which leads to a reduction in the material flow stress, while in Figure 3b, the softening
behavior of the material at strain rate 0.01/s is most obvious at 1050 ◦C. Considering the
flow stress, the lower strain rates and higher temperatures reduce the flow stress values.
Lower strain rates lead to longer deformation that facilitates the dislocation recovery and
reduces deformation resistance; hence, resulting in lower flow stress. Higher temperature
lead to recrystallization, and annealing will both reduce the dislocation density and, thus,
reduce the working hardening behavior resulting in lower flow stress.
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Figure 3. Comparisons of hot flow results under hot compression tests between experimentation
and model computations results at various deformation conditions. (a) Strain rate effect at 1000 ◦C.
(b) Temperature effect at 0.01/s.

The R-value between experimental results and prediction of flow stress calculated
from Figure 3a,b is 0.95819 (0.001/s), 0.99454 (0.01/s), 0.98505 (0.1/s) and 0.99215 (950 ◦C),
0.98505 (1000 ◦C), 0.98461 (1050 ◦C), respectively. The corresponding AARE are 0.03906,
0.0152, 0.04618 and 0.01754, 0.04618, 0.03114, respectively. The maximum R-value is 0.99454
and minimum AARE is 0.0152 at 1000 ◦C of 0.01/s, meaning that the flow stress–strain
deducted by the modelling under this condition is closely matched with the experimental
results. Moreover, the R-value is greater than 0.95 and the AARE value is less than 0.05
for all conditions, which reflect the accuracy of the modelling prediction for the hot flow
behavior of the CoCrFeMnNi high-entropy alloy developed in this paper. The determined
material constants used in the unified viscoplastic equations from the fitting of the flow
stress curves are given in Table 3.

Table 3. The determined constants for unified viscoplastic equation.

Parameters Values Parameters Values Parameters Values

K0 (MPa) 39.24 k0 (MPa) 0.001421 n10 (−) 0.8531

QK0 (J/mol) 1.904 × 104 Qk0 (J/mol) 1.06 × 105 Qn10 (−) 1.654 × 104

A0 (−) 2.107 γ1 (−) 7.538 C10
(
s−1) 2.114

QA0 (−) 9948 Qγ10 (J/mol) −6774 (J/mol) −1.272 × 104

C20 (−) 1041 q20 (−) 11.19 γ4 (−) 0.45633

QC20 (J/mol) −7.752 × 104 Qq20 (J/mol) 3134 Qγ40 (J/mol) 1.916 × 104

q30 (−) 692 q40 (−) 105.9 E0 (MPa) 808.1

Qq30 (J/mol) −1.073 × 104 Qq40 (J/mol) −4.373 × 104 QE0 (J/mol) 1.543 × 104

B0 (−) 0.03572 n2 (−) 5 R (−) 8.314

QB0 (J/mol) 6.669 × 104 ω1 (−) 1 × 10−8 q1 (−) 0.005

Cp (J/g K) 0.43 ρm (g/cm3) 8.402 β (−) 0.9

a (−) −0.34 µ (−) 2 b (−) −0.02

4.2.2. Hardening Evolution

Hardening is an extremely important property during hot bulk forming. The bulk
processes normally prefer a lower strain-hardening behavior for the sake of avoiding
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severe working load. Figure 4 gives the hardening performance of the CoCrFeMnNi under
hot compression tests, where Figure 4a shows the strain hardening component, n, and
maximum flow stress under different temperatures of the same strain rate. Figure 4b shows
the hardening rate under different strain rates of the same temperature.
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hardening rate at 1000 ◦C (0.001/s, 0.01/s and 0.1/s).

In Figure 4a, the n value given in the bar graph shows a decrease with increasing
temperature at the same strain rate, with maximum and minimum n values of 0.153 and
0.043 for 950 ◦C and 1050 ◦C. In addition, the maximum flow stress given in the line graph
shows the same trend with the n value, with a maximum flow stress of 147.12 MPa and a
minimum of 94.64 MPa. Figure 4b shows the hardening rate under different strain rates
by using the dσ/dε vs. σ curves [30]; as expected, the hardening rate value starts at a very
high value and gradually decreases to zero. This indicates that the hardening effect of the
material dominates at the early stage of deformation, and the effect gradually decreases,
and the softening effect gradually dominates the deformation. In addition, high strain rate
will lead to a high hardening rate determined by the strain rate strengthening mechanism.
However, high dislocation density is the main reason for material work hardening leading
to increased flow stress. When the plastic strain accumulates to a certain degree, the
hardening behavior is reduced and the material softening behavior is dominant.

4.3. Model Verification of Grain Microstructure

Electron backscattered diffraction (EBSD) was used to characterize the grain size both
before and after testing. This allowed quantitative measurements of the mean grain size.

Figure 5 gives the EBSD microstructure observations of different conditions. Figure 5a,b
is the microstructure of strain in 0.2 and 0.5 at temperature of 1000 ◦C and strain rate of 0.01/s.
In Figure 5a, most of the area is green with some purple and red, indicating a transition of
grain boundary orientation causing dislocation accumulation, while in Figure 5b, a large
area is green with clearly nucleated grain at the grain boundary illustrating recrystalliza-
tion occurred in this condition. Comparing Figure 5a,b, combined with the prediction
of grain size in Figure 6, shows that the grain size is smaller at a higher strain for the
same temperature and strain rate. Figure 5c gives the corresponding microstructure at
1000 ◦C−0.1/s−0.5, which clearly shows that the red and purple colors are more apparent,
meaning more dislocation accumulation, and a small number of new grain nucleation can
be observed at the grain boundary. This is a consequence of a short soaking time at a high
strain rate, which fails to provide sufficient time for apparent recrystallization to occur;
however, the slight recrystallization did compare with the low strain rate and the small
amount of new grain nucleation at higher temperature and deformation.
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Figure 6. Comparisons of grain size between EBSD obversion and model results in various deforma-
tion conditions.

Figure 6 gives the EBSD grain size observations of typical conditions of 1000 ◦C–0.01/s–0.2,
1000 ◦C–0.01/s–0.5 and 1000 ◦C–0.1/s–0.5 to show the trend. The strain rate 0.001/s was
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not experimentally observed, so only the predicted result was given. EBSD observations
were performed for the same conditions in Figure 5, giving the effect of strains and strain
rates on the grain size evolution. For clarity, the error bars in the figure come from statical
analysis on the grain sizes from the EBSD figure and can reflect the nature of the grain size
distributions. Predicted curves within the error bar is considered acceptable. EBSD results
are given in the form of error bars, and grain size evolution predicted by the modelling is
within the observed range of EBSD results, which show the accuracy of the model predic-
tions. The model predictions show that the grain size tends to become smaller as the strain
accumulates. Particularly, the largest change in grain size was observed at 0.001/s, from
original 23.91 µm to 5.76 µm. This is due to the refinement of grain size by recrystallization
under a lower strain rate, and a lower strain rate leads to a longer soaking time at the high
temperature deformation, leading to a more sufficient recrystallization time and the large
change in grain size. However, the grain size shows no obvious change at a strain rate of
0.1/s, due to the fast deformation generating a large number of dislocations. However, the
necessary soaking time is the key to triggering recrystallization, while a high strain rate
lead to a short deformation time (within seconds), which may not provide sufficient energy
for recrystallization to occur. Hence, no obvious grain size change may occur as predicted
in the figure under this condition.

To further understand the material properties, the evaluation of fracture toughness,
residual stress on the local scale is very important. Ghidelli et al. [31] proposed micro-
cantilever and micro-pillar test configurations to evaluate the local fracture toughness of
material on the fine dimensional scale. In addition, the researchers [32] developed a fully
analytical model for the simultaneous extraction of the elastic moduli and residual stresses
in the two layers, which greatly helps in understanding and evaluating materials. The
submicroscale measures of material properties also play a driving role in future research
on new materials.

5. Conclusions

In this paper, a novel physical mechanism-based constitutive model of CoCrFeMnNi
high-entropy alloy was established, which particularly considers the adiabatic heating
during bulk forming processes. This provides the necessary optimization methods for
optimizing the parameters of the bulk forming processes.

1. The validity of the model both in the sense of macroscopic flow behavior and micro-
scopic evolution, while the developed adiabatic and heat dissipation equations well
describe the variation of the heat of deformation at different rates of this alloy.

2. The applied adiabatic and proposed heat dissipation equation can describe the varia-
tion of the temperature for the CoCrFeMnNi high-entropy alloy under Gleeble hot
compression tests. The comparison of temperature variation between experiment and
prediction at three strain rates (0.001/s, 0.01/s and 0.1/s) of 1000 ◦C obtains a good
agreement by calculating R-value (all higher than 0.85) and AARE (all lower than
0.03).

3. The flow behavior of the CoCrFeMnNi high-entropy alloy at different temperatures
(950 ◦C~1050 ◦C) and strain rates (0.001/s~0.1/s) was determined using the physical
mechanism-based constitutive model. The results of R-value and AARE show the
excellent prediction at all different conditions. Meanwhile, the hardening performance
(strain hardening and hardening rate) are enhanced with higher strain rates and
lower temperatures. This provides great help to study the flow behavior and the
corresponding properties of the CoCrFeMnNi at high temperature.

4. The EBSD microstructure observations and model fitting results of grain size evo-
lution reveal that at the same temperature and strain, the higher the strain rate, the
more dislocation accumulation. However, smaller strain rate results in more evident
recrystallization and smaller grain size.
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