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Abstract: Fe gMny(CryoNipy medium-entropy alloy (MEA) has a single-phase crystal structure with
high strength and good ductility at room temperature. It is important to study the hot deformation
behavior for this alloy at a partially recrystallized state for possible high-temperature applications.
In this investigation, the tensile tests were conducted on sheet materials treated via cold rolling
combined with annealing at strain rates of 1 x 1073-1 x 10! s~! and deformation temperatures of
573-873 K. And the hyperbolic sine model was used to study the relationship between the peak stress,
deformation energy storage and Zener-Hollomon parameter (Z parameter) of Fe40MnyoCrgNipg
medium-entropy alloys under high-temperature tension. According to the Arrhenius-type model,
the constitutive equation of the alloys based on the flow stress was constructed, and the deformation
activation energy and material parameters under different strain conditions were obtained. Based on
the power dissipation theory and the instability criterion of the dynamic material model, the power
dissipation diagram and the instability diagram were constructed, and the hot working map with a
strain of 0.1 was obtained. The results show that the hyperbolic sine relation between the peak stress
and Zener-Hollomon parameters can be well satisfied, and the deformation activation energy Q is
242.51 KJ/mol. Finally, the excellent thermo-mechanical processing range is calculated based on the
hot working map. The flow instability region is 620-700 K and the strain rate is 2 x 10734 x 1073571,
as well as in the range of 787-873 K and 2 x 1073-2.73 x 102 s~ 1. The optimum thermo-mechanical
window is 850-873 K, ¢ =1 x 1079-2 x 103 s~1,

Keywords: medium-entropy alloys; constitutive equation; Zener—-Hollomon parameter; deformation
activation energy; hot working map

1. Introduction

Complex concentrate alloys (CCAs), commonly referred to as high-entropy alloys
(HEAs) or medium-entropy alloys (MEAs), generally contain three or more principal
elements with equal or near-equiatomic ratios. The unique design concept provides a fasci-
nating way for exploring new alloys [1,2]. These alloys have received significant research
interest over the past years [3,4]. The HEAs and/or MEAs have unique mechanical proper-
ties, such as excellent low-temperature strength [5-8], toughness [9], high hardness [10],
and wear resistance [11]. In addition, high-entropy ceramics have great potential for ap-
plication in the thermal protection field [12]. Although their mechanical properties at low
and room temperatures have been extensively studied [13], research on the deformation
behavior at high temperatures is limited [14-16]. At present, the ductility assessment of
these special alloys in practical applications is superficial, especially at high-temperature
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conditions. It is very effective to analyze the hot deformation properties of HEAs/MEAs by
establishing hot working maps. This can be easily achieved by using thermo-mechanical
processing (TMP) on the studied alloys [16-20].

Based on the study of viscoplastic theory, many models between flow stress, mate-
rial microstructure, and deformation parameters have been established through physical
simulation and experimental data analysis during the hot working process. It can be
roughly divided into two categories: one is the flow stress constitutive model containing
the strain term, including the Johnson—-Cook model [21], suitable for large deformation,
and the quantitative semi-empirical power exponential relationship model containing the
temperature term proposed by Zuzin et al. [22]. Another type is physical models without
strain term, including a power exponential model at low stress levels, an exponential model
for high stress levels, and the unified hyperbolic sine model proposed by Garofalo [23,24].

Although HEAs/MEAs have been evaluated from different perspectives in the last
few years, the research on hot deformation behavior is lacking [25], specifically for partially
recrystallized alloys with excellent room temperature properties. Recent research has found
that the secondary carbides strengthening the Rey1Hfy25sNbTaW( 4Cy 25 alloy exhibited
excellent compressive strength at high temperatures [26]. The results indicate that reason-
able precipitate modulation can improve the resistance to high-temperature softening of
alloys. In this study, we selected the low-cost, partially recrystallized Fe4oMnyyCrogNip
MEA as the research object. The Arrhenius-type hyperbolic sine model is introduced to
study the thermal deformation behavior, and detailed parameters describing their thermal
deformation behavior were obtained by fitting the experimental data. Finally, we developed
corresponding constitutive equations and plotted the hot working map, which provides a
way to understand the hot deformation behavior and optimize the hot working process.

2. Materials and Methods

Fe4oMnyCrpoNipg ingots with dimensions of 450 x 200 x 70 mm? and weighing about
50 kg were fabricated using a vacuum induction furnace with pure metals (purity above
99.95 weight percent, wt.%). After being homogenized for 1.5 h at 1473 K, the alloy ingot
was hot-rolled for 7 passes at 1423 K with a final pass at 1123 K to produce a plate with
a thickness of about 7 mm, followed by water quenching. The 15 x 10 x 7 mm? sheets
were cut from the hot-rolled plate. Next, those sheets were rolled to an 82% reduction
in thickness at room temperature. To prevent the specimen from bending, unidirectional
rolling was selected during pre-deformation, and each sample was rotated 180° for each
pass. Following that, the alloy was annealed at 973 K for 2 h in a preheated furnace at
corresponding temperatures, and then subsequently water quenched (hereinafter referred
to as CR700).

Microstructures were analyzed, employing a Phenom XL scanning electron micro-
scope (SEM; Phenom-World; Netherland) combined with an energy dispersive spectrom-
eter (EDS). The phase identification was characterized with a PANalytical AERIS X-ray
diffraction (XRD; Malvern Panalytical; Netherland) instrument using Co K« radiation
(wavelength: 1.7890 A) with a scanning speed of 0.02°/s.

Quasi-static uniaxial tensile tests at deformation temperatures of 573-873 K with strain
rates varying from 1072 s7! to 107! s~! were carried out with the Instron 5969 testing
machine. Dog-bone-shaped tensile specimens with a gauge dimension of 1.3 x 10 x 3 mm?
were cut from CR700 using electric discharge machining. All tensile tests were repeated at
least three times to ensure the reliability and reproducibility of the results.

3. Results and Discussion
3.1. Microstructure Characterization and Phase ldentification

Scanning electron micrographs (SEMs) of hot-rolled and CR700 samples are shown in
Figure 1a,b. For hot-rolled samples, a completely equiaxed crystal structure was observed.
As for the CR700, it showed a typical partially recrystallized microstructure with small
second-phase particles and few oxides. The SEM-EDS line-scan results show that the
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second-phase particles are rich in Cr and poor in Ni (Figure 1c). Then, the XRD results
show that the hot-rolled sample is a single-phase FCC structure and the CR700 sample
consists of an FCC phase and a o phase (Figure 1d). Combining the above results and
previous studies [27,28], the particles in the cold-rolled sample are Cr-rich tetragonal o
phase. Partially recrystallized microstructure and dispersed particles combined to form
the heterogeneous structure, which gives the CR700 well-balanced tensile mechanical
properties at room temperature [28].
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Figure 1. SEM of (a) as-cast sample and (b) CR700; (c) the SEM—-EDS line-scan of small particles in
CR700. The yellow arrows represent the track of line-scan; (d) XRD analysis.

3.2. Stress—Strain Curves

Figure 2 shows the stress—strain curves of CR700 at different deformation conditions,
and they have roughly the same trend. All the flow curves have softened after an initial
short hardening period. As the deformation temperature decreases, the stress level of the
materials increases. However, as the strain rate increases, the peak stress increases. Mean-
while, the lateral slip of the screw dislocations and the climbing of the edge dislocations in
the materials cannot proceed sufficiently with increasing strain rates, making the softening
provided by lateral sliding and creeping become less at the same strain. As a result, the
peak stress is relatively hysteretic.

The peak flow stress is plotted as a function of the deformation temperature and
strain rate, as shown in Figure 3. It can be found from Figure 3a that under the same
strain rate, the higher the deformation temperature, the lower the peak flow stress. Due to
the increase in the deformation temperature, the thermal motion of the atoms inside the
material intensifies, the kinetic energy increases, and the bonding force between the atoms
weakens, resulting in the reduction in the critical shear stress of the alloys and the shear
resistance. More slip systems appear during the plastic process. In addition, the increase
in the deformation temperature accelerates the migration speed of dislocations, which
makes the cross-slip of screw dislocations and the climbing of edge dislocations in the
alloy easier, resulting in the enhancement of the softening effect during plastic deformation.
Moreover, the different behavior at 773 K is observed in Figure 3b, which is related to the
changes in the hardening—softening mechanism [29] and will be further investigated in our
subsequent work.

At the same temperature, the peak stress increases with the strain rate. With the
increase in the strain rate, the alloy reaches the preset deformation amount in a short time,
and the dislocation density increases. Due to the short deformation time, the dislocations
cannot be eliminated quickly, which improves the work-hardening capacity. Additionally,
the softening is alleviated due to the reduction in the dynamic softening time.
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Figure 2. True stress—true strain curves under different deformation conditions: (a) T = 573 K,
(b)T=673K, (c) T=773K, and (d) T = 873 K.
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Figure 3. Relationship between the peak stress and deformation conditions: (a) temperature,
(b) strain rate.

3.3. Establishment of the Deformation Constitutive Model

During the plastic deformation of metallic materials, the flow stress o is affected
by deformation conditions, including the deformation temperature T and strain rate €.
It has been demonstrated that there is a certain relationship between the deformation
temperature T, strain rate ¢ and flow stress o of metals or alloys. Bruni proposed a power-
law function and an exponential function to describe the relationship at low and high
stress levels, respectively [30]. To achieve a relationship between the three parameters that
satisfies at most stress levels, Sellarsdemhr proposed a hyperbolic sine relation to modify
the Arrhenius relation [31-34]:

éexp(%) = Ajo™ 1)

éexp(%) = Agexp(po) (2)
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éexp(%) = Alsinh(xo)]" (3)

and the relationship between the deformation temperature T and strain rate ¢ can be
determined by introducing the Zener-Hollomon parameter:

7 = éexp(—lgr) = Alsinh(ao)]" (4)
where Aj, Ay, and A are material constants, Q is the deformation activation energy, R is
the gas constant which equals 8.314 Jmol 'K, f is a material-related parameter, o is the
stress level parameter, a = 3/ny, n is the stress exponent, and T is the temperature in the
unit of Kelvins. Here, one needs to solve the values of «, n, Q, and A in Equation (4) to
obtain the flow stress constitutive equation of Fe4oMnyoCrpoNiyg MEA suitable for different
deformation conditions. Detailed deformation temperatures, strain rates, and peak stresses
under different conditions of CR700 are listed in Table 1. Based on these data, the following
parameter calculations can be performed.

Table 1. The peak stress of Fe;oMnygCrygNipg MEA under different deformation conditions (MPa).

Deformation 573 K 673 K 773 K 873 K
Conditions
1x10°3 700.23 580.21 505.38 300.35
1x10°2 750.32 610.38 600.20 310.38
5 % 102 810.83 710.27 690.60 350.30
1x10°1 900.42 820.32 720.92 420.42

Take the logarithmic score of Equations (1) and (2), respectively:

. _Q
Ine = nilno+1In Ay RT (5)
Ine = [Scr—l—lnAz—8 (6)
RT
and when the temperature T is constant, the values of 3 and n; can be calculated by the
following Equation [35]:

dlne
m= {E)lncf}T @)

dlne

The fitting values for 3 and n; are 0.05268 and 26.4736, respectively, resulting in the
value of o being 0.00199. Taking the natural logarithm on both sides of Equation (4),
Equation (9) can be obtained. Substitute the « value for linear fitting, and the result is
shown in Figure 4a. Taking the logarithm of both sides of Equation (3):

. _ ~Q
Ine = nin[sinh(owa)] +InA RT )

By assuming that Q is independent of T, we can obtain:

dlné
n= {aln[sinh(occr)] }T (10)
Q (Iné —InA)

In[sinh(ao)] = (11)

nRT n
and then, the arithmetic mean value of the slope of the fitting straight line at each strain rate
level is obtained: n = dln¢ /9In[sinh (o)1 = 1.457, as shown in Figure 4b. The deformation
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activation energy of the current MEAs can be obtained by taking the partial derivative on
both sides of Equation (11):

dIn[sinh(xo
0 = nr{ 2Inlsinh(ao)] (12)
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(@ o 573K (b) 0.8
® 67K '
A 773K
2 873K 0.6
= 04
. g
E £
w
-6 £ o0
A (]
" -0.2
-04
06 0.3 0.0 0.3 0.6 0.9 1.0 1.2 14 1.6 1.8
In(sinh(es,)) 1000/ T
©) 50 (d) 800
S Experimental value o°® ) Experimental value
5 fitting line ° 700 __ simulation value o°
40 600
N
= 500
£ 35 ©
400
30
300
25
200
-06 -0.3 0.0 0.3 0.6 0.9 1010 108 1016 101 1022
In(sinh(as,)) Z (s

Figure 4. Calculation of parameters at peak stress: (a) n, (b) Q and (c) A; (d) comparison between the
experimental and predicted flow stress data.

Substituting the above values into Equation (12), the Q value of 242.51 KJ/mol can be
obtained. Then, taking the logarithm of both sides of Equation (3):

InZ = nin[sinh(xo)] +InA (13)

Making the scatter plot of In[sinh(xo)] — InZ, and performing linear fitting in Figure 4c,
the material constant A of 2.78 x 10'* is obtained.

: 242.51x10°
Z = éexp <—?{TXO) — 2.78x10™[sinh(0.00199¢)]** (14)
Combining Equation (1) with the definition of the hyperbolic sine function, we
can obtain: ”
1 7 1/n 7 2/n
o= aln (A) + ((A) +1 (15)
This results in an analytic function of the peak stress and Z parameter:
1 7 1/2002 7 2/20.02 1/2
P = 0.00199 ) 2.78x 10 + <2.78><1014) * (16)
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The relationship between the fitted curve and experimental value is exhibited in
Figure 4d. It can be found that the combination of the peak stress and the Z parameter can
better satisfy the hyperbolic sine relationship.

3.4. The Relationship between the Deformation Energy Storage and Z Parameter

During the high-temperature deformation of metallic materials, the deformation
energy is mainly stored in the form of dislocation-based deformation because a small part
of the deformation energy has been relaxed or cannot be stored as thermal energy, which is
called deformation energy storage. Deformation energy storage mainly includes dislocation-
based energy and grain boundary energy. Usually, the increase in grain boundary energy
during plastic deformation is due to the fact that the deformation leads to an increase in the
grain boundary area and changes the grain boundary structure, accompanied by the atomic
arrangement changing from order to disorder. In parallel, the existence of deformation
energy storage also leads to a significant change in the free energy of the alloy system.
Therefore, it is of great significance to study deformation energy storage. According to the
dislocation theory, the total energy per unit volume is:

AGp = ppb? (17)
The relationship between dislocation density and stress can be expressed:

o = Mkub/p (18)

where p is the shear elastic modulus, p is the dislocation density, b is the Burgers vector, M
is the Taylor factor, and k is the material constant. According to Equations (16) and (18), the
relationship between the dislocation energy per unit mole and the deformation stress can
be obtained:

Vo?

AGp = ———
P M2K%p

(19)
where V is the molar volume, and ignoring the effect of the temperature, V is 7.1 x 10~®m?-mol .
For FCC metals and alloys, M is taken as 3.11, while the shear modulus is 79 GPa, and k is
taken as 0.15. Bring the peak stress into Equation (18), and then we can fit the relationship
between the Z parameter and the deformation energy storage, as presented in Figure 5.

AGp = —0.229(InZ)? + 25.446(InZ) — 490.554 (20)

Equation (20) indicates the relationship between the deformation energy storage and
the Z parameter of Fe4oMnyCrpoNipg MEA under peak stress. It can be found from Figure 5
that the deformation energy storage increases with the increase in the Z parameter value.
That is, the dislocation density increases in the deformed Fe4oMnyoCryoNiyg MEA with
increasing strain rate and decreasing deformation temperature.

3.5. Hot Working Map

The hot working map is useful to analyze the microstructure evolution during high-
temperature deformation of metallic materials from the perspective of energy conversion.
The material hot working map, established based on the dynamic material model, is
widely used to study the hot deformation behavior of materials [36]. By calculating the
deformation conditions that may cause instability of the materials, the instability region
can be avoided and the machinability of the materials can be predicted.
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Figure 5. The relationship between the deformation energy storage and the Zener-Hollomon parameter.

The dynamic material model is established based on the basic principles of continuous
mechanics, physical system simulation, and irreversible thermodynamics of large-strain
plastic deformation. In this model, it is assumed that the material is a nonlinear energy
dissipator, and it has a problem with energy conversion during thermo-mechanical pro-
cessing. The energy absorbed by the materials from the outside per unit time and unit
volume can be converted into two parts, as discussed above. One part is the dissipation
amount consumed by the material during plastic deformation, which is represented by G;
the other part is the change in the microstructure during plastic deformation. The power
consumption is represented by ] [37]. Its relationship can be expressed as [38,39]:

¢ G
P:0é=G+]=/ crdé—i—/ édo (21)
0 0

where P is the total power. Under the condition that the deformation temperature and
strain rate are constant, the relationship between the stress and strain rate generated during
high-temperature deformation of the materials can be expressed by Equations (22) and (23):

o = K™ (22)
B ﬂ _ dlno
N [aGLT ~ 9lne @3)

where K is the material constant, m is the strain-rate sensitivity, and the value of m ranges
from O to 1. If the material is assumed to be in an ideal linear state, the value of m is 1, and
the energy J dissipated due to the change in the microstructure reaches the maximum value.
From Equation (21), we can obtain [38,40]:

A
= = 24)
Al m
AP m+1 25)
= AJ/ AP _ m/(m+1) _ 2m (26)

(A]/AP) 1/2 m+1

max

The energy dissipation factor duOring high-temperature deformation can be repre-
sented by the energy dissipation factor 1, which reflects the mechanism of the microstruc-
ture evolution of the material under certain deformation temperature and strain rate
conditions. When the material has high 1 values, beneficial deformation mechanisms such
as dynamic recovery or dynamic recrystallization are prone to occur, and the material has
good processability.



Metals 2024, 14, 32

9of 12

During thermal processing, the material sometimes becomes unstable. In order to
avoid this situation, the maximum entropy principle criterion proposed by Prasad can be
used to analyze whether the material is unstable [37], as shown in the following:

£(e) = Wﬂrmo 27)

Among them, £ is the instability factor, which is defined as a dimensionless number.
It means that when the rate of entropy generation of a system is less than the strain rate
applied to the system, local rheology and flow will occur. Typical microscopic phenomena
include adiabatic shear banding, local flow, dynamic strain aging, mechanical twinning,
and kink.

As shown in Figure 6, we plotted contour plots for values of the energy dissipation
factor n and the instability factor &, respectively, using the deformation temperature T and
the strain rate ¢ as the coordinate axes. The FesoMnyoCryoNiyg MEA mainly has two flow
instability zones (blue region in Figure 6b) and one hot working safety zone (white region
in Figure 6b). The flow instability region is mainly located in the range of the deformation
temperature of 620-700 K and 787-873 K, with the strain rate of 2 x 10734 x 1073571,
and 2 x 1073-2.73 x 102 s~!. This region should be avoided as much as possible during
thermal processing. Under this deformation condition, the grain boundary is more likely to
slip, and the stress concentration at the interface is serious. And inside the safety zone, the
maximum n value (n = 17-19%) is mainly concentrated in the deformation temperatures of
850-873 K, with ¢ =1 x 1073-2 x 1073 s~ 1. Generally, in this area, the larger the power
dissipation rate under the deformation conditions we studied, the better the material’s
machinability. The process parameters obtained according to the hot working map are only
theoretical predictions, and the optimal thermal processing parameters in actual production
need to be further determined in combination with the microstructure evolution of the
alloys during high-temperature deformation.

(a) -24 (b) 2.4
-3.0 3.0
-3.6 -3.6
"_._*:’ -4.2 w 42
4.8 S s 0 0
-5.4 -5.4
-6.0 -6.0 _2-2
-6.6 -6.6 3
600 650 700 750 800 850 600 650 700 750 800 850
Temperature (K) Temperature (K)

Figure 6. (a) Power dissipation maps and (b) deformation instability maps of Fe4oMnyoCrpoNip
MEA under strain 0.1.

4. Conclusions

In this study, based on the flow stress curves of Fe4oMnyCrpoNipyg MEA under different
deformation conditions, the peak stress constitutive model was established. The main
conclusions are as follows:

1.  Both the strain rate and the deformation temperature have a significant effect on the
flow curve of the FeygMny(CryoNipg MEA. The flow stress decreased with increasing
deformation temperature and decreasing strain rate.

2. The analytical relationship between the high-temperature tensile peak stress of
Fe4oMnyoCryoNiy) MEA and the Z parameter was obtained using the hyperbolic
sine model.
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— 1 z 1/20.02+ 7 2/20.02le 1/2
Op = 000199 ™\ 2781013 3 78% 101%

3. The relationship between the deformation energy storage and Z parameter was
identified:
AGp = —0.229(InZ)? + 25.446(InZ) — 490.554

the deformation energy storage also increases with the increase in the strain rates and
the decrease in the deformation temperature, and with the AGp value in the range of
25-200 J/mol.

4. The hot working diagram of Fe4oMny(CryNipg MEA mainly has two flow instability
regions and a thermal processing safe region. The instability zones range from 620
to 700 K and 787 to 873 K, and the strain rate regions are 2 x 1034 x 10 3s 1 and
2x 1073273 x 1072571,
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