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Abstract: CoCrFeNiZr3 is a two-phase coexisting (Laves + FCC) high-entropy alloy with high
strength, excellent corrosion resistance, and thermal stability. However, the inhomogeneous dis-
tribution of the eutectic structure among the dendrites has a detrimental effect on the coordinated
deformation of the material. The current study shows that the grain size, weave structure, and second
phase distribution of high-entropy alloys can be significantly changed by thermal deformation, which
affects the mechanical and physical properties, as well as the chemical stability of the alloys. In this
study, the thermal deformation behavior of CoCrFeNiZr( 3 biphasic hypoeutectic high-entropy alloy
was investigated using a Gleeble-3500 thermal simulation tester under the conditions of deformation
temperature of 950-1100 °C and deformation rate of 0.001-1 s~ L. The results show that CoCrFeNiZr 3
high-entropy alloy has higher deformation activation energy, which means its deformation resistance
is larger. In addition, the microstructure with finer grain size and uniform distribution of Laves phase
can be obtained by EBSD analysis after compression at 1000 °C and 0.01 s~ .

Keywords: high-entropy alloy; microstructure evolution; thermal deformation; constitutive equation;
thermal processing map

1. Introduction

The concept of high-entropy alloys (HEAs), which generally consist of four or more
metallic elements in equal or nearly equal proportions, was introduced in the early 21st
century [1-3]. Compared with conventional alloys, HEAs are usually composed of multiple
elements and the content of each element is relatively low, resulting in a more homogeneous
atomic structure and higher entropy of mixing. Due to the synergistic effect between ele-
ments, HEAs have excellent mechanical properties and heat and corrosion resistance [4-6].
Since then, researchers have successfully fabricated numerous HEAs using rapid solidifica-
tion techniques, confirming their ability to form simple solid solution structures during the
cooling process [5,7-10]. Among these alloys, those containing FCC phases exhibit excellent
ductility and fracture toughness [11-16], making them widely applicable in engineering
practice. However, single-phase FCC HEAs suffer from insufficient strength and their
properties can be further optimized. Numerous studies have shown that an effective way
to improve the properties of HEAs is through alloying by additional elements [17-20].

Zr is a ductile and corrosion-resistant metal with excellent mechanical properties. A
large number of studies have shown that the addition of trace Zr elements can significantly
improve the strength and hardness of conventional steel [21-24]. CoCrFeNiZr 3 is a typical
two-phase HEA composed of FCC phase and intermetallic compound. It is a hypoeutectic
alloy with both FCC and Laves phases and has excellent mechanical properties [19,25-28].
Among them, the FCC phase with good plasticity has two forms: dendrite (marked as
DR) and lamellar. However, the lamellar Laves phase in the interdendrite (marked as
ID) region reduces ductility, but Laves phase alloys generally have special mechanical
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properties such as high melting point, good high temperature stability, and high strength
and heat resistance, making them potential high temperature structural materials, especially
in aerospace, nuclear, and other applications. Therefore, this series of HEA has great
research value.

Wang et al. [29] investigated the hot compression behavior and organization evolution
of dual phase NiCoFeCrAljy ; HEA, and the relationship between the flow stress and the ther-
mal compression parameters is established by the constitutive equation. The activation en-
ergy of the dual phase HEA was significantly improved up to approximately 379.81 kJ /mol.
Sonkusare et al. [30] investigated the compression properties of CoCuFeMnNi HEA under
different thermal deformation conditions, and found the strain hardening and strain rate
hardening behavior is better than that of pure metal. Tong et al. [31] established the opti-
mum processing interval for Aly 3CoCrFeNi HEA through hot compression, and found that
there was dislocation-precipitated phase interaction during high temperature deformation,
and the precipitated phase was B2-type NiAl phase. Therefore, thermal deformation may
be an effective way to modulate the microstructure of CoCrFeNiZry3 HEA.

In this study, the high temperature compression experiment of CoCrFeNiZrj 3 HEA
was carried out using a Gleeble-3500 thermal simulation experimental machine, and the
flow behavior at high temperature was studied in the range of deformation temperature
950-1100 °C and deformation rate 0.001-1 s~ 1, including the drawing of a true stress-strain
curve, the calculation of constitutive equation, and the construction of thermal working
diagram. The effects of different deformation parameters on the grain orientation and size
of the alloy and the recrystallization grain distribution were analyzed by EBSD, and the
relationship between the microstructure and flow behavior was discussed.

2. Experimental Procedures

In this study, high-purity metal particles of Co, Cr, Ni, Fe, and Zr, with a minimum
purity of 99.9%, were utilized to prepare the CoCrFeNiZrj 3 HEA samples. An electronic
balance with an accuracy of 0.0001 g (model FA2104N) was employed for weighing pur-
poses, and the quality of each element is shown in Table 1. The experimental material was
prepared using a non-consumable vacuum arc melting furnace (model DHL-300). Prior
to the experiment, pure Ti particles were melted in a crucible under a high-purity argon
atmosphere to ensure the complete removal of oxygen within the furnace and prevent
oxidation of the alloy due to oxygen presence. During melting, efforts were made to ensure
uniformity in the resulting alloy ingots by stirring and repeatedly turning over the alloy
sample in the crucible. A fixed melting current of 400 A and a melting time of 2 min
were maintained for each cycle. After 6 repetitions of this process, the required sample
was obtained.

Table 1. Mass of elements in CoCrFeNiZr( ;3 HEA.

Elemental Quality/(g)
Alloy
Co Cr Fe Ni Zr
CoCrFeNiZrg 3 23.3076 20.5667 22.0894 23.2127 10.8236

Gleeble-3500 (DSI Inc, Albany, NY, USA) is a widely used thermal simulation testing
machine in the field of materials science and engineering. It can simulate the hot mechanical
processing conditions such as hot rolling, hot extrusion, welding, and forging for various
materials to study their mechanical behavior, phase transformation, deformation mecha-
nisms, and microstructural evolution at high temperatures. The present study utilizes a
Gleeble-3500 thermal-mechanical simulator to perform hot compression tests in order to
investigate the flow behavior and microstructural development of the CoCrFeNiZrj 3 HEA
under various deformation conditions.

Circular cylindrical specimens, measuring 6 mm in diameter and 10 mm in length,
were extracted from the CoCrFeNiZr 3 HEA obtained through the melting process. The hot
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compression tests were conducted at deformation temperatures of 950 °C, 1000 °C, 1050 °C,
and 1100 °C with strain rates set at 0.001s~%,0.01s7%,0.1s7 !, and 157}, respectively; a true
strain value of 0.8 was applied to each sample, and the compressed sample was immediately
quenched in water until reaching room temperature, the corresponding experimental flow
chart is shown in Figure 1. To prevent surface oxidation during heating, the thermal
simulation tests were carried out under vacuum conditions. Furthermore, a layer of Ta
sheet with a thickness of 0.05 mm was interposed between the specimen and the indenter
to minimize bulge effects resulting from end friction.
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Figure 1. Schematic diagram illustrating sequence of hot compression tests.

The surface microstructure of the original samples was analyzed using the Nova Nano
450 Scanning Electron Microscope (SEM, FEI Company, Hillsboro, OR, USA). Addition-
ally, the crystal structure of samples subjected to different deformation parameters was
examined utilizing the JEOL JSM-7900F Field Emission Electron Scanning Microscope with
Electron Backscatter Diffraction (SEM-EBSD, Japan Electronics Co., LTD, Tokyo, Japan).

The microhardness of the alloy samples was assessed using a KB30S-FA automatic
micro-hardness tester (KB Inc, Hochdorf-Assenheim, Germany), with a working load of
300 g and load protection set at 15 s. To ensure measurement accuracy, multiple mea-
surements were averaged. Specifically, 10 points on the sample surface were randomly
measured, the maximum and minimum values were excluded, and the average of the
remaining 8 points was calculated as the final hardness value.

3. Results and Discussion
3.1. Microstructural Analysis

Figure 2 shows the low and high magnification SEM backscattered electron images
of CoCrFeNiZry 3 alloy. The as-cast CoCrFeNiZry3 HEA exhibits a typical two-phase
organization, with the dendrites as FCC solid solution, whose average size is between
10-60 um. In addition, a layered structure of FCC and Laves phases was observed in the
inter-dendritic region (Figure 2b), with the lamellae spacing reaching the submicron level.
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Figure 2. SEM backscatter electron images of CoCrFeNiZr( 3 HEA. (a) low and (b) high magnification.
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3.2. Hot Deformation Behaviors

Figure 3 presents the true stress-true strain curves of CoCrFeNiZry 3 HEA at different
deformation rates, with deformation temperatures of 950 °C, 1000 °C, 1050 °C, and 1100 °C,
respectively, and a true strain ¢ = 0.8. It can be observed from Figure 3 that the shapes
of the true stress-true strain curves for CoCrFeNiZry3 HEA are approximately similar.
Initially, during the elastic deformation stage of the HEA, the true stress-true strain curve
resembles a straight line. Due to the dominance of the work hardening effect during alloy
deformation, the flow stress quickly rises to its peak.
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Figure 3. True stress—true strain curves of CoCrFeNiZr3HEA during hot compression deformation:
(@) 950 °C, (b) 1000 °C, (c) 1050 °C, (d) 1100 °C.

Subsequently, as the flow stress reaches its peak value and with further increase in true
strain, there is a gradual decrease in flow stress as dynamic recrystallization-based dynamic
softening begins to occur within the alloy. This emergence of dynamic softening causes
work hardening to lose its dominant position and leads to a transition in deformation
resistance from an initially hardened state to a softened state. Ultimately, as processing
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hardening and dynamic softening compete against each other towards completion of the
deformation process stages, their effects offset one another leading to stabilization in flow
stress values.

Figure 4a illustrates that the flow stress value of CoCrFeNiZr,3; HEA is positively
correlated with the strain rate at a constant deformation temperature. This is attributed
to the rapid proliferation of dislocations at high strain rates, which hinders dynamic
softening. Conversely, lower strain rates allow sufficient time for dynamic recrystallization,
smooth nucleation and growth of grains, resulting in lower flow stress values and easier
macroscopic deformation of the alloy. And from Figure 4b, when the strain rate is certain,
the flow stress value of CoCrFeNiZrj 3 HEA is negatively correlated with the deformation
temperature, the alloy is at a higher deformation temperature, and the value of flow stress
is lower. This is because the higher deformation temperature accelerates the motion rate
of atoms and reduces the hindrance of dislocation motion and interfacial sliding, thus
allowing the dynamic recrystallization process to proceed smoothly [32].
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Figure 4. (a) Peak flow stress of isothermally compressed CoCrFeNiZry3 HEA and (b) peak flow
stress as a function of strain rate at different temperatures.

In order to further describe the thermal deformation behavior of CoCrFeNiZry3 HEA,
the thermal deformation constitutive equations of CoCrFeNiZr 3 alloy is constructed based
on Equation (1) [33], where ¢ is the strain rate (s~!), o is the flow stress (MPa), T is the
absolute temperature (K), Q is the deformation activation energy (kJ/mol), R is the gas
constant (=8.314 J/mol-k), A is the structural factor, n; is the stress index, « is the stress
level parameter (mm?/N), and B is the material constant.

¢= Alsinh(oo)]™ exp [— Q (1)

T

The parameter o can be represented as the steady-state stress, peak stress, or flow
stress corresponding to a specified strain variable. In this study, the peak stress in the true
stress-strain curve is utilized for constructing a constitutive equation (see Table 2). The
corresponding data are substituted into Equations (2) and (3), and the fitting curves of
Iné-Ino and Iné-o are drawn by linear regression processing according to the least squares
method, as shown in Figure 5. From Equations (2) and (3), it can be observed that the
reciprocal average values of the slopes of lines (a) and (b) in Figure 5 are n; = 5.8303 and
3 = 0.0313, respectively, with & = 3/n; = 0.0054 calculated from Equation (4)

_Q
RT

Iné=In(A) + BG—% 3)

Inée=In(A)+n;In(0) )
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Table 2. Peak flow stress (MPa) of CoCrFeNiZrj 3 HEA under different deformation conditions.

Peak Flow Stress (MPa)

Strain Rate (s—1)

(2)

6.0

5.5

Inc

5.0

1100°C

4.0

950 °C 1000 °C 1050 °C 1100 °C
1 438.7238 345.5079 292.4590 239.4383
0.1 322.1562 264.0917 210.4556 166.2917
0.01 227.8438 176.0611 139.6435 102.6387
0.001 158.7436 110.3990 81.8053 62.1746
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Figure 5. Linear fit between strain rate and flow stress of peak flow stress of CoCrFeNiZrj 3 HEA:
(a) Iné-Ino, (b) Iné-o.

When the peak flow stress is determined, the deformation temperature and strain
rate of the CoCrFeNiZrj 3 HEA are analyzed using linear regression processing based on
the least squares method. The coordinates of In[sinh(xo)]-Iné and 1000/ T-In[sinh(co)]
are then plotted by linear regression processing, as depicted in Figure 6. According to
Equations (5)—(7), in Figure 6a, the reciprocal average of the slope of the line is n = 4.6321;
in Figure 6b, the average value of the slope of the line is k = 11.5162 and Q = Rnk =
405.5845 kJ /mol.

_ dlne dIn[sinh(ao)] |
Q= R{ dIn[sinh(xo)] }T 5(@) ' = Rnk ©)
thereinto: 5 Inc
ne
n= {éln[sinh(cx(r)] }T ©)
K— dIn[sinh(wo)] @

5(192)
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Figure 6. Linear fit between strain rate, flow stress and temperature of peak flow stress of
CoCrFeNiZry 3 HEA: (a) In[sinh(x0)]-Ing, (b) 1000/ T-In[sinh(x0)].

The Zener-Hollomon parameter (Z parameter) is a pivotal factor in high temperature
creep mechanics for characterizing the deformation behavior of materials at elevated
temperatures. It integrates the creep rate, temperature, activation energy, and other factors
to reflect the material’s sensitivity to creep under specific temperature and stress conditions.
The high temperature constitutive equation based on this parameter can be utilized to
predict the plastic deformation behavior of materials at high temperatures, particularly their
creep and fatigue life properties under long-term loading. Substituting the parameters of
different deformation conditions and the deformation activation energy Q into Equation (8)
yields the corresponding natural logarithm (In) value for Z.

By substituting the calculated InZ and its corresponding flow stress “o” into Equa-
tion (9), a coordinate plot of In[sinh(x0)]-InZ is generated through linear regression using
the least squares method, as shown in Figure 7. From Equation (9), it can be observed
that the intercept of the fitted line in Figure 7 is InA = 33.2653, A = 2.7986 x 10'*. Further-
more, it can be seen from Figure 7 that there is a correlation coefficient of 0.9976 between
In[sinh(«0)] and InZ, indicating a strong linear relationship between them; thus confirming
that CoCrFeNiZrj 3 HEA’s flow stress equation under thermal deformation conforms to
Zener-Hollomon parameter’s hyperbolic sinusoidal function form.

InZ =1In¢+ I?r (8)
InZ = In A + nIn[sinh(xo)] )

Through the above analysis and calculation, all the parameters of the Arrhenius equa-
tion of the hyperbolic sinusoidal function of CoCrFeNiZrj3 HEA are obtained. Therefore,
the constitutive equation between flow stress, deformation temperature, and strain rate at
a deformation temperature of 950-1100 °C and a strain rate of 0.001-1 s~ is:

¢ = 2.7986 x 10M[sin h(0.00540)]>%3% exp <_ 405585)

RT (10)
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Figure 7. Linear fit between InZ and In[sinh(co)] of peak flow stress of CoCrFeNiZrj 3 HEA.

The thermal processing map of the material is based on the Dynamic Material Mod-
eling (DMM) model and integrates the instability diagram with the power dissipation
diagram [34,35]. The DMM model is utilized to characterize the internal microstructure
evolution and energy conversion of materials during thermal deformation. The thermal
working map based on the DMM model is extensively employed in investigating the
thermal deformation behavior of alloys. Therefore, this paper employs the DMM model
to construct a hot working diagram, which facilitates a detailed understanding of the
relationship between deformation conditions, deformation mechanism, and deformation
microstructure. Simultaneously, the figure’s dangerous zone and safe zone can be utilized
for selecting appropriate deformation process parameters to enhance material processing
performance.

Figure 8 illustrates the thermal processing map for CoCrFeNiZry3 HEA at strains
ranging from 0.2 to 0.7. In this figure, contour lines represent the power dissipation
factor 1; higher values of 1 indicate greater energy expenditure driving microstructural
changes within the material. The shaded areas in the diagram denote instability regions
for this alloy, with darker shades indicating a higher likelihood of instability, suggesting
phenomena such as cracking and particle fragmentation are more likely to occur within
these specific parameter intervals. Therefore, these areas should be avoided during material
processing. The trends of the power dissipation factor and the instability region are nearly
identical across strains of 0.4 to 0.7, as shown in Figure 8. Furthermore, it is evident that
the area of the instability region increases with higher strain levels, indicating an increased
susceptibility to detrimental deformations as deformation level grows.

It can be observed from Figure 8 that the instability shadow region is mainly concen-
trated in the high speed and medium temperature range. The processing interval with a
temperature of 960-1090 °C and a strain rate of 107°7-1 s~! should be avoided, while the
remaining areas are considered safe for processing. However, at low temperatures and
low rates, the power dissipation factor is lower (8-36%), indicating that this area should
also be avoided during thermal deformation due to reduced thermal movement between
atoms and dislocation migration ability, leading to worsened workability of the material.
Therefore, the optimal thermal deformation process parameters for CoCrFeNiZrj 3 HEA are
determined as follows: deformation temperature is 1000-1100 °C, strain rate is 0.01-0.1 s~ 1.
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Figure 8. Processing map of CoCrFeNiZr( 3 HEA at different strains: (a) ¢ =0.2, (b) ¢ = 0.3, (c) e = 0.4,
(d)e=05,(e) e=06,(f) e=0.7.

3.3. Hardness Analysis

Figure 9 shows the relationship between hardness values and deformation parameters
of CoCrFeNiZrj 3 HEA. It is obvious from Figure 9a that the hardness of CoCrFeNiZr 3
HEA is greater than that of the as-cast alloy after deformation at 950-1100 °C. Among them,
the hardness of the alloy reaches the highest value of 347 HV at 1100 °C, but the change of
hardness does not show a certain regularity. However, at 1000 °C (Figure 9b), the hardness
of the alloys increases as the strain rate decreases, and the hardness is greater than that
of the as-cast alloys, which may be related to the growth of the Laves phase. In general,
the strain rate and strain temperature have little effect on the hardness of the alloy, and
maintain good hardness stability during the hot deformation process.
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Figure 9. Relationship between microhardness and deformation parameters of CoCrFeNiZrj 3 HEA:
(a) deformation temperature, (b) deformation rate.

3.4. XRD Analysis

Figure 10 shows the XRD diffraction patterns of CoCrFeNiZry 3 HEA under different
hot deformation conditions. The results indicate that the peak positions do not shift with
varying hot deformation conditions, and there is no significant shift in different temperature
and strain rate deformation conditions, only changes in intensity. This suggests that the
structure of the alloy does not change before and after hot deformation, and CoCrFeNiZr 3
HEA still consists of (FCC + Laves) phases, indicating good thermal stability of the alloy.
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Figure 10. XRD patterns of CoCrFeNiZrg 3 HEA under different deformation conditions: (a) 1571,
(b) 1000 °C.

3.5. Microstructures after Hot Deformation at Different Conditions

The grain orientation maps of the CoCrFeNiZry3 HEA under varying deformation
temperatures at a strain rate of 1s~! is shown in Figure 11, the direction of compression de-
formation of the specimen is z-axis and the results obtained are from the core of the sample.
At a deformation temperature of 950 °C, incomplete dynamic recrystallization occurs. The
original FCC grains undergo severe elongation, while numerous fine recrystallized grains
are formed and distributed around the FCC grains. At this point, the average size of the
recrystallized grains is small, generally consisting of submicron-scale fine grains. Upon
increasing the temperature to 1000 °C, further growth of FCC grains occurs as depicted in
Figure 11b. Shear deformation bands emerge within the thermally deformed microstruc-
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ture at relatively lower temperatures, predominantly featuring {101} planes. When the
temperature reaches 1100 °C, more prominent grain growth during recrystallization be-
comes apparent. From the grain orientation map, it can be inferred that newly formed
recrystallized grains exhibit diverse shapes and sizes with their orientations randomly
dispersed throughout the material.

Figure 11. EBSD grain orientation maps of CoCrFeNiZr; 3 HEA at rate of 1 s~1: (a) 950 °C, (b) 1000 °C,
(c) 1100 °C, (d) the IPF color keys.

In order to better analyze the thermal deformation behavior of CoCrFeNiZrj 3 HEA
under different temperature conditions, and to clarify the relationship between phase
distribution and dynamic recrystallization, the corresponding phase map and dynamic
recrystallization distribution map are shown in Figure 12. In Figure 12a,c,e, blue and
red represent Laves phase and FCC phase, respectively; in Figure 12b,d f, blue, yellow,
and red represent recrystallized organization, substructured organization, and deformed
organization. The corresponding statistical results are shown in Figure 13. It can be
observed from the figures that dynamic recrystallization occurred at all three deformation
temperatures. When the temperature is 950 °C, the newly formed recrystallized grains are
relatively small and distributed around the deformed grains. At this time, the majority of
the alloy consists of deformed grains, accounting for 65.2%, while substructured grains
and recrystallized grains account for only 13.2% and 21.6%, respectively, indicating a low
degree of dynamic recrystallization. Similarly, when the temperature reaches 1000 °C,
the proportion of recrystallized grains continues to decrease, with the weight percentage
of deformed grains reaching 76.8%, and substructured and deformed grains becoming
coarser. With a further increase in temperature (reaching 1100 °C), it becomes very evident
that the recrystallized grains are growing larger. This is because as the temperature rises,
atomic thermal motion intensifies and diffusion capability strengthens; high temperatures
accelerate processes such as recovery, annihilation, and recombination of dislocations,
which are favorable for the growth of the recrystallized grains [36]. Furthermore, it can be
observed that most recrystallized grains are mainly distributed in FCC phase, while almost
all deformed grains are found in Laves phase; this implies that dynamic recrystallization
primarily occurs in FCC phase.
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Figure 12. Phase and DRX maps of CoCrFeNiZrj 3 HEA at rate of 1 s~ L (a,b) 950 °C; (c,d) 1000 °C;
(e,f) 1100 °C.
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Figure 13. DRX volume percentage of CoCrFeNiZr 3 HEA at rate of 1 s L

Figure 14 shows the Kernel Average Misorientation (KAM) and grain boundary map
of CoCrFeNiZrg 3 HEA at different deformation temperatures. High-density dislocations
are mainly distributed within the deformed structure, as indicated by larger KAM values in
the regions corresponding to the deformed structure in Figure 14a,c, as well as within some
substructure regions, such as in Figure 14e. At a temperature of 1000 °C, due to the high
dislocation density, there is a large amount of deformed structure under this deformation
condition, leading to a high degree of strain hardening in the alloy. Therefore, this parameter
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is not suitable for processing, which corresponds to the hot working diagram. However, at
1100 °C, it can be seen from the KAM map that there is a significant decrease in dislocation
density within the structure due to dynamic recrystallization eliminating a large number of
dislocations. Similarly, from the grain boundary map, it can be observed that low angle
grain boundaries (LAGBs) are relatively more abundant in areas with higher dislocation
density [37]. Dislocations with higher energy will induce new grain nucleation at low angle
grain boundaries or pre-existing grain defects during recrystallization process; during
this process low angle grain boundaries will transform into high angle grain boundaries
(HAGBEs).

Figure 14. KAM and GB maps of CoCrFeNiZry 3 HEA at rate of 1 s~ L (a,)b) 950 °C; (c,d) 1000 °C;
(e,f) 1100 °C.

After hot deformation, a noticeable texture with a certain high density index (texture
strength) appeared in the alloy structure. Figure 15 shows the EBSD pole figures at different
temperatures, displaying the distribution of textures on the (100), (110), and (111) planes.
As shown in Figure 15a, when the alloy was subjected to hot deformation at 950 °C, strong
textures mainly appeared on the (100) and (111) planes, but the highest value was relatively
low at only 1.99. With increasing temperature, the texture strength gradually increased.
At 1000 °C (Figure 15b), strong texture distribution mainly occurred on the (100) plane,
with a maximum value of 5.32. When the temperature reached 1100 °C (Figure 15c), strong
textures appeared on both the (100) and (111) planes, but there were more distributions on
the (100) plane, with a maximum value of 5.18. It can be found that with the increase in
recrystallization, the degree of preferred orientation decreases. The random texture is more
conducive to the formation of fine equiaxed grains [38], which is also reflected in Figure 13.
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Figure 15. Pole maps of CoCrFeNiZry 3 HEA at rate of 1 s~ 1 (a) 950 °C; (b) 1000 °C; (c) 1100 °C.

Figure 16 illustrates the grain orientation map of CoCrFeNiZr( 3 HEA at a deformation
temperature of 1000 °C and different deformation rates. It is evident that at low strain rates,
the deformation shear bands disappear and the grain orientations tend to be randomly
distributed without a clear preferred orientation. With further reduction in strain rate
(0.001 s~ 1), noticeable recrystallized grains exhibit significant growth, presenting a distinct
equiaxed grain morphology.

Figure 16. EBSD grain orientation maps of CoCrFeNiZr, 3 HEA at temperature of 1000 °C: (a) 0.01 s~L
(b) 0.001 571,

Similarly, at 1000 °C, the phase diagram and recrystallization distribution maps for
different strain rates are shown in Figure 17. It can be observed that the distribution of
deformed grains, recrystallized grains, and substructure grains is uniform, and with the
decrease in strain rate, all three types of grains exhibit growth phenomena. Additionally,
at this temperature, the FCC phase mainly consists of recrystallized grains and subgrains,
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while the recrystallization phenomenon in the Laves phase remains less pronounced. It
is evident that within a wide range, dynamic recrystallization in CoCrFeNiZrg3 HEA
primarily occurs in the FCC phase.

Figure 17. Phase and DRX distribution diagram of CoCrFeNiZrj 3 HEA at temperature of 1000 °C:
(a,b) 0.01s7; (¢c,d) 0.001 s 1.

From Figure 18, it can be observed that the strain rate is inversely proportional to
the recrystallization degree, indicating that as the strain rate increases, the occurrence of
recrystallization becomes more difficult. Under low strain rate conditions, substructures
are easily formed and deformation energy storage is rapidly released through dynamic
recrystallization nucleation and growth mechanisms. Increasing the strain rate shortens
the deformation time, inhibiting the formation and development of substructures, making
recrystallization nucleation more difficult [39]. At high strain rates, intense deformation
may cause recrystallization nuclei to undergo deformation after their formation, leading to
dislocation formation within them and reducing the strain gradient between recrystallized
grains and deformed grains. As a result, significant grain growth during recrystallization
is not observed. However, it is also noted that when the strain rate continues to decrease,
the recrystallization degree of CoCrFeNiZr3; HEA does not continue to increase (33.7%
at a strain rate of 0.01 s~1; 32.5% at a rate of 0.001 s~ ). This is because an excessively low
deformation rate leads to slow dislocation accumulation which cannot reach the critical
value for rapid recrystallization nucleation; thus resulting in predominantly substructured
microstructure in this case.
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Figure 18. DRX volume percentage of CoCrFeNiZr, 3 HEA at temperature of 1000 °C.

4. Conclusions

In this study, CoCrFeNiZrg 3 HEA was prepared by the vacuum arc melting method,

and equiaxed thermal simulation experiments were carried out using the Gleeble-3500. The
true stress-strain curve and thermal processing map were depicted. The microstructure of
the deformed specimens was analyzed by EBSD. The following conclusions were drawn:

1.

The flow stress curves of CoCrFeNiZrj 3 HEA exhibit typical dynamic recrystallization
behavior. The flow stress of the alloy is sensitive to both the deformation temperature
and the strain rate. As the deformation temperature decreases and the strain rate
increases, the flow stress also increases, and vice versa.

The thermal activation energy of CoCrFeNiZr( 3 HEA is about 406 kJ/mol, and the
constitutive equation for peak stress is obtained:

(11)

¢ = 2.7986 x 10M[sin h(0.00540)]>%*% exp <_ 405585)

RT

Through the analysis of the thermal processing diagram, we have determined the
optimal process parameters for thermal deformation of CoCrFeNiZry3; HEA: a de-
formation temperature range of 1000~1100 °C and a strain rate range of 0.01-0.1 s~ 1.
As the deformation temperature increases and the strain rate decreases, there is an
observed increase in the size of dynamically recrystallized grains, and the content of
the substructure increases relatively.

CoCrFeNiZrj sHEA has high compressive strength at high temperature, and XRD
shows that the phase structure stability of the alloy is good. This study provides a
reference for the development of similar two-phase materials through hot working
pictures. Due to its excellent high temperature resistance, low neutron absorption
cross section and good corrosion resistance, Zr has a potential application prospect in
the nuclear industry.
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