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Abstract: The CoCrNi-based medium-entropy alloys (MEA) have been extensively investigated due to
their exceptional mechanical properties at both room and cryogenic temperatures. To investigate the
hot deformation behavior and the recrystallization mechanism of the CoCr( 4NiSig 3 medium-entropy
alloy, a series of deformation tests was conducted using the MMS-100 thermal simulation tester,
with deformation conditions of 0.001-1 s~!/850-1150 °C. During the hot deformation process, the
flow stress initially increases up to its peak value before gradually decreasing towards a steady state
level. Higher flow stress levels are observed with increasing strain rate and decreasing deformation
temperature. The estimated activation energy for hot deformation of this alloy is approximately
423.6602 kJ /mol. The Arrhenius-type constitutive equation is utilized to establish a modified model
while incorporating power dissipation theory and the instability criterion of a dynamic material
model to construct power dissipation maps and instability maps. By superimposing these maps, hot
processing maps with strains of 0.4, 0.5, and 0.7 are derived. In this investigation, it is observed that
regions of instability exclusively occur when the true strain exceeds 0.4. These regions of instability
on the hot processing map align well with experimental findings. The suitable range of parameters for
hot-working decreases as the true strain increases. The microstructure was analyzed using electron
backscatter diffraction and transmission electron microscopy (TEM) techniques. The volume fraction
of dynamic recrystallization (DRX) decreases with increasing strain rate but diminishes with rising
temperature. The TEM characterization elucidated the mechanism of DRX in this MEA. The presence
of the long-period stacking ordered (LPSO) phase was observed in both the face-centered cubic
matrix and hexagonal close-packed recrystallized grains under different deformation conditions.
The LPSO phase originates from the matrix at a low strain rate, whereas it is generated during
recrystallization at a high strain rate. The observed increase in flow stress of the as-cast MEA is
primarily attributed to the synergistic effects arising from the interaction of the dislocation with
twins and the second phase. The onset of instability is effectively suppressed within a limited range
through the formation of coherent second phases such as L1, LPSO, and superlattice structures
resulting from phase transitions. These second phases serve as nucleation sites for recrystallization
and contribute to the strengthening of dispersion. Furthermore, their interaction with dislocations
and twins significantly influences both flow stress behavior and recrystallization kinetics under hot
deformation. These findings not only deepen our understanding of the underlying deformation
mechanisms governing MEA but also offer valuable insights for designing CoCrNi-based alloys with
improved mechanical properties at elevated temperatures.

Keywords: hot deformation; medium-entropy alloy; constitutive equation; hot processing map; super
lattice; LPSO
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1. Introduction

High- and medium-entropy alloys, initially proposed in 2004 [1,2], have emerged as
a prominent design paradigm in materials science, offering novel avenues and concepts
for the advancement of state-of-the-art metallic materials with exceptional performance
characteristics. Consequently, extensive investigations have been conducted by scholars
across diverse alloy systems [3-9]. In recent times, the application scenarios for key
equipment-related materials have witnessed a surge in diversity, thereby necessitating
broader mechanical property requirements for these materials. Therefore, the transition
elements (i.e., Cr, Mn, Fe, Co, Ni, and Cu) exhibit exceptional mechanical properties due to
the partial occupancy of d orbitals by electrons and are frequently selected as the primary
constituents for forming high-entropy alloys. The researchers have been actively involved
in the design and optimization of alloy mechanical properties, employing diverse forms
of simulation-based design [10-13] and rigorous mechanical testing [14] across a range of
temperatures. Additionally, diverse processing technologies and mechanisms are being
researched based on the accumulated theory and experience in traditional metals and
alloys. These efforts aim to facilitate technological breakthroughs in extreme application
environments, such as wide temperature ranges and complex stress conditions [15,16]
for alloys, ultimately enabling scientific material design that provides crucial support for
high-tech applications. The Cantor alloy, consisting of five principal elements, has been
extensively investigated as a high-entropy alloy (HEA) due to its exceptional strength
and plasticity [17-19]. Meanwhile, the CoCrNi-based medium-entropy alloy (MEA) has
garnered significant attention owing to its superior mechanical properties, leading to
further advancements in this alloy system [20,21].

The CoCrNi-based medium entropy alloy has shown exceptional strength and plastic-
ity at both room and cryogenic temperatures [21-24]. The incorporation of Si components
in CoCrNi-based MEA leads to a reduction in the stacking fault energy (SFE) and an
increase in lattice distortion, thereby augmenting its mechanical properties at room tem-
perature [25]. Dharmendra et al. [26] incorporated 0.2-0.8 Si (wt.%) into the hexagonal
close-packed (HCP) structured TX32-0.4Al alloy to investigate the hot working capabilities
and found that the initial instability region characterized by low temperatures and high
strain rates in TX32-0.4Al alloy is significantly diminished to eliminate with elevated Si
addition at 0.4-0.8 (wt.%) in the hot processing map. Furthermore, the introduction of
0.4 wt.% Si enhances the performance of hot working by mitigating flow instability and
widening the hot processing window. However, despite some existing research on the hot
deformation behavior of CoCrNi-based alloys [27-30], a more comprehensive and precise
understanding of the underlying mechanisms governing microstructure evolution during
deformation is still needed. In the CoCrNi-based alloys with face-centered cubic (FCC)
as the predominant phase structure, investigating the impact of Si addition on the hot
processing properties and recrystallization mechanism of this material holds significant
importance in engineering and military domains.

The hot deformation process of metals and alloys is a thermally activated process [31]
characterized by intense atomic movement, which is closely associated with the hot defor-
mation conditions of the material. The flow stress is primarily influenced by the factors of
deformation temperature, strain rate, and deformation extent [32]. During hot deformation,
the FCC phase, which is the predominant phase in these alloys, exhibits varying levels of
flow stress [28-30]. Further summarization is necessary to comprehend the stability and
phase transition of the high-temperature phase. L1; acts as a prevalent coherent second-
phase within Ni-based superalloys [32] or emerging MEAs/HEAs generally containing
Al and Ti [33,34], effectively enhancing the mechanical properties of alloys at elevated
temperatures. The long-period stacking order (LPSO) phase was initially observed in
Au-Mn alloys [35] and is commonly observed in HCP phases, particularly in rare earth
Mg alloys, exhibiting varying degrees of strengthening and toughening effects [36-38].
Wang et al. [39] conducted a first-principles investigation on solute atoms in Al alloys,
revealing that Si atoms exhibit a preference for segregation to the SF planes of 9R, 12R, 15R,
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and 18R phases due to distinct alterations in their stacking sequences within (111) close-
packed planes. Furthermore, the inclusion of the LPSO phase substantially contributes to
the augmentation of mechanical properties in Al alloys. In the process of tensile plastic
deformation of TiAl intermetallics, the lamellar structure of LPSO plays a crucial role in
enhancing high-temperature mechanical performance by promoting glide motion of 1/6
Shockley partial dislocations on the (111) close-packed lattice plane, thereby facilitating
plastic deformation, particularly through the formation of 6H and 9R structures [40]. The in-
vestigation of high-temperature phases and strengthening mechanisms in HEAs and MEAs
has garnered significant interest due to their unique properties. The comprehension of the
hot deformation mechanism of an alloy is essential for the development of hot working
technology, necessitating a thorough investigation into the hot deformation characteristics
of MEA under various conditions to optimize alloy properties.

This study investigates the influence of strain rate and deformation temperature on
flow stress and microstructural alterations during hot compression testing of CoCrj 4NiSig 3
MEA. A modified model based on the Arrhenius-type constitutive equation is established for
this particular MEA, accompanied by hot working maps for various true strains, facilitating
analysis of dynamic recrystallization (DRX) behavior during the process. The microstructure
and underlying DRX mechanism under different conditions are thoroughly discussed,
providing a theoretical foundation for determining production process parameters.

2. Experimental

The MEA ingot of CoCr( 4NiSig 3 (at.%) weighing 5 kg was produced through induc-
tion melting, utilizing raw materials comprising Co, Cr, Ni, and Si with a minimum purity
of 99.9 wt.%. The bulk ingot was successively melted four times at power levels of 100,
120, 140, and 120 kW and a temperature of 1700 °C to ensure a homogeneous composition.
Subsequently, the ingot was cast into a 16 mm thick slab under an argon atmosphere and
rapidly cooled in the furnace within 30 min. The cylindrical as-cast testing samples with
dimensions of ®8 x 15 mm were then directly obtained from the MEA slab through wire-
electrode cutting in a direction perpendicular to its thickness and subsequently subjected
to mechanical polishing. The MMS-100 thermal simulation tester was employed to conduct
an isothermal hot compression test under ambient conditions with a compression reduction
of 8 mm. The temperature was continuously controlled by an integrated system. The
hot compression was conducted with a heating rate of 10 °C and held for 3 min prior to
compression in order to maintain a uniform heating temperature. The specimens were
compressed at strain rates of 0.001, 0.01, 0.1, and 1 s71 at temperatures of 850, 950, 1050,
and 1150 °C, respectively. Subsequently, the specimens were rapidly water-quenched to
minimize the impact of static recrystallization. The schematic diagram of the compression
process is depicted in Figure 1a. Figure 1b shows the schematic diagram of the deformation
areas of a compressed specimen. The large deformation zones (LDZ) [41] of the axial
sections of hot compressed specimens were selected for observation and analysis of the mi-
crostructures. A comprehensive understanding of the hot compression behavior of the MEA
was achieved by establishing a constitutive equation. X-ray diffraction (XRD), Electron
backscatter diffraction (EBSD), and transmission electron microscopy (TEM) samples were
prepared via a symmetrical midline incision along the compression direction. Vibration
polishing techniques were employed for preparing the EBSD samples. The microstructures
and composition of the MEA were characterized after hot deformation using the Thermo
Fisher Apreo 2C field emission scanning electron microscopy (FE-SEM) equipped with a
Symmetry S2 probe. The step size ranged from 0.12 to 0.5 um, accounting for variations
in grain size within the uniform deformation zone of each sample. TEM characterizations
were conducted using the FEI Talos F200X microscope after ion milling of the TEM samples
with Gatan695.
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Figure 1. (a) Schematic diagram of the hot compression process; (b) Schematic diagram of deformation
areas of a compressed specimen.

3. Results and Discussion
3.1. True Stress-Strain Curves of the MEA

The true stress-strain behavior of the MEA during hot compression tests, conducted
at strain rates of 0.001, 0.01, 0.1, and 1 s~1, with testing temperatures of 850 °C, 950 °C,
1050 °C, and 1150 °C, is illustrated in Figure 2. During the initial stage of deformation,
the flow stress exhibits a rapid increase attributed to lattice distortion and pronounced
work hardening induced by dislocation proliferation and entanglement that further impede
dislocation motion during deformation. The peak stress and corresponding true strain
exhibit a decreasing trend as the deformation temperature increases at the given strain rate.
The flow stress curves exhibit a significant decrease and demonstrate distinct characteristics
of DRX after attaining the peak stress at 850 °C under varying strain rates. The flow stress
exhibits significant oscillations during hot compression under a strain rate of 0.001 s~!, as
depicted in Figure 2a, indicating the occurrence of deformation twins that facilitate the
deformation or discontinuous DRX (DDRX) at a low strain rate due to the low SFE [42,43].
The distinctive characteristics of dynamic recovery (DRV) can be observed at high strain
rates when it undergoes deformation at various strain rates at 950 °C, as depicted in
Figure 2¢,d. Conversely, the flow stress initially exhibits a peak and subsequently decreases
with increasing true strain when subjected to lower strain rates, indicating the occurrence
of DRX, as illustrated in Figure 2a,b. The MEA demonstrates similar rheological behavior
when subjected to different strain rates at temperatures of 1050 °C and 1150 °C, particularly
at the higher strain rate as illustrated in Figure 2¢,d. During the initial stage of deformation,
the rheological stress reaches its peak. A slight yet discernible decline in stress is observed
on the post-peak stress curve while maintaining consistent flow stress with an increasing
strain rate. A dynamic equilibrium exists between work hardening and DRX softening.
The flow stress initially decreases to 0 MPa at a true strain of 0.55 and a hot deformation
condition of 0.01 s~! /1150 °C, followed by an increasing trend with higher levels of true
strain as illustrated in Figure 2b, demonstrating the characteristic behavior of DDRX under
high temperature and low strain rate. The peak flow stress (¢}) under various deformation
conditions is presented in Table 1.
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Figure 2. True stress-strain curves of the CoCry 4NiSig 3 alloy at different deformation conditions.
(@) 0.001s7L; (b) 0.01s71;(c) 0.1s7 L (d) 15 L.

Table 1. op at different deformation conditions.

&

T/°C

0.001s1 0.01s71 0.1s1 151
850 268.6 372.8 559.3 557.6
950 110.8 183.9 325.7 376.4
1050 60.1 105.1 186.0 275.1
1150 42.0 59.6 108.0 157.3

3.2. The Activation Energy and Constitutive Equation

The hot deformation process of the MEA is a thermally activated process that is
governed by the kinetics of dislocation motion. The variation of flow stress partially reflects
the evolution of microstructure during hot deformation. It is evident that the deformation
temperatures and strain rates have a significant influence on the true stress-strain behavior
of MEA, as depicted in Figure 2. In order to analyze the hot deformation behaviors
of metallic materials, researchers widely employ the Arrhenius-type equation model to
describe the relationship between deformation conditions and flow stress [44].

Sellars and Tegart [45] proposed a hyperbolic sine correlation for hot deformation for
all flow stress levels in hot deformation. Therefore, based on the deformation conditions

during the hot deformation process of the MEA, the functional relation is established as
follows:

¢ = A[sinh(ac)]" exp(— %) (for all o, exponential relationship relationship) (1)
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Equations (2) and (3) can be obtained by different transformations of Equation (1) as:

€= Ajo™M exp(—%) (ao < 0.8, low stresses in power relationship) ()

e = Apexp(Bo) exp(— %) (aeo > 1.2, high stresses in exponential relationship) (3)

where ¢ is strain rate (sfl); o is flow stress (MPa); A, A1, Ay, «, and B are constants
independent of temperature; n and n; are stress indices of the materials; « = f/n1; Q is
the activation energy (kJ-mol~1); R is the molar gas constant (8.314 J-mol~1.K~1); T is the
absolute temperature of deformation (K).

Assuming that the activation energy is temperature-independent, by applying the
natural logarithmic transformation to both sides of Equations (1)-(3), the equations can be
correspondingly expressed as follows:

Ine Q InA

In[sinh(ac)] = — TIRT T o (4)
Ine =1In A +nllr1(7—g (5)
RT
hrlz'zzlnAz—i-,B(T—g (6)
RT

If the relationship of Iné — Ino and Ine — o described in Equations (5) and (6) are
linear, the slopes are 71 and B, respectively. Table 1 presents the ¢}, at various strain rates
and temperatures. Figure 3a,b illustrate the fitting lines of Ine — Ingp and Ine — 0}, from
which n17 and B are determined as 5.633 and 0.033, respectively. Therefore, the value of «,
calculated as « = B/n1, is determined to be 0.0059 MPa~!.

1 1
(a) (b)
0 — A A A A 0 A
A 950°C ]
114 tesec -1
24 A 1sec 2
n, (avg)=5.633 A o A
¢ 2 -3 : E -3
—
-4 1 -4 1
850°C
-5 -5 A 950°C
A 1050°C
-6 -6- A 1150°C
B (avg)=0.033
=7 -7
35 4.0 4.5 5.0 5.5 6.0 6.5 0 100 200 300 400 500 600
Inc (MPa) o (MPa)

Figure 3. The relationship between strain rates and flow stress: (a) Iné — Ino; (b) Ine — 0.

According to Equation (4), if there is a linear relationship between In[sinh(xc)] and Ine,
then the slope is 7!, consequently, the stress indices of 7 can be determined. Similarly, if
there is a linear relationship between In[sinh(xc)] and T~1, then the slope value represents
Q/nR and the activation energy Q can be expressed as:

dlne ] )

Q=R [8ln[sinh(oaf)

) [8 ln[si;i(oca) }

¢

Figure 4a,b illustrate the linear relationship of the fitting lines of In[sinh(xc)] — In¢, and
In[sinh(ac)] — T~1/x1073 K1, respectively, and the value of 7 and Q/#nR can be derived
from the average slopes as 3.7908 and 13.4424 correspondingly. The activation energy (Q)
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In[sinh(@0o)]

of the MEA at high-temperature deformation can be obtained by bringing the derived
average slopes of Figure 4a,b to Equation (7), and the value is found to be 423.6602 kJ /mol.
The relatively high value of Q indicates comparatively slower DRX kinetics in this MEA
compared with conventional alloy systems [46,47]. The obtained value Q can be attributed
to the low SFE and robust work-hardening ability exhibited in the MEA.

-1.0 1

n(avg)=3.8376

(b) 3.0

2.51
2.0

O/nR(avg)=13.4424

In[sinh(ao)]
s ez~
T rsT

051 *
v 0.01s"
< 950°C -1.0 1 S
< 1050°C 7 0.1 T
< 1150°C -1.51 v 15

— — T — 2.0 . . r . .
S5 4 3 2 -1 0 1 068 072 076 080 0.84 0.88

Ing T'/x10°K™!
Figure 4. The relationships of (a) In[sinh(ac)] — Ing¢; (b) In[sinh(xo)] — Ine.

The literatures [44,48] have demonstrated that the true stress-strain constitutive rela-
tion is significantly influenced by deformation conditions. By determining the activation
energy (Q) of the MEA, a temperature-compensated strain rate factor is introduced to
account for this effect. The correlation between temperature and strain rate in various
processing procedures of metallic materials can be expressed by the Zener-Hollomon (Z)

parameter [49]:
Z = ¢eexp (RQT) (8)

The value of Z under different deformation conditions can be determined by applying
the natural logarithm to both sides of Equation (8), as indicated in Equation (9):

a9
InZ=lnée+ = )
The Equation (4) can be transformed as:
, ., Q
ninfsinh(ac)] = Ine + RT InA (10)

The combination of Equations (9) and (10) can be expressed as follows:
InZ = nln[sinh(ac)] +1In A (11)

If the relationship between InZ and In[sinh(xc)] described in Equation (11) exhibits
linearity, the slope corresponds to n, while the intercept corresponds to InA. The Z val-
ues were derived by substituting the 0, obtained under various deformation conditions
into Equation (11). Through the utilization of linear regression analysis, as illustrated in
Figure 5, the value of InA was determined to be 35.2345. This resulted in an A value of
2.0052 x 10'®> MPa~!, and 1 was determined to be 3.6754, which closely matches the fitting
result shown in Figure 4a. The range of ac}, values in this study spans from 0.25 to 3.30. To
characterize the model for this MEA at a true strain of 0.76, we employ the Arrhenius-type
hyperbolic sine formula described in Equation (2), which is presented as Equation (12):

_ 423660.2

) (12)

& = 2.0052 x 10'®[sinh (0.0059¢)]*%6 exp(



Crystals 2024, 14, 3

8 of 24

46 N

449 4 As-cast CoCr, \NiSiy; alloy
42 1
40
384
364
34
324
30
28

-2 -1 0 1 2 3
ln[sinh(aap)]

linear fit

InZ

R*=0.976
InA=35.2345
n n=3.6754

Figure 5. The plots of InZ — In[sinh(acp)] of CoCrg4NiSig 3 alloy at various temperatures.

3.3. Hot Processing Maps

The establishment of hot processing maps is a method employed to accurately analyze
the behavior of metals and alloys during hot deformation, enabling a comprehensive under-
standing of microstructural evolution in response to changes in deformation parameters,
by which desirable changes in the microstructure and properties are obtained. Raj [50] first
proposed and established a theory and method of dynamic material model (DMM) that
correlated external total input power (P) during hot deformation with energy consumption
throughout this process. The hot processing map includes a power dissipation map that
overlays with a rheological instability map, facilitating the identification of metallurgical
materials under plastic processing. Prasad et al. [51,52] facilitated the optimization of
alloy processing parameters using a modeling method. This comprehensive approach en-
compassed both power dissipation (G) through energy resulting from plastic deformation
and dissipated power coefficient (J) arising from the evolution of microstructure and is
expressed as follows:

€ o
P:(Té:/adé+/éd(7:G+] (13)
0 0

where G represents the dissipated energy during the deformation process; | denotes the
energy of microstructural evolution resulting from DRX and DRV in this process. Under
any given strain rate (¢), and temperature (T), the changes of | with respect to G can
be characterized by the strain rate sensitivity parameter m, which is interpreted using a

DMM as: 4 3(no)
no
LTl {a(lné)LT (14)

m is always strain rate and temperature independent for pure metals under hot
processing while varying from 0 to 1 in complicated alloys. According to Equation (14),
m reaches its maximum value of 1 in the case of an ideal linear dissipation of workpiece
hot processing. This indicates that | can also reach its maximum value of [max when m = 1.
Therefore, the Jmax can be depicted as Jmax = 0€/2. The efficiency of power dissipation
parameter y [52] is utilized to evaluate the microstructural evolution in terms of power
dissipation and can be expressed as:

g = ] _P-G_ 5 G

B ]max B ]rnax ]rnax

(15)

It is apparent from Equation (15) that the value of # is highly correlated with the

€
parameter G, which is expressed as: G = [ odé. Moreover, Prasad et al. [51] supposed that
0
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m is independent of ¢ at specific temperatures, and the flow stress curve follows the power
law by the Equation:
o=Ké" (16)

where K and m are materials constant. From Equation (16), the parameter G follows that:

€ € .m+1 .

. M- Ke e
— de = | Ke"de = = 17
G 0/‘78 0/‘g Tl mayt (17)

when substituting Equation (17) into Equation (15), the efficiency of power dissipation
parameter 7 is obtained in terms of m as:

_P-G _ 2m

T T (1)

The parameter # represents the dissipating ability of a specific workpiece with respect
to the total input power. The dissipated power coefficient ] in multi-phase alloys and
complex microstructures is always influenced by the simultaneous or interactive effects of
metallurgical processes such as DRX, DRV, particle and phase dissolution or growth, as
well as deformation-induced phase transitions or precipitations under dynamic processing
conditions. In order to characterize the dissipative process affected by multiple factors
to obtain the favorable hot processing conditions of the highest ] dissipated in the most
efficient processing method with the highest #, Prasad [53,54] defined the dimensionless
parameter (¢) as the instability criterion. It is a crucial parameter in the construction of the
hot processing map and plays a crucial role in determining the plastic instability of alloys.
The Prasad criterion is utilized to determine the instability of the CoCr( 4NiSig 3 alloy and

expressed as:
~ oln(57)

= ome
The instability region is identified by the criterion of Equation (19) with ¢ < 0, while
the remaining region is designated as the safe region for hot processing. A higher absolute
value of ¢ indicates a greater likelihood of material instability under these processing
conditions. Consequently, the criterion can serve as a valuable reference for selecting
optimal deformation process parameters.
Figure 6a—c depicts the hot processing map of the MEA at true strains of 0.4, 0.5, and
0.7, respectively. The contour lines depict the parameter #, which signifies the proportion
of energy consumed by microstructural evolution and acts as a driving force for nucleation
and growth of DRX. The numerical value of 7 increases as the true strain rises. The
gray regions in Figure 6a—c represent instability and are characterized by low values of
1, which is unsuitable for hot processing. Figure 6a,b illustrates the hot processing maps
when true strains are 0.4 and 0.5, the instability regions appear at 850-860 °C, and the
corresponding strain rates are 0.264-0.428 s~ ! and 0.220-0.483 s}, respectively. However,
there is minimal variation in hot processing parameters at true strains of 0.4 and 0.5. When
the true strain is 0.7, the temperature range of the instability region expands to 850-890 °C
while maintaining a strain rate range of 0.116-0.675 s~ 1. This trend corresponds to the
true stress-strain curve of the MEA. The true stress-strain curves of the MEA exhibit a
significant decrease in flow stress after reaching its peak stress within a temperature range
of 850 °C-950 °C, demonstrating varying degrees of instability. The suitable range of
parameters for hot-working decreases as the true strain increases, which is worth noting.
The hot processing maps in Figure 6a—c reveal that the MEA exhibits stability at high
strain rates, except for larger strains where a small instability zone occurs under these
specific processing parameters. This can be attributed to the addition of the Si component.
Similar instabilities during high strain rates of hot deformation are also observed in the
hot processing maps of HCP structured TX32-0.4Al alloy with Si additions ranging from

+m<0 (19)



Crystals 2024, 14, 3

10 of 24

~
&0
~

log(strain rate/s™)

~
()
~—

log(strain rate/s™")

0.4-0.8 (wt.%). Therefore, the inclusion of Si can effectively enhance the hot processing
performance of the CoCry 4NiSiy 3 alloy. Figure 6d shows the workpieces hot processed at
different parameters. The smooth, round cake-shape indicates the good forming ability
in the tested hot processing parameters. The instability defects occur at the deformation
conditions of 850 °C with a strain rate range of 0.1-1 s, as well as at 950 °C with a
strain rate of 0.1 s~ 1. Ultimately, the regions of instability in the hot processing map align
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Figure 6. Hot processing maps of the CoCrj4NiSij3 alloy at (a) e = 0.4; (b) ¢ = 0.5; (c) e = 0.7;
(d) Macroscopic morphologies of hot deformed CoCr( 4NiSij 3 alloy at different processing parameters.

3.4. Microstructure Analysis of the CoCr 4NiSig 3 Alloy

The influence of deformation temperature and strain rate on the behavior and growth
of DRX during hot compression of the MEA was investigated using EBSD analysis technol-
ogy. The volume fraction of DRX and average grain diameter were calculated and analyzed
under various deformation conditions, as depicted in Figures 7-9. The phase composition
of the initial state (as-cast CoCrg 4NiSig 3 alloy) of the specimens prior to hot deformation
was confirmed to consist of an FCC matrix with a minor presence of lamellar Nis; Sij, and
Ni;Si eutectic structures at subgrain boundaries, as characterized by XRD and TEM [55].

Figure 7a,b depicts the changes in grain morphology at strain rates of 1 s~! and
0.001 s, respectively, at a temperature of 850 °C. Figure 7c,d illustrates the grain boundary
volume fraction and distribution of >3 in regions A and B shown in Figure 7a,b, respectively.
Figure 7e presents the contrast between the volume fraction of recrystallized, substructured,
and deformed grains at strain rates of 1 s~! and 0.001 s~! at a temperature of 850 °C.
Figure 7f demonstrates the changes in average grain diameter (by equivalent circular
diameter) at strain rates of 1 s~! and 0.001 s~! at a temperature of 850 °C. The as-cast
average grain diameter of the MEA measures 19.73 um [55]. Upon hot deformation at
850 °C/1s~!, a significant number of fine necklace-like dynamically recrystallized (DRXed)
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grains form along the grain boundaries. The average grain diameter is measured to be
2.8 um, with the volume fraction of twins accounting for 37.3%. The fraction of DRXed
grains is determined to be 56.36%, while the substructured volume fraction accounts for
6.23%. Notably, no X3 grain boundaries are observed within the recrystallized grains,
indicating an absence of twinning in DRX. When subjected to hot deformation conditions
at 850 °C/0.001 s~!, the grains undergo further growth, resulting in an average grain
diameter of 3.2 um. Simultaneously, the volume fraction of deformation twins increases to
46.0%, accompanied by a decrease in the DRX volume fraction to 46.10% and an increase in
the substructured volume fraction to 40.63%. The presence of deformation twins is clearly
observed in the recrystallized grains under a lower strain rate of 0.001 s~!, as depicted
in Figure 7d. These twins actively play a crucial role in mediating the hot deformation
process. It is evident that at a temperature of 850 °C during hot deformation, the average
grain diameter, volume fraction of twins, and substructure all demonstrate an increasing
trend as the strain rate decreases. Conversely, the volume fraction of DRX exhibits a
decrease with decreasing strain rate. The findings suggest that an increased volume of
deformation twins is formed, facilitating hot deformation and initiating a multi-slip system
at lower strain rates. Consequently, flow stress is mitigated, and the nucleation potential
for recrystallization is diminished.
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Figure 7. Band contrast image at deformation conditions of (a) 1 s~1/850 °C and (b) 0.001 s~1/850 °C;
Band contrast images overlaid with >3 grain boundaries corresponding to (c) area A in Figure 7a,
and (d) area B in Figure 7b; (e) Contrast between volume fraction of recrystallized, substructured,
and deformed grains at deformation conditions of 1 s~1/850 °C, and 0.001 s~1/850 °C; (f) Average
grain diameter at deformation conditions of 1 s71/850 °C, and 0.001 s~1/850 °C.
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Figure 8. (a) The distribution of recrystallized, substructured, and deformed grains at deformation
conditions of 0.1 s71/950 °C and (b) 0.1 s~1/1050 °C; (c) Contrast between volume fraction of
recrystallized, substructured, and deformed grains at deformation conditions of 0.1 s~1/950 °C
and 0.1s71/1050 °C; (d) Average grain diameter at deformation conditions of 0.1 s~1/950 °C and
0.1s71/1050 °C; Band contrast images overlaid with £3 grain boundaries corresponding to the area
of (e) Figure 8a and (f) Figure 8b.
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Figure 9. (a) The distribution of recrystallized, substructured, and deformed grains at deformation
conditions of 0.01 s71/1150 °C and (b) 1 s~1/1150 °C; (c) Contrast between volume fraction of
recrystallized, substructured, and deformed grains at deformation conditions of 0.01 s~1/1150 °C
and 1s71/1150 °C; (d) Average grain diameter at deformation conditions of 0.01 s~! /1150 °C and
1571/1150 °C; Band contrast images overlaid with £3 grain boundaries corresponding to area of
(e) Figure 9a and (f) Figure 9b.

The distribution of recrystallized, substructured, and deformed grains at temperatures
of 950 °C and 1050 °C under a strain rate of 0.1 s~! is illustrated in Figure 8a,b. DRXed
grains are predominantly located along the grain boundaries as indicated by white arrows,
while fine DRXed grains are observed within the grains as indicated by ovals with white dot-
ted lines. The size of the DRXed grains increases with increasing deformation temperatures.
Figure 8c illustrates the comparison of volume fractions for recrystallized, substructured,
and deformed grains during hot compression at temperatures of 950 °C and 1050 °C. It is
evident that the proportion of DRXed grains decreases with increasing temperature from
17.41% to 12.73%, while the corresponding volume fraction of substructures decreases from
51.24% to 12.07%. Figure 8d presents the average grain diameter at temperatures of 950 °C
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and 1050 °C under a strain rate of 0.1 s~!. The grain diameter increases from 2.9 um to
3.8 um as the deformation temperature rises. Figure 8e,f demonstrates the distribution
of grain morphology superimposed on X3 grain boundaries during deformation at tem-
peratures of 950 °C and 1050 °C with a strain rate of 0.1 s~!. The increase in deformation
temperature results in the transformation of previously elongated grains into polygonal
shapes, accompanied by a significant enlargement in their dimensions. Moreover, DRXed
grains exhibit simultaneous growth patterns with twins evenly distributed along their
boundaries. As the temperature rises from 950 °C to 1050 °C, the volume fraction of twin
boundaries increases from 14.9% to 20.9%, indicating that more DRXed grains grow and
participate in coordinated hot deformation at elevated temperatures. The decrease in the
volume fraction of DRX at higher temperatures can be attributed to the suggested increase
in the volume fraction of twins resulting from elevated deformation temperatures.

Figure 9a,b illustrates the distribution of recrystallized, substructured, and deformed
grains during hot deformation at a temperature of 1150 °C and strain rates of 0.01 s~!
and 1s~!. Figure 9c presents a comparison of the volume fractions for these three types
of grains under the two deformation conditions. The volume fraction of substructured
grains reaches a remarkable 74.73% at a strain rate of 0.01 s~!, as depicted in Figure 9a,c. In
contrast, the volume fractions for recrystallized and deformed materials are significantly
lower, measuring only 17.48% and 7.79%, respectively. The higher volume fraction of
the substructure indicates that dislocation motion dominates the deformation at lower
strain rates, facilitating enhanced diffusion, and migration of dislocations at elevated
temperatures. In contrast, when deformed at a higher strain rate (i.e., 1 s’l), the volume
fraction of substructured grains decreases dramatically to only 21.30%, whereas those for
a recrystallized and deformed increase to 66.89% and 11.81%, respectively (Figure 9b,c).
Additionally, as shown in Figure 9d, the grain size decreases with an increasing strain rate,
from 4.7 um at 0.01 s~! to 3.9 um at 1 s~ 1. Figure 9e,f depicts the distribution of grain
morphology overlaid by the X3 boundary during hot deformation at a temperature of
1150 °C and strain rates of 0.01 s~ ! and 1571, respectively. The impact of an increased strain
rate during hot deformation at a temperature of 1150 °C is evident, as it leads to enhanced
grain fragmentation and a significant rise in the volume fraction of twins. Specifically,
the volume fraction of twins increases from 15.8% at a strain rate of 0.01 s~ ! to 46.5% at a
strain rate of 1 s~!. The grain refinement can be attributed to the substantial increase in the
volume fraction of activated twins participating in the hot deformation process.

3.5. Mechanism of Hot Deformation of the CoCrg 4NiSiy 3 Alloy

The XRD pattern of the as-cast CoCry4NiSig 3 alloy is depicted in Figure 10a. The
XRD patterns of the axial cross-section of the specimens after hot compression under
deformation conditions of 0.001 s~ 1/850°C,1s71/850°C, and 1 s~1/1150 °C are presented
in Figure 10b. It is evident that the diffraction intensity of the second phase decreases with
increasing strain rates and deformation temperatures after hot compression. Moreover,
under a hot compression condition of 1s71/1150 °C, there is an emergence of additional
second phases and an enhancement in the intensity of the HCP structure at 20 angle
of 40.84°. The high-angle annular dark-field scanning transmission electron microscopy
(HAADF STEM) images in Figure 11a,b demonstrate the morphological characteristics near
grain boundaries under a hot deformation condition of 1s~1/850 °C. The recrystallized fine
grains are primarily distributed along the grain boundaries, with limited occurrence within
the grains. The presence of twins and the L1, phase under this deformation condition
was confirmed by the analysis of selected area electron diffraction (SAED), as depicted in
Figure 11c. The energy dispersive spectrum (EDS), shown in Figure 11e-h, corresponds to
the dark field image region displayed in Figure 11d, where B represents the intragranular
DRXed grain. The EDS analysis revealed that the average chemical composition of the
DRXed grains, denoted as 1, 2, and 3, was determined to be 18.30 Co-1.92 Cr-53.49 Ni-
26.27 Si (at.%). The SAED analysis was conducted on region A of the matrix depicted in
Figure 11b, as illustrated in Figure 11i. The crystallographic plane indicated by the red
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circle has been confirmed to be in the L1, phase, and the fast Fourier transformed (FFT)
image of the L1, phase is presented in Figure 11;.

The deformation condition leads to the precipitation of the granular L1, phase with
an approximate diameter range of 10-20 nm within the matrix. Furthermore, it can be
inferred that under a deformation condition of 1s~1/850 °C, recrystallized grains exhibit
the HCP phase internally as well as at the interfaces between grains. Additionally, the hot
deformation is also mediated by twins.

Figure 12a depicts the morphology of primary and secondary twins in the deformed
grains of the FCC matrix under a processing condition of 0.001 s~! /850 °C, while Figure 12b
presents a high-resolution image of region B indicated in Figure 12a. SAED images reveal
the presence of double twins and the L1, phase in Figure 12b. The initiation of double twins
is strongly correlated with the oscillation curve depicted in Figure 2a. The materials with
high Q exhibit relatively slower kinetics of DRX [47]. The role of twins in the nucleation
and growth of DRX has been widely acknowledged [43]. Furthermore, materials with
low SFE are prone to initiating DDRX [42], thereby suggesting that double twins facilitate
deformation. In Figure 12¢, an abundance of dislocations and twins surrounding the recrys-
tallized grains can be observed. The entangled dislocations obstruct the grain and promote
twin formation upon reaching the required critical stress, initiating multiple slip systems
that facilitate hot deformation. In Figure 12d, the morphology of a regular arrangement
of lamellar structures was observed in the recrystallized grains of the HCP phase under
a deformation condition of 1s~!/850 °C. In Figure 12e,f, the recrystallized grains of the
HCP phase exhibited a presence of lamellar superlattice structure under a deformation
condition of 0.001 s~ /850 °C. The EDS analysis was conducted at a deformation condition
of 0.001 s~!/850 °C, revealing the chemical composition of the DRXed HCP phase was
17.78 Co-2.03 Cr-54.10 Ni-26.09 Si (at.%), indicating an abundance in Ni and Si. The
SAED analysis indicated the existence of a well-defined long-period stacking order (LPSO)
structure. The obtained LPSO phase originates from DRX induced by hot deformation,
wherein the solubility of Si and Ni decreases with increasing temperature, resulting in their
rearrangement into an ordered structure within a localized region during the process of
DRXed grain formation. The phase type of LPSO in this MEA during deformation requires
further validation through more comprehensive and systematic research. In addition to
being located within the DRXed HCP grains, Figure 13a illustrates the presence of lamellar
LPSO structure in localized regions of the FCC matrix under deformation conditions of
0.001 s~!/850 °C. In Figure 13b, a detailed view of region E from Figure 13a is presented,
while Figure 13c displays the corresponding electron diffraction pattern. Additionally,
Figure 13d illustrates the electron diffraction pattern specifically obtained from region E
shown in Figure 13b, and the inverse fast Fourier transform (IFFT) diagram of the crys-
tallographic plane circled in green in Figure 13d is illustrated in Figure 13e. The spacing
of the crystallographic plane marked in green of the LPSO structure was measured to be
2.97 A. Figure 13b,e indicates the existence of a stacking fault (SF) transition region at
the edge of LPSO. The images in Figure 13f,i were acquired from the “good region” and
“transition region” of the LPSO structure, respectively. The corresponding fast Fourier
transform (FFT) is depicted in Figure 13g,j, while the inverse fast Fourier transform (IFFT)
of the corresponding crystallographic plane is illustrated in Figure 13h k. In Figure 13g,
weak-intensity diffraction spots indicate the presence of the L1, phase. Figure 13k presents
images of LPSO and its transition structure confirmed as SFs in region E. The transition
of LPSO in this MEA is inferred to occur through the rearrangement of SFs within the
FCC matrix during hot deformation, which can be attributed to its low SFE. This transition
is induced by hot compression and results in a transformation to the HCP phase before
further transitioning into the LPSO structure with solute redistribution. Apart from work
hardening as a strengthening factor, twin initiation combined with second-phase particles
such as LPSO and L1; contributes to maintaining high flow stress under these deformation
conditions.
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Figure 14a depicts the morphology of twins in recrystallized grains at 1s~!/1150 °C,
while Figure 14b demonstrates the presence of dislocations and serrated grain boundaries
within the recrystallized grain, indicating the experience of elevated local flow stress. The
EDS analysis was conducted at a deformation condition of 157! /1150 °C, revealing the
chemical composition of the DRXed phase was 20.14 Co-2.51 Cr-54.08 Ni-23.28 Si (at.%).
The volume fractions of recrystallized and substructured grains in Figure 9c are confirmed
as 66.89% and 21.30%, respectively, while the volume fraction of X3 grain boundary in
Figure 9f is determined to be 46.5%. Elevated strain rates and deformation temperatures
result in elevated volume fractions of DRX and dislocations. As the DRXed grains continue
to grow, they actively contribute to deformation by generating dislocations and promoting
deformation twinning. The diffraction pattern observed in Figure 14d corresponds to region
A as depicted in Figure 14c, demonstrating the presence of twins. Similarly, the diffraction
pattern shown in Figure 14e corresponds to region B in Figure 14c. In addition to the FCC
matrix, it can be inferred from Figure 14e that the L1, phase is coherent with the matrix.
Moreover, a high-resolution image of region A from Figure 14c is presented in Figure 14f,
while an enlarged high-resolution image of region C is displayed in Figure 14g. Finally,
the FFT analysis of the region depicted in Figure 14g is illustrated in Figure 14h. Based
on Figure 14d,f-h, it can be concluded that apart from twins, SFs, and LPSO structures
that are coherent within the FCC matrix, there exist coherent superlattice structures within
region A. These superlattice structures form at a temperature resistance level of 1s71/1150
°C. The thickness of the LPSO lamellae decreases with increasing temperature, ranging
from 16 nm at 850 °C (Figure 13a) to 4-8 nm at 1150 °C (Figure 14g). The occurrence and
transformation of the LPSO phase indicate its metastable nature, which is influenced by
both temperature and stress and is accompanied by twinning and SFs.
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Figure 10. (a) XRD pattern of the as-cast CoCr( 4NiSig 3 alloy; (b) XRD patterns of the CoCrg 4NiSig 3
alloy hot compressed at 0.001 s~ /850 °C, 1s71/850 °C, and 1s~1/1150 °C.
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Figure 11. (a) The HAADF STEM images reveal the morphology of grain boundaries with twins under
a deformation condition of 1s~1/850 °C; (b,d) The HAADF STEM images reveal the morphology of
grain boundaries under a deformation condition of 1s~!/850 °C; (c) The SAED of Figure 11a; (d) The
intragranular DRXed grain B and the atomic fraction of DRXed grains under a deformation condition
of 1571/850 °C; (e-h) EDS of the region corresponding to Figure 11d; (i) The SAED of region A in
Figure 11b; (j) The FFT of L1, in Figure 11i; (k) The enlarged image of L1, in Figure 11j.
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Figure 12. (a) Dark field images of double twins morphology under hot deformation condition of
0.001 s~1/850 °C; (b) High-resolution image of region B in Figure 12a; The microstructural morpholo-
gies near grain boundaries at (c) 0.001 s~1/850 °C, and (d) 1s~1/850 °C; (e,f) The microstructural
morphologies of DRX at 0.001 s~1 /850 °C exhibit the LPSO structure.
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Figure 13. (a) The high-resolution image of LPSO structure under deformation condition of
0.001 s~1/850 °C; (b) The enlarged region E of Figure 13a; (c¢) The FFT of Figure 13a; (d) The
FFT of Figure 13b; (e) The IFFT of crystallographic plane circled in green in Figure 13d; (f) The “good
region” of LPSO structure from Figure 13b; (g) The FFT of Figure 13f demonstrates the presence of
the L1, phase; (h) The IFFT of crystallographic plane circled in red in Figure 13g; (i) The “transition
region” of the LPSO structure from Figure 13b; (j) The FFT of Figure 13i demonstrates the coherent
relationship between the matrix, twins, and LPSO phase; (k) The IFFT of crystallographic plane
circled in yellow in Figure 13;j.
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Figure 14. (a) Twin boundaries in DRXed grains; (b) Serrated boundaries in DRXed grains; (c) Mor-
phologies under a hot deformation condition of 1s~!/1150 °C; (d) SAED of region A in Figure 14c;
(e) SAED of region B in Figure 14c; (f) The high-resolution image of region A in Figure 14c; (g) En-
larged area of region C in Figure 14f; (h) The FFT of Figure 14g.

Based on the structural characterization under various deformation conditions, the
formation and growth of DRX in this MEA can be attributed to the interaction between
dislocations, twins, and second phases such as the L1, phase, and LPSO phase, which
significantly influence the flow stress and grain size during hot deformation. Dislocation
slip is significantly impeded by grain boundaries during hot compression, leading to dislo-
cation entrapment at interfaces. Therefore, DRXed grains preferentially nucleate at grain
boundaries. However, as the strain rate decreases and deformation temperature increases,
the nucleation sites facilitated by grain boundaries become inadequate. Therefore, DRXed
grains initiate growth at the interface of the LPSO phase as depicted in Figure 12c. At high
strain rates, the recrystallization process leads to the formation of the LPSO phase in the
DRXed grains. Figure 12d illustrates the observation of HCP-DRX within the lamellar LPSO
phase. Moreover, under a strain rate of 0.001 s~1 the SFs in the FCC matrix transform to the
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HCP phase during deformation and subsequently form LPSO, as depicted in Figure 13i-k.
Following the law of FCC-HCP phase transition of this MEA [55], the generated LPSO
phase can follow either process due to low SFE: FCC—SFs—HCP—LPSO produced by SFs,
or FCC—Twins—HCP—LPSO produced by twinning. The recrystallization process at high
strain rates results in the formation of the lamellar LPSO phase within the DRXed grains
as shown in Figure 12d. Additionally, under a strain rate of 0.001 s~1 deformation causes
the transformation of SFs in the FCC matrix into the HCP phase, subsequently leading to
LPSO formation, as depicted in Figure 13i-k. Following the FCC-HCP phase transition
law in this MEA [55], the generated LPSO phase can nucleate through either process due to
low SFE [56] of this CoCrNi-based MEA followed the process of FCC—SFs—HCP—LPSO
produced by SFs or FCC—Twins—HCP—LPSO produced by twinning. The LPSO phase,
being a hard precipitated phase, exhibits a dispersion-strengthening effect during defor-
mation. It effectively hinders dislocation slip and acts as nucleation sites for recrystallized
grains, as depicted in Figure 14b. The zigzag interface facilitates the process of recrystal-
lization and further accommodates dislocations to alleviate local stress during continuous
deformation, thereby reducing the extent of DRX. The interactions between dislocations
and deformation twins, second phases coherent with the FCC matrix such as L1,, LPSO,
and superlattice structures formed through phase transition contribute to the delayed
occurrence of instability that is confined to localized regions.

4. Conclusions

This study investigated the hot deformation behavior and microstructural evolution
of CoCrg 4NiSip 3 MEA within a temperature range of 850-1150 °C and strain rates ranging
from 0.001-1 s~ 1. This study elucidates the underlying mechanisms governing DRX and
strengthening of the MEA, thereby reaching the following conclusions:

(1) The peak stress increases with the rise in strain rate and decreases with elevated defor-
mation temperature under hot deformation conditions of 0.001-1 s~ 1/850-1150 °C. The
high-temperature activation energy (Q) of the MEA is determined to be 423.6602 k] /mol.
The constitutive equation of this MEA for hot deformation, based on the Arrhenius-
type hyperbolic sine formula, can be expressed as follows:

~ 423660.2

& = 2.0052 x 10°[sinh (0.0059¢)]>*%° exp( <7

(2) The numerical value of 7 increases with increasing of the true strain. The region of
instability is observed exclusively when the true strain surpasses 0.4 in this investi-
gation. At true strains ranging from 0.4 to 0.7, the instability regions are observed at
temperatures ranging from 850-890 °C, accompanied by corresponding strain rates of
0.1-0.7 s~ 1. The suitable range of parameters for hot-working decreases as the true
strain increases. The regions of instability observed on the hot processing map are in
accordance with the experimental findings.

(3) The volume fraction of DRX decreases with increasing strain rate, while the average
grain size decreases. The volume fraction of DRX diminishes with rising temperature,
leading in increased grain size. Twins mediate deformation during hot processing,
resulting in grain refinement and enhanced flow stress. In the temperature range of
850-1050 °C, an inverse correlation is observed between the volume fraction of twins
and DRX due to enhanced hot deformation and the initiation of a multi-slip system
for flow stress mitigation. The growth of deformation twins during recrystallization
at 1150 °C is in accordance with the trend of volume fraction of twins and recrystal-
lization, indicating an enhanced volume of DRXed grains that undergo coordinated
hot deformation at elevated temperatures.

(4) The TEM characterization elucidated the DRX mechanism in this MEA. The presence
of the LPSO phase was observed in both the FCC matrix and HCP recrystallized
grains under various deformation conditions, with similar chemical compositions
enriched in nickel and silicon atoms. Specifically, the LPSO phase forms from the
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matrix at a low strain rate, while it emerges during recrystallization at a high strain
rate. The phase type of LPSO in this MEA during deformation necessitates further
validation through more comprehensive and systematic research.

(5) The increased flow stress of the as-cast MEA can be primarily attributed to interactions
between dislocations and twins, as well as second phases such as L1,, LPSO, and
superlattice structures formed by phase transitions that are coherent with the matrix
during hot compression. These factors elucidate the occurrence of instability at a
later stage within a narrow range. The second phase acts as a nucleation site for
recrystallization and contributes to dispersion-strengthening. Furthermore, their
interaction with dislocations influences flow stress and the process of recrystallization
during hot deformation.
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