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A B S T R A C T   

The recent discovery of multicomponent principal alloys and the enhanced comprehension of their physical 
metallurgy have significantly advanced the understanding of microstructure engineering and material selection 
for high-tech applications. The exceptional combination of characteristics found in MEAs can be attributed to 
their distinctive phase constitution, which is aided by their multi-principal constituents. These properties are 
seldom encountered in ordinary alloys. Nevertheless, the use of these materials in their as-cast state is chal
lenging due to issues such as the presence of heterogeneity in their chemical makeup, shrinkage porosity, un
refined dendritic structure, and the presence of a quasi-stable eutectic at grain boundaries. Consequently, the 
utilization of hot deformation methods for the purpose of achieving uniform and refined microstructures in as- 
cast MEAs has garnered significant interest as a viable approach to address these limitations. This review pro
vides a comprehensive summary of the hot deformation characteristics of MEAs. Factors such as the alloy 
composition, the phase constituent, deformation parameters and recrystallization mechanisms were observed to 
influence the microstructural development and phase transition, flow curve characteristics, and mechanical 
characteristics of MEAs. Additionally, the use of processing map analysis for the determination of optimal 
processing zones for the hot deformation of MEAs was appraised. The discussion also encompassed the consti
tutive model description, molecular dynamics modeling, and machine learning algorithm for the prediction of 
the governing deformation mechanism and the deformation flow stress. Finally, future research directions are 
suggested.   

1. Introduction 

In 2004, the field of materials science witnessed remarkable strides 
as researchers delved into the unchartered territory of hyper- 
dimensional composition space [1]. This breakthrough materialized 
through the development of an innovative strategy for crafting metallic 

systems with intricate compositions yet no complex microstructures, 
marking a transformative shift in materials design. In the past, metallic 
alloys were often composed of one or two primary elements, along with 
many secondary alloying elements [1,2]. These minor elements were 
included in the alloy at concentrations as low as a few atomic ratios with 
the intention of improving the material’s characteristics [2,3]. This alloy 
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design approach is basically the method which has perennially been in 
use for the development of an extensive array of metallic materials, 
which include aluminium alloys, nickel alloys, stainless steels, steels, 
bronze alloys, titanium alloys, among others [3–6]. The fundamental 
basis for the development of alloys through this methodology relies on 
the prevention of complex microstructures and the formation of het
erogeneously distributed intermetallic phases since they can lead to a 
decrease in mechanical performance [7–9]. Indeed, it is commonly 
noted that the development of intermetallic compounds and phases is 
more likely when there is an increase in the concentration of alloying 
elements [10–12]. This results in a novel recommended technique for 
designing metallic alloys based on the concept of multiple principal 
elements. 

In recent years, there has been a notable surge in the attention given 
to high-entropy alloys (HEAs) owing to their emergence as a novel 
category of multicomponent alloys [13–15]. Initially, the term “High-
entropy alloys" referred to materials that consisted of five or more pri
mary elements, with each element having a concentration ranging from 
5 at.% to 35 at.%, and these elements were present in equimolar or 
nearly equimolar ratios [14,15]. Currently, multicomponent alloys that 
possess configurational entropies that exceed a threshold of 1.5 R 
(where R represents the gas constant) are considered HEAs [15,16]. The 
two definitions indicate that the fundamental idea behind the design of 
HEAs is to maximize configurational entropy in order to promote the 
formation of solid solutions rather than intermetallic compounds [16, 
17]. Due to the pronounced influence of high entropy, several HEAs can 
exhibit microstructures characterized by simple body-centred cubic 
(BCC) and/or face-centred cubic (FCC) solid solution phases [15–18] 
[19]. As a result, some HEAs have been discovered to possess notable 
characteristics, including enhanced strength, outstanding wear resis
tance, remarkable corrosion resistance, and outstanding performance 
under both high and cryogenic temperatures [13–17]. 

Consequently, these HEAs have garnered significant attention for 
their potential applications in various fields [13–17]. Nevertheless, it 
should be noted that not all HEAs have the capability to exhibit a ho
mogeneous solid solution microstructure. In several instances, the 
occurrence of structured intermetallic phases, complex compounds, or 
even disordered phases in so-called HEAs has been reported [20–23]. 
Consequently, there has been interest in understanding better the rules 
governing phase development in HEAs, which is a trendy subject of 
ongoing scholarly discourse [24–27]. 

In recent times, there has been a growing focus on the investigation 
of multicomponent alloys that possess equal or non-equiatomic com
positions with configuration entropy between 1R and 1.5R [28–31]. 
This new class of multicomponent alloys have been reported to possess 
superior mechanical properties compared to HEAs and most conven
tional alloys. This is linked to the formation of a continuous sequence of 
strengthening mechanisms, including a hierarchical twin network which 
serves to protract the strain hardening. For instance, several 
non-equiatomic multicomponent alloys have been documented in the 
literature. These include Fe40Mn27Ni26Co5Cr2 and Fe42Mn20Ni30Co6Cr2 
quinary alloys as well as Cr4Mn28Fe40Ni28 and Cr10Mn40Fe40Co10 qua
ternary alloys, CoCrNi and FeCrNi ternary alloys [3,30–33]. The alloys 
exhibit configurational entropies ranging from 1 R to 1.5 R at a random 
state, indicating their classification as medium entropy alloys (MEAs) 
[30–32]. Despite the decrease in configurational entropies, these 
non-equiatomic multicomponent alloys exhibit exceptional microstruc
tures and mechanical properties that may be compared to, or even 
surpass, those of HEAs [32,33]. 

Nevertheless, due to the intrinsic complex nature of the composition 
and the significant variation in melting temperatures among the con
stituent elements in these alloys, considerable elemental segregation 
and phase formation are expected to take place throughout the process 
of solidification and cooling [34,35]. In order to prevent this occurrence, 
it is typically necessary to employ fast cooling and subsequent solid-state 
hot-working techniques such as forging, extrusion, and rolling [34,35]. 

The utilization of hot working (deformation) is very advantageous in the 
domain of metal forming operations, as it plays a crucial role in reducing 
defects and transforming cast ingots into fully refined products in 
desired forms and configurations [35,36]. Therefore, it is imperative to 
possess a comprehensive understanding of the plastic flow behavior 
during hot deformation and the underlying deformation mechanisms. 
This knowledge is essential for determining the optimal processing 
conditions during hot deformation and enhancing the microstructural 
characteristics of products fabricated utilizing MEAs. The influence of 
various factors, including processing method, alloy composition, and 
deformation variables, on the hot deformation behavior of a MEA has 
been observed. Processing maps have been developed to predict this 
behavior based on constitutive equations such as the dynamic material 
model (DMM) [37,38] and strain rate sensitivity (SRS) [38,39]. The 
topic of interest for scientists engaged in hot deformation studies is the 
evaluation of the efficacy of using processing maps to forecast work
ability and identify instability regimes for MEAs [40,41]. 

The absence of a thorough literature evaluation on the hot defor
mation behavior of MEAs has motivated the selection of this particular 
area of research for the present review. Currently, the most related re
views that are available in the literature cover different aspects of hot 
deformation studies on HEAs [41,42]. Given the apparent lack of 
existing literature on state-of-the-art reviews pertaining to the hot 
deformation behavior of MEAs, the present review endeavour was 
initiated. The following sections will begin by giving an overview of the 
significance of hot working in improving the mechanical properties of 
MEAs. Subsequently, a thorough investigation is carried out on the 
hot-deformation characteristics of MEAs, focusing on the softening 
mechanisms that occur at elevated temperatures, changes in micro
structure, the use of processing maps to predict both safe and unsafe 
processing conditions, the analysis of constitutive equations, machine 
learning algorithm and molecular dynamics model for the calculation of 
predicted flow stress during hot deformation and the prevailing defor
mation mechanisms. This review also presents the future research di
rections in this area that would contribute to a more sustainable 
implementation of hot deformation in MEAs. 

2. Influence of hot working process on the mechanical 
properties of MEAs 

This section examines the impact of hot deformation on the me
chanical characteristics of MEAs. MEAs have attracted growing interest 
owing to their remarkable mechanical characteristics, including but not 
limited to high mechanical strength, good ductility, and exceptional 
corrosion resistance. Hot deformation aids grain refinement and reduces 
defects, which contribute to the alloy’s strengthening. Extensive 
research has examined the influence of hot deformation on the me
chanical characteristics of MEAs, demonstrating that it can enhance the 
alloy’s tensile strength, yield strength, ductility, and other mechanical 
properties [43,44]. Therefore, this study will review recent studies 
conducted on the hot deformation of these MEAs: Ti65(AlCrNb)35 [44], 
FeCoNiAlTiMo [45], CrCoNi [43], Ni2Co1Fe1V0.5Mo0.2 [46], TiAlCrNbV 
[47]and determine their enhancement in the mechanical properties of 
the alloy. 

Ti65(AlCrNb)35 MEA was investigated by Liao et al. [44] after the 
lightweight alloy had undergone a sequence of thermomechanical 
treatment (TMT) that includes homogenization, hot-rolling, cold rolling 
and annealing. Five samples were produced; the first was the homoge
nized cast samples, then the hot rolled 50% cold rolled 70% 
(HR50CR70) samples, and then three annealed HR50CR70 samples at 
900 ◦C for 10 min (at 1.5 ◦C/s), 1000 ◦C for 3 min (at 5 ◦C/s) and 
1100 ◦C for 1 min (at 15 ◦C/s). The HR50CR70 material displayed 
characteristic behavior commonly observed in highly deformed metallic 
materials, including limited strain hardening and abrupt necking. The 
tensile yield strength (TYS) 1475 MPa, ultimate tensile strength (UTS) of 
1620 MPa and a uniform elongation (UE) of 7%, as seen in the 
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stress-strain curve in Fig. 1. The samples that underwent annealing at 
900 ◦C achieved a recrystallization rate of 20% (see Fig. 2) exhibited a 
TYS of 1210 MPa, UTS of 1380 MPa, and UE of 9%. On the other hand, 
the annealed samples at 1000 ◦C underwent 50% recrystallization (see 
Fig. 2), had TYS of 1070 MPa, UTS of 1370 MPa, and a significantly 
higher UE of 24%. The annealed samples at 1100 ◦C that underwent 
annealing and achieved 95% recrystallization (see Fig. 2) exhibited a 
TYS of 1005 MPa, UTS of 1320 MPa, and a notable UE of 30%. The 
higher work hardening rate observed in the 95% partially recrystallized 
samples led to the aforementioned improvement in the 
strength-ductility balance and is attributable to the microstructural 
heterogeneity that is widely reported in materials with heterogeneous 
structures. Additionally, as the annealing time increased, the mechani
cal properties were improved as a result of the gradual replacement of 
the deformed structures with recrystallized structures. The mechanical 
characteristics of the TMT samples were superior to those of the ho
mogenized cast samples. The TYS of the homogenized cast sample was 
910 MPa, while the UTS was determined to be 1100 MPa, with UE of1 
31%. The improvement in the mechanical properties was attributed to 
the heterostructure made up of smaller recrystallized grains and 
deformed bands. 

Ti65(AlCrNbV)35-xZrx (x = 3, 5, 7, and 10) MEA. The alloy was rolled 
under two different conditions; the first was cold rolled with 70% 
deformation strain (CR70), and the second was hot rolled initially to a 
strain of 50%, then cold rolled to a deformation strain of 70% 
(HR50CR70). The researchers also evaluated its properties under 
different annealing periods, which were 30, 40, 50, and 60 s. The as-cast 
MEAs demonstrated an upward trend in mechanical characteristics, 
specifically in terms of yield strength and ductility, when the Zr weight 
fraction was raised from 3 to 10 at a range of roughly 3–8%. The optimal 
balance of yield strength and ductility was seen in the as-cast Zr7 alloy, 
with values of 1015 MPa and 22.2%, respectively. The combined effect 
of the increased grain size and influence of solid solution strengthening 
achieved by the increased Zn weight fraction led to the excellent 
strength–ductility synergy observed. This optimum as-cast MEA was 
selected for two additional rolling processes and also annealed. The as- 
rolled samples exhibited a yield strength of approximately 1530 MPa, 
which remained consistent when subjected to a plastic strain ranging 
from roughly 5.0 to 7.5%. When the annealing was carried out at 
different times, an increase in the annealing time from 30 to 60 s caused 
the yield strength to reduce from approximately 1330–1100 MPa. 

In contrast, the ductility of the sample exhibited a substantial rise to 
around 20%. A comparative analysis of the samples subjected to CR70 

and HR50CR70 processing demonstrated that, in both the as-rolled and 
annealed states, the HR50CR70 samples consistently exhibited superior 
ductility compared to the CR70 samples. This can be linked to the 
effective elimination of defects and the refinement of grain sizes ach
ieved through dynamic recrystallization (DRX) during the hot-rolling 
process subsequent to casting. In the context of various processing 
routes applied to Zr7 MEA samples, it was observed that the samples 
subjected to HR50CR70 processing and annealed for a duration of 
30–50 s displayed favorable mechanical properties, specifically a yield 
strength exceeding 1200 MPa and a ductility surpassing 15%. The 
improved strength-ductility synergy was a result of the higher annealing 
temperature, which allowed for the HR50CR70 MEA to complete its 
recrystallization earlier, followed by rapid coarsening of the recrystal
lized grains. Also, the more significant accumulation of strain energy 
provided more driving force for enhancing the nucleation and grain 
growth rate of recrystallization. Notably, this resulted in excellent yield 
strength of 1350 MPa and ductility of 15.3% exhibited in the Zr7 MEA 
sample treated with HR50CR70 processing and annealed for 30 s. 
Moreover, the HR50CR70 Zr7 MEAs exhibited a specific yield strength 
of 264 MPa‧g/cm3 and a ductility of 15.3%, surpassing that of con
ventional Ti alloys as well as other lightweight HEAs and MEAs. 

It can be, therefore, established from Liao et al. [44] and Chen et al. 
[47] study that the influence of annealing parameters (time, heating 
rate, and annealing temperatures) after hot working plays a critical role 
in enhancing the mechanical strength characteristics of MEAs. 

There is a significant demand for metallic materials that exhibit 
exceptional tensile qualities at cryogenic temperatures in various so
phisticated cryogenic applications. These applications include fusion 
magnets used in fusion reactors, storage tanks, transportation pipelines 
for liquefied nitrogen gas, cryogenic rocket engines, and others [43,45]. 
Kwon et al. [45] studied the influence of hot-rolling on the mechanical 
properties of a non-equiatomic Fe50Co25Ni10Al5Ti5Mo5 (at. %) ferrous 
MEA at room and cryogenic temperatures. The MEA samples were 
hot-rolled at 1150 ◦C to a thickness of 1.5 mm via multiple passes 
without further treatment. The HR samples were subjected to tensile test 
at temperatures of 298 K (25 ◦C) and 77 K (− 196 ◦C), as well as a strain 
rate of 10− 3 s− 1. The HR sample at 298 K revealed an outstanding ul
timate tensile strength (UTS) of ~1.5 GPa, yield strength (YS) of 570 
MPa and uniform elongation (UE) of ~15%. 

On the other hand, at 77 K, a higher UTS of ~2.3 GPa and YS of ~1.3 
GPa with a decent UE of ~11% were recorded. It was reported that when 
the current MEA was compared with other high-strength MEAs, as seen 
in Fig. 3, the current MEA had superior tensile properties. This was as a 
result of the improved solid solution strengthening (attributed to the 
addition of aluminum, titanium and molybdenum exhibiting larger 
atomic radii than the iron-cobalt-nickel of the bulk composition), pre
cipitation strengthening effect (governed by the Orowan mechanism via 
pinning dislocation motion), dislocation strengthening effect (attributed 
to the hot rolling process and the thermally induced martensite trans
formation involving diffusionless shear deformation), boundary 
strengthening effect (attributed to the fine grain size of ~4.5 μm) and 
immense strain hardening during plastic deformation that is mainly 
attributed to the body centred cubic-deformation induced martensite 
transformation (BCC-DIMT), which is notably amplified in the present 
MEA, at both temperatures. 

The influence of hot-isostatic pressing (HIP) on the cryogenic me
chanical characteristics of direct energy deposition (DED)-fabricated 
CrCoNi MEAs was examined by Tran et al. [43]. The as-built and 
HIP-treated CrCoNi MEA-DED samples’ mechanical strength character
istics were evaluated when uniaxial tensile tests were done at room (298 
K or 25 ◦C) and cryogenic (77 K or − 196 ◦C) temperatures. The results 
revealed that at 298 K, the CrCoNi MEA-DED after hot-isostatic pressing 
exhibited a reduction in yield strength and tensile strength (300 MPa 
and 773 MPa, respectively) compared to that of the as-built CrCoNi 
MEA-DED (557 MPa and 841 MPa). However, they exhibited similar 
elongation to that of the as-built CrCoNi MEA-DED (66%). At 77 K, the 

Fig. 1. The tensile stress-strain curves of HR50CR70 and annealed HR50CR70 
Ti-65 alloys [44]. Culled with permission from Elsevier. 
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as-built CrCoNi MEA-DED showed typical trade-off tensile characteris
tics of increased yield and tensile strength (787 MPa and 1237 MPa, 
respectively) and decreased elongation to fracture (33%). At the same 
time, the HIP-treated CrCoNi MEA-DED was reported to show an 
excellent combination of high strength (557 MPa yield strength and 
1147 MPa tensile strength) and preserved elongation (71%) at 77 K. It 
led to a notable increment in the strain energy density, exhibiting a 56% 
rise when compared to the conditions at ambient temperature. The 
observed phenomenon can be attributed to a substantial reduction in 
micropores following the hot isostatic pressing (HIP) process. In addi
tion, the CrCoNi MEA-DED that underwent HIP treatment exhibited 
deformation twinning at lower strains, resulting in a consistent increase 
in work hardening behavior, and this delayed the occurrence of necking 
instability. 

Furthermore, a comprehensive comparison was conducted on the 
mechanical strength characteristics of the CrCoNi MEA-DED with other 
CrCoNi MEAs produced through various processing methods, including 

casting-based and spark plasma sintering processes. The results high
lighted the outstanding mechanical strength of CrCoNi MEA-DED 
treated with HIP at cryogenic temperatures, demonstrating the 
viability of using Directed Energy Deposition (DED) for fabricating 
CrCoNi MEAs. Grain boundary strengthening had minimal impact on the 
yield strength of CrCoNi MEA-DED. The primary contributor to yield 
strength was dislocation strengthening, especially prominent in the as- 
built structure compared to the HIP-treated CrCoNi MEA-DED. The 
decrease in strength in the HIP-treated MEA was attributed to the 
reduction in initial dislocation density, confirmed by the gradual 
decrease in dislocation density after HIP treatment. The exceptional 
elongation to fracture in the CrCoNi MEA-DED with HIP, compared to 
the as-built MEA-DED, was attributed to the combined effects of dislo
cation density reduction and deformation twinning. Calculations indi
cated that the twinning stress was lower than the maximum flow stress, 
suggesting ready activation of deformation twinning and contributing to 
improved elongation. 

Kwon et al. [45] and Trans et al. [43] studies established that the 
processing of the MEA at cryogenic temperature had a very significant 
impact on their strength-ductility ratio. It is noted from these studies 
that processing MEAs at cryogenic temperatures helps to improve their 
strength without compromising the ductility. In addition, carrying out 
HIP treatment on the MEA showed the unique combination of very high 
strength and the preservation of a relatively good ductility at cryogenic 
temperatures as a result of the notable reduction of micropores coupled 
with the presence of thermally induced martensite (TIM) structures and 
the earlier activation of deformation twinning. 

In a recent investigation conducted by Jiang et al. [46] on the creep 
properties of Ni2Co1Fe1V0.5Mo0.2 MEA when subjected to tensile creep 
tests in the temperature range of 973–1073 K (700–800 ◦C) under 
initially applied stresses of 150–200 MPa for 168 h. From the result, 
samples tested at 1073 K/150 MPa, 1023 K/150 MPa, and 973 K/200 
MPa fractured after 5.55, 54, and 128 h respectively. However, samples 
tested at 973 K/175 MPa and 973 K/150 MPa did not experience frac
ture throughout the 168-h test period (see Fig. 4a). This was attributed 
to the dominance of viscous dislocation glide mechanism in creep 
deformation and the absence of critical stress and strain levels. 
Furthermore, this MEA was evaluated against other HEAs/MEAs 
regarding its creep properties, as seen in Fig. 4b. It was revealed that the 

Fig. 2. The EBSD map of CR70 Ti-65 alloy after annealed for recrystallization of (a) 20%, (b) 50%, (c) 95%, and (d) homogenized Ti-65 alloys [44]. Culled with 
permission from Elsevier. 

Fig. 3. Ultimate tensile strength versus uniform elongation of the current MEA 
and other HEAs/MEAs [45]. Culled with permission from Elsevier. 
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current Ni2Co1Fe1V0.5Mo0.2 MEA exhibited superior creep properties at 
higher temperature and stress when compared to that of CrMnFeCoNi 
HEA and CoCrNi MEA. This phenomenon was ascribed to the elevated 
activation energy associated with the Ni2Co1Fe1V0.5Mo0.2 MEA, with Mo 
and V possessing notably high activation energies for atomic diffusion. 
The formation of a solid solution involving Vanadium (V) and Molyb
denum (Mo) was deemed advantageous for enhancing creep properties 
by restricting diffusion rates through their high activation energy. Thus, 
the inclusion of Mo and V in the Ni2Co1Fe1V0.5Mo0.2 MEA was attributed 
to their substantial activation energy (456.3 kJ mol− 1) for creep defor
mation, which closely match that of the CrFeCoNiMo0.2 HEA (463 kJ 
mol− 1), stainless steel (460 kJ mol− 1), and nickel-based superalloys 
(443 kJ mol− 1). 

In summary, MEAs subjected to hot deformation are studied to 
enhance their mechanical properties, with the primary goal being the 
preservation of their strength-ductility balance. The hot deformation 
significantly enhances the strength-ductility balance of the MEAs. It was 
established that recrystallized grains, twins present in the microstruc
ture of the MEAs during hot deformation, significantly aided in 
enhancing the mechanical strength properties. The pinning effect on the 
motion of the dislocations led to precipitation strengthening, the pres
ence of thermally induced martensite transformation involving dif
fusionless shear deformation and body-centred cubic-deformation 
induced martensite transformation (BCC-DIMT) also led to the enhanced 
mechanical strength observed in the MEAs. Furthermore, solid solution 
strengthening of certain elements of the MEA during hot deformation 
improved the mechanical properties. In addition to improving the al
loy’s properties, annealing parameters (i.e. the heating rate, annealing 
time and temperature) also played a significant role. Hence, it is 
imperative to optimize the annealing and the thermomechanical treat
ment parameters to enhance the mechanical properties. Due to these 
reasons, the thermomechanical treatment of MEA alloys, such as hot 
rolling, hot isostatic pressing, and creep deformation, enhances both 
their strength and ductility. Any combination of these techniques could 
result in a significant improvement in the mechanical properties of 
MEAs. 

3. Microstructural evolution and phase transformations 

The impact of microstructural evolution on MEA properties cannot 
be overstated. Microstructural evolution studies present to us the 
changes that occurred in the alloys during hot deformation processes. 
Microstructural changes ranging from grain refinement and precipitate 
redistribution, among others, show a significant impact on the MEAs’ 
mechanical strength, ductility and toughness. Nonetheless, the micro
structural evolution of MEAs is a multifaceted process that is yet to be 
fully comprehended. Nevertheless, a grasp of the factors that influence 
microstructural evolution can facilitate microstructure control and 
property customization of MEAs for specific applications. Several 

researchers have studied the microstructural evolution that occurs when 
MEAs are subjected to different hot deformation processes. These studies 
highlight the complex and temperature-dependent nature of micro
structural evolutions in MEA and the importance of understanding these 
phenomena for tailoring MEA properties to specific applications. The 
potential for recrystallization and the influence of strain rate on grain 
size are key factors to consider in the design and processing of MEAs. 

He et al. [48] investigated the extent of grain refinement during hot 
deformation of an equiatomic CrCoNi alloy. They found that higher 
deformation temperatures led to more uniform grains, indicating facil
itated recrystallization at elevated temperatures. Grain size increased 
with higher strain rates, but the relationship between strain rate and 
grain size could have been more straightforward and depended on the 
specific temperature. The study presented that the samples were sub
jected to thermal compression, from 900 to 1100 ◦C deformation tem
peratures and varying strain rates of 0.01 and 1 s− 1. The initial 
microstructure prior to hot deformation exhibited homogenous grains 
with an average size of approximately 20 ± 0.8 μm for the alloy. Upon 
deformation at elevated temperatures, the grains in the CrCoNi alloys 
were observed to be more uniform than their counterparts, as evidenced 
by the post-deformation microstructure as seen in Fig. 5. At a defor
mation temperature of 900 ◦C and a strain rate of 0.01 s− 1, a typical 
necklace structure was detected which is attributed to DDRX (discon
tinuous dynamic recrystallization); however, with a rise in temperature, 
this structure gradually faded away, giving way to more equiaxed 
grains. These observations suggest that the recrystallization of the 
CrCoNr alloy is facilitated at higher temperatures, with the effect being 
more pronounced at 1100 ◦C. 

Furthermore, it was observed that the grain size increased with an 
increase in strain rate (0.01–1 s− 1) upon deformation at higher tem
peratures (1100 ◦C) than that of 900–1000 ◦C. This is because the grain 
growth of recrystallized grains is accelerated as the temperature rises. In 
contrast, the effects of strain rate on grain size are not straightforward 
but ambiguous because at a specific temperature of 900 ◦C, decreasing 
the strain rate refines the average grain size, which means that slower 
deformation leads to smaller grain sizes. Then, at 1000 ◦C, a slight 
reduction in the grain size was observed from 0.01 to 1 s− 1 strain rate, 
indicating that faster deformation does not necessarily lead to larger 
grain sizes. There was a decrease in the grain size as the temperature 
increased to 1100 ◦C and the strain rate increased from 0.01 to 0.1 s− 1, 
which means that slower deformation leads to smaller grain sizes. 
However, an increase was observed when the strain rate further 
increased to 1 s− 1, which means that faster deformation can lead to 
larger grain sizes. This indicates that the interactions between dislocates 
are dominant in grain evolution. These results suggest that the effects of 
strain rate on grain evolution are dependent on the specific temperature 
and can be ambiguous. 

Also, Tran et al. [43] investigated the effect of hot isostatic pressing 
(HIP) on the microstructural feature of a direct energy deposition 

Fig. 4. (a) (b) Comparison for tensile creep properties of some MEAs and HEAs with the current MEA [46]. Culled with permission from Elsevier.  
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processed (DED) CrCoNi MEA at room temperature and cryogenic 
temperature. In this particular investigation, MEA powders were utilized 
for additive manufacturing through the utilization of the DED process. 
Once the DED process was executed, the as-built specimens were then 
subjected to HIP at a temperature of 1150 ◦C and a pressure of 1000psi. 
The research revealed the stability of a single FCC phase after HIP 
treatment. HIP-treated specimens exhibited equiaxed grain morphology 
and a significant degree of recrystallization, which was not present in 
the as-built samples. Uniaxial tensile tests were conducted on both the 
as-built and HIP-treated CrCoNi MEA-DED specimens. The tests were 
performed at an engineering strain rate of 10− 3 s− 1 and were conducted 
at both room temperature (298 K or 25 ◦C) and cryogenic temperature 
(77 K or − 196 ◦C). The phase configuration analysis indicated that the 
CrCoNi MEA-DED material consists exclusively of a single face-centred 
cubic (FCC) phase without any observable phase transformation subse
quent to HIP treatment. This reinforces the stability of the FCC’s 
single-phase post-HIP processing. The microstructure of both the 
as-built and HIP-treated CrCoNi MEA-DED specimens was scrutinized 
prior to and subsequent to the uniaxial test. The as-built sample dis
played an uneven, predominantly columnar grain structure with 
low-angle grain boundaries (LAGBs) that were surrounded by 
high-angle grain boundaries (HAGBs). Conversely, the HIP-treated 
CrCoNi MEA-DED unveiled an equiaxed grain morphology and a note
worthy degree of recrystallization with intragranular orientation spread. 
The microstructure of the deformed specimen can be seen in Fig. 6. 

In a similar study, Guan et al. [49] carried out hot compression tests 
on CrCoNi MEA from 700 ◦C to 1000 ◦C and at strain rates ranging from 
0.001 to 1 s− 1. The result showed that high temperature and low strain 
rate conditions led to higher fractions of recrystallized grains with a 

necklace structure, primarily attributed to DDRX. To clarify, the obser
vations of the microstructure revealed that the as-cast MEA is charac
terized by a coarse grain with an average grain size of 200 ± 50 μm and 
an FCC phase structure. At a deformation condition of 700 ◦C/0.001 s− 1, 
the grain boundaries were found to be significantly more prolonged and 
predominantly straight. However, the increased strain rate resulted in 
shorter grain boundaries and the emergence of numerous fine grains in 
the vicinity of the grain boundaries. A decrease in the strain rate from 1 
s− 1 to 0.01 s− 1 or 0.001 s− 1 at a temperature of 900 ◦C led to an increase 
in the number of fine grains and wider shear bands. 

Similarly, when CrCoNi MEA was deformed at 1 s− 1 at a temperature 
of 1000 ◦C, densely distributed deformed microstructures were 
observed, and as the strain rate decreased to 0.1 s− 1, a serrated grain 
boundary was observed in the coarse grains, alongside fine grains. 
However, an increase in recrystallized grains was noted, and this 
increased further as the strain rate decreased to 0.01 and 0.001 s− 1 at 
1000 ◦C. Thus, it is clear that higher fractions of recrystallized grains, 
exhibiting a necklace structure, are observed at high temperatures 
(900–1000 ◦C) and lower strain rates, with these changes in micro
structure being attributed to DDRX and also with the occurrence of 
continuous dynamic recrystallization (CDRX) due to the recrystallized 
grains as in Fig. 7. It was also observed in samples deformed at 700 ◦C 
with a strain rate of 1 s− 1, due to the recrystallized grains seen along the 
grain boundaries. 

Also, Liu et al. [50] studied the microstructural changes that 
occurred during the hot compression of polycrystalline CrCoNi at tem
peratures ranging from 900 to 1100 ◦C and a strain rate of 0.01 s− 1. They 
found that the degree of recrystallization and grain morphology varied 
with different heat treatment conditions, strain rates and annealing 

Fig. 5. EBSD IPF images of specimens deformed at different conditions [48]. Culled with permission from Elsevier.  
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temperatures. Among their test samples, the ones compressed at a 
temperature of 1000 ◦C were selected for further annealing heat treat
ment, specifically at 650 and 750 ◦C for 0.5 and 1 h, respectively, in 
order to attain a structural composition of varying degrees of recrys
tallization. The analysis of microstructure revealed the presence of 
elongated grains in the samples that were subjected to hot compression 
at 1000 ◦C with a strain rate of 0.01–1 s− 1, followed by annealing at 
650 ◦C/0.5–1 h and at 750 ◦C/0.5 h. On the other hand, samples com
pressed at a lower strain rate of 0.01 s− 1 under all heat treatment con
ditions had a higher degree of equiaxed grains compared to samples 
compressed at higher strain rates of 0.1 s− 1 and 1 s− 1. 

Additionally, specimens annealed at a higher temperature of 750 ◦C/ 
1 h also achieved a higher degree of equiaxed grains. However, for 

samples compressed at strain rates of 0.1 s− 1 and 1 s− 1, those specimens 
annealed at 750 ◦C had more equiaxed grains than those annealed at 
650 ◦C. However, the samples subjected to annealing at a temperature of 
750/1 h and a strain rate of 1 s− 1 displayed indications of grain coars
ening after recrystallization. The number of equiaxed grains increased 
with the duration of annealing in the specimens annealed at the same 
temperature. It was observed that the discontinuous recrystallization 
with distinct nucleation occurred at the grain, and the newly formed 
crystallized grains were smaller in size than the other grains, such as 
subgrains and deformed grains. This finding suggested the presence of 
static discontinuous recrystallization under all conditions. 

Furthermore, the specimens formed at 0.01 s− 1 showed a higher 
degree of recrystallization, particularly under the annealing condition of 
750 ◦C/1 h, where the recrystallization process was almost completed. 
Even though the majority of low-angle grain boundaries still existed in 
these large subgrains for samples deformed at 1000/0.1 s− 1 and 
annealed at 759/0.5 h and samples deformed at 1000/1 s− 1 and 
annealed at 650/0.5 h, the recrystallization degree generally increased 
with increased annealing temperature and annealing time. As a general 
trend, the recrystallization fraction increased as the strain rate 
decreased. 

The microstructure of the deformed samples at various deformation 
conditions can be seen in Fig. 8. 

Hot deformation and workability of a CrCoNi MEA were studied by 
Wang et al. [51]. The result indicated the presence of recrystallized 
grains at higher temperatures and the appearance of twins as the tem
perature increased. In their investigation, hot compression was per
formed at deformation conditions of 0.01–10 s− 1/800–1100 ◦C. The 
microstructural analysis that followed deformation disclosed that at a 
strain rate of 0.1 s− 1 at 800 ◦C, the primary grains underwent perpen
dicular elongation along the compression axis, signifying the lack of 
recrystallization post-deformation. Upon elevating the deformation 

Fig. 6. The IPF map of deformed microstructures of as-built and HIP treated CrCoNi MEA-DED at different engineering strains at room (298 K or 25 ◦C) and 
cryogenic (77 K or − 196 ◦C) temperatures [43]. Culled with permission from Elsevier. 

Fig. 7. (a) IAMA map showing the distribution of substructured grains (yel
low), deformed grains (red) and recrystallized grains (blue) [49]. Culled with 
permission from Elsevier. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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temperature to 900 ◦C, a few recrystallized grains were observed near 
the grain boundaries. Subsequently, with a further surge in temperature, 
the recrystallized grains exhibited growth. Specifically, in comparison to 
the temperature of 1000 ◦C, the recrystallized grains demonstrated 
further growth after the temperature was increased to 1100 ◦C, which 
was accompanied by the appearance of a few twins. 

Yi et al. [52] studied the hot working characteristics of CoCrNi and 
(CoCrNi)94Ti3Al3 MEAs. In this study, Ti and Al were added to CoCrNi 
MEA alloy to produce (CoCrNi)94Ti3Al3, and both samples were 
compared. The presence of a necklace structure was observed in CoCrNi 
at relatively low temperatures and high strain rates. (CoCrNi)94Ti3Al3 
alloy displayed different behavior, with fully equiaxed grains and ho
mogenous grain morphologies at higher temperatures and lower strain 
rates. In their study, the CoCrNi & (CoCrNi)94Ti3Al3 samples were 
compressed at deformation conditions of 850–1100 ◦C/0.001–1 s− 1. In 
the exploration of CoCrNi alloy, it was observed that samples subjected 
to hot compression at relatively low temperatures and high strain rates 
exhibited a necklace structure formed by both fine and coarse grains for 
both MEA alloys. Although CoCrNi samples that underwent deformation 
at 850 ◦C/0.001–0.01 s− 1, 900–950 ◦C/0.01–1 s− 1, and 1000 ◦C/0.1–1 
s− 1 displayed an elevated quantity of the necklace structure compared to 
that of (CoCrNi)94Ti3Al3 alloy, indicating a more significant occurrence 
of DDRX under these circumstances. The fine grains, encompassed by 
high-angle grain boundaries (HAGBs), were identified as the DDRXed 
grains, while the coarse grains contained a high density of sub-grain 
boundaries and low-angle grain boundaries (LAGBs). A more signifi
cant proportion of LAGBs were noted when the MEA underwent hot 
compression at a high strain rate and/or low temperature. Then, as the 
temperature increases and strain rate reduces for samples deformed at 
950 ◦C/0.001 s− 1 and 1000 ◦C/0.001–0.01 s− 1, the density of LAGBs 
reduces, exhibiting equiaxed grains, thereby indicating the formation of 
a completely recrystallized structure. 

In the case of (CoCrNi)94Ti3Al3 MEA, the necklace structure was also 
detected at 900–1000 ◦C/0.01–0.1 s− 1, but as the temperature increased 
to 1100 ◦C, it was no longer observed after hot deformation—the LAGBs 
in their plastic-deformed coarse grains and no aggregation distribution 

within their grain interior. A notable reduction in the quantity of LAGBs 
was seen as the temperature rose from 900 to 1000 ◦C for all strain rates. 
In addition, it was observed that with a strain rate of 0.001 s–1, the grains 
exhibited a fully equiaxed structure and underwent complete recrys
tallization, leading to the development of relatively homogeneous grain 
morphologies. 

Typically, achieving fully recrystallized grain structures through hot 
working necessitates relatively high temperatures and lower strain rates. 
At higher temperatures and lower strain rates, discontinuous dynamic 
recrystallization serves as a crucial mechanism for grain refinement, 
resulting in the development of a uniform grain structure. Also, the ef
fect of strain rate on the grain size may not be direct as the diffusion 
pathways during hot working of MEAs are not straightforward. It is 
noted from some of the studies reviewed that the influence of strain rate 
on grain refinement is not consistent. Also, the deformation heating 
effect at strain rate >0.01 s− 1 can influence the anomalous behavior of 
the microstructures. Hence, further studies should be conducted to un
derstand these anomalies fully. Furthermore, it is observed that CoCrNi 
MEA is the most considered alloy in this section of this review, and very 
little information on other MEAs can be retrieved from the literature. 
Hence, microstructural evolution during hot deformation of other MEAs 
should be carried out. Also, some of the experiments are not fully 
isothermal. Therefore, further research should also be carried out under 
this condition. 

4. Hot deformation behavior of MEAs 

MEAs have demonstrated distinctive microstructures and favorable 
characteristics [53–57]. MEAs such as CrCoNi produced through direct 
energy deposition (DED) exhibit high ultimate tensile strength (UTS) of 
874 MPa, yield strength of 621 MPa, and elongation to fracture of 45% 
[58]. Jiang et al. [46] also discovered that Ni2Co1Fe1V0.5Mo0.2 MEA 
possessed excellent creep properties under the stresses of 150–200 MPa 
and within the temperature range of 973–1073 K (700–800 ◦C). 

However, the hot deformation characteristics of different MEAs have 
been investigated by numerous researchers in the past five years. This is 

Fig. 8. The inverse pole figure maps of specimens compressed at different parameters. From the first column to the fourth column, specimens were annealed under 
650 ◦C for 0.5 h, 650 ◦C for 1 h, and 750 ◦C for 0.5 h, 750 ◦C for 1 h. From the first row to the third row, specimens were compressed at 1000 ◦C–0.01/s, 1000 ◦C–0.1/ 
s and 1000 ◦C-1/s respectively [50]. Culled with permission from Elsevier. 
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to further discover and improve the reliability of MEAs by understand
ing their deformation mechanisms under increased temperatures. 
However, there has been little to no review of this literature on MEAs. 
Therefore, this study will systematically review the plethora of recent 
studies conducted on the hot deformation of MEAs and determine their 
optimum deformation parameters and mechanisms. 

4.1. Effect of deformation temperature, strain, and strain rate on MEAs 

Understanding the correlation between the hot working parameters 
(such as temperature, strain rate, and strain) and the flow behavior of 
MEAs is projected to be one of the best approaches toward the optimi
zation of the hot deformation process [53]. In this section, the effect of 
temperature, strain, and strain rate on the flow behavior of MEAs is 
evaluated. Several authors, including Qiao and Zhu [53], He et al. [48], 
Liua et al. [59], Guan et al. [49], Yi et al. [52], Wang et al. [51], Tran 
et al. [43] have recently studied the hot deformation behavior of MEAs 
in order to understand the mechanisms of deformation and expand their 
practical applications. Qiao and Zhu [53] investigated the flow behavior 
of Al–Cr–Fe–Ni MEAs at working temperatures of 800–1100 ◦C and 
0.001 to 1 s− 1 strain rates. The flow curves presented in Fig. 9 showed 
that, as strain increases, flow stress starts to drop after reaching a peak 
stress value due to the effect of DRX. The flow behavior of the alloy 
exhibits a trend of rapid increase in flow stress during the initial stages of 
deformation. It reaches a maximum value before gradually decreasing 
with growing strain. The impact of temperature and strain rate on the 
plastic flow characteristics of AlCrFeNi MEA is clearly depicted in 
Fig. 10. It is noted that the flow stress diminishes as the temperature 
rises. These stress-strain curves demonstrate initial work hardening, 

marked by the multiplication of dislocations and the creation of 
sub-grain boundaries, resulting in an elevation of flow stress. Subse
quently, after reaching the peak stress, the curves indicate dynamic 
softening as deformation advances at elevated temperatures and sub
stantial strain, facilitated by the grain boundary mobility mechanism. It 
is noted that some of the flow curves attained steady-state stress after the 
peak stress, which has been classically linked to DRV. However, the 

Fig. 9. True stress–strain curves of AlCrFeNi MEA under different forming temperature and strain rates. (a) 800 ◦C (b) 900 ◦C (c) 1000 ◦C (d) 1100 ◦C [53]. Culled 
with permission from Elsevier. 

Fig. 10. Effects of deformation temperature and strain rate on the peak stress of 
AlCrFeNi MEA [53]. Culled with permission from Elsevier. 
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authors failed to establish this phenomenon in this work. 
Guan et al. [49] and Yi et al. [52] investigated the hot working 

characteristics of Al-free MEAs. They observed a difference in their flow 
behavior when compared with those reported previously by Qiao and 
Zhu [53]. Guan et al. [49] studied the hot workability of the CrCoNi 
MEA at strain rates of 0.001 to 1 s− 1 and temperatures in the range of 
700–1000 ̊C and the flow curves are presented in Fig. 11. It is noted that 
the change in flow stress at temperatures in the range of 900–1000 ◦C is 
much lesser when compared to the change in flow stress observed 
around 700 ̊C at any given strain rate. The flow behavior of the Al-free 
MEA exhibited no evident peak stress (Fig. 11); instead, the flow stress 
progressively increases with the activation of multiple dislocations until 
it attains dynamic equilibrium due to DRV. This flow behavior is quite 
different from those reported by Qiao and Zhu [53] in Fig. 9. The 
absence of peak stress may be attributed to the occurrence of a high 
stacking fault energy (SFE) associated with CrCoNi MEA. The influence 
of hot-working parameters on the rate of dynamic softening and work 
hardening is presented in Fig. 12. The positive work-hardening rate 
persists as true stress rises with true strain. The peak stress is observed in 
the initial phase of deformation, and the work hardening rate increases 
at lower temperatures and higher strain rates, reaching zero at a true 
strain of 0.1. 

In a related study, Wang et al. [51] investigated the hot working 
characteristics of CrCoNi MEA subjected to compression at strain rates of 
0.01 to 10 s− 1 and temperatures ranging from 800 to 1100 ̊C. The flow 
curves presented in this paper showed remarkable similarity with those 
reported by Guan et al. [49] in Fig. 11. The flow stress diminishes with 
decrease in strain rate and increasing temperature. It is noted that in the 
hot deformation process, work hardening prevails over dynamic soft
ening, leading to a continuous upsurge in flow stress with strain. 
Although the occurrence of peak stress is absent due to the DRX effect, 
dynamic equilibrium is eventually achieved as the flow stress stabilizes, 
attributed to the equilibrium between work hardening rate and dynamic 
softening. The material shows a high strain hardening rate during 
thermal deformation, and this is attributed to the movement of dislo
cation nucleation positions towards the grain boundaries from the 

intragranular sites. 
Fu et al. [60] investigated the dynamic deformation characteristics of 

FeCrNi MEA at various temperatures and strain rates. The compressive 
yield strength of the MEA rises notably, from 667 MPa to 1312 MPa, as 
the strain rate intensify from 1 × 10− 4 s− 1–2410 s− 1, indicating 
considerable sensitivity to strain rate. The results confirm that temper
ature and strain rates significantly affect the flow behavior of MEAs. The 
results also suggest that MEAs exhibit characteristic thermal-softening 
resistance depending on their composition [61]. The hot deformation 
behavior of FeCrNi MEA was further compared to CoCrFeMnNi HEA. 
The flow curves and strain hardening response of the MEA and HEA are 
presented in Fig. 13. The deformation occurred in three distinct stages: 
I-III. At the initial stage, stress rose to 886 MPa due to dislocation pro
liferation, leading to strain hardening effect (stage I). Stage II defor
mation is characterized by severe competition between the dynamic 
softening effect and strain hardening. In the final deformation process 
(stage III), flow stress is observed to decline drastically with strain after 
attaining a peak value of 1480 MPa, and this is due to the effect of 
localized large plastic work, which led to temperature rise and conse
quent flow softening. It was observed that the MEAs exhibited a higher 
strain-hardening rate than the HEA. It is explained that the MEAs were 
more resistant to thermal softening than the HEAs due to their ability to 
undergo higher twinning, which results in greater grain refinement than 
their HEA counterparts [60,62]. According to Fu et al. [60], the mech
anism governing the high strain sensitivity of FeCrNi MEA during the 
thermal deformation process is induced twinning deformation behavior. 
The emergence of multiple deformation twins within the grains suggests 
that the FeCrNi MEA has a low stacking fault energy (SFE). In another 
study, Jiang et al. (2021) confirmed that the strain rate sensitivity (SRS) 
of Ni2Co1Fe1V0.5Mo0.2 MEA is strongly dependent on the deformation 
temperature and strain rate. It was explained that the flow stress in
creases with strain rate at lower deformation temperatures (25 ◦C), 
leading to a positive value of the SRS. At a deformation temperature 
between 400 and 700 ◦C, the flow stress slightly decreases as the strain 
rate increases, leading to a decrease in flow serration and a negative 
regime of SRS. At 800 ◦C, the flow behavior shows a favorable SRS 

Fig. 11. Flow curves of CrCoNi MEA at different strain rates (a) 0.001 s− 1 (b) 0.01 s− 1 (c) 0.1 s− 1 (d) 1 s− 1 [49]. Culled with permission from Elsevier.  
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regime evident with the increase of flow stress with strain rate and vice 
versa. It can be deduced from these studies that the thermal deformation 
of MEA is sensitive to thermally induced microstructural characteristics 
like deformation twinning, dislocation slip, stacking faults (SFs), solute 
drag, and diffusion. 

4.2. Dynamic softening and deformation mechanisms of MEAs 

This section is dedicated to discussions relating to the various dy
namic softening and deformation mechanisms of MEAs. Most re
searchers have shown the hot deformation mechanisms in MEAs to be 
dependent on deformation temperature, strain, and strain rate [12]. The 
reason is that strain rate and deformation temperature directly affect the 
movement of dislocations and migration of grain boundaries. At 
increasing deformation temperatures, the grain boundaries are ther
mally activated, leading to dislocation climb and the occurrence of dy
namic softening by mechanisms DRV and DRX, usually under conditions 
of lower strain rates [63]. The mechanism of hot deformation in MEAs is 
controlled by two competing processes of strain hardening and dynamic 

softening effects. Under conditions of high deformation temperature and 
lower strain rates, the grain boundaries accumulate energy and become 
mobile, resulting in the activation of the DRX process [53]. Formation of 
DRX grains occurs in MEAs with high stacking fault energy by the 
mechanism of continuous dynamic recrystallization (CDRX) [48]. MEAs 
having low stacking fault energy, such as Al–Cr–Fe–Ni MEAs, undergo 
softening by discontinuous dynamic recrystallization (DDRX) [52,64, 
65]. 

Jiang et al. [66] studied the hot deformation mechanisms in Ni2C
o1Fe1V0.5Mo0.2 MEA at high temperatures. It is observed that dynamic 
softening occurs by the mechanisms of DRV and DRX. The observation 
agrees with the report of several authors, including [67,68]. The 
microstructural evolution associated with the mechanisms of thermal 
deformation of Ni2Co1Fe1V0.5Mo0.2 MEA at varied temperatures and 
strain rates is presented in Fig. 14. The study observed that the pre
dominant plastic deformation at 25 ◦C is caused by deformation at slip 
on {111} planes (Fig. 14a). Dislocation interactions related to cross-slip 
and climb is the dominant deformation mechanism at temperatures in 
the range of 400–600 ◦C, as shown by the abundance of curved 

Fig. 12. Effect of strain rate on strain hardening and dynamic softening rate at (a) 900 ◦C (b) 1000 ◦C, and (c) 1100 ◦C [48]. Culled with permission from Elsevier.  

Fig. 13. (a) Flow curves of FeCrNi MEA at various temperatures (b) strain hardening response of FeCrNi MEA and FeCoCrNiMn HEA at strain rate of 10− 4 s− 1 (c) 
Strengths of FeCrNi MEA and the FeCoCrNiMn HEA at varying strain rates [60]. Culled with permission from Elsevier. 
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Fig. 14. Microstructural evolution associated with the mechanisms of thermal deformation of Ni2Co1Fe1V0.5Mo0.2 MEA at varied temperatures: (a) showing 
deformation at slip {111} planes at 25 ◦C; (b) and (c) cross-slip and climb dislocations at 600 ◦C; (d), (e), and (f) dislocations, SFs, and dipoles at 700 ◦C (g) ho
mogeneous solute atoms and characteristic cross-slip dislocations at 800 ◦C (h) formation of dislocation cells and DRX grains at 900 ◦C. Culled with permission 
from Elsevier. 

Fig. 15. Microstructures of the cold-rolled Ni2CoFe MEA (a) EBSD crystal orientation map with IPF color code of Z1//TD. RD: rolling direction; TD: transverse 
direction; ND: normal direction. (b) Grain boundary (GB) map with low- and high-angle GBs (LAGBs: 2◦–15◦, HAGBs: >15◦) marked by yellow and black lines, 
respectively (c) Bright-field TEM image from RD-ND plane. (d) The distribution of the GB misorientation angle [69]. Culled with permission from Elsevier. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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dislocation lines that are not parallel to the {111} planes (Fig. 14b and 
c). Formation of diverse dislocations (Fig. 14d), SFs (Fig. 14e), and 
dipole loops (Fig. 14f) emerge as the primary deformation mechanism at 
700 ◦C. When deformation temperature rises to 800 ◦C, the free energy 
of mixing, the diffusivity of solute atoms, and the number of vacancies 
are all high enough to produce a homogeneous distribution of solute 
atoms and leading to the activation of cross-slip deformation mechanism 
(Fig. 14g). At high temperature (900 ◦C), both dislocation cross-slip 
processes and diffusion-controlled recovery mechanisms dominate the 
plastic deformation process (Fig. 14h). DRX grains are formed at high 
deformation temperatures by the mechanism of cell walls and sub-grain 
boundaries formation. 

High deformation temperatures trigger flow softening and suppress 
the effect of strain hardening mec High deformation temperatures 
trigger flow softening and suppress the effect of the strain-hardening 
mechanism of metal flow during the hot deformation process [57]. Gu 
et al. [69] explained the phenomenon of dynamic softening associated 
with MEAs from a different point of view. Gu et al. [69] associated the 
formation of DRX with the interaction of twinning boundaries with the 
low-angle grain boundaries (LAGBs, 2◦–15◦) and high-angle grain 
boundaries (HAGBs, >15◦), as illustrated in Fig. 15. The Ni2CoFe MEA 
exhibits a high stacking fault energy (SFE), causing plastic deformation 
through dislocation slip mechanism rather than mechanical twinning. 
The substantial addition of Cr to the Ni2CoCrFe MEA resulted in a 
reduced SFE. However, the alloy nevertheless underwent thermal 
deformation by the dislocation glide mechanism, which is characterized 
by the formation of dislocation cells and the appearance of dense 
dislocation walls in deformed microstructures. This result suggests that 
the prevalent deformation mechanism during the hot processing of 
MEAs is highly sensitive to their compositional design. The volume 
fraction of DRX grains is observed to increase with deformation tem
perature as DRX grains are formed by annealing twins formation and 
dislocation migration mechanisms. Wang et al. [70] observed a similar 
result. 

Fu et al. [60] investigated the dynamic deformation behavior of 

FeCrNi MEA at different strain rates and temperatures. Stacking faults, 
dislocation slip, slip bands, and deformation-induced twin networks are 
the primary characteristics of the microstructures of the FeCrNi MEA 
after hot deformation. The TEM images of FeCrNi MEA at a strain rate of 
2410 s− 1 are presented in Fig. 16. The microstructure confirmed the 
occurrence of large dislocation cross-slip and dislocation parallel-slip 
within the grains. Heavy dislocation density is formed at considerable 
strain, which causes the elongated (deformed) grains to eventually break 
into fine subgrains, nanotwin structures, and slip bands. The schematic 
illustration of microstructural evolution and mechanisms of dynamically 
recrystallized (DRXed) grains formation during hot deformation of 
FeCrNi MEA is presented in Fig. 17. Random dislocations arise early 
during the shear deformation process and quickly accumulate along the 
shear direction, creating channels that later form elongated dislocation 
cells (Fig. 17a and b). These dislocation cells become narrow as 
misorientation increases, which eventually transforms them into elon
gated and small subgrains through the recovery process (Fig. 17c and d). 
Ultrafine DRX equiaxed grains with high-angle grain boundaries are 
formed with the rotation of grain boundaries at 30◦ following the in
crease in shear stress and deformation temperature (Fig. 17e). DRX 
grains are observed to nucleate by the mechanism of rotational dynamic 
recrystallization (RDRX). The MEA exhibited high resistance to dynamic 
softening due to the deformation twinning, dislocation slip, and 
deformation-induced stacking fault as described in Fig. 16. Yi et al. [52] 
studied the DRX mechanism of CoCrNi and (CoCrNi)94Ti3Al3 MEAs 
subjected to hot deformation at temperatures and strain rates ranging 
from 850 to 1100 ◦C and 0.001 to 1 s− 1 respectively. Deformation of the 
MEAs is reported to occur by dynamic softening due to dislocation re
covery, DRX, and grain growth. It is observed that at higher tempera
tures and lower strain rates, bands are replaced by thick necklace 
structures, and the DRX grains nucleate by the mechanism of DDRX 
through the formation of sub-grain structures within and around the 
grain boundaries. The discontinuous dynamic recrystallized (dDRXed) 
grains are characterized by fine structures surrounded by HAGBs, 
whereas the plastic-deformed grains with a high density of sub-grain are 

Fig. 16. Microstructural characteristics of the deformed cylindrical specimen conducted at a loading strain rate of 2410 s− 1. (a) HAADF TEM image showing the 
dislocation slip; bright-field (BF) TEM images showing (b) the nanotwins and (c) the multiple nanotwins; (d) HRTEM image showing the multiple nanotwins; (e) 
schematic diagram of the microstructural characteristics during the deformation process and the darker blue in background color meaning the higher dislocation 
density. Stage I showing the initial coarse grain, with annealing twins in the grain interior; stage II showing the appearance of stacking faults (SFs), slip bands and 
deformation induced twins; stage III showing the activation of multiple twinning network systems [60]. Culled with permission from Elsevier. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 

S.A. Kareem et al.                                                                                                                                                                                                                              



Journal of Materials Research and Technology 29 (2024) 5369–5401

5382

coarse. The higher volume fractions of the dried grains are generated 
under conditions of higher deformation temperatures and lower strain 
rates during the thermal deformation of the MEA. The condition for 
achieving a complete DRX grain by DDRX mechanism is found to be at a 
temperature of 1000 ◦C and a strain rate of 0.001 s− 1. Deformation 
bands surrounded by LAGBs are characteristic structures in the alloy 
deformed at lower temperatures and higher strain rates. Due to the solid 
solution hardening effect, the inclusion of Ti and Al into CoCrNi MEA 
facilitated dynamic recrystallization. The hot deformation characteris
tics of CoCrNi MEA are found to be sensitive to the alloy constitution (Ti 
and Al micro-alloying) as well as the hot deformation parameters such as 
strain, strain rate, and deformation temperature. Schneider and Lap
lanche [56] studied the mechanism of hot deformation in CrFeNi MEA. 
Hot deformation of the MEA is reported to occur by accommodating 
dislocation glide mechanisms at low strains. 

At low temperatures and a strain of 1.9%, deformation is charac
terized by a heavy dislocation network and planar dislocation glide on 
various slip systems, which are indicative of the dominance of the strain 
hardening mechanism. At large strains (> 4.5%), deformation is 

observed to occur by the nanotwinning mechanism. Twining may 
accelerate the rate of work hardening depending on the temperature 
because of the dynamic Hall-Petch effect, which is a dynamic decrease in 
mean grain size with increasing deformation. Deformation by twinning 
mechanism is observed above a critical resolved shear stress of 165 MPa. 
The dynamic Hall-Petch effect tends to diminish at high deformation 
temperatures due to the attendant decrease in the stacking fault energy 
and resultant annihilation of the dislocation cells. Hua et al. [71] studied 
the deformation mechanism of CoCrNi MEA subjected to nano
indentation at temperatures ranging from 1 K to 500 K 
(− 272 ◦C–227 ◦C). It is observed that the deformation mechanism under 
high-temperature nanoindentation is heavily influenced by the multiple 
principal element effect and proceeds by nucleation and movement of 
dislocations. The study observed that higher temperatures cause thermal 
vibrations to mobilize partial dislocations that are pinned by local 
chemical fluctuations and release them during thermal deformation. As 
the deformation temperature increases, the twin structures disappear, 
leading to the formation of a prismatic dislocation loop by a thermally 
activated double cross-slip mechanism. He et al. [48] studied the hot 

Fig. 17. Schematic illustration of microstructural evolution during hot deformation of FeCrNi MEA (a) Random dislocations; (b) dislocation cells; (c) subgrains; (d) 
grain boundary reorientation; (e) ultrafine DRXed equiaxed grains [60]. Culled with permission from Elsevier. 

Fig. 18. EBSD images of recrystallized, substructured, and deformed grains in CrCoNi MEA at various deformation parameters. The pie charts illustrate the area 
fractions of these grains [48]. Culled with permission from Elsevier. 
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deformation mechanism of CrCoNi MEA subjected to hot deformation at 
temperatures and strain rates ranges of 900–1000 ◦C and 0.01 to 1 s− 1, 
respectively. The study noted that the hot deformation of CrCoNi MEA 
occurs by DRX grain formation, as illustrated in Fig. 18. Hot deformation 
of the MEA is reported to occur by mechanisms of dislocation in
teractions, DRV, DRX, and grain growth. DRX grains nucleate prefer
entially at grain boundaries by CDRX mechanism through progressive 
formation of high angle grain boundaries (HAGBs) within grains at a 
temperature of 1000 ◦C and strain rates from 0.1 to 1 s− 1. The contin
uous rotation of sub-grains forms the HAGBs. There are several ƩЗ 
annealing twins found in the DRX grains, indicating the occurrence of 
deformation by strain-induced grain boundary migration (SIGBM). 

The several mechanisms of hot deformation of MEAs evaluated in 
this work is summarized in Table 1. 

In summary, the numerous studies examined in this section highlight 
that the flow curves of MEAs are influenced by deformation tempera
tures, strain, and strain rates (see Table 1). The hot deformation 
behavior is primarily dictated by the interaction of dislocations with 
microstructural features, resulting in work hardening, DRV, and/or DRX 
mechanisms. The hot deformation mechanisms in MEAs are dynamic 
and, as such, compete for dominance, often transitioning from one 
mechanism to another based on prevailing parameters like temperature, 
strain, and strain rate. Conditions of elevated temperatures and lower 
strain rates favor the DRX softening mechanism, while the work hard
ening mechanism dominates during the initial deformation stages, 
typically at lower deformation temperatures. It can be deduced from the 
works reviewed thus far that as the hot deformation parameter is varied, 
the prevalent flow mechanism is accompanied by specific structural 
changes ranging from dislocations and induces twin networks, precipi
tation, grain boundary migration, and stacking faults to slip band for
mation. The hot deformation behavior is, therefore, structure-sensitive. 
Hence, the flow properties can be controlled by tuning the composition 
of the MEA. 

4.3. Reasons for the differences in hot deformation behavior of MEAs and 
HEAs 

It is observed that the flow stress exhibited a decline in response to 
the decrease in strain rate and increasing temperature. This finding 
confirms that MEAs, similar to their HEAs counterparts reported in 
existing literature, exhibit positive strain rate sensitivity [41,42]. 
Nevertheless, it has been noted that in the hot deformation process, the 
phenomenon of work hardening predominates during the deformation, 
thereby resulting in a progressive increase in flow stress with strain due 

to the activation of multiple dislocations. This resulted in the absence of 
peak stress in most MEAs reported in this paper [49,60]. The observed 
phenomena exhibit a contrast to the behavior of HEAs, where the peak 
stress is often more pronounced at lower levels of strain counterbalanced 
by the DRX or DRV in the majority of flow curves documented in the 
currently available study [41,42]. Even while most MEAs do not exhibit 
the peak stress phenomena, dynamic equilibrium is ultimately reached 
at higher strain when flow stress stabilizes as a result of the balance 
between work hardening rate and dynamic softening [49,60]. 

The MEAs were found to have a higher strain-hardening rate than the 
HEA, indicating that they were more resistant to thermal softening. This 
is because the MEAs were able to experience higher twinning, which 
leads to a larger degree of grain refinement than the HEAs [60,62]. The 
gradual work hardening behavior, leading to a postponement of necking 
instability onset, is attributed to the early initiation of deformation 
twinning at low strains in the MEAs [60,62]. Nevertheless, the height
ened resistance to deformation, reflected in the elevated flow stress 
observed in MEAs. This is undesirable for shaping metallic materials into 
diverse profiles. This increased resistance implies greater tool wear and 
higher activation energy during the hot working process, potentially 
raising the overall cost of metal forming [41]. Therefore, the most 
suitable processing parameters established by a dynamic materials 
modeling approach would be highly beneficial. The next section of this 
study discusses the hot deformation processing map development uti
lizing the dynamic materials model for the purpose of optimizing the 
microstructure, mechanical properties, and processing–cost efficiency of 
hot-working these novel MEAs. 

5. Theory of processing maps development from dynamic 
materials models (DMM) 

The hot deformation processing maps serve as visual representations 
depicting the interplay between temperature, strain rate, and flow 
stress. These maps are valuable tools for optimizing process parameters 
and gaining insights into the deformation characteristics of materials. 
They aid in pinpointing both stable and unstable deformation regions, 
offering predictions about the microstructure and mechanical properties 
of a material across varying processing conditions [41,72,73]. Utilizing 
a processing map is valuable in pinpointing the most suitable processing 
conditions for materials, mainly when dealing with elevated tempera
tures and strain rates [74]. 

To create processing maps, experimental data are collected across 
various combinations of temperature and strain rate. This data is sub
sequently subjected to mathematical models and mapping techniques to 

Table 1 
Hot deformation mechanisms in some MEAs.  

References MEAs Hot deformation parameters Hot deformation mechanisms 

Jiang et al. [66] NiCoFeVMo Hot tensile deformation at the temperature range of 
25–1000 ◦C and strain rates of 10− 2 to 10− 4 s− 1 

Hot deformation is characterized by competition between work hardening 
and dynamic softening. Dislocation interactions govern the work 
hardening regime while DRV and DRX controls the dynamic softening 
mechanism 

Fu et al. [60] FeCrNi The extrusion ratio and temperature are 7:1 and 1150 
◦C, respectively. 

Dynamic softening due to the formation of twinning, dislocation slip, and 
deformation-induced stacking faults. DRX grains are observed to nucleate 
by the mechanism of rotational dynamic recrystallization (RDRX). 

Yi et al. [52] CoCrNi and 
(CoCrNi)94Ti3Al3 MEAs 

Hot compression was carried out at temperatures and 
strain rates ranging from 850 to 1100 ◦C and 0.001 to 
1 s− 1 respectively. 

Hot deformation occurred by mechanisms of dislocation recovery, DRX 
and grain growth. The nucleation of DRX grains occurred by the 
mechanism of DDRX through the formation of sub-grain structures within 
and around the grain boundaries. 

Schneider and 
Laplanche [56] 

CrFeNi MEA Hot tensile deformation at a temperature range of 
77–873 K (− 196 to 600 ◦C) and strain rate of 10− 3 s− 1 

Hot deformation occurs by accommodating dislocation glide mechanisms 
at low strains. Deformation by twinning mechanism is observed above a 
critical resolved shear stress of 165 MPa 

Hua et al. [71] CoCrNi MEA Nanoidentation at temperatures ranging from 1 K to 
500 K (− 272–227 ◦C). 

The deformation mechanism is heavily influenced by the multiple 
principal element effects and proceeds by nucleation and movement of 
dislocations. 

He et al. [48] CrCoNi MEA Hot compression was carried out at temperatures and 
strain rates ranging from 900 to 1000 ◦C and 0.01 to 1 
s− 1 respectively. 

Hot deformation occurs in mechanisms of dislocation interactions, DRV, 
DRX, and grain growth. DRX grains nucleate at grain boundaries by CDRX 
and strain induced grain boundaries migration (SIGBM) mechanisms.  
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produce contour maps that illustrate distinct deformation mechanisms 
and material responses [76]. Key parameters, such as power dissipation 
efficiency, instability parameters, and flow localization indicators, are 
calculated to interpret the material’s behavior during deformation. This 
method proves highly effective in optimizing process parameters for hot 
working, and its utilization has extended to enhancing thermal pro
cessing technology [41,77]. 

The theory of processing maps offers a systematic approach to 
analyzing the behavior of materials during hot deformation. It yields 
valuable insights into optimizing processing parameters and predicting 
changes in the material’s microstructure by accounting for factors like 
instability mechanisms, dynamic recrystallization, and energy utiliza
tion [76–78]. This theory revolves around two core parameters: strain 
rate (ε) and temperature (T), along with the material’s flow stress. 
Plotting these parameters logarithmically on a scale allows processing 
maps to highlight distinct regions corresponding to various deformation 
mechanisms and microstructural alterations. The foundation of this 
theory lies in the concepts of instability mechanisms and the dynamic 
material model [75]. 

In order to determine the predominant deformation mechanism 
within different map regions, the instability mechanisms entail an 
analysis of the strain rate sensitivity exponent (m) and the activation 
energy for deformation (Q). Instability maps help identify regions where 
dynamic recrystallization, strain-induced precipitation, or other in
stabilities occur during deformation [79]. With the use of the dynamic 
materials model (DMM), data from hot deformation tests can be 
analyzed to find the dominant deformation mechanisms operative 
across various temperature-strain rate regimes [80–82]. 

The dynamic materials model (DMM), initially suggested by Prasad 
et al. [76], forms the basis for processing maps. It is a potent tool that 
analyses the data generated by the hot deformation experiments in order 
to pinpoint the active governing deformation mechanisms in the various 
temperature-strain rate regions [76]. These models aid in compre
hending material flow characteristics during hot deformation and offer 
guidance for optimizing processing techniques [83]. The dynamic ma
terial model takes into account the material’s flow stress and the power 
dissipation ratio to assess its behavior. It also analyses the energy 
dissipation as a result of microstructural evolution during hot defor
mation [53,77]. The total power input (P) of the system during the 
deformation is primarily composed of two distinct quantities, first the 
dissipative quantity (G) and second the dissipative covariate quantity 
(J), which are represented in Eq. (1) [53]: 

P= σε =

∫ε

0

σdε +
∫σ

0

εdσ = G + J (1)  

In this context, G represents the dissipative quantity, signifying the en
ergy expended in plastic deformation, primarily transformed into ther
mal energy. The dissipative covariate quantity J denotes the power 
expended in the course of microstructure evolution, σ is the flow stress 
(MPa), and ε is the strain. 

At constant T and ε; σ is related to ε̇ by a power law relationship [53] 
as follows: 

σ =Kε̇m (2)  

where m – strain rate sensitivity, K – material coefficient, and ε̇ – strain 
rate 

The quantity of energy dissipated during hot deformation (i.e., the 
ratio of G & J) [53] can be expressed in terms of m as follows: 

m=
∂J
∂G

=
ε̇∂σ
σ∂ε̇=

⃒
⃒
⃒
⃒
∂(ln σ)
∂( ˙ln ε̇)

⃒
⃒
⃒
⃒ ≈

Δlog log σ
Δlog log ε̇ ˙ε̇T

(3) 

At constant T and ε̇, the dissipated covariate (J) is given as [79]: 

J =
∫σ

0

ε̇∂σ =
mσε̇

m + 1
(4)  

where strain resistivity (m) = 1, the dissipation coordination achieves 
its maximum value Jmax when the material is in the ideal linear dissi
pation condition, and Jmax is consequently given as [79]: 

Jmax =
σε̇
2

(5) 

The power dissipation factor (η), which is the ratio of the actual 
dissipation coefficient (J) to the maximum dissipation coefficient (Jmax) 
is expressed as [53,79]: 

η= J
Jmax

=
2m

m + 1
(6) 

Eq. (6) establishes a correlation linking the efficiency of power 
dissipation to the processing parameters. The fluctuation of η concerning 
the processing parameters—temperature (T) and strain rate (ε)—gives 
rise to the formation of the power dissipation map. The notion of un
stable flow occurring during plastic deformation has been theoretically 
framed by employing the maximum entropy principle. This principle 
posits that the generated entropy within the system is lower than the 
applied strain rate, leading to instability. The application of this prin
ciple results in an equation delineating the material’s unstable flow 
during plastic deformation [84]. 

ξ(ε̇)=
∂ln
[

m
m+1

]

∂ln ε̇ + m< 0 (7)  

where ξ(ε̇) is a dimensionless quantity that denotes the instability 
parameter, the variation of ξ(ε̇) with temperature and strain rate con
stitutes an instability map. 

In the instability map, when the instability parameter ξ(ε̇) is nega
tive, it indicates that flow instability occurred during the deformation in 
the region [84]. The creation of hot deformation processing maps in
volves overlaying a power dissipation map and an instability parameter 
map [79], represented as a plot of logarithmic strain rate against 
deformation temperatures [85]. 

5.1. Processing map analysis on MEAs 

Processing maps based on the dynamic material model (DMM) have 
been successfully utilized for the analysis of MEAs for microstructure 
identification and optimization of deformation parameters. The utili
zation of hot processing maps empowers the manipulation of MEAs’ 
microstructures, examination of deformation mechanisms, exploration 
of instability regions, and prognostication of optimal hot deformation 
parameters, all aimed at achieving favorable material properties. Re
searchers have delved into the utilization of the theory of processing 
maps to investigate the hot deformation behavior of MEAs. For instance, 
the work by Qiao and Zhu [53] focused on the hot deformation of 
AlCrFeNi MEA and developed processing maps to optimize the pro
cessing parameters. The processing map was utilized to evaluate the 
inherent processability of AlCrFeNi MEA and aid in identifying the 
optimal deformation parameters to enhance workability. Hot compres
sion tests were conducted at diverse temperatures ranging from 800 ◦C 
to 1100 ◦C, along with different strain rates ranging from 0.001 s− 1 to 1 
s− 1. According to the processing map (illustrated in Fig. 19), the opti
mum zone lies within a temperature range of 950–1050 ◦C and a strain 
rate range of 0.001–0.01 s− 1. This region falls within the stable region, 
characterized by high power dissipation efficiency and the avoidance of 
flow instability. 

Consequently, it ensures the most efficient energy dissipation during 
hot deformation while sidestepping flow instability. Thus, this param
eter becomes the most desirable choice for achieving the desired 
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deformation behavior and mechanical properties of AlCrFeNi MEAs. The 
unsafe region (flow instability) occurs at low deformation temperatures 
of 800–950 ◦C and high strain rates exceeding 0.1 s− 1, with the micro
structure at the plastic deformation instability mainly composed of 
micro-defects such as cracks. 

Conversely, the safe region (flow stability) emerges at temperatures 
above 950 ◦C and strain rates below 0.01 s− 1; the microstructure within 
the plastic deformation stability region exhibits a uniform and fine- 
grained structure, indicating the absence of micro-defects like cracks. 
This uniform and fine-grained structure resulted from dynamic recrys
tallization (DRX) during the deformation process. Notably, the primary 
deformation mechanism for the AlCrFeNi alloy appears to be DRX. 

According to the authors, the flow stress initially increases and then 
consistently decreases with increasing strain, which is a typical hallmark 
of DRX in the hot deformation process. 

Another study conducted by Nayan et al. [86] demonstrated the use 
of processing maps for analyzing the hot deformation behavior of 
multi-component alloys and understanding their microstructure and 
mechanical characteristics under varying processing conditions. 
Hot-compression tests were carried out over a temperature range of 
800 ◦C–1030 ◦C and strain rates ranging from 10− 3 to 10− 1 s− 1. Ac
cording to the processing map generated for the NiTiCuFe 
multi-component alloy, the stable domain spans temperatures from 
900 ◦C to 1030 ◦C and strain rates from 10− 3 to 10− 1.2 s− 1. In this region, 

Fig. 19. Processing maps of AlCrFeNi at different strains (a) ε = 0.1 (b) ε = 0.2 (c) ε = 0.3 (d) ε = 0.4 (e) ε = 0.5 (f) ε = 0.6 [53]. Culled with permission 
from Elsevier. 
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deformation predominantly occurs through dislocation glide mecha
nisms coupled with the fragmentation of the dendrites. These mecha
nisms resulted in a crack–free microstructure composed of bonelike and 
continuous saw-tooth features observed within the microstructure of the 
stable regime. Conversely, unstable deformation occurs within temper
ature ranges of 800 ◦C–1020 ◦C, combined with respective strain rates of 
10− 3 to 10− 1 s− 1. The unstable regime exhibits microstructural in
stabilities (mainly the high extent of wedge cracks found in their mi
crostructures) originating from localized plastic flow or adiabatic shear 
banding. 

Within this stable region, the material undergoes deformation via 
multiple mechanisms, including dislocation glide and DRX, leading to 
favorable microstructures suitable for engineering applications. These 
conditions are considered the optimum thermomechanical processing 
(TMP) conditions, striking a balance between plastic deformation sta
bility and workability, resulting in high power dissipation efficiency and 
favorable mechanical properties. 

Zhang et al. [77] investigated the hot deformation behavior of 
CrFeNiSi0.15 alloy, a novel MEA with high-temperature stability, excel
lent mechanical properties, and significant potential for industrial ap
plications. This was accomplished through isothermal compression tests 
spanning a temperature range of 900–1200 ◦C and a strain rate range of 
0.001 to 1 s− 1. Utilizing the dynamic material model (DMM), the pro
cessing map for CrFeNiSi0.15 MEA was formulated. These maps serve to 
depict the interplay between energy consumption and structural alter
ations during the thermal deformation of the alloy. 

Based on the processing map obtained from the article, the domain of 
apparent flow stability for CrFeNiSi0.15 MEA was identified within the 
temperature range of 900–1100 ◦C and a strain rate range of 0.01 to 10 
s− 1. Selecting appropriate deformation parameters from this range could 
enhance the material’s processing performance, aligning it with secure 
regions for thermomechanical processing. Within the stability region, 
microstructure evolution primarily involves full DRX. Full DRX occurs 
by the reduction of subgrains and LAGBs as a result of continuous ab
sorption of dislocations within the grains by the subgrains boundaries 
during the DRX process, which can be converted into HAGBs of new 
grains. This phenomenon pointed to DDRX as the dominant nucleation 
mechanism in this region. 

In contrast, the instability region primarily resides in the tempera
ture range of 900–985 ◦C and a strain rate range of 0.12 to 1 s− 1. Here, 
the microstructure features inhomogeneous material flow, leading to 
crack formation and material fracture during deformation. This insta
bility can be attributed to the notable velocity gradient of the material 
within the processing map’s instability region, which contributes to 
shear bands and other forms of non-uniform deformation, ultimately 
leading to crack formation. At lower temperatures, like 900 ◦C, the 
sluggish dislocation movement results in the accumulation of disloca
tions at grain boundaries, promoting grain boundary cracking. The 
processing map analysis indicates optimal working conditions for 
CrFeNiSi0.15 MEA within the two domains. The first domain spans a 
temperature range of 900–985 ◦C and a strain rate range of 0.001 to 0.12 
s− 1, while the second domain extends from 985 to 1200 ◦C with a strain 
rate range of 0.001 to 10− 1 s− 1. The processing map reveals that the 
alloy’s efficiency value increases with rising deformation temperature in 
the high strain rate domain (0.05 to 1 s− 1) yet decreases with declining 
strain rate in the high-temperature range (1100–1200 ◦C). The alloy 
achieves peak efficiency at around 39% under a deformation parameter 
of 1200 ◦C/1 s− 1. This study further unveils the complete dynamic 
recrystallization occurring at this specific parameter. 

Wang et al. [51] conducted hot compression tests on the CrCoNi 
alloy and developed processing maps across a deformation temperature 
range of 800–1100 ◦C and a strain rate of 0.01–10 s− 1. The processing 
map for the CrCoNi alloy was categorized into two distinct domains 
defined by power dissipation efficiency and instability criteria. From the 
processing map, Domain I represented the instability domain. This 
domain corresponds to samples deformed under lower temperatures and 

higher strain rate conditions, exhibiting lower power dissipation effi
ciency. The microstructure in this zone primarily consisted of elongated 
grains with a non-uniform size distribution. This characteristic of 
dominance by dynamic recovery (DRV) as DRX grains was not observed 
in the microstructure because recrystallization commences at deforma
tion temperatures below 900 ◦C. 

On the processing map, Domain II, in contrast, represents the sta
bility region. This region corresponds to specimens deformed at elevated 
temperatures and lower strain rates. The stability domain of the CrCoNi 
alloy demonstrated a wider scope, with strain having minimal impact on 
processing performance. The microstructure within this region pre
dominantly comprised equiaxed grains displaying a uniform size dis
tribution, which is due to the higher temperatures and lower strain rates 
that allow the material to undergo DRX and produce a more homoge
neous structure, which makes the DRX process dominant in this region. 
From the processing map, the safe region for the CrCoNi alloy during 
thermal deformation spanned two ranges: a deformation temperature 
span of 800–900 ◦C and a strain rate interval of 0.01–0.02 s− 1, alongside 
a deformation temperature range of 900–1100 ◦C and a strain rate range 
of 0.02–10 s− 1. The optimal zone for the CrCoNi alloy within thermal 
deformation was established to be the deformation temperature range of 
900–1100 ◦C and the strain rate range of 0.01–0.1 s− 1. Within this zone, 
the alloy exhibited high power dissipation efficiency and decreased 
instability, indicating efficient processing with minimal risk of defor
mation failure. The flow stress values of the alloy within this zone were 
also relatively low, underscoring the alloy’s facile deformation potential 
within this parameter range. These findings were instrumental in iden
tifying safe processing conditions that lead to desired microstructures 
and mechanical properties. 

In summary, it was observed that the MEAs showed optimal pro
cessing features with deformation conditions of high temperature and 
lower strain rates for predominantly most of the alloys studied in this 
section (see Table 2). In these conditions, the microstructure of the 
MEAs is comprised of more homogenous structures with refined grains 
that are uniformly distributed. In contrast, the instability regions were 
mainly observed at low temperatures and high deformation strain rates. 
The dominant microstructural features at these instability regions show 
defects such as micro-cracks, grain boundary cracking as a result of 
sluggish dislocation movement, localized plastic flow or adiabatic shear 
bands, and inhomogeneous materials flow. 

Therefore, the hot deformation processing map analysis provides a 
comprehensive approach to unraveling the complex behavior of multi- 
component alloys under extreme thermal conditions. By merging 
graphical representation with theoretical insights, this methodology 
empowers material scientists to finely adjust processing parameters and 
anticipate microstructural changes, thus propelling material design and 
engineering. Integrating theoretical frameworks with empirical data 
equips researchers to calibrate processing parameters precisely and 
foresee shifts in microstructural dynamics, ultimately fostering signifi
cant progress in the hot deformation studies of MEAs. 

6. Constitutive description of material flow in medium entropy 
alloys 

Material scientists have shown significant interest in incorporating 
constitutive models to explain the behavior of metallic systems under 
diverse deformation conditions, including deformation temperatures, 
strain, and strain rates. This interest is particularly evident in the realm 
of implementing hot deformation techniques like forging, rolling, and 
extrusion, among other related processes. The primary goal in devel
oping these models was to offer a comprehensive understanding and 
analysis of the behavior exhibited by metallic systems during hot 
deformation processes [41]. The effectiveness of these models as input 
frameworks in the finite element technique for optimizing the hot 
working process has led to the achievement mentioned earlier. Tradi
tionally, studying the hot deformation properties of metallic materials 
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Table 2 
Summary of the optimum hot working regimes and instability regimes in different MEA systems with their corresponding microstructural transitions under different 
deformation parameters.  

S/ 
N 

Author Composition Deformation 
parameters 

Initial microstructure Final microstructure Safe hot working regime Unsafe hot working 
regime 

1 Qiao 
and 
Zhu 
[53] 

AlCrFeNi Hot compression 
from 800 ◦C to 
1100 ◦C and 0.001 
s− 1–1 s− 1. 

The MEA is primarily 
composed of a disordered 
BCC (A2) phase and an 
ordered BCC (B2) phase. 
The grain boundaries 
correspond to the Fe–Cr 
rich BCC phases and the 
ultrafine interconnected 
phases are Ni–Al rich 
phases. 

– Safe working regions 
occurred at T and ε̇ of 
>950 ◦C and 0.01 s− 1 

Unsafe region occurred at 
T and ε̇ of 800~950 ◦C 
and >0.1 s− 1 

2. Nayan 
et al. 
[86] 

NiTiCuFe 800 ◦C to 1030 ◦C) 
and strain rate of 
10− 3 t0 10− 1 s− 1, 
and true strain rates, 
10− 3, 10− 2, and 
10− 1 s− 1 to true 
strains, ε, of ~0.7 

The microstructure was 
composed of two solid- 
solution phases; BCC and 
FCC dendritic grains with 
bone-like and saw-tooth 
features 

BCC Fe-rich, BCC b-Ti- 
rich, FCC Cu-rich, and 
FCC Ni-rich solid-solution 
phases. 

Safe working regions 
occurred at T and ε̇ of 
900 ◦C–1030 ◦C and of 
10− 3 to 10− 1.2 s− 1 

The unstable deformation 
of the multi-component 
alloy occurs at T =
800 ◦C–880 ◦C and ε̇ =
10− 3 to 10− 1.4 s− 1 as well 
as T = 950 ◦C–1020 ◦C 
and ε̇ = 10− 1.4 to 10s s− 1 

3. Zhang 
et al. 
[77] 

CrFeNiSi0.15 Isothermal 
compression tests. 

Equiaxed grains with an 
average size of about 
186.41 ± 6.28 μm. 

A fine and homogenous 
grain, formed through 
dynamic recrystallization 
(DRX). 

Two safe regions exist 
900–985 ◦C/0.001–0.12 
s− 1 and 985–1200 ◦C/ 
0.001 – 1 s− 1 

The unsafe region 
occurred at T and ε̇ of 
900–985 ◦C and 0.12 to 1 
s− 1. 

4. He 
et al. 
[48] 

CrCoNi Hot compression 
from 900 ◦C to 
1000 ◦C and 0.01 to 
1 s− 1 

The microstructure of the 
MEA was composed of 
uniform grains with an 
average grain size of 
about 20 ± 0.8 μm, 

In general, a typical 
necklace structure is 
detected in the CrCoNi 
specimens compressed at 
900 ◦C, The necklace 
structure disappears 
gradually with increasing 
temperature and more 
equiaxed grains are 
observed. 

– – 

5. Jiang 
et al. 
[46] 

Ni2Co1Fe1V0.5Mo0.2 Tensile creep tests at 
the temperature 
range of 973–1073 K 
(700–800 ◦C) under 
initial applied 
stresses of 150–200 
MPa. 

The microstructure of the 
as-annealed MEA which is 
composed of coarse grains 
mostly in mm. 

Under low stress, 
temperature and strain 
rate, the microstructure 
was composed of planar 
dislocations with random 
entanglements; high 
stress, low temperature 
and low to medium strain 
rate; microstructures were 
homogeneous scattering 
of curved dislocations; 
microstructures composed 
of sub-grain structures 
under the low stress, high 
temperature and high 
strain conditions. 

– – 

6. Wang 
et al. 
[51] 

CrCoNi Hot compression at 
800–1100 ◦C and 
strain rate range of 
0.01–10 s− 1. 

The as-cast material was 
composed of FCC. 

Equiaxed grains with 
uniform grain size was 
observed due to DRX 

Two safe regions exist, 
the first at T and ε̇ of 
800–900 ◦C and 
0.01–0.02 s− 1, and the 
second at T and ε̇ of 
900–1100 ◦C and of 
0.02–10 s− 1 respectively 

The unsafe region 
occurred at T and ε̇ of 
900–1100 ◦C and 
0.02–10 s− 1 

7. Tran 
et al. 
[43] 

CrCoNi Hot Isostatic 
Pressing (HIP) at 
1150 ◦C, 1000 atm 
for 4 h. 

The as-built CrCoNi MEA- 
DED shows primarily 
elongated columnar grain 
structure with LAGBs 
features surrounded by 
high angle grain 
boundaries (HAGBs) 
indicating the 
inhomogeneous 
microstructure due to fast 
cooling during the DED 
process. 

The HIP treated CrCoNi 
MEA-DED reveals the 
grain structure with an 
equiaxed morphology. 
After HIP treatment, a 
significant amount of 
recrystallization twins, 
indicating the relaxation 
of internal residual 
stresses. 

– – 

8. Guan 
et al. 
[49] 

CrCoNi Hot compression at 
700–1000 ◦C and 
strain rate range of 
0.001–10 s− 1. 

The as-cast MEA exhibits 
a coarse-grained 
structure. The average 
grain size is 200 ± 50 μm 

The deformed samples 
possess increased amounts 
of recrystallized grains as 
the strain decreases at 
high temperatures. 

– –  
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involved a trial-and-error approach, proven to be both costly and 
time-consuming [41]. The precise prediction of flow stress using 
different constitutive models has attracted considerable attention 
among researchers working on the hot deformation of metallic systems. 
Finite element methods have been applied to integrate these models into 
simulation processes, enabling researchers to quickly comprehend and 
enhance the deformation characteristics of alloys and composites. 
Constitutive models play a crucial role in accurately predicting flow 
stresses, as well as facilitating the calculation of activation energy and 
stress exponents. These parameters are not only valuable in identifying 
the type of mechanism governing deformation but also in evaluating the 
comparative hot workability of a material. In the subsequent 
sub-sections, the various models used in predicting the hot deformation 
flow stress, the mechanisms influencing deformation in MEAs, and the 
relative hot workability of MEAs are discussed. 

6.1. Constitutive analysis (kinetic analysis of deformation) 

Constitutive equations play a crucial role in defining the deformation 
process of any material system, taking into account the thermo
mechanical processes that govern the conditions of grain refinement. 
The commonly employed constitutive equation is the Arrhenius type, 
which characterizes deformation parameters like flow stress, deforma
tion temperature, and strain rate. These parameters are integrated and 
represented through the Zener-Holloman parameter (Z), as depicted in 
Eqs. (8)–(13) [42,87–89]. Eqs. (9)–(11) represent the power, exponen
tial, and hyperbolic-sine laws, respectively. 

Z = ε̇ exp
(

Q
RT

)

=Af (σ) (8)  

Z = ε̇exp exp
(

Q
RT

)

=Aσn (9)  

Z = ε̇ exp
(

Q
RT

)

=A2 exp (βσ)n′
(10)  

Z = ε̇exp exp
(

Q
RT

)

=A3[sinh (σα)] (11)  

ε̇=A[sinh sinh (ασp) ]n exp
(
− Q
RT

)

for all σ (12)  

σ =
1
α ln

⎧
⎨

⎩

(
Z
A

)1
n

+

[(
Z
A

)2
n

+ 1

]1
2
⎫
⎬

⎭
(13)  

In the equations, ε, Q, n, R, σ, T represent the strain rate in s− 1, activation 
energy in J/mol, stress exponent, gas molar constant (8.314 J/mol.K), 
the stress in MPa, and deformation temperature, respectively. The 
values α, A, and β are material constants. Many researchers use Eq. (13) 
to represent the constitutive equation for material alloy systems. The 
values of α, A (s− 1), n, and Q (kJ/mol) are crucial in modeling the 
deformation behavior of MEAs. The equation for strain rate can also be 
expressed as Eq. (14): 

ε̇=AF(σ)exp exp
[

−
Q

RT

]

(14)  

F(σ)= {A′σn′
< 0.8 A″ exp (βα)ασ > 1.2 Asin hn(ασ) for all values of ασ

(15) 

The expression in Eq. (15) is utilized in designing the pathways for 
representing the flow stress. A flow stress curve for martensitic stainless 
steels was designed by Derazkola et al. [78]. The strain rate formula can 
be reformulated in Eqs. (16) and (17). Furthermore, by taking the log 
function of both sides in Eq. (18), the activation energy is formulated in 
Eq. (18) and determined using Eq. (19). Similarly, by taking the log 
function of Eqs. (16) and (17), the constants n′, n, α, and β can be 
determined and expressed in Eqs. (20)–(23) [78,90,91]. 

ln ln ε̇= n′ ln ln σ + ln A′ −
Q

RT
(16)  

ln ln ε̇= βσ + ln ln A″ −
Q

RT
(17)    

ln ln [sinh sinh (ασ)]= − ln ln A
/

n + ln ln ε̇
/

n −
Q

nRT
(19)  

n′ =

[
∂ln ln ε̇
∂ln ln σ

]

T
=

[
∂ln ln σ
∂ln ln ε̇

]− 1

T
(20)  

β=
[

∂ln ln ε̇
∂σ

]

T
=

[
∂σ

∂ln ln ε̇

]− 1

T
(21)  

α=
β
n′ (22)  

n=
[

∂ln ln ε̇
∂ln ln (sinh sinh ( ασ) ασ)sinh sinh

]

T
(23)  

n is determined from the slope of the ln ε vs. ln σ, and the value Q/n is 
used in getting the experimental values of Q, determined from the slope 
of ln σ vs. 1/RT. These values are used in calculating the power creep law 
expressed in Eq. (24), where G, b, and D represent the shear modulus, 
magnitude of the Burgers vector, and diffusion coefficient. Hot defor
mation mechanisms are either by climb-controlled or viscous glide 
technique. The value of n’ determines whether the deformation tech
nique is a climb-controlled or viscous glide technique. n’ values ~2, the 
mechanism of deformation is by grain boundary sliding, but at values of 
~3–4, the mechanism of deformation is by the viscous glide of dislo
cation; at ~4.5 to 6, the mechanism of deformation is by dislocation 
climb, while values above 8 signify cross-slip of screw dislocation [92]. 

ε̇ ∝
GbD
kT

(
b
d

)p(σ
G

)n′

;D∝exp (− Q /RT) (24) 

MEAs is a novel field of research with few researchers employing 
constitutive equations to analyze the alloys’ hot deformation behavior. 
The research includes Wang et al. [51], Yi et al. [52], Jiang et al. [46], 
and Qiao and Zhu [53]. The researchers utilized the Arrhenius equation 
in modeling the constitutive equations. In Qiao and Zhu’s [53] research 
on CrCoNi, the values of n and A are obtained from the slope and in
tercepts of ln Z and ln (sinh (ασ)) shown in Fig. 20. The hot deformation 
parameters for developing the hyperbolic sine law for MEAs from the 

Q=R
{

∂ln ln ε̇
∂ln ln [sinh sinh (ασ)]

}

T

{
∂ln ln [sinh sinh (ασ)]

∂(1/T)

}

=Rn′
{

∂ln ln σ
∂(1/T)

}

ε̇
=Rβ

{
∂σ

∂(1/T)

}

ε̇
=Rn

{
∂ln ln [sinh sinh (ασ)]

∂(1/T)

}

T
(18)   
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three research are shown in Table 3. 

6.2. Model validation 

Many models, such as the Arrhenius model, Artificial Neural 
Network model, Zerilli-Armstrong model, and Johnson-Cook model, 

have been utilized to predict the hot deformation behavior of many al
loys. However, modeling the hot deformation behavior of MEAs is still 
relatively new, making the Arrhenius model the only utilized technique 
for the hot deformation of MEAs. The accuracy of the models is evalu
ated using statistical techniques such as regression (R), root square mean 
(RMSE), average absolute relative (AARE), relative error (RE), and 

Fig. 20. Diagram of strain rate and flow stress at different temperatures. (a) β plot (b) n’ plot (c) n plot (d) Q plot [53]. Culled with permission from Elsevier.  

Table 3 
Hot deformation parameters of the hyperbolic sine law for MEAs.  

MEAs α (MPa− 1) Strain Deformation parameter Dominant Deformation Mechanism A (s-1) n Q (kJ/mol) Reference 

CrCoNi 0.004480 0.20 800 ◦C–1100 ◦C 
0.01 s− 1–10 s− 1 

DRX 1.9552 × 1023 14.696 348.91 [51] 

CrCoNi 0.004159 0.25 800 ◦C–1100 ◦C 
0.01 s− 1–10 s− 1 

DRX 7.70699 × 1022 12.824 376.17 [51] 

CrCoNi 0.003906 0.30 800 ◦C–1100 ◦C 
0.01 s− 1–10 s− 1 

DRX 4.8966 × 1023 12.155 409.96 [51] 

CrCoNi 0.003714 0.35 800 ◦C–1100 ◦C 
0.01 s− 1–10 s− 1 

DRX 5.7865 × 1023 11.804 432.39 [51] 

CrCoNi 0.0035746 0.40 800 ◦C–1100 ◦C 
0.01 s− 1–10 s− 1 

DRX 1.9657 × 1024 11.3282 450.591 [51] 

CrCoNi 0.003460 0.45 800 ◦C–1100 ◦C 
0.01 s− 1–10 s− 1 

DRX 2.1705 × 1024 11.060 459.34 [51] 

CrCoNi 0.003361 0.50 800 ◦C–1100 ◦C 
0.01 s− 1–10 s− 1 

DRX 3.3938 × 1024 10.742 468.79 [51] 

CrCoNi 0.003288 0.55 800 ◦C–1100 ◦C 
0.01 s− 1–10 s− 1 

DRX 5.7543 × 1024 10.398 477.86 [51] 

CrCoNi 0.003212 0.60 800 ◦C–1100 ◦C 
0.01 s− 1–10 s− 1 

DRX 3.1110 × 1024 10.019 478.25 [51] 

(CoCrNi)94Ti3Al3 0.0043585 1.0 850 ◦C–1000 ◦C 
0.001 s− 1–1 s− 1 

DRX 2.9779 × 1015 5.456 401.080 [52] 

Ni2Co1Fe1V0.5Mo0.2  0.7 700 ◦C–800 ◦C 
0.001 s− 1–1 s− 1 

DRV/DRX  3.1 456.300 [46]  
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standard deviation (S.D.) shown in Eqs. (25)–(29). Each statistical 
technique relatively determines the predictive capability, stability, and 
reliability of a model. 

The accuracy of a model increases as the R-value approaches 1 and 
RE, RMSE, AARE, error, and S.D. values approach 0. The Mi, Ai, N, M, 
and A represent the predicted flow stress values, experimental values, 
number for the training data, average predicted flow stress values, and 
average actual flow stress values, respectively. 

R=

∑n

i=1
(Ai − A)(Mi − M)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
(Mi − M)

2∑n

i=1
(Ai − A)2

√ (25)  

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
|Mi − Ai|

2

N

√
√
√
√
√

(26)  

AARE(%)=
1
n
∑n

i=1

⃒
⃒
⃒
⃒
Mi − Ai

Ai

⃒
⃒
⃒
⃒× 100% (27)  

RE(%)=

⃒
⃒
⃒
⃒
Mi − Ai

Ai

⃒
⃒
⃒
⃒× 100% (28)  

S.D.=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

N
∑

x2 − (
∑

x)2

N(N − 1)

√

(29)  

By using the alternative hyperbolic constitutive equation in Eq. (8) for 
MEAs, stating that the ασ value is essential in determining the suitability 

of the alloy for low or high stresses. Values of ασ < 0.8 indicate low 
stress, and values of ασ>1.2 indicate high stress. The MEAs studied by 
Wang et al. [51] calculated the activation energy to be 450.59 kJ/mol 
from the obtained values of n1, β, and α for CrCoNi with dynamic 
recrystallization as the dominant deformation mechanism. The research 
considered the effect of varying strain on the strain hardening exponent 
(n) and activation energy (Q). Increasing strain is accompanied by 
decreasing n value and increasing Q values. The research also concludes 
that the flow stress of the MEA is strain-rate sensitive. After obtaining 
the values for α, n, Q, and A, there is a need to account for the strain 
dependence, which is achieved through a six-order polynomial line 
fitting technique. 

Although the polynomial fitting technique helps the model imita
tively predict alloys’ hot deformation behavior, the conventionally uti
lized Zener Holloman’s parameter neglects the effect of strain on stress, 
creating a deviation between the predicted and experimental behavior. 
Zener Holloman’s parameter is modified into Eq. (30) to accommodate 
this variation. Other modifications that accommodate the temperature- 
dependent elastic modulus (E) and diffusion coefficient (D) can also be 
employed, resulting in Eq. (31). In Eq. (31), α′ and B are the modified 
stress multiplier and the hyperbolic sine constant. These modifications 
have not been employed yet in MEAs. The Q-values for CrCoNi ranged 
from 348 to 478 kJ/mol, and the n-values ranged from 10 to 14.6 in 
Wang et al. [9] research. In comparison, Yi et al. [52] reported the 
Q-values of CoCrNi and (CoCrNi)94Ti3Al3 as 401 kJ/mol and 566 
kJ/mol. The R-squared value for (CoCrNi)94Ti3Al3 was 0.981, which 
shows an acceptable level of accuracy. 

Fig. 21. The strain-dependent relationship for n’, β, n, and Q for the hot deformation of CrCoNi [94]. Culled with permission from Elsevier.  
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Z = ε̇exp exp
(

Q
R(T + 10)

)

= ε̇4/3 exp
(

Q
R(T + 10)

)

(30)  

ε̇
/

D(T) =B
[
sinh sinh (α′σ

/
E(T)

) ]5 (31) 

The acceptable levels of accuracy imply that varying values of Q and 
n can be obtained typically true considering the CoCrNi alloy, making 
the analysis sometimes unreliable. The values for self-diffusion activa
tion of Co, Cr, and Ni are 228.5, 441.9, and 276.7 kJ/mol, respectively. 
The mean self-diffusion of the MEA is 315 kJ/mol, which is substantially 
lower than the lowest experimental value obtained for the alloy. To 
account for this discrepancy, the variation was attributed to the 
microstructural attributes of the alloy [93,94]. To account for the dif
ferences and improve the model’s reliability, the threshold stress (σth) 
and predefined stress exponents (n) can be included in defining Zener 
Holloman’s parameter modification in Eqs. (32) and (33). 

Z =A′(σ − σth)
n′

(32)  

lnZ = ln A′ + n′ ln ln (σ − σth)= lnA + nln{sinh{α(σ − σth)}} (33) 

The six-order polynomial shown in Eq. (34) is for strain compensa
tion in the Arrhenius model. The polynomial function shown in Fig. 21 
shows a relationship between the material constant and strain for 
CrCoNi. The flow stress (σ) for a given strain value (ε) can be expressed 
in Eq. (35). By using this technique, the reliability of the Arrhenius 
model is hence improved to predict the flow stress at any temperature 
and strain rate for the considered Zener-Holloman’s parameter.  

σ =
1
α

{

sin h− 1
(

Z
A

)1/n
}

=
1
α ln ln

{(
Z
A

)1/n

+

[(
Z
A

)2/n

+ 1

]1/2 }

(35)  

6.3. Further discussions 

The novelty of modeling the hot deformation behavior of MEAs has 
only attracted the attention of a few researchers who have only used the 
Arrhenius model in predicting the hot deformation behavior. However, 
it is believed that models such as the Artificial Neural Network (ANN), 
Zerilli-Armstrong (ZA), Johnson-Cook (JC), and DRV/DRX can be uti
lized in predicting the hot deformation behavior of MEAs. Each model 
has pros and cons depending on the accuracy, predictability, reliability, 
and amount of training data. 

The ANN model shows very high reliability compared to other 
models because it works in the similitude of the human brain and re
quires a large amount of basic processing or training data to produce 
reliable results. The large amount of training data required to train the 
model is to determine the accurate relationship between input and 
output data. The utilization of ANN models for MEA might take longer to 
achieve because of the large amount of training data required to ensure 
its proper functionality. There are three parts to any ANN model: the 
input, hidden, and output. The input and output are easily understood; 
however, the hidden part is referred to as a black box that does not rely 
on a specific relationship between the output and input data for 
improved accuracy. The general formula for the ANN model is shown in 
Eq. (36), where w, n, and b are the weight parameter, number of input 

nodes, and bios, respectively. The w and activation functions k and j 
(neuron functions) are vital for the model [53,89]. 

net=

(
∑n

i=1
wkjxj

)

+ b (36) 

Developing the Zerilli-Armstrong model for MEAs will favor 
modeling high-strain rates and low-temperature deformation behavior 
[95–98]. The constitutive equation works better in modeling the flow 
stress for crystalline metals. The flow stress is determined using Eq. (37), 
simplified using Eq. (38), and modified using Eqs. (39)–(41). In Eqs. 
(37)–(41), ε, σ, and T* represent the strain rate, the flow stress, and the 
homologous temperature, while n, C1, C2, C3, C4, C5, and C6 represent 
the materials constants. Also, S1 and I1 represent the slope and intercept 
of a plot between lnσ and T*, while parameters such as n1, B01, n2, B02 
are obtained from the plots of the ZA model [95]. 

σ = c0 + B0εn exp exp (− β0T + β1Tlnε̇) (37)  

ln ln σ =(ln B0 − 0.00344T) + nlnε (38)  

σ =B0
(
ε
/

εp
)
+ B0εn exp (− β0T + β1Tlnε̇) (39)  

σ =(C1 +C2εn)exp ( − (C3 +C4ε)T∗ + (C5 + C6T∗)lnε̇) (40)  

{σ =(C1 +C2εn)exp ( − (C3 +C4ε)T∗ I1 = ln(C1 +C2εn) S1 =

− (C3 +C4ε) ln σ = ln(C1 +C2εn)exp (

− (C3 +C4ε)T∗ + (C5 + C6T∗)lnε̇) S2 = C5 + C6T∗ (41) 

DRV/DRX models have a futuristic applicability for predicting the 
hot deformation behavior of MEAs. The model is designed to accom
modate the three stages of deformation, which are the flow stress, strain 
hardening, and softening stages. The first stage uses Eqs. (42)–(44) until 
a peak stress value is obtained. A non-linear portion follows this up to 
the beginning of the second stage, modeled with Eq. (43). The non-linear 
portion in the second stage has many complications associated with it, 
but the linear portion is modeled using Eqs. (45) and (46), while the non- 
linear portion of the model is predicted using Eqs. (47)–(52) [96]. The 
notations σs, σp, εs, and εp represent steady-state stress, peak-point stress, 
steady-state strain, and peak-point strain, respectively. 

σ
σp

=

[(
ε
εp

)

exp exp
(

1 −
ε
εp

) ]C1

(42)  

ln ln
(

σ
σp

)

=C1

[

ln ln
(

ε
εp

)

+

(

1 −
ε
εp

)]

(43)  

C1 = a5 + b5 + c5 ln ln ε̇ (44)  

b5 =
∂C1

∂T
; c5 =

∂C1

ε̇ (45)  

σ = σp − k
(
ε − εp

)
(46)  

k= − a6eb6T ε̇c6 (47)  

b6 =
∂ln ln (− k)

∂T
; c5 =

∂ln ln k
ε̇ (48) 

{
α = α0 + α1ε + α2ε2 + α3ε3 + α4ε4 + α5ε5 + α6ε6

n = n + nε + nε2 + n3ε3 + n4ε4 + n5ε5 + n6ε6

Q = Q0 + Q1ε + Q2ε2 + Q3ε3 + Q4ε4 + Q5ε5 + Q6ε6

ln ln A = A0 + A1ε + A2ε2 + A3ε3 + A4ε4 + A5ε5 + A6ε6

=

{
α = α(ε) = (α0 + α1ε + α2ε2 + α3ε3 + α4ε4 + α5ε5 + α6ε6)

n = b(ε) = bo exp (ε/b1) + b2

Q = Q(ε) = Q0 + Q1ε
ln ln A = A(ε) = A0 + A1ε

(34)   
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σ = σs +
(
εp − εs

)
exp

[

C2

(

ε
(

ε − εp

2
−

ε2

εp

))]

(49)  

ln ln
[

σ − σs

σp − σs

]

=C2

(

ε − εp

2
−

ε2

2εp

)

(50)  

C2 = a7 + exp (b7T) + ε̇c7 (51)  

b7 =
∂lnC2

∂T
; c7 =

∂lnC2

ε̇ (52)  

Also, the Johnson-Cook model can be applied to model the hot defor
mation behavior of MEAs at high strain rates. The model is represented 
in Eqs. (53) and (54), with the modified form in Eq. (55). The variables 
σ, n, ε, ε, and εo refer to the flow stress, strain hardening exponent, 
strain, strain rate, and reference strain rate, respectively. The constants 
A, B, and C represent the strain-hardening behavior of the alloy; A, B, 
and C represent the yield stress, increased strength resulting from strain 
hardening, and the strain rate sensitivity, while C1and C2 parameters 
account for strain dependence of the alloy. MATLAB capabilities would 
be employed to minimize the error in curve fitting. Note that even with 
the curve-fitting capabilities of MATLAB, it is difficult to model the 
beginning portion of the model and cannot capture strain state sensi
tivity [97,98]. 

σ =(A+Bεn)(1+Cln (ε̇ / ε̇o) (53)  

σ =(A+Bεn)((1+Cln (ε̇ / ε̇o))(1 − {(T − Troom) / (Tmelt − Troom)}
m
) (54)  

Finally, microstructure evolution modeling is a great modeling 
technique that can find application in modeling the hot deformation 
behavior of MEAs. The model utilizes specialized techniques such as 
finite element techniques, crystal plastic mechanics, cellular automata, 
Monte Carlo, phase field, molecular dynamics, and quantum mechanics. 
These techniques are constantly being improved to ensure enhanced 
reliability. Although these techniques are relatively new, coupled with 
the novel nature of modeling MEAs, the utilization might take longer. 
The subsequent section delves into novel modeling approaches for 
predicting flow stress under varied deformation conditions. 

7. Machine learning models 

In the field of materials engineering, the application of machine 
learning (ML) techniques has substantially enhanced the forecasting of 
flow curves across various hot working conditions. Fig. 22 provides a 
schematic representation of ML constitutive modeling. When employing 
ML for predicting flow stress, experimental data from hot deformation 
experiments is randomly divided into training (80%) and testing (20%) 
groups. The ML model’s predictive capability is developed by training it 
to recognize patterns between the input and output data, with the 
testing data validating the model’s accuracy. The input data encom
passes deformation temperature, strain rate, and strain, enabling the ML 
model to capture the intricate interactions between these variables in 
the hot deformation of materials, ensuring accuracy and applicability to 
new data [99]. 

To enhance material processing conditions and develop methodol
ogies that produce desired outcomes, the utilization of machine learning 
(ML) models is imperative. Widely used ML techniques, including 
Generalized Regression Neural Network (GRNN), Artificial Neural 
Network (ANN), Support Vector Regression (SVR), and Random Forest 
(RF), are employed to predict flow stress under diverse processing pa
rameters. Accurate predictions of material parameters, such as flow 
stress, are crucial for process design and optimization, and well-trained 
machine learning models play a pivotal role in providing these essential 
insights. 

7.1. Support Vector Regression (SVR) 

Support Vector Regression (SVR) is a supervised learning approach 

for regression problems. The objective is to determine a function that 
maximizes the margin and fits the data effectively using Eqs. (56)–(60). 
SVR aims to find the ideal weights and bias to reduce error while 
respecting the ε-insensitive tube limitations. Errors within this range are 
ignored thanks to the ε-insensitive tube, which allows for tolerance 
around expected values. Using this tube to fit the data and maximize the 
margin, SVR aims to produce precise regression predictions [99,100]. 

1
2
‖ω‖2

+C
∑N

i=1
(ξi + ξ∗i

)

(56)  

yi − ωxi − b≤ ε + ξi (57) 

Fig. 22. Schematic of Machine Learning Models [99]. Culled with permission from Elsevier.  

σ =(A+Bεn)
(

1+C1 ln(ε̇ / ε̇o)+C2 ln (ε̇/ε̇o)
2
)(

1 − {(T − Troom) / (Tmelt − Troom)}
m (55)   
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ωxi + b − yi ≤ ε + ξ∗i (58)  

ξi + ξ∗i ≥ 0 for i = 1,…,N (59)  

f (x)=ω.x + b (60)  

where N represents number of samples and features, xi represents the ith 
feature vector and yi represents the target value for the ith sample, the 
goal is to find the function f(x) that predicts the continuous target y, w 
represents weights associated with features, b represents the bias term, 
ξi, ξ∗i represent slack variable, ε represents insensitive tube, and C rep
resents regularization parameter controlling the trade-off between 
maximizing the margin and minimizing the errors. 

7.2. The artificial neural network (ANN) model 

There are two main classifications of ANN models – feed-backward 
neural networks and feed-forward neural networks. The feed-forward 
neural network is categorized into single-layer perception, multi-layer 
perception, and radial basis function network, while the feed- 
backward is categorized into Kohonen’s self-organizing map (SOM), 
Hopfield network, Bayesian Regularized neural network (BRANN), 
Competitive networks, and art models [101]. However, the back
propagation artificial neural network (BP-ANN) approach is the most 
widely used artificial neural network (ANN) model. The model repli
cates the functioning of the human brain by acting as a highly linked 
processing unit for detailed data analysis [102]. Because of its excep
tional self-adaptive and self-learning qualities, the BP neural network 
has become a potent analytical tool for simulating the hot deformation 
behavior of metallic materials in recent years. The BP neural network 
model is especially well-suited for issues where the input-output in
teractions are uncertain, as it generally consists of input, hidden, and 
output layers. It can predict unknown values by efficiently learning from 
big datasets without making assumptions about predetermined con
nections [53,103]. 

Artificial Neural Network (ANN) models use backpropagation tech
niques to modify internal parameters throughout the training phase 
iteratively represented in Eqs. (61)–(63). This repeated modification 
aims to reduce prediction mistakes and increase prediction accuracy 
overall. Because of this training, ANN models show they can generalize 
well, making precise predictions for data examples that have not yet 
been observed. This adaptability highlights the usefulness of ANN 
models in various contexts [99]. 

zj =∅

(
∑N

i=1
ω(1)

ij xi + b(1)
j

)

(61)  

yk =∅

(
∑M

j=1
ω(2)

kj zj + b(2)
k

)

(62)  

ŷk = g(yk) (63)  

where zj represents the output of jth node in the hidden layer; ω(1)
ij rep

resents the weight between the ith input and jth hidden node; b(1)j rep
resents the bias for the jth hidden node, yk represents the output of kth 

node in the hidden layer; ω(2)
kj denotes the weight between the jth input 

and kth hidden node; b(2)k represents the bias for the kth hidden node. 
In ANN models, there are simple models, such as the deep neural 

network (DNN) [104], shown in Fig. 23, and more complex ones [105]. 
In general, three layers make up a DNN: input, hidden, and output 
layers, while complex ANN models such as neural network potential 
(Version 2) are used by [105] for the deformation of CrCoNi MEA 
trained using density functional theory (DFT). The collinear 
spin-polarized DFT calculations performed on the Vienna Ab initio 
Simulation Package (VASP) for the CrCoNi MEA were developed using 
the n2p2 algorithm, which was made possible via the Large-scale 
Atomic/Molecular Massively Parallel Simulator (LAMMPS) interface 
built into n2p2. Non-collinear spin configurations were considered; 
however, it was shown that they had little effect on the chemical 
ordering tendency. 

7.3. Generalized Regression Neural Network (GRNN) 

A commonly employed neural network for regression tasks is the 
Generalized Regression Neural Network (GRNN), specifically designed 
for predicting continuous numerical values. It operates as a radial basis 
function network, comprising four layers: the input layer representing 
input features, the pattern layer employing radial basis functions 
(typically Gaussian kernels) to compute distances between input data 
and stored patterns using Eq. (64), the summation layer that aggregates 
distances for each pattern, and the output layer generating the regres
sion result. GRNN utilizes radial basis functions to determine activations 
in the pattern layer when presented with a new input. The ultimate 
regression output is formed by combining these activations in the 
summation layer and processing them through the output layer [98, 
106–109]. 

∅i(x)=
(

−
‖x − μi‖

2

2σ2
i

)

(64)  

where μi represents the mean vector of the ith pattern, and σi represents 
the spread parameter. 

7.4. Random Forest (RF) 

The Random Forest (RF) ensemble learning technique is primarily 
designed to address regression challenges. In its training phase, RF 
creates numerous decision trees and subsequently averages the pre
dictions from each tree. Each decision tree within the forest is con
structed independently, utilizing a subset of attributes and samples to 
forecast a numerical outcome. The strength of RF lies in its ability to 
mitigate overfitting, noise, and outliers due to the combination of 
multiple trees and the randomization in feature selection and sample 
bootstrapping [99,110]. 

Qiao and Zhu [53] investigated the hot deformation characteristics 
of AlCrFeNi MEA using ML techniques to comprehend the intricate 
relationship between flow stress and hot deformation behavior. They 
developed two constitutive models employing Artificial Neural Net
works ANN and SVM. The standard structures of ANN and SVM algo
rithms, as illustrated in Fig. 24, were trained to identify inherent 
correlations in the experimental training data between input variables 

Fig. 23. Schematic of the ANN model [104]. Culled with permission 
from Elsevier. 
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(the logarithms of strain rate and deformation temperature) and the 
output variable (flow stress). Prior to the training process, the input and 
output variables were scaled within the range of 0–1 to ensure unifor
mity among variables. Normalizing these variables is crucial for main
taining consistency within the same range. The normalization equation 
is shown in Eq. (65). 

X′=
X − 0.95Xmin

1.05Xmax − 0.95Xmin
(65)  

where X represents the actual experimental data, Xmin and Xmax 

represent the minimum and maximum value of X, respectively, and X′ 
represents the normalized value of the X. 

For more accuracy, the backpropagation (BP-ANN) technique was 
applied, and the Bayesian regularization algorithm was used to improve 
generalization capacity further. To reduce errors and eventually provide 
the desired result, the procedure entails continuously adjusting the 
weights and thresholds of networks. Using an iterative process guaran
tees that suitable parameters are chosen for optimal model performance. 
From Fig. 24, the SVM model exhibits good agreement between exper
imental and projected flow stress values, with little dispersion. However, 
the ANN model has a divergence from the asymptote in the distribution 
of data points. In quantitative terms, better training success is usually 
indicated by higher R values (almost 1) and lower AARE values. The 
values of R and AARE for the ANN model are 0.9156 and 0.5531%, 
respectively, whereas those for the SVM model are 0.9918 and 0.4531%. 
This comparison demonstrates how well the SVM model predicts the hot 
deformation behavior of AlCrFeNi MEAs under a range of hot operating 
circumstances by efficiently learning from experimental data. To sup
port the claim of Qiao and Zhu [53], Dewangan et al. [111] showed the 
accuracy of various machine learning models shown in Fig. 25. From 
Fig. 25, SVM had higher accuracy than ANN. However, Random Forest 
(RF) and Radial Basis Function Kernel SVM (RBF SVM) had the highest 
accuracy. 

8. Molecular dynamics 

Molecular dynamics (MD) simulation serves as an appropriate 
approach for examining the evolution of deformation in alloy systems. 
Researchers have employed MD investigations to explore the underlying 
mechanisms governing deformation processes, encompassing phenom
ena such as phase transitions, mechanical properties, compositional 
influences, effects of defects, and stacking fault energy (SFE). However, 
utilizing the MD technique poses challenges due to limitations in 

Fig. 24. Schematics and regression analysis of ANN and SVM for AlCrFeNi MEA [53]. Culled with permission from Elsevier.  

Fig. 25. The accuracy of various machine learning (ML) [111]. Culled with 
permission from Elsevier. 
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describing potential fields for multi-component compositions [112]. 
However, Pan et al. [113] utilized Special Quasirandom Structures 

(SQS) to provide the seed for creating MEA models with an atomically 
disorganized arrangement and constructed the polycrystalline structure 
using the Voronoi method. The research examined the deformation in 
Fe80-xMnxCo10Cr10 alloy systems using a 200 × 200 × 200 Å 3D poly
crystalline model containing around 685,900 atoms. The polycrystalline 
MEA exhibits random crystallographic orientations and is characterized 
by a spherical grain model with an average grain size varying from 3.9 

nm to 19.7 nm. To simulate the plastic deformation behavior of 
Fe80-xMnxCo10Cr10 MEA during uniaxial stretching, a second closest 
neighbor modified embedded-atom method (2NN MEAM) interatomic 
potential was employed. The lattice constants, melting points, as well as 
the cohesive energies were utilized to confirm the validity of the inter
atomic interaction potentials employed, and they demonstrated consis
tency with other sources. Periodic boundary conditions were used to 
reduce border effects. 

The researchers examined how the strain rate influences the me

Fig. 26. Stress-strain curves and average flow stress for Fe80-xMnxCo10Cr10 (x = 30, 40) at different strain rates [113]. Culled with permission from Elsevier.  

Fig. 27. Stress-strain curves for Fe80-xMnxCo10Cr10 (x = 30, 40) at different temperatures [113]. Culled with permission from Elsevier.  
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chanical properties and microstructure of Fe80-xMnxCo10Cr10 (x = 30, 
40) MEAs subjected to deformation at 300 K under varying strain rates. 
Additionally, atomic-scale uniaxial stretching was applied to Fe80- 

xMnxCo10Cr10 (x = 30, 40) MEAs at four different temperatures (77 K, 
300 K, 600 K, and 800 K). In Fig. 26, it is illustrated that with an increase 
in the strain rate, there is an elevation in the yield point, followed by a 
softening phenomenon. This softening could potentially be attributed to 
shear localization and the presence of high free volume during plastic 
deformation. The relationship between average flow stress and strain 
rate is elucidated using a power function connection in Eq. (66). It is 
noted that at higher strain rates, the amplitude of the average flow stress 
rise gradually diminishes. The intrinsic relation is in good agreement 
with the power function, highlighting the materials’ sensitivity to strain 
rate. Understanding and predicting the mechanical characteristics of 
Fe–Mn–Co–Cr MEAs is made more accessible by these essential insights 
into the behavior of the materials at different strain rates. 

σy = a + bεc (66) 

At a strain rate of 1010 s− 1, the impact of temperature on the tensile 
strength of Fe80-xMnxCo10Cr10 MEAs is examined. As shown in Fig. 27, 
both MEA models show homologous fluctuations in stress with 
increasing tensile strain below a strain threshold of 20%. The yield stress 
and deformation temperature show a clear negative connection in the 
stress-strain curves, with higher yield stress occurring at lower tem
peratures during tensile simulation. Following earlier findings, the yield 
stress for Fe40Mn40Co10Cr10 MEA rises from 8 GPa to 14.6 GPa when the 
temperature drops from 800 K to 77 K. Martensite production during 
cryogenic deformation might explain the temperature-dependent fluc
tuation in flow stress, as lower temperatures are often associated with 
lower stacking fault energy (SFE). By inhibiting dislocation climb and 
cross-slip, a decrease in SFE raises the average flow stress, concentrating 
stress and causing twinning coordination for deformation. 

Nevertheless, both Fe40Mn40Co10Cr10 and Fe50Mn30Co10Cr10 MEAs 
show substantially smaller Young’s moduli at 77 K than at 300 K, which 
is consistent with experimental findings. Increased GB activity in the 
distribution of shear strain provides evidence that this drop in elastic 

modulus at 77 K may be due to grain boundary sliding or rotation. These 
results shed light on how temperature affects the tensile characteristics 
and microstructural development of Fe–Mn–Co–Cr MEAs and give in
sights into temperature-dependent mechanical behavior. 

Also, Zhang et al. [114] conducted a study on how temperature af
fects the elastic modulus of CoCrNi MEA, assessed through elastic con
stant computations. At a constant grain size, the material demonstrates a 
higher elastic modulus at lower temperatures. In Fig. 28, simple tension 
tests were performed on all models at 77, 200, 300, and 600 K to 
investigate the influence of temperature on the mechanical properties of 
CoCrNi MEA. For each model, a decrease in temperature results in an 
increase in both the material’s yield strength and maximum flow stress. 
Plastic deformation in the materials is primarily governed by grain 
boundary slips and dislocation slips. When the grain size is below the 
critical grain size of 15.2 nm, grain boundary slips become the dominant 
factor influencing plastic deformation. Earlier research has indicated 
that the heat activation process of materials can impact the movement of 
grain boundaries. 

8.1. First-principles 

Density functional theory (DFT) is a first-principle theoretical tool 
within statistical mechanics, providing a foundational framework for the 
contemporary description of thermodynamic and transport properties in 
systems consisting of three or more actual or virtual quantum or classical 
particles [115]. Tang et al. [116] utilized DFT to assess the deformation 
response of Fe33.3Cr33.3Ni33.3. The study employed a spin-polarized 
electronic structure scheme, the Projector Augmented Wave (PAW) 
approach, and DFT within the Vienna Ab-initio Simulation Package 
(VASP) for the calculation of elastic constants. The 
Perdew-Burke-Ernzerhof parametrization-treated generalized gradient 
approximation (GGA) was applied for the electron exchange-correlation 
function. In the calculations for Cr, Fe, and Ni, semi-core electrons were 
excluded, and specific core topologies were considered. The majority of 
the computations utilized a 400 eV plane wave cut-off energy to ensure 
the convergence of force and total energy components. Monkhorst-Pack 

Fig. 28. The curves of the simple tension stress–strain versus grain size for CoCrNi MEA at various temperatures [114]. Culled with permission from Elsevier.  
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meshes with different k-point configurations, such as 4 × 4 × 4 and 6 ×
6 × 6 meshes, were used for the elastic constant computations. 

An innovative DFT method was used for disordered alloys, 
combining exchange Monte Carlo (MC) simulations with a first- 
principles-designed Cluster Expansion (CE) Hamiltonian. This tech
nique made it possible to examine disorder-order transitions and elastic 
characteristics while considering chemical Short-Range Order (SRO) 
effects between various atomic pairs. The theoretical expression of SRO 
parameters is in Eq. (67). The deformation of unstrained structures was 
used to derive the elastic constants, and the elastic constant matrix el
ements were obtained by analyzing changes in total energy. Eq. (68) 
describes how the deformation affects the crystal’s energy. Using well- 
established techniques, the anisotropy of elastic characteristics, such 
as Poisson’s ratio and Young’s modulus, was examined, adding to a 
thorough comprehension of the mechanical behavior of the FeCrNi 
system. 

αA,B
n = 1 −

yA,B
n

xAxB
(67)  

U =
Etot − E0

V0
=

1
2
∑6

i=1

∑6

j=1
cijεiεj (68)  

where y yA,B
n represents the pair probability, xA and xB represent the 

concentration of A and B atoms, respectively. Segregation and chemical 
ordering between A and B components are represented as positive and 
negative αA,B

n , respectively. E0 represents the total energy of the un
strained lattice, V0 represents the volume of the undistorted cell, and the 
Cij are the elements of the elastic constant matrix with a notation that 
follows standard convention. The values of i and j run from 1 to 6. 

The accuracy of the DFT calculations was proven to be consistent 
with the actual. The DFT indicates that the FCC phase in FeCrNi alloy 
stays stable until it melts. Atomistic arrangements derived from Monte 
Carlo (MC) simulations conducted at temperatures 300 K and 2000K 
show a temperature-dependent shift from an ordered to a disordered 
form. The analysis of SRO characteristics shows chemical interactions 
between Fe–Cr and Fe–Ni pairings, with more excellent ordering be
tween Fe and Cr. Positive SRO parameters show a repulsive interaction 
between Cr and Ni. Supercell designs showing the impact of SRO effects 
show orthorhombic symmetry at 300 K and Pnnm symmetry at 2000K 
for DFT calculations of elastic constants at equiatomic composition. 
Elastic constants computed using DFT exhibit temperature dependence: 
larger temperatures result in smaller elastic constants because of 
increasing disorder. Magnetic moments and predicted lattice constants 
show considerable structural variations between disordered and ordered 
systems. The impact of the disorder on elastic characteristics is high
lighted by DFT calculations, which consider both relaxed and unrelaxed 
configurations and demonstrate good agreement with experimental data 
[116]. 

In an earlier research by Tang et al. [117], the DFT technique was 
used for the dislocation density evolution in FeCrNi MEA during 
deformation. The DFT results demonstrate the critical influence of dis
order on chemical ordering by showing that elastic constants are less at 
high temperatures than in low-temperature configurations. DFT elastic 
characteristics predicted for disordered configurations at 2000K are in 
good agreement with experimental observations, suggesting that the 
FeCrNi alloy samples obtained in the experiments are probably meta
stable phases that were not subjected to annealing. The observed elastic 
characteristics have a strong resemblance to the DFT predictions, indi
cating the lack of the ordered intermetallic phases and SROs anticipated 
at lower temperatures. The fact that SROs were not formed in the 
experimental alloys is in line with findings in other alloy systems, where 
SROs were only discovered following extensive annealing at high tem
peratures. For example, SROs were found in CrCoNi alloy after 120 h of 
annealing at 1000 ◦C. 

9. Challenges and prospects of MEA processed by hot 
deformation processes 

One viable approach for achieving microstructural refinement that is 
both practical and suitable for industrial applications involves the 
exploitation of dynamic recrystallization (DRX) through hot deforma
tion [118–121]. This overview also presented evidence that the use of 
DRX for grain refining in MEAs is highly effective. The notable impact of 
hot working in mitigating the presence of defects has considerable sig
nificance; this is particularly relevant for powder metallurgy compo
nents, as it aids in lowering the amount of porosity. 

It is interesting to note that a few research have been conducted on 
the use of thermomechanical processing at high temperatures for the 
purpose of producing superplastic microstructures. Subsequent in
vestigations may direct their attention towards alternative conventional 
processing techniques in order to achieve enhanced superplasticity at 
high strain rates. 

As previously stated, the DRX process is recognized as a significant 
mechanism for restoring the microstructure during the hotworking of 
MEAs. The phenomenon of DRX propagation through the necklace 
mechanism has been seen in several MEAs. Furthermore, it has been 
established that as the strain rate decreases and the deformation tem
perature increases, there is a surge in the grain size of the recrystallized 
grains and recrystallization percentage [52,56,60,66]. 

Investigating the influence of the initial microstructure on the hot- 
working behavior of various MEAs is a topic of significant research in
terest. Hence, a significant portion of future research should focus on 
examining the impact of deformation variables, such as the deformation 
temperature, strain rate, and strain, as well as the influence of different 
phases on the microstructural development and behavior of dynamic 
recrystallization. Also, the effect of strain rate on the grain size may not 
be direct as the diffusion pathways during hot working of MEAs are not 
straightforward. It was noted from some of the studies reviewed that the 
influence of strain rate on grain refinement is not consistent. Also, the 
deformation heating effect at strain rate >0.01 s− 1 can influence the 
anomalous behavior of the microstructures. Hence, further studies 
should be conducted to understand these anomalies fully. Furthermore, 
some of the experiments are not fully isothermal. Therefore, further 
research should also be carried out under this condition. 

The majority of the evaluated papers examined the phenomenon of 
compressive deformation in relation to the flow behavior and the un
derlying dominant mechanisms. The influence of stress state can be 
substantial as it varies in compression, torsion tests, and tension. Taking 
into account the state of stress is crucial in order to attain comprehensive 
control over the microstructure of a component. Studying how defor
mation parameters under different forming processes, such as hot- 
extrusion, hot-rolling, hot forging, and hot torsion, affect the flow 
behavior and deformation mechanisms of MEAs would be of great sci
entific interest. The understanding of CDRX and DDRX mechanisms in 
grain recrystallization is well-established in the literature [48,52,66, 
71]. However, the comprehension of precipitation-induced DRX, 
twinning-induced DRX, strain-induced precipitation, and strain-induced 
grain boundary migration mechanisms in the context of the hot defor
mation of MEAs remains insufficient. Future research should prioritize 
investigations that examine the relationship between the mechanisms of 
deformation and microstructural changes. 

Based on the findings derived from the examined literature, it is 
imperative to construct processing maps to facilitate the use of hot 
working techniques in MEAs for practical purposes. It should be 
emphasized that flow softening behavior can occur due to the initiation 
of cracking and flow instability [51,53,77,86]. Hence, more than the 
hot-deformation flow curves are required to provide a comprehensive 
assessment of the hot working behavior of MEAs. Therefore, future 
research should place major emphasis on the analysis of hot working 
behavior via processing maps. Furthermore, it is essential to consider the 
impact of the stress state on the instability zones of the processing map. 
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The occurrence of cracking in the instability regimes of the processing 
map may be attributed to the process of hot deformation. Conversely, 
regions characterized by high power dissipation efficiency may undergo 
microstructural refinement by dynamic recrystallization, hence miti
gating any issues associated with hot-working in these regimes [51,53, 
77,86]. 

The novelty of modeling the hot deformation behavior of MEAs has 
only attracted the attention of a few researchers who have mostly used 
the Arrhenius model in predicting the hot deformation behavior. It is 
also noted that ANN stand out as a potent machine learning model for 
predicting MEA flow stress. While ANN has demonstrated superior ac
curacy compared to other models, alternative machine learning models, 
such as Random Forest (RF) and Radial Basis Function Support Vector 
Machine (RBF SVM), exhibit comparable performance. Notably, there 
has been limited research on MEA utilizing ANN, indicating its prom
ising potential for future applications. In addition to machine learning, 
first principles and molecular dynamics are noteworthy techniques 
employed for predicting the hot deformation of MEA. First principles 
utilize Density Functional Theory (DFT) calculations to forecast the 
impact of strain rate and temperature on MEA’s hot deformation 
behavior. Similarly, Molecular Dynamics (MD) simulations leverage 
atomistic models to gain insights into the high-temperature deformation 
of MEA. However, the precision of these models has yet to be validated 
against experimental values, particularly under dynamic loading con
ditions (high strain rates) and elevated temperatures. Future research in 
this area should prioritize obtaining more experimental data under 
extreme conditions to enhance the accuracy and applicability of these 
predictive models. 

A study has been undertaken to examine the hot-deformation char
acteristics of MEAs produced using additive manufacturing methods. 
This investigation is motivated by the capability of various additive 
manufacturing techniques to create intricate and complex structures, as 
well as the requirement for thermomechanical post-processing treat
ments in specific cases [43,88]. In the near future, there will be a sig
nificant amount of research conducted on these subjects. 

The evaluation of flow stress in MEAs is commonly conducted 
through the utilization of uniaxial compression testing machines such as 
servo-hydraulic and screw-driven machines. Standard machines like the 
Gleeble 1500 thermo-mechanical simulator and Instron universal testing 
machine can conduct tests at strain rates up to 5 s− 1, while specialized 
equipment like the Gleeble 3800 as well as Gleeble 3500 can attain 
strain rates of around 100 s− 1. Nevertheless, these strain rates are 
significantly lower compared to those found in conventional 
manufacturing processes such as hot forging [102,118,119]. Hence, in 
order to tackle this challenge, it is imperative to investigate the potential 
of finite element simulation as a viable alternative to experimental 
testing. Also, future research should focus on using finite element soft
ware to simulate the deformation data of MEAs under high strain rates, 
which encompasses a broad spectrum of industrial processing settings. 
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