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Abstract 

High entropy alloys (HEAs) are a recent discovery in the field of materials science which 

has challenged many traditional theories concerning the formation and properties of alloys. 

These new materials have been shown to have surprisingly simple structures despite their 

complex composition, with unique behavior unseen in traditional alloys, making them 

strong candidates for future applications in the aerospace and defense industries. This work 

focuses on the CoCrFeMnNi alloy, the most researched HEA to date. This thesis 

specifically examines the hot compressive deformation behavior of the equiatomic 

CoCrFeMnNi alloy at two strain rates, 0.01 s-1 and 1 s-1, when exposed to temperatures 

ranging from 200-800°C. The experimental results were employed to determine the 

constitutive model coefficients for an array of existing models, namely, the Johnson-Cook, 

modified Johnson-Cook, Zerilli-Armstrong, modified Zerilli-Armstrong, Zener-Hollomon, 

Hensel-Spittel, and modified Hensel-Spittel models. The modeling results were used to 

compare the precited flow stresses with those of the experimentally-obtained values 

through quantitative statistical means. 

The modified Johnson-Cook, Zener-Hollomon, Hensel-Spittel, and modified Hensel-

Spittel models were found to have the best fit with the experimental data for the studied 

flow stresses. To support the numerical-experimental quantitative information, 

microstructural characterization of the samples was performed. Results show the presence 

of discontinuous dynamic recrystallization in samples tested at 0.01 s-1 and 800°C; thus, 

confirming the presence of discontinuous dynamic recrystallization under these conditions. 

This observation explains the stress behavior of the material at the low strain rate. 
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1. Introduction 

1.1. History of Alloying 

 For millennia, humans have used the concept of alloying to improve the properties 

of naturally occurring metals. It is believed that mankind first exited the stone age around 

5000 BC when the ductility of naturally occurring gold, copper, and silver was discovered 

[1]. The ability of copper to be “cold-worked” allowed for the creation of stronger and 

more durable tools and weapons, although copper in its natural state is still relatively easily 

worn. Roughly 2000 years after the discovery of copper, the first evidence of alloying is 

found, when it was discovered that adding small amounts of tin to copper resulted in a new 

material which is significantly stronger than copper, now known as bronze [1]. As time 

continued, scientific advances uncovered methods of reducing ferrous oxides to create iron, 

rendering bronze virtually obsolete for tooling purposes. The discovery of iron 

revolutionized agriculture and warfare; however, it was not until 1500 AD that the 

invention of the blast furnace allowed for the widespread use of cast iron [1]. It was later 

discovered that adding small amounts of carbon to the iron created steels, greatly increasing 

their strength, which gave iron its dominant role in structural design. From here, technology 

began advancing at exponential rates as new elements were discovered and new alloys 

were created.  

 According to Bensaude-Vincent [2], the general concept of “materials” first 

emerged following World War II when American Politicians began referring to them as “a 

bottleneck for advances in space and military technology.” In response, the U.S. 

Department of Defense began funding research into materials for special applications in 
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weapons and aerospace [2]. The demands of the aerospace industry resulted in the 

development of light alloys like aluminum alloys, and materials capable of withstanding 

the extreme temperatures of a jet engine, like nickel-based alloys [1]. This resulted in most 

high-performance alloys currently in use having already been developed by the 1970’s, 

which is commonly referred to as the period when traditional alloys reached their maturity 

[3]. 

 Today, there are approximately 30 practical alloy systems being used in a variety 

of industries [3]. These alloys include iron-, aluminum-, and nickel-based alloys, among 

many others. Of these 30 alloy systems, the vast majority are composed of large quantities 

of a single principal element, with relatively minor additions of other elements, which are 

used to alter its physical properties. For example, steels are composed of large amounts of 

iron, with relatively small additions of other elements like carbon, chromium, and 

manganese to improve its strength and resistance to corrosion. Indeed, this strategy is so 

prevalent, that alloys are typically named after their most abundant element (i.e., ferrous 

alloys). In rare cases, two or three elements are present in substantial properties, such as 

Sn-Pb solders and Cu-Zn brasses [4]. 

 Undoubtedly, traditional alloy development strategies have led to an enormous 

amount of knowledge about alloys based on one or two principal elements; however, as 

Cantor et al. [4] noted, these strategies have led to little understanding concerning alloys 

with multiple components in relatively large concentrations. As a result, theories for the 

occurrence, structure, and properties of crystalline phases are based solely on knowledge 

of alloys centered on one or two main components [4]. The authors note that knowledge 
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has been highly developed for alloys near the edges and apexes of their phase diagrams, 

but much less is understood about the center of the diagrams. This problem is compounded 

as the number of components is increased, with virtually no information available 

concerning the center of quaternary, quinary, and higher-order phase diagrams [4]. 

 To illustrate the enormity of the multi-component alloy combinatorial space, 

Cantor [5] has shown that the total number of alloys, n, that can be formed with c 

components, when at least one element differs by at least x% can be written as Equation 1. 

If 40 possible elements are considered to create the alloys (excluding elements that are too 

radioactive, toxic, rare, etc.), and each alloy differs in composition by at least 1%, a 

conservative estimate for the number of possible alloys is 1078 [5]. Assuming all unary, 

most binary, and a few ternary and higher-order systems have already been investigated, 

the number of previously investigated alloys is approximately 1011 [5]. Thus, the 

proportion of alloys that have already been investigated can be estimated as 10-65%. 

 𝑛 = (
100

𝑥
)

𝑐−1

 (1) 

 

 Until recently, it has been believed that alloys composed of multiple components 

in relatively large concentrations would tend to form complex and brittle microstructures, 

and as a result, have been largely ignored [6], [7]. This notion has recently been challenged 

by two research groups who have independently shown that multi-component equiatomic 

alloys can in fact, form simple solid solutions [4], [7]. This new class of materials 

consisting of multiple principal elements (usually ≥ 5) has come to be known as high 

entropy alloys (HEAs). It has led to the development of many novel alloys with surprisingly 

simple structures and interesting, desirable properties. 
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1.2. Research Statement and Objective 

 HEAs are a relatively recent discovery, and therefore, the understanding of these 

materials is still rather limited. The most heavily researched HEA thus far is the 

CoCrFeMnNi alloy, which despite traditional theories, has been found to form as a simple 

face-centered cubic (FCC) solid solution with outstanding ductility and fracture toughness, 

but relatively low strength. This alloy has shown great promise due to its ability to maintain 

its physical and mechanical properties under extreme conditions and harsh environments, 

making it a strong candidate for future applications in the aerospace and defense industries. 

Further, this alloy has shown promise due to its ability to break the traditional inverse 

relationship of strength and ductility, with some results showing simultaneous 

improvement of strength and ductility in some conditions.  

 This study investigated the use of various material constitutive models to predict 

the plastic flow stress behavior of the equiatomic CoCrFeMnNi alloy at elevated 

temperatures. Standard statistical analysis methods were used to compare the efficacy of 

the various models used, which will be necessary for future implementation in finite 

element software. Microstructural analysis was utilized to compare the microstructures of 

an undeformed sample and samples deformed at 800°C to examine the characteristics of 

their microstructures and confirm the presence of discontinuous dynamic recrystallization. 

This metallurgical phenomenon is known to affect the mechanical response of materials.  

 This work details the procedure used to experimentally test the alloy and model its 

flow stress at elevated temperatures. Results pertaining to the hot compression tests of the 

equiatomic alloy at low strain rates (quasi-static) and at temperatures ranging 200-800°C 
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are presented. The procedure used to model the plastic flow stress behavior of the alloy 

using common constitutive models including the Johnson-Cook, Zerilli-Armstrong, Zener-

Hollomon, and Hensel-Spittel models is presented. The predicted flow stresses from the 

models were compared to the experimental results to compare their efficacy at predicting 

this alloy's deformation behavior.  

2. Literature Review 

2.1. Thermodynamics of High Entropy Alloys 

 The Gibbs phase rule in Equation 2 gives the relationship between the number of 

components, c, and phases, p, in a given alloy, where n is the thermodynamic degrees of 

freedom [8]. Given that the minimum degree of freedom is 0, the maximum number of 

phases in an alloy at equilibrium conditions is one greater than the number of its 

components [8]. 

 𝑝 + 𝑛 = 𝑐 + 1 (2) 

 

 At thermodynamic equilibrium, the stable state of an alloy is dependent on the 

Gibbs free energy of each competing phase [8]. For a binary alloy consisting of two 

elements, A and B, the regular solution model gives the Gibbs free energy, G, as shown in 

Equation 3. When an alloy is heated above its melting temperature, the Gibbs free energy 

of its liquid phase is stable. As the liquid solution is cooled, a liquidus temperature is 

reached, and a solid phase (or multiple solid phases) begins to separate [8]. This solid phase 

can be a virtually pure component, a solid solution, or a chemical (intermetallic) compound 

formed as a reaction between the components [8].  

 𝐺 = 𝐺𝐴𝑥𝐴 + 𝐺𝐵𝑥𝐵 + ∆𝐺𝑚𝑖𝑥 (3) 
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 For a binary alloy, the formation of a solid solution or intermetallic compound is 

governed by the relative change in their Gibbs free energies, given by Equations 4 and 5, 

respectively [9]. It is of note that multiple intermetallics can form with different 

stoichiometry (i.e., A2B, AB2), and each intermetallic would have its own Gibbs free 

energy [9]. If ΔGmix is more negative than ΔGform, the formation of solid solutions is more 

stable than the formation of intermetallics. Typically, the formation of intermetallic 

compounds is undesirable due to their brittleness, processing difficulties, and complex 

analysis; however, even in simple binary systems, continuous solid solutions are rather 

uncommon [9]. Instead, most phase diagrams only show solid solutions near the pure 

element ends, with a variety of intermetallic compounds making up the space in between. 

The situation becomes increasingly complex as more components are added, as it increases 

the number of intermetallic compounds possible, making solid solutions less likely [9]. 

 
𝐴 + 𝐵 = 𝐴𝐵𝑠𝑜𝑙𝑢 → ∆𝐺𝑚𝑖𝑥 = ∆𝐻𝑚𝑖𝑥 − 𝑇∆𝑠𝑚𝑖𝑥 (4) 

 
𝐴 + 𝐵 = 𝐴𝐵𝑖𝑛𝑡𝑒𝑟 → ∆𝐺𝑓𝑜𝑟𝑚 = ∆𝐻𝑓𝑜𝑟𝑚 − 𝑇∆𝑠𝑓𝑜𝑟𝑚 (5) 

 

 Yeh et al. [7] proposed that solid solutions of many elements would tend to be more 

stable than intermetallics due to their large mixing entropy. Following Boltzmann’s 

hypothesis on the relationship between system complexity and entropy, the configurational 

entropy change per mole, Δsconf, during the formation of solid solutions is given by 

Equation 6, where k is the Boltzmann’s constant, w is the number of ways of mixing, and 

R is the ideal gas constant [7]. 

 ∆𝑆𝑐𝑜𝑛𝑓 = −𝑘 ln 𝑤 = −𝑅 (
1

𝑛
ln

1

𝑛
+

1

𝑛
ln

1

𝑛
+ ⋯

1

𝑛
ln

1

𝑛
) = −𝑅 ln

1

𝑛
= 𝑅 ln 𝑛 (6) 
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 The authors [7] noted that in a binary system, Equation 7, the configurational 

entropy is at a maximum when the elements are in equiatomic proportions, and the mixing 

entropy increases as a function of the number of components, as shown in Figures 1 and 2, 

respectively. They hypothesized that adding more elements in equiatomic concentrations 

would cause the configuration entropy to become sufficiently large so as to stabilize the 

formation of solid solutions at the expense of intermetallic compounds [7]. 

 ∆𝑆𝑐𝑜𝑛𝑓 = −𝑅[𝑋𝐴 ln(𝑋𝐴) + 𝑋𝐵 ln(𝑋𝐵)] (7) 

 

 While the total mixing entropy of a system has four contributions (configurational 

vibrational, magnetic dipole, and electronic randomness), the configurational entropy 

dominates the total mixing entropy and thus provides a reasonable (conservative) 

approximation of the systems total mixing entropy [10]. Yeh et al. [7] assumed that 

considering the solid solution as ideal (ΔHmix = 0 in Equation 4) and that the competing 

intermetallic compound as perfectly ordered (ΔSform = 0 in Equation 5), the relative 

stabilities of the solid solution and intermetallic compound are then dependent on whether 

 

Figure 1. Configurational entropy of a binary 

alloy showing maximum at equiatomic 

concentrations [10] 

 

Figure 2. Configurational entropy as a function of the 

number of elements in an equiatomic alloy as a 

random solid solution [10] 



 

8 

 

the simplified Gibbs free energy of mixing in Equation 8, is more or less negative than the 

simplified Gibbs free energy of formation in Equation 9 [10]. 

 
𝐴 + 𝐵 = 𝐴𝐵𝑠𝑜𝑙𝑢 → ∆𝐺𝑚𝑖𝑥 = −𝑇∆𝑠𝑚𝑖𝑥 (8) 

 
𝐴 + 𝐵 = 𝐴𝐵𝑖𝑛𝑡𝑒𝑟  →  ∆𝐺𝑓𝑜𝑟𝑚 = ∆𝐻𝑓𝑜𝑟𝑚 (9) 

 

 Considering the formation enthalpy of two strong intermetallic compounds, NiAl 

and TiAl, and dividing by their respective melting temperatures, yields configurational 

entropy values of 1.38R and 2.06R, respectively [7]. Thus, the configurational entropies of 

strong intermetallic compounds are comparable to the entropy change of mixing in a 

system with more than five elements, indicating that the tendency of ordering and 

segregation would be lowered by the high mixing entropy [7]. As a result, the authors 

believed that alloys with a high number of principal elements would favor the formation of 

random solid solutions during solidification instead of intermetallic compounds. 

 As research into equiatomic HEAs began gaining traction, many alloys were found 

which, despite their large mixing entropies, failed to form as a single-phase solid solution 

[11]–[13]. Using a known quinary single-phase alloy as a starting point, Otto et al. [11] 

examined the relative effects of enthalpy and entropy on the phase stability of HEAs. Based 

on the high entropy theory, replacing one element with another in the known single-phase 

CoCrFeMnNi alloy, while keeping the total number of elements the same, should not affect 

the configurational entropy and therefore should also result in another single-phase HEA. 

However, none of the five new alloys prepared by the authors were found to be single-

phase [11]. As such, these results indicate the mixing entropy alloy is not an accurate 
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predictor of the phase stability of these alloys, and other factors such as the atomic size 

factor and electronegativity must also be considered.  

 To date, the most widely accepted definition of a HEA is an alloy composed of five 

or more elements in atomic concentrations between 5 and 35%, with any other minor 

alloying elements present in concentrations below 5 atomic percent (at.%). While it has 

been shown that maximized configurational entropy is not the main factor in determining 

the microstructure and phase stability of these alloys, due to its popularity, it is likely that 

the term “high entropy alloy” will persist [9]. 

2.2. The CoCrFeMnNi Alloy 

 In 2004, Cantor et al. [4] began investigating equiatomic multicomponent alloys in 

an attempt to explore the central regions of multicomponent phase diagrams. The first two 

alloys investigated consisted of 20 elements (Mn, Cr, Fe, Co, Ni, Cu, Ag, W, Mo, Nb, Al, 

Cd, Sn, Pb, Bi, Zn, Ge, Si, Sb, Mg) and 16 elements (Mn, Cr, Fe, Co, Ni, Cu, Ag, W, Mo, 

Nb, Al, Cd, Sn, Pb, Zn, Mg). Both alloys were found to be multiphase and brittle after 

casting, though predominantly consisted of a single FCC primary phase, particularly rich 

in transition metals, most notably Mn, Cr, Fe, Co, and Ni [4]. These results led the authors 

to develop the quinary CoCrFeMnNi alloy, which was reported to form a single-phase FCC 

solid solution with dendritic solidification [4]. Later investigations found the alloy to 

decompose into a Cr-rich BCC phase with intermetallics (L10-NiMn and B2-FeCo) after 

prolonged annealing at intermediate temperatures [14]. Nevertheless, the single-phase FCC 

state can be retained after heat treatment above 800°C with air cooling [9]. 
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  Nearly a decade after its discovery, Gali and George [15] examined the tensile 

properties of CoCrFeMnNi at temperatures ranging from -196°C to 1000°C and at strain 

rates of 10-3 to 10-1 s-1. While the authors found strain rate to have little effect on the 

mechanical properties in this range, the alloy was found to have a strong temperature-

dependent increase in strength and ductility with decreasing temperature as shown in 

Figure 3 [15]. 

 At room temperature, the alloy’s mechanical properties were found to be similar to 

conventional FCC stainless steels (i.e., Fe-Mn alloys), with yield strength (YS) of ~200 

MPa, ultimate tensile strength (UTS) of ~600 MPa, and elongation of ~40% [15], [16]. 

With decreasing temperature, YS, UTS, and EL all increase, reaching maximums of ~400 

MPa, ~1000 MPa, and ~60% at -196°C [15]. This behavior is highly unusual as strength 

and ductility are typically known to have an inverse dependence, and most materials 

become increasingly brittle with decreasing temperature. This increase in strength and 

ductility is found to be caused by a significant strain hardening increase with decreasing 

temperature [17]. 

Figure 3. Temperature dependence of a) strength, and b) elongation in the CoCrFeMnNi alloy [15] 
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 Examining the deformation mechanisms of the alloy, initial plasticity was found to 

be the result of planar glide of 1/2<111> dislocations on the family of {111} planes in the 

temperature range of -196°C to 800°C [17], [18]. At room temperature and above, with 

further loading, these dislocations dissociate into two 1/6<112> Shockley particle 

dislocations with stacking fault energy (SFE) of 30 ± 5 mJ/m2 between them[18], [19]. 

With increasing strain, particles are activated on multiple slip planes, and those on included 

slip planes interact at their junctions resulting in the formation of stacking-fault 

parallelepiped volume defects, which act as strong dislocation barriers [20]. Finally, at high 

strains close to fracture, twinning is activated; however, it appears too close to fracturing 

to prevent the onset of necking [17]. 

 When strained at cryogenic temperatures, the microstructural evolution is distinctly 

different. Like other temperatures, initial deformation occurs by dislocation plasticity, 

however beginning at true strains of 6%, evidence on nano-twinning can be observed in 

some grains, with nearly all grains containing twins by true strain of 8.8% [17], [18]. Thus, 

the true strain from which twins can be consistently observed is 7.4 ± 1.4%, which 

corresponds with twinning stress of 720 ± 30 MPa [18]. Figure 4 compares the true strain 

hardening rate normalized by the shear modulus, (dσ/dε)/G, as a function of the true strain, 

where G is 80 GPa at 25°C and -196°C, respectively [18]. At room temperature, the alloy 

displays a monotonic decay with increasing strain, typical for metallic alloys [18], [21]. 

Comparatively, at -196°C, the strain hardening rate begins with a continuous decrease from 

~G/20 to ~G/30 at ~10% true strain, which remains nearly constant from 10 to 35% true 

strain before decreasing to fracture at ~44% true strain [18]. This behavior is indicative of 
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a dynamic Hall-Petch effect, which provides additional hardening to counteract the 

softening due to dislocation recovery processes.  

2.3. Constitutive Modeling 

 In engineering, the materials are expected to meet certain performance 

requirements during use in various applications. These materials are often subjected to 

complex loadings (i.e., mechanical, thermal, electrical), and the material’s response to said 

loadings determines their suitability for the given application [22]. In situations where the 

material does not meet the performance requirements, the consequences can be disastrous, 

causing significant damage, cost, and even the loss of life. Therefore, methods of predicting 

the material’s response to loadings are highly desirable. The most accurate method of 

predicting a material’s response to loading is through experimental trials; however, in many 

cases, these trials are too time-consuming, costly, or even impossible in some cases. Thus, 

a quantitative assessment of the material’s response when subjected to loading is very 

Figure 4. True strain hardening rate normalized by shear modulus as a function of true strain at -196°C [18] 
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important for engineering design [22]. Material constitutive modeling is a mathematical 

description of how materials respond to various loadings used to predict the material's 

behavior as a structural component using mathematical models that link the states of stress 

and strain [23].  

 At low strains, metals and alloys' stress-strain behavior is almost always linear and 

reversible, termed the elastic region [24]. The elastic range is bounded by the material’s 

yield strength, beyond which further stress is permanent and irreversible, termed plastic 

deformation [24]. Plasticity can be studied on both a microscopic and macroscopic level. 

On the microscopic level, the plasticity of a material is governed by many factors such as 

grain size and orientation, crystallographic texture, and various dislocation mechanisms, 

while on the macroscopic level, plasticity is governed by temperature, strain rate, and the 

occurrence of solid-state transformations [24]. Due to the scale difference between an 

engineering component and its microstructure, the amount of microscopic material 

information necessary for simulations would be enormous. Therefore, it is impossible to 

track all relevant microstructural features in detail [24]. Thus, it is more appropriate to 

integrate the microstructural features into a few macroscopic variables [24]. However, 

microscopic models are suitable in other applications such as guiding material design, as a 

tool for fundamental understanding of plasticity, and for inferring suitable formations at 

the macroscopic level [24]. 

 The flow stress of a material is the instantaneous value of stress necessary to 

continue the process of plastic deformation. One of the most important elements in 

computer simulations of plasticity is the model of the material, which typically describes 
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the flow stress as a function of the deformation conditions, namely, true strain, strain rate, 

and temperature [25]. The accuracy of the flow stress model is dependent on both the 

proper experimental determination of its material coefficients, and the mathematical 

structure of the model, which should account for the physical phenomena that occur within 

the material [25]. Ideally, constitutive relationships used to describe the macroscopic flow 

behavior of a material should be derived from the physical phenomena at the 

microstructural level; however, the microstructural effects on the flow stress are difficult 

to realize, and a reliable theoretical approach with good accuracy is not available [26].  

 Stress-strain constitutive models can be sorted into three categories (empirical, 

semi-empirical, and physically-based) depending on the methods used in determining the 

model coefficients [27]. Empirical models are the most common model type, usually 

characterized by their reduced number of material constants and relatively simple form 

[28]. The most common of which is the Johnson-Cook model. Semi-empirical models, like 

the Zerilli-Armstrong model, are defined as having a simple formation, while incorporating 

minimal physical phenomena, though they do not contain internal variables [27]. This 

model type has an additive form that regroups a thermal and athermal part, referencing 

thermally activated phenomena [27]. Physically-based models, like the Koks and Mecking 

model [29], are the most complex form of material models which are based on the physics 

of the deformation processes [27]. These models use internal variables which represent the 

deformation history and/or characteristics of the material’s physical state (i.e., grain-size, 

dislocation density, etc.) [27]. While physically-based models can provide a more accurate 

representation of the material’s deformation behavior over a wide range of strain rates and 
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temperatures, they require a large number of material constants and properties that, in many 

cases, are not readily available [30]. 

 In the proceeding sections, some common flow stress models will be introduced, 

compared, and contrasted to understand their suitability in various applications. The 

models discussed include: the Johnson-Cook model, Zerilli-Armstrong model, Zener-

Hollomon model, Hensel-Spittel model, and modified versions of said models. In addition, 

standard methods of quantitively evaluating their suitability at predicting experimental data 

are discussed. 

2.3.1. Johnson-Cook Model 

 The Johnson-Cook (JC) model is an empirical model developed to characterize 

metallic materials subjected to large strains, high strain rates, and high temperatures using 

a limited number of experimental tests [31]. It is a strain rate and temperature-dependent 

visco-plastic material model which assumes adiabatic deformation, and therefore, at large 

strain, the effects of adiabatic heating can complicate the results [31], [32]. The model is 

suitable for applications in which strain rates vary over a large range and temperature 

changes due to plastic dissipation result in material softening. It assumes that the material 

is isotropic, therefore avoiding the traditional concept of yield surface in the model 

equation [33]. The JC model is expressed as Equation 10 below, where Tm is the melting 

temperature, and T0 and 𝜀0̇ are the temperature and strain rate at reference conditions. The 

model has five coefficients A, B, C, m, and n, which are solved by simplifying the model 

at reference conditions and applying least-squares fit to the experimental data. 
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 𝜎 = [𝐴 + 𝐵𝜀𝑛] [1 + 𝐶 ln (
𝜀̇

𝜀0̇
)] [1 − (

𝑇 − 𝑇0

𝑇𝑚 − 𝑇𝑚
)

𝑚

] (10) 

 

 The JC model describes three phenomena (strain hardening, strain rate hardening, 

and thermal softening) as three independent terms, represented by the three bracketed 

sections of Equation 10 [31]. Due to the homologous temperature used in determining the 

thermal softening coefficient, this model is valid from room temperature to the material’s 

melting temperature [32]. Unlike other material models, the JC model is valid down to 

lower strain rates, including the quasi-static regime [32]. The model assumes that the three 

phenomena have independent effects on the flow stress of the material, and therefore, the 

strain rate and temperature effects are uncoupled [27]. This decoupling is a strong 

assumption in constitutive modeling, which implies that the strain rate sensitivity is 

independent of temperature; however, this is not the case for most materials [27]. 

2.3.2. Modified Johnson-Cook Models 

 Modified Johnson-Cook models have been developed to address the coupling 

effects of temperature and strain rate. A modified JC model used to describe the behavior 

of typical high strength alloyed steel was proposed by Lin et al. [34], found in Equation 11. 

This model considers the yield hardening and strain hardening portion of the original JC 

equation, with additional consideration of the coupled effects of temperature and strain rate 

on the material’s flow behavior [34]. 

 𝜎 = [𝐴 + 𝐵1𝜀 + 𝐵2𝜀2] [1 + 𝐶1 ln (
𝜀̇

𝜀0̇
)] [exp {[𝜆1 + 𝜆2 ln (

𝜀̇

𝜀0̇
)] (𝑇 − 𝑇𝑟𝑒𝑓)}] (11) 

 

 Various authors have developed many other modified JC models to express the 

strain rate effect in other methods. Examples include the modified JC model proposed by 
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Schwer [35], which uses the Copper-Symonds rate form to describe the strain rate effect to 

more accurately consider the increase in strain rate sensitivity with increasing strain, and 

the Holmquist and Johnson [36] modification which represents the strain rate effect as an 

exponential function to better represent the strain rate influence on the flow stress.  

2.3.3. Zerilli-Armstrong Model 

 The Zerilli-Armstrong (ZA) model is a semi-empirical constitutive model that was 

developed based on thermally activated dislocation mechanics to address some of the 

limitations of simple hydrocodes like the JC models [32], [37]. Prior to the ZA model, 

material strength descriptions in hydrocodes were generally limited to simple models (i.e., 

elastic perfectly plastic, and elastic-plastic with linear work hardening) [37]. These models 

include the influences of work hardening, strain rate hardening, and thermal softening; 

however, they are solely numeric fits to the experimental test data. Therefore, there is no 

justification for applying these models outside of the limits of the test data [37]. Further, 

these models do not account for physical phenomena such as grain-size and crystal 

structure which are known to significantly affect the strength and ductility of metallic 

materials [37]. 

 The ZA model treats BCC and FCC materials differently due to the fact that the 

strain rate and temperature sensitivities are drastically different from these two material 

types [32]. One notable difference in the physical phenomena of metals with FCC and BCC 

crystal structure are the mechanisms of plastic deformation: plastic flow by slip in FCC 

metals, and plastic flow by deformation twinning for BCC metals [37]. Metals with BCC 

crystal structure have a stronger dependence of the plastic yield stress on temperature and 
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strain rate than those with FCC structure [37]. Further, a significant difference between the 

two crystal structures occurs in the experimental dependence of strain on the thermal 

activation analysis parameter, being essentially independent on plastic strain for BCC 

metals, and strongly dependent on plastic strain for FCC metals [37]. 

 For both FCC and BCC structures, an additional stress component potentially 

occurs due to the influence of the solute and the original dislocation density [37]. Also, for 

BCC, FCC, and other structure types, the polycrystal flow stress is raised at relatively low 

temperatures due to the requirement of slip band-stress concentrations at grain boundaries 

being required for the transmission of plastic flow between grains [37]. This consideration 

leads to incremental stress, ∆𝜎, defined as Equation 13, where k is the microstructural stress 

intensity, and I is the average grain diameter [37]. 

 Δ𝜎 =
𝑘

√𝐼
 (12) 

 

 The two microstructurally-based ZA constitutive equations for BCC and FCC 

metals are expressed in Equations 13 and 14, respectively [37]. The model has seven 

coefficients, C0, the grain-dependent stress term found using the Hall-Petch equation 

(Equation 15), which accounts for the incremental stress, ∆𝜎, from Equation 12, C1, C2, 

C3, C4, which are fit coefficients, C5 which is the strain hardening coefficient, and n, the 

strain hardening exponent.  

 
BCC: 𝜎 = 𝐶0 + 𝐶1𝑒𝑥𝑝 [−𝐶3𝑇 + 𝐶4𝑇 ln (

�̇�

�̇�0
)] + 𝐶5𝜀𝑛 (13) 

 
FCC: 𝜎 = 𝐶0 + 𝐶2𝜀𝑛𝑒𝑥𝑝 [−𝐶3𝑇 + 𝐶4𝑇 ln (

�̇�

�̇�0
)] (14) 

 
𝐶0 = 𝜎0 +

𝑘

√𝐼
 (15) 
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 The ZA model equations are valid at very high strain rates and relatively low 

temperatures [32], [37]. At extremely high strain rates, the material deformation rate is 

controlled by the rate at which dislocations are generated, thus fundamentally changing the 

constitutive relations [37]. For relatively low strain rates and temperatures above 0.6𝑇𝑚, 

diffusion and dynamic recovery processes alter the deformation mechanism (i.e., dynamic 

recovery alleviating internal stresses and therefore affecting the importance of the grain-

size effect), greatly changing the plastic flow [37], [38]. Additionally, because the ZA 

model specifies two different equations for FCC and BCC material types, the model is not 

suitable for materials with different crystal structures (i.e., HCP structure in titanium and 

manganese alloys), or multi-phase materials. 

2.3.4. Modified Zerilli-Armstrong Model 

 A modified constitutive model based on the ZA model was proposed by 

Samantaray et al. [38] to consider the effects of thermal softening, strain rate hardening, 

and isotropic hardening, as well as the coupled effects of temperature and strain, and strain 

rate and temperature. The basis for this modified model is to make the model more suitable 

for predicting elevated temperatures above 0.6𝑇𝑚 [38]. Unlike the original ZA model, 

which divides the flow stress into thermal and athermal components, this modified version 

neglects the athermal component. Therefore, it does not need two different 

microstructurally-based equations [38]. This modified ZA model is expressed as Equation 

16.  

 𝜎 =  (𝐶1 + 𝐶2𝜀𝑛)𝑒𝑥𝑝 [−(𝐶3 + 𝐶4𝜀)(𝑇 − 𝑇𝑟𝑒𝑓) + (𝐶5 + 𝐶6(𝑇 − 𝑇𝑟𝑒𝑓)) ln (
𝜀̇

𝜀0̇
)] (16) 
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2.3.5. Zener-Hollomon Model 

 The Zener-Hollomon model, sometimes referred to as the Arrhenius constitutive 

model, is a semi-empirical, phenomenologically-based constitutive model proposed by 

Sellars and McTegart [39] based on the work of Zener and Hollomon [40]. The Zener-

Hollomon (Z) parameter, given as Equation 17, represents the strain rate factor 

compensated by temperature, where Q is the apparent activation energy of hot deformation 

and R is the universal gas constant [40]. Sellars and McTegart [39] proposed a hyperbolic 

sinusoidal Arrhenius-type equation, which uses the Z-parameter to express the relationship 

between the strain rate and temperature, while the impact of true strain is expressed through 

material constants as functions of true strain [41]. As such, this model is suitable over a 

large range of flow stresses and at elevated temperatures [41]. 

 𝑍 = 𝜀̇𝑒
𝑄

𝑅𝑇⁄  (17) 

 

 The correlation between flow stress, strain rate, and temperature is expressed as the 

Arrhenius-type model in Equation 18, where A1, A2, A, α, n1, n, and β are material constants; 

α is a parameter regulating the stress (MPa-1), n1 and n are stress exponents, and α, β, and 

n1 are related by Equation 19 [41]. The Arrhenius model treats the flow stress differently 

under different deformation conditions [41]. At low stress levels, the flow stress is treated 

as a simple exponential, while at high stress levels the flow stress is treated as a power-law 

exponential, and the hyperbolic sinusoidal Arrhenius-type equation is suitable for 

characterizing the hot deformation behavior across the entire stress range [41]. 

 
𝑍 = 𝑓(𝜎) = {

𝜎𝑛1                    𝛼𝜎 < 0.8 
exp(𝛽𝜎)           𝛼𝜎 < 1.2 
[sinh(𝛼𝜎)]𝑛     𝑓𝑜𝑟 𝑎𝑙𝑙 𝜎

 (18) 



 

21 

 

 
𝛼 =

𝛽

𝑛1
 (19) 

 

 Various modifications of the Arrhenius-type equation have been developed to 

improve its suitability at predicting various material types. Sloof et al. [42] modified the 

hyperbolic sine constitutive model by incorporating a strain-dependent parameter to 

improve the predicted flow stress in a wrought magnesium alloy. Similarly, various authors 

have introduced strain-dependent hyperbolic sine equations to consider the deformation 

activated energy and material constants as functions of strain [43]–[45]. 

2.3.6. Hensel-Spittel Model 

 The Hensel-Spittel (HS) model is a relatively unpopular constitutive model, 

developed for FEM software, which considers the flow stress dependence on strain [46], 

[47]. This model is expressed as Equation 20 where A, m1, m2, m3, m4, m5, m6, m7, and m8 

are regression coefficients. The limit in using the HS model is due to the lack of availability 

of coefficients m5 – m8 [48]. Sometimes it is possible to find the HS model equation in its 

reduced form, which neglects coefficients m5-m8 [48]. By reducing the number of 

coefficients, the computation time is reduced; however, this modified equation can 

significantly affect the predicted stress [48]. This model has recently begun gaining traction 

in modeling aluminum alloys with strains greater than 3, and modeling using data 

extrapolation [47]. 

 𝜎 = 𝐴𝑒𝑚1𝑇𝜀𝑚2𝜀̇𝑚3𝑒
𝑚4

𝜀⁄ (1 + 𝜀)𝑚5𝑇𝑒𝑚6𝜀𝜀̇𝑚7𝑇𝑇𝑚8 (20) 

 

 According to Spigarelli and El Mehtedi [49], the HS model is intrinsically 

inadequate for describing the variation in strain rate sensitivity at a given temperature and 
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strain. The authors note that the original HS equation gives a power-law dependence of 

strain rate on applied stress; however, in the hot working regime, the strain rate sensitivity 

of the flow stress decreases with increasing strain, a behavior which can successfully be 

described using the Garofalo equation [49]. On this basis, the authors proposed the 

modified HS model in Equations 21-23 to more accurately describe the strain rate 

sensitivity [49]. This model neglects the m7 parameter because it was assumed that at a 

given strain (or at steady state) the stress component should be temperature independent, 

and the m8 parameter for simplicity [49]. 

 sinh(𝛼𝜎) = 𝐴𝑒𝑚1𝑇𝜀𝑚2𝜀̇𝑚3𝑒
𝑚4

𝜀⁄ (1 + 𝜀)𝑚5𝑇𝑒𝑚6𝜀 (21) 

 ε̇ exp (
𝑄

𝑅𝑇
) =  𝐴1𝜎𝑛1 ,     𝑓𝑜𝑟 𝛼𝜎 < 0.8 (22) 

 ε̇ exp (
𝑄

𝑅𝑇
) = 𝐴2 exp(𝛽𝜎) ,      𝑓𝑜𝑟 𝛼𝜎 < 0.8 (23) 

 

2.3.7. Analysis of Constitutive Models 

 With more than 8000 engineering materials used in a variety of possible 

environmental conditions and temperatures, it is impossible to derive universal constitutive 

models suitable for all situations [24]. Even restricting materials to only metals and alloys, 

there exists a large variability in the properties and performance of different alloy types 

due to their respective properties and crystal structures. As such, methods for comparing 

the accuracy of different constitutive equations are required.  

 The accuracy of the constitutive models can be evaluated by mathematically 

comparing the experimental and precited stress values [41]. To quantitively evaluate the 
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degree to fit between a constitutive model and experimental data set, standard practice is 

to employ standard statistical parameters such as the correlation coefficient (R) and average 

absolute relative error (AARE), defined as Equations 24 and 25 below, where E is the 

experimental flow stress, P is the predicted flow stress obtained from the constitutive 

equation, and �̅� and �̅� are the mean values of E and P, respectively [41]. 

 
𝑅 =  

∑ (𝐸𝑖 − �̅�)𝑁
𝑖=1 (𝑃𝑖 − �̅�)

√∑ (𝐸𝑖 − �̅�)2 ∑ (𝑃𝑖 − �̅�)2𝑁
𝑖=1

𝑁
𝑖=1

 
(24) 

 𝐴𝐴𝑅𝐸(%) =
1

𝑁
∑ |

𝐸𝑖 − 𝑃𝑖

𝐸𝑖
| ∙ 100

𝑁

𝑖=1

 (25) 

 

2.4. Modeling of CoCrFeMnNi 

 To date, little work has investigated the constitutive modeling of the CoCrFeMnNi 

alloy at low strain rates and intermediate temperatures. Wang et al. [50] examined the 

dynamic response of the as-cast CoCrFeMnNi alloy at strain rates ranging from 900-4600 

s-1. The authors compared the experimental data to the results predicted by the JC and ZA 

models, as found in Figure 5 [50]. As can be seen, the ZA model was found to be in 

significantly better agreement with the experimental results.  

Similarly, Park et al. [51] compared the experimental results for the dynamic compression 

of a cold-rolled and annealed CoCrFeMnNi sample to those predicted using a modified JC 

model and found the model to show strong agreement with the experimental results, as 

shown in Figure 6. Thus, from the works of Wang et al. [50] and Park et al. [51], it can be 

concluded that the effects of thermal softening should be considered for the best modeling 

results in this alloy. 
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 For high-temperature constitutive modeling of the CoCrFeMnNi alloy, Patnamsetty 

et al. [52] modeled flow stress over a wide range of temperatures (1023-1423 K) and strain 

rates (10-3-10 s-1) using the Zener-Hollomon constitutive model. The authors showed that 

the ZH model was able to describe the hot deformation of this alloy accurately.   

Figure 5. Comparison of JC and  ZA models for CoCrFeMnNi at dynamic strain rates [50] 

Figure 6. Comparison of dynamic flow curves from experimental data and modified JC model [51] 
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3. Methodology 

3.1. Materials 

 The alloy was prepared by cold-crucible melting using high purity (>99.99%) 

chemical elements as raw materials. The composition of the alloy used in this study can be 

found in Table 1. The cast materials were hot forged to a diameter of 10 mm and annealed 

at 1000°C for two hours, followed by water quenching to obtain a uniaxial grain structure 

free of subgrains. Cylindrical test samples were machined from a central part of the 

recrystallized forging bar with a height and diameter of 6 mm. 

3.2. Compression Testing 

 Quasi-static compression tests were performed on the cylindrical specimens using 

an Instron 8801 testing apparatus in an argon atmosphere with an attached infrared 

radiation furnace shown in Figure 7a. Tests were performed at quasi-static strain rates of 

0.01 and intermediate strain rates of 1 s-1 and temperatures ranging from 200-800°C (at 

200°C increments). Two samples were tested at each condition. Prior to deformation, the 

samples were brought up to the test temperature and held isothermally for 5 minutes to 

obtain a uniform temperature, corresponding to the thermomechanical schedule shown in 

Figure 7b. The samples were then compressed to a true strain value of 0.8. 

Table 1. Chemical composition of the alloy (at.%) 

 

Element Co Cr Fe Mn Ni 

Concentration (at.%) 20 20 20 20 20 
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Figure 7. a) Compression testing apparatus, and b) Thermo-mechanical schedule 

 Figure 8a compares the underformed and deformed samples. In compression 

testing, barrelling sometimes occurs due to the frictional forces between the top and bottom 

surfaces of the sample and the faces of the anvil which results in localized strains. The 

frictional effects oppose the unilateral straining of the material resulting in the barreling 

phenomenon shown in Figure 8b. The barreling causes three unique zones of deformation 

in the sample:  

I. Dead-metal zone in which little or no deformation due to the contact between 

sample and anvil plate 

II. Intermediate strain zone near the outer surface of the specimen 

III. High strain zone in which intenseshearing occurs and the most severe 

deformation is concentrated 
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Figure 8. a) Comparison of undeformed and deformed samples, and b) diagram of transverse cross-section 

of compression sample showing location of microscopy analysis 

 From Figure 8a, it can be seen that the deformed samples show minimal barreling, 

and therefore it can be assumed that the strain is homogonously distributed in the volume 

of the samples. Because this study deals with the macroscopic properties of the material, 

the localization of strain is not critical.  

3.3. Constitutive Modeling 

 From the compression testing, approximately 800 force-displacement data points 

were obtained for each sample which were used to generate the experimental stress-strain 

curves. Then individual MATLAB codes were developed for each constitutive model 

based on the literature review. These MATLAB codes, outlined in the results section, were 

used to solve for the coefficients of each model to predict the stress-strain curves of the 

samples under the various conditions. 

3.4. Microstructural Analysis 

 The deformed and undeformed CoCrFeMnNi samples underwent metallographic 

surface preparation for electron microscopy analysis. Hot mounted specimens were rough 
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polished using a series of SiC papers from grit numbers 400 to 1000, followed by fine 

polishing using diamond suspensions with particle sizes from 3 μm to 1 μm. The final 

polish was performed using colloidal silica suspension using a Vibromet polishing 

machine. Electron microscopy analysis was performed at the UNB Microscopy and 

Microanalysis facilities using a Hitachi SU70 scanning electron microscope (SEM) 

equipped with an electron backscatter diffraction (EBSD) detector and Oxford Instruments 

HKL Technology Channel5 software. The microscopy analysis was performed between 

the intermediate and high strain zones, shown by the red circle in Figure 8b. The band 

contrast, phase, grain boundary, and inverse pole figure (IPF) maps were generated using 

the Channel5 software.  

4. Results 

4.1. Compression Testing 

 The stress-strain curves for CoCrFeMnNi tested at strain rates of 0.01 s-1 and 1 s-1 

are presented in Figures 7. Comparing the two figures, the general shape of the curves is 

slightly different when tested at different strain rates, which can be attributed to the 

occurrence of dynamic recrystallization and/or experimental errors associated with 

inherent frictional stress during compression testing. Based on the stress values, it appears 

that at the selected temperature and strain rate range, the present material’s stress levels 

have a weak dependence on strain rate. This observation is consistent with Gali and 

George’s [15] experiments, where they found a similar behavior with the same alloy, but 

their tests were performed under tensile deformation. Comparing the two curves of the 

alloy strained at 800°C, the sample tested at 0.01 s-1 exhibits evidence of early stages of 
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dynamic recrystallization and flow softening, which is not evident when straining at 1 s-1. 

The occurrence of dynamic recrystallization at the lower strain could be due to the 

increased straining time at the lower strain rate. This metallurgical phenomenon was further 

analyzed in the microstructural analysis section below. 

4.2. Constitutive Modeling 

4.2.1. Johnson-Cook Model 

 A MATLAB code was developed to determine the Johnson-Cook model 

coefficients A, B, n, C, and m*. To begin, A is determined as the yield strength at reference 

conditions. Next, at reference conditions, both the strain rate effect and temperature effect 

are canceled, and the JC model in Equation 10 simplifies as Equation 26, which can be 

rearranged as Equation 27. By plotting ln(𝜎 − 𝐴) vs. ln 𝜀, as shown in Figure 10, the strain 

hardening constant, B, and the strain hardening coefficient, n, can be determined as the 

slope and intercept of the fitted curve. 

 
𝜎 = 𝐴 + 𝐵𝜀𝑛 (26) 

Figure 9. CoCrFeMnNi experimental stress-strain curves at a) 0.01 s-1, and b) 1 s-1 
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ln(𝜎 − 𝐴) = ln 𝐵 + 𝑛 ln 𝜀 (27) 

 

 
Figure 10. ln(𝜎 − 𝐴) vs. ln 𝜀 at reference conditions to determine B and n 

 At the reference temperature, the temperature effect cancels, and Equation 10 

simplifies as Equation 28. By plotting 
𝜎

𝐴+𝐵𝜀𝑛 vs. ln(𝜀̇∗), where 𝜀̇∗ = 𝜀̇
𝜀0̇

⁄ ,  for various strain 

rates, as shown in Figure 11, the strain rate strengthening coefficient, C, can be determined 

as the mean slope of the curves. 

 𝜎 = (𝐴 + 𝐵𝜀𝑛)(1 + 𝐶 ln 𝜀̇∗) (28) 

  

 
Figure 11. 

𝜎

𝐴+𝐵𝜀𝑛 vs. ln(𝜀̇∗) at reference temperature to determine C 
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 Finally, at reference strain rate, the strain rate effect cancels, and Equation 10 

simplifies to Equation 29. The thermal softening coefficient, m, can then be determined by 

plotting ln (1 −
𝜎

𝐴+𝐵𝜀𝑛) vs. ln(𝑇∗), where 𝑇∗ =
𝑇−𝑇𝑟𝑒𝑓

𝑇𝑚−𝑇𝑟𝑒𝑓
, for various temperatures, as 

shown in Figure 12, and calculating the mean slope.  

 𝜎 = (𝐴 + 𝐵𝜀𝑛)(1 − 𝑇∗𝑚) (29) 

 

 Once the mean values of C and m have been determined, they are optimized using 

an unconstrained optimization to determine their optimal values. This optimization is done 

using the Nelder-Mead simplex method to minimize computation time. To perform this 

optimization, the average absolute error equation, Equation 30, is minimized treating C and 

m as unknown values. An initial guess of the average values found previously are used. 

 𝐸𝑟𝑟 =  
100

𝑁
∑ |

𝜎𝑖
𝑒𝑥𝑝 − 𝜎𝑖

𝑝

𝜎𝑖
𝑒𝑥𝑝

𝑁

𝑖=1

| (30) 

 

Figure 12. ln (1 −
𝜎

𝐴+𝐵𝜀𝑛) vs. ln 𝑇∗ at various temperatures to determine C 
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 Thus, the calculated JC coefficients are displayed in Table 2. The coefficients were 

then used to calculate the plastic flow stress at the various temperatures and strain rates and 

are compared to the experimental values in Figure 13. 

Table 2. Calculated Johnson-Cook model coefficients 

A B C m n 

265.83 621.59 -0.064 1.24 0.65 

 

 

Figure 13. Comparison of Johnson-Cook and experimental flow stress at a) 0.01 s-1, and b) 1 s-1 

4.2.2. Modified Johnson-Cook Model 

 Similarly, another MATLAB code was developed to determine the Lin et al. [34] 

modified JC coefficients, A1, B1, B2, C1, n, 𝜆1, 𝜆2. To begin, considering the data at 

reference conditions, a second degree polynomial is fitted to the stress-strain curve, as 

shown in Figure 14, and the coefficients A1, B1, and B2 are determined as the coefficients 

of the resulting polynomial. 
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Figure 14. Fitting stress-strain curve at reference conditions to determine coefficients A1, B1, and B2 

 Then, at the reference temperature, Equation 11 is reduced to Equation 31. By 

plotting 
𝜎

𝐴1+𝐵1𝜀+𝐵2𝜀2 vs. ln(𝜀̇∗) at various strains, as shown in Figure 15, C1 values are 

found as the slopes between the strain rates for each strain, and the average C1 is taken. 

 𝜎 = (𝐴1 + 𝐵1𝜀 + 𝐵2𝜀2)(1 + 𝐶1 ln 𝜀̇∗) (31) 

 

 
Figure 15. 

𝜎

𝐴1+𝐵1𝜀+𝐵2𝜀2
 vs. ln(𝜀̇∗) at various strains to determine C1 
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 By taking the natural logarithm of both sides of Equation 11, the equation can be 

rewritten as Equation 32, where λ is defined as Equation 33. By plotting 

ln
𝜎

(𝐴1+𝐵1𝜀+𝐵2𝜀2)(1+𝐶1 ln �̇�∗)
 vs. T*, as shown in Figure 16, a combined λ term is determined 

as the slope between the temperature, and the average of the slopes is taken to determine 

the λ parameter 

 ln
𝜎

(𝐴1 + 𝐵1𝜀 + 𝐵2𝜀2)(1 + 𝐶1 ln 𝜀̇2)
= 𝜆𝑇∗ (32) 

 
𝜆 = 𝜆1 + 𝜆2 ln 𝜀̇∗ (33) 

 

 Finally, using Equation 33, by plotting λ vs. ln(𝜀̇∗), as shown in Figure 17, the 

individual values of coefficients 𝜆1 and 𝜆2 are determined as the intercept and slope, 

respectively. 

Figure 16. ln
𝜎

(𝐴1+𝐵1𝜀+𝐵2𝜀2)(1+𝐶1 ln �̇�∗)
 vs. T* at various strains to determine λ 
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Figure 17. λ vs. ln(𝜀̇∗) to determine 𝜆1 and 𝜆2 

  Thus, the modified Johnson-Cook coefficeints were determined as shown 

in Table 3. The coefficients were then used to model the predicted flow stress at the various 

temperature and strain rate conditions. The resulting curves are compared to the 

experimental flow stresses in Figure 18. 

Table 3. Calculated modified Johnson-Cook model coefficients 

A1 B1 B2 C1 λ1 λ2 

264.11 1484.5 -1272.4 -0.072 -8.03e-4 4.67e-5 

 

 
Figure 18. Comparison of modified Johnson-Cook and experimental flow stress at a) 0.01 s-1, and b) 1 s-1 
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4.2.3. Zerilli-Armstrong 

 As the Zerilli-Armstrong model was developed for use at low temperatures, it does 

not account for the restoration phenomena which have been found to significantly affect 

the flow stress at elevated temperatures [53]–[55]. Further, as the diffusion processes are 

enhanced at elevated temperatures, the deformation mechanism is normally controlled by 

intragranular glide and climb of dislocations. Therefore, the flow stress is not significantly 

affected by the initial grain size [55], [56]. As such, the C0 term in Equation 14 can be 

neglected [55]. This was confirmed by modeling both with and without the C0 term and 

noting that neglecting the term resulted in the better fit. 

 Then, another MATLAB script was created to determine the remaining 

coefficients, C2, C3, C4, and n, using least-squares regression methods. First, rearranging 

Equation 14, it can be rewritten as Equation 34 below. Then, by holding strain and strain 

rate constant, the equation reduces to Equation 35. By plotting ln(𝜎) vs. T at each 

combination of strain and strain rate, as shown in Figure 19, the slope, S1, is determined as 

Equation 36, and the mean slope value is determined. 

 ln 𝜎 = ln 𝑐2 + 𝑛 ln 𝜀 − 𝑐3𝑇 + 𝑐4𝑇 ln 𝜀̇ (34) 

 ln 𝜎 = 𝑐𝑜𝑛𝑠𝑡 − (𝑐3 + 𝑐4 ln 𝜀̇)𝑇 (35) 

 𝑆1 = −(𝑐3 + 𝑐4 ln 𝜀̇) (36) 

   

With the value of the mean slope, Equation 34 can then be rewritten as Equation 37. Then, 

at constant temperature and strain rate, a plot of ln(𝜎) vs. ln(𝜀) is created, as shown in 

Figure 20, and the value of n is taken as the mean slope. The intercept, I, is taken to 
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determine C2 values for each temperature using Equation 38, which are then averaged to 

determine the C2 parameter. 

  ln 𝜎 = (ln 𝐶2 − 𝑆1𝑇) + 𝑛 ln 𝜀 (37) 

 𝐶2 = 𝑒(𝐼1+𝑆1𝑇) (38) 

 

Figure 19. ln(𝜎) vs. T at each combination of strain and strain rate to determine S1 

 
Figure 20. ln(𝜎) vs. ln(𝜀) at various temperatures to determine n and C2 
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 Thereafter, the Zerilli-Armstrong model is expressed as Equation 39. Then, at 

constant strain and temperature, a plot of ln(𝜎) vs. ln(𝜀̇) is created, and a line of best fit is 

created for each temperature, as shown in Figure 21. A slope, S2, and intercept, I2, are found 

for each strain and temperature combination. Then, from equation 39, a value of C4 is 

determined for each combination of strain and temperature using Equation 40, and the 

average value is taken. Similarly, the value of C3 is deduced for each combination using 

Equation 41, and the average value is again taken. 

 ln 𝜎 = [ln(𝐶2𝜀𝑛) − 𝐶3𝑇] + 𝐶4𝑇 ln(𝜀̇) (39) 

 𝐶4 =
𝑆2

𝑇
 (40) 

 𝐶3 =
ln(𝐶2𝜀𝑛) − 𝐼2

𝑇
 (41) 

 

 

Figure 21. ln(𝜎) vs. ln(𝜀̇) for each combination of strain and temperature to determine C3 and C4 
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 The calculated Zerilli-Armstrong model coefficients are shown in Table 4. The 

coefficients were then used to model the plastic flow stress at the different combinations 

of strain and temperature and are compared to the experimental flow stresses in Figure 22. 

4.2.4. Modified Zerilli-Armstrong Model 

 Another MATLAB script was used to determine the coefficients for the Samantaray 

et al. [38] modified Zerilli-Armstrong model. To begin, at reference conditions, Equation 

16 reduces to Equation 42, and taking the natural logarithm of both sides yields Equation 

43. For each value of strain, a plot of ln(𝜎) vs. T* is created, where 𝑇∗ = 𝑇 − 𝑇𝑟𝑒𝑓, as 

shown in Figure 23, and a line of best fit is determined for each combination of strain and 

temperature. From the lines of best fit, values of the slope, S1, and intercept, I1, are 

determined as Equations 44 and 45, respectively. 

Table 4. Calculated coefficients for the Zerilli-Armstrong model 

C0 C2 C3 C4 n 

0 1444.6 0.0011 -1.38e-4 0.30 

 

 

Figure 22. Comparison of Zerilli-Armstrong and experimental flow stress at a) 0.01 s-1, and b) 1 s-1 
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 𝜎 = (𝐶1 + 𝐶2𝜀𝑛)𝑒−(𝐶3+𝐶4𝜀)𝑇∗
 (42) 

 ln 𝜎 = ln(𝐶1 + 𝐶2𝜀𝑛) − (𝐶3 + 𝐶4𝜀)𝑇∗ (43) 

 𝑆1 = −(𝐶1 + 𝐶2𝜀𝑛) (44) 

 𝐼1 = (𝐶3 + 𝐶4𝜀) (45) 

 Then, values of -S1 are plotted against strain, as shown in Figure 24, and a line of 

best fit is used to determine the C3 parameter as the intercept, and the C4 parameter as the 

slope. Similarly, a plot of ln(𝑒𝐼 − 𝐶1) vs. ln(𝜀) is created, as shown in Figure 25, and the 

values of n and ln(𝐶2) are found as the slope and intercept, respectively. 

 

Figure 23. ln(𝜎) vs. T* for every 25th strain point to determine S1 and I1 

 
Figure 24. -S1 vs. ε to determine C3 
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Figure 25. ln(𝑒𝐼 − 𝐶1) vs. ln(𝜀) to determine n and C2 

 Subsequently, taking the natural logarithm of the full model equation yields 

Equation 46. Then, for constant strain and temperature, a plot of ln(𝜎) vs. ln(𝜀̇) for each 

combination of strain and temperature is created, as shown in Figure 26. From this figure, 

the values of slope, S2, were determined for each combination using Equation 47. Then, 

plotting values of S2 vs. T*, as shown in Figure 27, values of C5 and C6 for each 

combination of strain and temperature are determined as the intercept and slope, 

respectively. The values of C5 and C6 are then taken as the average values.  

 
ln 𝜎 = ln(𝐶1 + 𝐶2𝜀𝑛) − (𝐶3 + 𝐶4𝜀)𝑇∗ + (𝐶5 + 𝐶6𝑇∗) ln(𝜀̇∗) (46) 

 
𝑆2 = (𝐶5 + 𝐶6𝑇∗) (47) 
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Figure 27. S2 vs. T* to determine C5 and C6 

Figure 26. ln(𝜎) vs. ln(𝜀̇) for each combination of strain and temperature to determine S2 
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 Once the mean C5 and C6 have been determined, similar to the Johnson-Cook 

model, the Nelder-Mead simplex method is used to perform a multivariable unconstrained 

optimization. Again, Equation 30 is used to conduct this optimization, and the initial guess 

of the averaged values of C5 and C6 are used.  

 Thus, the calculated values of the modified Zerilli-Armstrong model are presented 

in Table 5. The coefficients were then used to model the flow stress at the various 

temperatures and strain rates and are coefficients to the experimental values in Figure 28. 

4.2.5. Zener-Hollomon Model 

 Using the Zener-Hollomon model equation, found as Equation 18, the model is 

solved by separately analyzing the three parts of the piecewise function. To begin, the 

natural logarithm of the first equation is taken, yielding Equation 48. Then, a  plot of ln(𝜀̇) 

 

Table 5. Calculated modified Zerilli-Armstrong model coefficients 

C1 C2 C3 C4 C5 C6 n 

265 628 9.78e-4 -4.96e-4 -0.06 6.13e-5 0.65 

 

 

Figure 28. Comparison of modified Zerilli-Armstrong and experimental flow stress at a) 0.01 s-1 and b) 1 s-1 



 

44 

 

vs. ln(𝜎) is created at a constant strain and temperature, as shown in Figure 29. For each 

individual strain, the value of n1 is determined as the average of the slopes for the various 

temperatures.  

 ln 𝜀̇ = ln 𝐴1 + 𝑛1 ln 𝜎 −
𝑄

𝑅𝑇
 (48) 

 

 Similarly, the natural logarithm of the second part of the piecewise function is 

taken, yielding Equation 49. Again, by plotting ln(𝜀̇) vs. ln(𝜎) at constant strain and 

temperature, as shown in Figure 30, the value of β is determined as the average of the 

slopes for the various temperatures. 

 ln 𝜀̇ = ln 𝐴2 + 𝛽𝜎 −
𝑄

𝑅𝑇
 (49) 

 

 

Figure 29. ln(�̇�) vs. ln(𝜎) for each strain and temperature to determine 𝑛1 
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Figure 30. ln(�̇�) vs. ln(𝜎) for each strain and temperature to determine β 

 Using the determined values of n1 and β, the value of α is calculated at each strain 

using Equation 50. Thereafter, the values of α are fit to the strain with a 7th degree 

polynomial, as shown in Figure 31. 

 𝛼 =
𝛽

𝑛1
 (50) 

 

 Subsequently, taking the natural logarithm of the third piecewise function yields 

Equation 51. Then plotting ln[sinh(𝛼𝜎)] vs. ln(𝜀̇) at constant strain and temperature, as 

shown in Figure 32a, the value of n is determined as the reciprocal of the resultant slope, 

which is averaged at the various temperatures, and the intercept values, I1, are recorded for 

the calculation of ln(𝐴). Thereafter, the values of n are fit to a 7th degree polynomial, as 

shown in Figure 32b.  

 ln[sinh(𝛼𝜎)] =
ln𝜀̇

𝑛
+  

𝑄

𝑛𝑅𝑇
−

ln 𝐴

𝑛
 (51) 
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Figure 31. Fitting α to ε with a 7th degree polynomial 

 

Figure 32. a) ln[sinh(𝛼𝜎)] vs. ln(𝜀̇) at constant strain and temperature to determine n, and b) Fitting n to ε 

with a 7th degree polynomial 

 From Equation 51, a plot of 𝑛𝑅 ln[sinh(𝛼𝜎)] vs. T-1
 is created at constant strain and 

strain rate, as shown in Figure 33a, and the values of Q at a single strain are found as the 

mean values of Q at the various strain rates. Thereafter, the values of Q are fit to a 7th 

degree polynomial, as shown in Figure 33b. 
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Figure 33. a) 𝑛𝑅 ln[sinh(𝛼𝜎)] vs. T-1 at constant strain and strain rate to determine Q, and b) Fitting Q to ε 

with a 7th degree polynomial 

 Finally, using the intercept, I1, values previously determined from Figure 32, the 

intercept can be expressed as Equation 52. Knowing all other values at each individual 

strain, values of ln(𝐴) can be determined for each strain value. Once again, values of ln(𝐴) 

are fitted with a 7th degree polynomial, as shown in Figure 34. 

 𝐼 =  
𝑄

𝑛𝑅𝑇
−

ln 𝐴

𝑛
 (52) 

 

 
Figure 34. Fitting ln(A) to ε with a 7th degree polynomial 
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 Unlike the other material models, the Zener-Hollomon model does not calculate 

individual coefficiencts, and instead, the coefficients are strain-dependent. The Zener-

Hollomon model was used to model the flow stress of CoCrFeMnNi at the various strain 

rates and temperatures and is compared to the experimental flow stresses in Figure 35.  

4.2.6. Hensel-Spittel Model 

 Another MATLAB script was created to determine the Hensel-Spittel coefficients: 

A, m1, m2, m3, m4, m5, m6, m7, while m8 was assumed to be negligible. To begin, regarding 

Equation 20, assuming constant strain and temperature, and taking the natural logarithm of 

both sides yields Equation 53, where k1 is a constant. Plotting ln(𝜎) vs. ln(𝜀̇), as shown in 

Figure 36, the resultant slope, S1, for each combination of strain and temperature is 

determined as Equation 54. Then, using plotting S1 vs. T, as shown in Figure 37, the values 

of m3 and m8 are found as the slope and intercept, respectively. The values of m3 and m7 

for each strain value are then averaged.  

 

Figure 35. Comparison of Zener-Hollomon and experimental flow stress at a) 0.01 s-1, and b) 1 s-1 
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ln 𝜎 = (𝑚3 + 𝑚7𝑇) ln 𝜀̇ + 𝑘1 (53) 

 
𝑆1 = (𝑚3 + 𝑚7𝑇) (54) 

 

 

Figure 36. ln(𝜎) vs. ln(𝜀̇) to determine S1 

 

Figure 37. S1 vs. T to determine m3 and m8 
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 Using Equation 20, assuming constant strain and strain rate, and taking the natural 

logarithm of both sides, yields Equation 55, where k2 is defined using Equation 56. Plotting 

ln(𝜎) vs. T, as shown in Figure 38, k2 values for each strain are found as the resultant 

slopes. Then, by fitting k2 to ε at constant strain rates using the fit function in Equation 57, 

as shown in Figure 39, m5 is found as the average of the slopes and m1 is found as the 

average of the intercepts. 

 
ln 𝜎 = 𝑐𝑜𝑛𝑠𝑡 + 𝑘2𝑇 (55) 

 
𝑘2 = 𝑚1 + 𝑚7 ln 𝜀̇ + 𝑚5 ln(1 + 𝜀) (56) 

 
𝑦 =  𝑘3 + 𝑝1 ln(1 + 𝑥) (57) 

 

 

Figure 38. ln(𝜎) vs. T to determine c2 
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Figure 39. Fitting k2 to ε at strain rate of a) 0.01 s-1, and b) 1 s-1 

 Finally, the values of A, m2, m4, and m6 are obtained using non-linear least square 

fit by creating an objective function equal to the natural logarithm of the predicted stress 

value minus the natural logarithm of the predicted value where the known coefficients are 

specified, and the unknowns are set to be optimized. An initial guess vector of 0 is used, 

and a limit of 100000000 function evaluations is set. The least-square optimization is 

performed for each combination of strain rate and temperature as shown in Figure 40. 

 

Figure 40. ln(𝜎) vs. ε at a strain rate of a) 0.01 s-1, and b) 1 s-1 to determine A, m2, m4, and m6 
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 Thus, the Hensel-Spittel coefficients were determined as shown in Table 6. The 

coefficients were used to model the flow stress of the alloy at the various strain rates and 

temperatures and are compared to the experimental flow stresses in Figure 41. 

4.2.7. Modified Hensel-Spittel Model 

 A final MATLAB script was created to solve for the modified Hensel-Spittel 

coefficients: A, m1, m2, m3, m4, m5, m6. To begin, taking the natural logarithm of Equation 

22 gives Equation 58. Plotting ln(𝜀̇) vs. ln(𝜎) at constant strain and temperature, as shown 

in Figure 42, the values of n1 are found as the average of the slopes.  

 ln 𝜀̇ = ln 𝐴1 + 𝑛1 ln 𝜎 −
𝑄

𝑅𝑇
 (58) 

 

 Taking the natural logarithm of the second piecewise Equation 23 gives Equation 

59. Then, plotting ln(𝜀̇) vs. σ at constant strains and temperature, as shown in Figure 43, 

Table 6. Calculated Hensel-Spittel model coefficients 

A m1 m2 m3 m4 m5 m6 m7 m8 

2065.8 -0.0011 0.392 -0.09 -0.0072 6.72e-4 -0.89 6.13e-5 0 

 

 

Figure 41. Comparison of Hensel-Spittel and experimental flow stress at a) 0.01 s-1, and b) 1 s-1 
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values of β for each strain are determined as the slope, which are averaged over all 

temperatures. 

 ln 𝜀̇ = ln 𝐴2 + 𝛽𝜎 −
𝑄

𝑅𝑇
 (59) 

 

Figure 42. ln(𝜀̇) vs. ln(𝜎) at constant strains and temperature to determine n1 

 
Figure 43. ln(𝜀̇) vs. σ at various strains and temperatures to determine β 
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 With values of n1 and β determined, the value of α at each individual strain are 

determined using Equation 60. The values of α are then averaged for all strains to determine 

a single α parameter. 

 𝛼 =
𝛽

𝑛1
 (60) 

 

 Subsequently, taking the natural logarithm of Equation 21, and assuming constant 

strain and strain rate, yields Equation 61. Then, plotting ln[sinh(𝛼𝜎)] vs. T for each 

combination of strain and strain rate, as shown in Figure 44, the resultant slope, S1, is 

defined as Equation 62.  

 
ln[sinh(𝛼𝜎)] = 𝑐1 + [𝑚1 + 𝑚5 ln(1 + 𝜀)]𝑇 (61) 

 
𝑆1 = 𝑚1 + 𝑚5 ln(1 + 𝜀) (62) 

 

 

Figure 44. ln[sinh(𝛼𝜎)] vs. T at constant strains and strain rate to determine S1 
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 Using values of S1, the data is fit to the function in Equation 63 while maintaining 

constant strain rate, as shown in Figure 45. The values of m1 and m5 are then found for each 

strain rate as p1 and p2, respectively. Values of m1 and m5 are then averaged over all strain 

rates to determine a single value for each parameter. 

 𝑦 = 𝑝1 + 𝑝2 ln(1 + 𝑥) (63) 

 

 Thereafter, taking the natural logarithm of Equation 21, and assuming constant 

strain and temperature yields Equation 64. Then, plotting ln[sinh(𝛼𝜎)] vs. ln(𝜀̇), as shown 

in Figure 46, values of m3 for each combination of temperature and strain are found as the 

resultant slope, which are then averaged to determine a single m3 parameter. 

 ln[sinh(𝛼𝜎)] = 𝑐2 + 𝑚3 ln 𝜀̇ (64) 

 

 Finally, the remaining values of A, m2, m4, and m6 are solved using a non-linear 

least square fit by creating an objective function equal to the natural logarithm of the 

predicted stress value minus the natural logarithm of the predicted value where the known 

coefficients are specified, and the unknowns are set to be optimized. An initial guess vector 

of 0 is used, and a limit of 100000000 function evaluation limit is set. The least-square 

Figure 45. S1 vs. ε for strain rate of a) 0.01 s-1, and b) 1 s-1 to determine m1 and m5 
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optimization is performed for each combination of strain rate and temperature, as shown 

in Figures 47, and the resulting values are averaged. 

 Thus, the modified Hensel-Spittel model coefficients were determined as shown in 

Table 7. The coefficients were then used to model the alloys flow stress for the various 

Figure 47. ln(𝜎) vs. ε for strain rate of a) 0.01 s-1, and b) 1 s-1 to determine A, m2, m4, and m6 

Figure 46. ln[sinh(𝛼𝜎)] vs. ln(𝜀̇) at various temperatures to determine m3 
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temperature and strain rate conditions and are compared to the experimental flow stress 

curves in Figure 48. 

5. Discussion 

5.1. Comparison of Constitutive Models 

 The accuracy of the constitutive models described in the previous sections can be 

evaluated by comparing the experimental and predicted flow stress values for the alloy 

used in this study. The flow stress data obtained at the various combinations of temperature 

and strain rate were presented in Figures 13, 18, 22, 28, 35, 41, and 48. For the modified 

Johnson-Cook model and the more complex models (Zener-Hollomon, Hensel-Spittel, and 

modified Hensel-Spittel), there is a strong qualitative match between the experimental and 

predicted flow stresses, while for the less complex models (Johnson-Cook, Zerilli-

Armstrong, and modified Zerilli-Armstrong) the fit is notably worse.  

Table 7. Calculated modified Hensel-Spittel model coefficients 

α A m1 m2 m3 m4 m5 m6 

0.002 7.14 -0.0014 0.54 -0.056 -0.0017 3.58e-4 -0.88 

 

 

Figure 48. Comparison of modified Hensel-Spittel and experimental flow stress at a) 0.01 s-1, and b) 1 s-1 
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 To quantitatively determine the constitutive model’s efficacy for describing the 

flow stress of the CoCrFeMnNi alloy, standard statistic parameters such as the correlation 

coefficient (R), Equation 25, and the average absolute relative error (AARE), Equation 26, 

were used. Table 8 compares the correlation coefficient values for the constitutive models 

used at the various strain rate and temperature combinations, while Figure 48 compares 

direct plots of the experimental flow stress values against the predicted flow stress values 

for all experimental conditions used in this study. The R values associated with the 

modified Johnson-Cook, Zener-Hollomon, Hensel-Spittel, and modified Hensel-Spittel 

models are practically close to the value of 1, meaning there is strong correlation between 

the experimental and predicted results. 

Table 8. Comparison of the constitutive models using the correlation coefficient (R) 

Model Strain-rate 200°C 400°C 600°C 800°C Average 

JC 
0.01 0.9615 0.9421 0.9532 0.8967 

0.9454 
1 0.9575 0.9471 0.9552 0.9497 

MJC 
0.01 0.9631 0.9834 0.9890 0.9693 

0.9836 
1 0.9929 0.9893 0.9906 0.9913 

ZA 
0.01 0.9826 0.9727 0.8919 0.9409 

0.9643 
1 0.9839 0.9800 0.9831 0.9789 

MZA 
0.01 0.9527 0.9299 0.9411 0.8801 

0.9336 
1 0.9462 0.9384 0.9432 0.9374 

ZH 
0.01 0.9977 0.9998 0.9985 0.9949 

0.9988 
1 0.9999 0.9999 1.0000 1.0000 

HS 
0.01 0.9706 0.9973 0.9988 0.9803 

0.9916 
1 0.9915 0.9974 0.9989 0.9851 

MHS 
0.01 0.9860 0.9986 0.9989 0.9851 

0.9951 
1 0.9959 0.9984 0.9991 0.9985 
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Figure 49. Comparison of the constitutive models using the correlation coefficient (R) 
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 For the correlation coefficient, a higher R value is not always indicative of more 

accurate modeling results as the model can be biased towards higher or lower values. 

Therefore, a second method of comparing the model’s fits was used. Table 9 compares the 

AARE (%) values for the constitituve models at the various strain rates and temperatures. 

Consistent with the results from the correlation coefficient, the modified Johnoson-Cook, 

Zener-Hollomon, Hensel-Spittel, and modified Hensel-Spittel models are found to have 

the best fits giving AARE values of 7.39%, 6.29%, 7.53%, and 6.29%, respectively. Figure 

50 compares the different models using contour plots of the AARE value as a function of 

log(𝜀̇) and T over the range of temperatures and strain rates used. These plots can provide 

information related to errors associated with a given strain rates and temperatures. 

Table 9. Comparison of the constitutive models using the absolute average relative error (AARE%) 

Model Strain-rate 200°C 400°C 600°C 800°C Average 

JC 
0.01 13.26 19.93 7.68 10.35 

11.71 
1 5.72 7.14 8.41 21.20 

MJC 
0.01 11.06 11.88 3.23 10.54 

7.39 
1 2.35 5.67 6.47 7.92 

ZA 
0.01 15.32 36.64 38.29 59.13 

23.12 
1 7.57 6.05 6.76 15.22 

MZA 
0.01 16.48 18.70 12.76 22.84 

15.76 
1 6.79 7.99 21.42 19.11 

ZH 
0.01 5.25 4.55 6.27 10.82 

6.29 
1 10.18 7.60 1.42 4.25 

HS 
0.01 10.03 14.59 0.99 9.53 

7.53 
1 6.92 3.96 7.89 6.38 

MHS 
0.01 5.79 7.79 1.79 9.66 

6.29 
1 5.28 4.71 3.22 12.05 
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Figure 50. Comparison of the AARE (%) for: a) JC, b) MJC, c) ZA, d) MZA, e) ZH, f) HS, and g) MHS 
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 Taken all together, it is evident that the modified Johnson-Cook, Zener-Hollomon, 

Hensel-Spittel, and modified Hensel Spittel models provide the best fit with experimental 

results, while the Johnson-Cook, Zerilli-Armstrong, and modified Zerilli-Armstrong 

models gives relatively poor fit. The poor fit of the Johnson-Cook model could be attributed 

to the decoupled effects of strain rate and temperature. In contrast, the poor fits of the 

Zerilli-Armstrong and modified Zerilli Armstrong models are likely due to the models 

being developed for high strain rate modeling, which does not account for the increased 

effects of dynamic recovery processes.  

5.2. Microstructural Analysis 

 Microstructural analysis was performed to understand the difference in the 

mechanical response of low and intermediate strain rate deformation at high temperatures, 

specifically at 800˚C (above the recrystallization temperature). The data from the EBSD 

analysis of the undeformed CoCrFeMnNi sample is displayed in Figure 51. As shown in 

Figure 51a (band contrast map) and 51b (IPF map), fully FCC equiaxed grains with sizes 

ranging from 50 μm to 100 μm were detected. The IPF map displays the crystallographic 

orientation of the individual grains, which appears to be random. Twin boundaries are also 

evident, which can initiate the twinning induced plasticity (TWIP) effect seen in this alloy 

at cryogenic temperatures. The low-angle grain boundary (LAGB) and high-angle grain 

boundary  (HAGB) maps are presented in Figure 51c. The grain boundary map does not 

show a significant fraction of LAGBs, which means that the material has minimum 

dislocation density. 
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Figure 51. EBSD images of undeformed sample: a) band contrast map, b) Inverse Pole Figure map, and c) 

grain boundary map 

 The deformed sample at a strain rate of 1 s-1 at 800°C was then subjected to similar 

EBSD analysis, and the findings are summarized in Figure 52. In Figures 52a and 52b, 

elongated grains with their lengths perpendicular to the compression direction (CD) were 

found. The grains {111}//CD dominate the samples’ crystallographic texture, which is a 

common feature of deformed specimens. The occurrence of static/dynamic 

recrystallization is not evident. This observation is backed up with a significant volume 

fraction of LAGBs, measured at 90%, as shown in Figure 52c, meaning that dislocations 

were not eliminated during hot deformation. This observation is consistent with the stress-

strain curve for the sample at a strain rate of 1 s-1 and temperature of 800°C, shown in 

Figure 53, which showed a continuous work hardening behavior and did not attain steady-
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state stress. The phase map in Figure 52d shows that the alloy remains entirely FCC after 

deformation (no signs of deformation-induced phase transformation). 

 

Figure 52. EBSD images of the deformed sample at strain rate of 1 s-1 and deformation temperature of 

800°C: a) band contrast map, b) Inverse Pole Figure map, c) grain boundary map, and d) phase map 

 
Figure 53. Comparison of stress-strain curves at 800°C showing steady-state flow at strain rate of 0.01 s-1 
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 The EBSD results for the sample deformed at the lower strain rate of 0.01 s-1 at 

800°C are depicted in Figure 54. The data is presented in band contrast (Figure 54a), IPF   

(Figure 54b), grain boundary (Figure 54c), and phase (Figure 54d) maps. The band contrast 

and IPF maps reveal elongated grains perpendicular to the compression direction, similar 

to the sample deformed at 1 s-1; however, this sample also includes obvious static/dynamic 

recrystallization along the grain boundaries. A typical necklace microstructure, a 

metallurgical phenomenon associated with discontinuous dynamic recrystallization, can be 

observed. The recrystallized grains are found to have grain sizes below 5 μm. This 

phenomenon reduces the material’s overall dislocation density, resulting in a lower volume 

fraction of LAGBs in Figure 54c, measured at around 83%. This observation is consistent 

with the material’s stress-strain curve at a strain rate of 0.01 s1 and deformation temperature 

of 800°C (see Figure 53) that shows a steady-state stress condition. This shape of the stress-

strain curve is typical for materials that underwent dynamic recrystallization. Similar to the 

structure at the faster strain rate, no deformation-induced phase transformation was 

detected, as depicted in the phase map of Fig 54d. 

 The microstructures associated with undeformed and deformed samples were 

analyzed in this section to fully understand the shape of the stress-strain curve at different 

deformation conditions. The accuracy of the models is dependent on activated 

metallurgical phenomena that affect the measured strain and stress. 



 

66 

 

 

Figure 54. EBSD images of the sample deformed at a strain rate of 0.01 s-1 and temperature of 800°C: a) 

band contrast map, b) Inverse Pole Figure map, c) grain boundary map, and d) phase map 

6. Conclusions 

 In this study, the compressive deformation of the equiatomic CoCrFeMnNi high 

entropy alloy was examined at temperatures ranging from 200-800°C and at strain rates of 

0.01 s-1 and 1 s-1. Comparing the stress levels between samples tested at 0.01 s-1 and 1 s-1, 

it appears that the material has a weak strain rate sensitivity, consistent with literature data. 

At 800°C, evidence of dynamic recrystallization and flow softening can be seen in the 

curve of the sample tested at strain rates of 0.01 s-1, but not at 1 s-1. An EBSD analysis was 

used to confirm the occurrence of discontinuous dynamic recrystallization when deformed 

at a strain rate of 0.01 s-1 and temperature of 800°C. This observation is attributed to the 
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increased straining time at the lower strain rate allowing for more time for the dynamic 

recrystallization processes to occur.  

 The experimental flow stresses were then used to determine model coefficients for 

various constitutive models, namely Johnson-Cook, modified Johnson-Cook, Zerilli-

Armstrong, modified Zerilli-Armstrong, Zener-Hollomon, Hensel-Spittel, and modified 

Hensel-Spittel. Comparing the constitutive models over the ranges of temperatures and 

strain rates used in this study to the experimental values, the modified Johnson-Cook, 

Zener-Hollomon, Hensel-Spittel, and modified Hensel-Spittel models are found to model 

the alloy’s flow stress most accurately. In contrast, the Johnson-Cook, Zerilli-Armstrong 

and modified Zerilli-Armstrong models are found to have a relatively poor agreement.  

7. Future Work 

 Due to the lack of availability of modeling data for the CoCrFeMnNi alloy, future 

work could expand the ranges of temperatures and strain rates of this alloy to include a 

large data set. More specifically, it would be useful to expand the range of temperatures 

down to the cryogenic range, as this alloy has been shown to be particularly suitable for 

applications in these conditions. Because the strength increase with decreasing temperature 

is unique to this alloy, it would be interesting to see if any existing models are able to 

account for this behavior. Future work could also look to develop unique or modified 

constitutive models for this alloy. Once the models have been expanded, the models can 

then be adapted for commercial finite element software. 

 Additional work could also look to modify the composition of the CoCrFeMnNi 

alloy. As mentioned, this alloy has shown to have significant changes in structure and 
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properties with minor changes and additions to its composition due to the activation of 

additional strengthening mechanisms. Notably, minor carbon additions have proven to 

significantly increase the strength of the equiatomic CoCrFeMnNi alloy due to interstitial 

solid solution strengthening and the ability to alter the phase stability and SFE in order to 

tune the deformation mechanisms [57].  
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