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Abstract 

CoCrFeMnNi high entropy alloy (HEA) serves as a model material that researchers can 

utilize to gain better understanding of HEA-specific characteristics. When considering 

CoCrFeMnNi and other HEAs for load-bearing applications, it is necessary to understand 

possible phase decomposition and its potential influence on mechanical behavior. The aim 

of this study is to describe phase decomposition in coarse-grained equiatomic 

CoCrFeMnNi HEA after aging 360 h at 610 °C and 720 h at 700 °C, and show how the 

reported secondary phases influenced its mechanical behavior via Vickers microhardness 

and quasi-static tensile experimentation. A Cr-rich phase and MnS inclusion were observed 

in CoCrFeMnNi aged for 360 h at 610 °C. The magnitude of hardness for this aged material 

was statistically similar to that of the unaged material, indicating that the Cr-rich phase and 

MnS precipitates were too small to significantly affect the material hardness. Formation of 

Cr-rich phase resulted in precipitation strengthening where the yield strength increased by 

9% with no significant loss in ductility. Precipitation of Cr-rich, FeCo-rich, and FeCr-rich 

phases and the MnS inclusion were observed after aging 720 h at 700 °C, resulting in a 

substantial decrease in yield strength from 291 MPa to 130 MPa. The ultimate tensile 

strength exhibited a shallower decline due in part to strength preservation via the extensive 

work hardening ability of CoCrFeMnNi. The significant decrease in strength was 

accompanied by reduction in ductility due to the overall brittle nature of the secondary 

phases and severe softening resulting from segregation of Ni. The effects of phase 

decomposition on the mechanical properties of CoCrFeMnNi after aging 720 h at 700 °C 
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are consistent with reports concerning phase decomposed austenitic stainless steel, namely 

degradation of the material’s strength and ductility. 
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Chapter 1. Introduction 

1.1. Overview of High Entropy Alloys 

Conventional alloy development is largely restricted to a single-principal element 

approach. Consequently, metallurgical knowledge is skewed towards unary and binary 

alloy systems with little to no knowledge on more complex compositions [1]. Furthermore, 

according to Cantor et al. [2] the conventional alloying method limits the scope of 

discovery for new materials. They estimate the number of possible conventional alloys to 

be on the order of 1011 which pales in comparison to the total number of possible alloys, 

estimated to be around 1078 [2]. 

Multi-principal element alloys (MPEAs) are a new class of metallic material that, 

unlike conventional alloys, contain multiple principal elements in equal or near-equal 

concentration. This novel alloying method allows the expansion of metallurgical 

knowledge beyond that of traditional alloy systems [1], and vastly increases the 

opportunities for new alloy discoveries [3–5]. The total number of possible MPEAs can be 

estimated via the binomial coefficient shown in Equation (1), where N is the number of 

elements and P is the number of principal elements. 

 
!

! !
     (1) 

Yeh et al. [3] showed that a random selection of 13 elements with 5 to 13 equiatomic 

principle elements yields 7,099 alloy systems. Generally, as the number of principal 

elements increases, the total number of possible equiatomic compositions increases 

exponentially as shown in Figure 1 [4]. The inset of the figure shows a representative phase 
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diagram. The vertices of the phase diagram denote areas of high concentration of a single 

element and corresponds to conventional alloys. The interior denotes alloys with 

equiatomic or near-equiatomic compositions and corresponds to MPEAs. 

 

Figure 1: Possible equiatomic compositions as a function of number of principal elements [4]. 

 

A phase is any part of a material that has uniform physical and chemical 

characteristics [6]. A secondary phase or precipitate is any new phase distinguished from 

the original, parent phase. Conventional understanding of physical metallurgy and phase 

diagrams suggest the formation of brittle, secondary phases in MPEAs that would render 

the alloys unsuitable for practical application [3,7–9]. Therefore, early MPEA studies 
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focused on the development of single-phase alloys to avoid secondary phase formation and 

retain attractive characteristics such as high strength and good ductility found in other 

conventional alloys [3,10]. 

Cantor et al. [1] and Yeh et al. [3] independently developed the first single-phase 

MPEAs in 2004. Yeh et al. [3] hypothesized that single-phase formation in these complex 

alloys is due to an apparent relationship between high configurational entropy and phase 

stability. This hypothesis is known in literature as the entropic stabilization or high-entropy 

effect.  

Entropy (S) is a measure of thermal energy in a system that is unavailable to do 

work. Since work is obtained from molecular motion, entropy can be further defined as a 

measure of randomness or disorder in the arrangements of atoms and molecules [6,11,12]. 

Configurational entropy (Sconf) is the portion of entropy given as the discrete representative 

positions of atoms and molecules in a system [12,13]. Equation (2) shows Boltzmann’s 

model describing the relationship between a system’s entropy and its complexity [3,12] 

where Boltzmann’s constant, k, has a value of 1.38 x 10-23 J/K and W is the number of 

possible microscopic states, or atomic arrangements, that can exist in a system. W is 

equivalent to nN (where N is the number of particles randomly distributed within a number 

of elements n). 

𝑆 𝑘 ln𝑊     (2) 

As more atoms and molecules are introduced into a mixture, the number of distinct possible 

atomic arrangements increases [9,14,15]. It follows then that the configurational entropy 
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of an alloy increases with increasing elements, as shown by Equation (3), where R is the 

universal gas constant and n is the number of elements. 

𝑆 𝑅 ln 𝑛     (3) 

Yeh et al. [3] suggested that most secondary phases possess a magnitude of Sconf less than 

1.6R. Therefore, by developing an alloy with magnitude of Sconf greater than or equal to 

1.6R, the microstructure is thermodynamically stabilized against secondary phase 

formation. Based on this entropic stabilization hypothesis, the first examples of MPEAs 

are known as high entropy alloys (HEAs). HEAs are a specific subclass of MPEAs defined 

entropically as possessing configurational entropy greater than or equal to 1.5R [3,16,17]; 

and defined compositionally as containing at least five elements in concentrations of 5 – 

35 at.% [3]. 

Initially widely accepted [3,7,18–22], it has been proven that high entropy alone 

does not guarantee the formation of stable, single-phase solid solutions. Some alloys that 

satisfy one or both HEA definitions fail to form stable solid solutions and/or undergo 

secondary phase formation (phase decomposition) given certain conditions (e.g. heat 

treatment, deformation, etc.) [23–32]. Otto et al. [33] concluded in their study that entropy 

alone is not able to overcome other forces that govern phase stability, such as enthalpy. 

The failure of high entropy to guarantee the formation of solid solution phases in certain 

alloys could be related to various thermodynamic and kinetic factors [9] not discussed in 

this thesis. Miracle et al. [10] found that most of the discovered HEAs do in fact possess 

multi-phase microstructures. Based on current understanding of secondary phase formation 

in these alloys, there has been a shift away from the development of single-phase HEAs to 
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that of complex HEAs with desirable multi-phase microstructures [34–36]. Alternative 

names to “high entropy alloys” have also been introduced including complex concentrated 

alloys (CCAs) and baseless alloys (BAs) [10,37,38]. Since its introduction, the MPEA field 

has expanded to include both single-phase and multi-phase alloys, and alloys with as few 

as three principle equiatomic elements [37].  

Research on high entropy alloys has increased substantially [9,39] due to their 

exceptional material properties including high strength [19,40,41], high hardness 

[24,42,43], excellent fracture toughness [44,45], good wear resistance [19,46–48], and 

good corrosion resistance [49,50]. These and other properties were found to be comparable 

to or better than that of conventional alloys such as stainless steels and nickel superalloys 

[3,44,51–57]. Figure 2 compares the strength of HEAs and conventional alloys as a 

function of ductility. The similar strength of both alloy fields can be observed from the 

figure. 

 

 

Figure 2: Comparison of tensile properties of conventional alloys and high entropy alloys [58]. 
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Figure 3: Yield strength as a function of temperature of select conventional alloys and high 

entropy alloys [54]. 

 

Note the general trend of higher strength corresponding to decreased ductility and vice 

versa. This inverse relationship between strength and ductility, known as the strength-

ductility tradeoff, is a phenomenon observed in most metal alloys [6,59]. Strength as a 

function of temperature is shown in Figure 3. This figure compares different HEAs to five 

conventional alloys and shows that in the range of cryogenic to high temperature, HEAs 

have similar or better yield strength compared to the presented conventional alloys. The 

enhanced properties of HEAs was believed to result from four “core” effects – the cocktail, 

sluggish diffusion, severe lattice distortion, and entropic stabilization effects [8]. The 

influence of these has been recently challenged and shown not to be as pronounced as 

previously thought [10,23]. As research on HEAs continues, a deeper understanding of the 

four core effects and their influence on HEA properties can be realized. 
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Considering the ever-increasing number of new HEA discoveries, attempts have 

been made to group them according to their chemical compositions. The HEA groups 

include 3d-transition metal HEAs, refractory metal HEAs, transition metals with larger 

atomic-radius elements, light metal CCAs, lanthanide (4f) transition metal CCAs, brass 

and bronze CCAs, precious metal CCAs, and interstitial compound CCAs [10,54]. Of the 

408 high entropy alloys reviewed by Miracle et al. [10], 85% belong to the 3d-transition 

metal HEA group which is considered to be analogous to conventional austenitic stainless 

steels [10,44,55,60–64]. The prototypical 3d-transition metal HEA – equiatomic 

CoCrFeMnNi alloy – was the first discovered single-phase HEA and has been studied 

extensively [29,44,56,65–69]. 

 

1.2. CoCrFeMnNi High Entropy Alloy 

 The equiatomic CoCrFeMnNi HEA (known as the Cantor alloy) is a single-phase, 

disordered solid solution with a face-centered cubic (fcc) crystal structure [1,33,70,71]. The 

alloy’s only constituent element possessing a fcc crystal structure at room temperature is 

nickel (Ni). Iron (Fe) and chromium (Cr) both have body-centered cubic (bcc) structures, 

cobalt (Co) has a hexagonal close packed (hcp) structure, and manganese (Mn) has a 

complex A12 structure [33,66]. 

Previously believed to be a single-phase solid solution at all temperatures below its 

solidus [56,70,72], the Cantor alloy has been shown to be metastable and subject to phase 

decomposition [29,31,60,65,73,74]. Phase decomposition is governed by the diffusion 

rates of elements which are profoundly influenced by temperature and microstructure 
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[6,75]. The sluggish diffusion “core” effect of HEAs states that diffusion (atomic motion) 

in HEAs is relatively slow or hindered. Two studies have shown that diffusion in high 

entropy alloys is slower when compared to conventional alloys [70,76]; however, the 

relative decrease in diffusion rate is not very significant [10,23,77]. In the case of the 

Cantor alloy, all five constituent elements were found to have lower diffusion coefficients 

than when present in a conventional alloy [60,70]. Tsai et al. [70] found that nickel 

possesses the lowest diffusion rate and concluded that this element likely controls the 

Cantor alloy’s overall diffusion process. Elemental diffusion alters the microstructure of 

alloys and, by extension, influences their mechanical behavior [75]. 

To the author’s knowledge, six studies [29,31,60,65,73,74] have reported 

secondary phase formation in CoCrFeMnNi after aging in the intermediate temperature 

range (450 °C to 900 °C) for 5 min – 12,000 h. According to these studies, nine precipitates 

can potentially form in the Cantor alloy (summarized in Table 1). Many of these 

precipitates have been observed at grain boundaries [29,31,60,65,73,74] which are more 

chemically reactive and have a higher energy state than grain interiors [6]. Due to their 

relative high energy state, grain boundaries are pathways for atomic diffusion and are 

preferential nucleation sites for secondary phase formation [29]. Some precipitates 

resulting from phase decomposition in this alloy are commonly associated with decreased 

strength, loss of ductility, and premature fracture in conventional alloys [15,29,31,78–80]. 

For example, Pohl et al. [81] found that formation of the topologically close-packed (tcp) 

σ phase in stainless steel led to embrittlement of the material, reduction in toughness, and 

loss of corrosion resistance. CoCrFeMnNi is expected to exhibit similar reduced 
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mechanical performance due to phase decomposition. However, the equiatomic 

composition of the Cantor alloy may result in microstructural and mechanical behavior that 

differs from that of comparable conventional metals. 

 

Table 1: Summary of secondary phases reported in CoCrFeMnNi high entropy alloy. 

Secondary Phase Crystal Structure Reference 

Cr phase bcc [29,31,73,74] 

NiMn intermetallic L10 [29,31] 

FeCo intermetallic B2 [29,31] 

σ phase tcp [31,65,73,74] 

Cr2MnO4 oxide - [31] 

MnS inclusion - [31] 

M23C6 carbide - [31,65] 

Cr oxide - [60] 

Mn oxide - [60] 

 

Consider, for example, the corrosion resistance of both the Cantor alloy and stainless steel. 

Chromium in 300-series stainless steel interacts with the other constituent elements to form 

a stable passive film that substantially increases corrosion resistance in the alloy. 

Contrarily, the high manganese content of CoCrFeMnNi impedes the formation of a stable 

passive surface layer resulting in relatively poor corrosion resistance [82,83]. Other 

distinguishing characteristics of the Cantor alloy include change in dominant deformation 

mechanism from dislocation slip at low strain rates to deformation by nano-twinning at 
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high strain rates [10,56,84], and superior mechanical properties at cryogenic temperatures 

[44]. 

 

1.3. Motivation 

Materials are assessed for use in practical application by considering their 

mechanical properties and mechanical behavior. The secondary phases that precipitate in 

CoCrFeMnNi can have a potentially negative effect on the alloy’s mechanical behavior; 

therefore, it is necessary to understand the mechanical evolution of phase-decomposed 

CoCrFeMnNi before it can be considered for practical use. Consider, for example, nuclear-

generated power – an application where the Cantor alloy could potentially replace or 

supplement currently used conventional alloys. In pressurized-water reactors (PWRs), 300-

series austenitic stainless steels (specifically AISI 304 and AISI 316) are used for piping, 

steam dryers, pump structures, and structural material for the reactor core [85]. PWRs have 

an average operating temperature of 345 °C. During a loss of coolant accident (LOCA), 

the reactor can reach temperatures well beyond 900 °C [86] resulting in ideal conditions 

for the occurrence of phase decomposition in the Cantor alloy. Presently, the Cantor alloy 

cannot be assessed for use in this or other applications as secondary phase effects on its 

mechanical behavior are not sufficiently understood. At the inception of this study, the 

author was aware of only two reports in literature [29,60] that examined the effects of phase 

decomposition on the Cantor alloy’s mechanical behavior. In the study by He and 

colleagues [60], dog bone specimens used in low strain rate, elevated temperature tensile 

experiments were reported to undergo phase decomposition resulting in weakening of the 
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material. Schuh et al. [29] focused on the effects of severe plastic deformation on 

mechanical properties, microstructure, and thermal stability of the Cantor alloy. The 

material used in their study was originally coarse-grained but underwent significant grain 

refinement during plastic deformation resulting in nano-sized grains. After aging at 450 °C 

for 1 h, secondary phases were observed in the microstructure that led to an increase in 

strength and loss of ductility. Subsequent aging for 15 h saw reduction in the material’s 

strength. Later studies by Pickering et al. [65] and Otto et al. [31] reported phase 

decomposition in the Cantor alloy but neither included discussion on mechanical behavior 

evolution. 

This study aims to describe the phase decomposition in coarse-grained equiatomic 

CoCrFeMnNi after aging 360 h at 610 °C and 720 h at 700 °C, and show how the reported 

secondary phases influence its mechanical behavior via Vickers microhardness and quasi-

static, room temperature tensile experimentation. These mechanical experimentation 

methods were chosen to maintain consistency with methods reported in literature, making 

it easier to draw comparisons. The following will provide an overview of the thesis: 

Chapter 2 introduces and describes the material used in this study as well as the methods 

employed for heat treating. Chapter 3 describes the methods used for microstructural 

characterization and mechanical experimentation, and presents the experimental results. 

Chapter 4 includes discussion of the results. Chapter 5 summarizes the main conclusions 

of the study. Chapter 6 details possible future work and is followed by the list of references. 
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Chapter 2. Material and Heat Treatment 

2.1. Material 

 Ingots of CoCrFeMnNi were produced at the National Energy Technology 

Laboratory (NETL) via induction melting and given a computationally optimized 

homogenization heat treatment. After solidification, the ingots were hot worked: preheated 

to 975 °C, forged into rectangular shapes, then rolled into plates with a nominal thickness 

of 0.16 mm. Following the last roll pass, the plates were reheated for five minutes and then 

air-cooled [87]. The chemical composition of the Cantor alloy is shown in Table 2 [87]. 

The presence of interstitial elements – carbon, nitrogen, oxygen, and sulfur – results from 

normal contamination during fabrication and processing. Their presence is expected to 

encourage the formation of oxides, nitrides, and carbides during the aging process [55].  

Flat dog-bone-shaped specimens with gauge length, width, and thickness 

measuring 16 mm, 3 mm, and 2 mm, respectively, were made from the Cantor alloy plates 

using electron discharge machining. A schematic of the dog bone specimen is shown in 

Figure 4.  

 

Table 2: Chemical composition of CoCrFeMnNi high entropy alloy used in this study [87]. 
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Figure 4: Schematic of dog bone specimen (dimensions in millimeters). 

 

2.1.1. Initial Microstructure 

Initial microstructure data for the unaged Cantor alloy is used with permission from 

colleague Dr. Mitra Shabani [87]. The electron backscatter diffraction (EBSD) inverse pole 

figure (IPF)-Z map in Figure 5 shows that the unaged Cantor alloy possesses an equiaxed, 

coarse-grained microstructure with grains that have random crystallographic orientation. 

 

 

Figure 5: EBSD inverse pole figure (IPF)-Z map created using scanning electron microscope 

(SEM) [87]. 

1.7 
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Average grain size of 23.87µm was found using ellipse fitting method in AZtecHKL 

software [87]. Annealing twins were observed in the microstructure, a common feature of 

fcc metals [88]. EDS maps of the unaged Cantor alloy are shown in Figure 6. There exists 

no evidence of segregation of any of the five constituent elements, confirming that the 

Cantor alloy specimens used in this study possess a single phase. 

 

 

Figure 6: Elemental EDS map of unaged Cantor alloy showing uniform distribution of Cr (a), Fe 

(b), Co (c), Ni (d), and Mn (e). 

A B 

C D 

E 
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2.2. Heat Treatment 

Accelerated aging is a type of heat treatment used to more quickly determine long-

term material response under certain conditions [89]. In this study, accelerated aging is 

used to simulate a high temperature environment to induce phase decomposition. 

Considering time constraints, available equipment, and observations reported in literature 

[29,31,60,65,73,74], two accelerated aging methods were selected. The short-term aging 

method is defined in this study as aging for 360 h at 610 °C. The long-term aging method 

is defined in this study as aging for 720 h at 700 °C. Expected phases for the short-term 

and long-term aging methods are summarized in Table 3. 

 

Table 3: Accelerated aging methods and expected phases. 

Expected Phase 
Phase Crystal 

Structure 
Aging Method Reference 

Cr phase bcc 
Short-Term 

(360 h at 610 °C) 
[29,31,73,74] 

NiMn intermetallic L10 
Short-Term 

(360 h at 610 °C) 
[29,31] 

FeCo intermetallic B2 
Short-Term 

(360 h at 610 °C) 
[29,31] 

σ phase tcp 
Long-Term 

(720 h at 700 °C) 
[31,65,73,74] 

 

The short-term aging method targets the formation of the Cr phase as well as NiMn and 

FeCo intermetallics. The long-term aging method targets formation of the σ phase. A phase 
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diagram, created by Saal et al. [90] and based on precipitation phenomena observed by 

Otto et al. [31], is shown in Figure 7. 

 

 

Figure 7: Phase fraction as a function of CALPHAD-predicted temperature [90]. Ovals indicate 
the area of interest for the short-term (ST) and long-term (LT) aging methods. 

 

Specimens were placed on ceramic plates and carefully set into a Carbolite-Gero 

Laboratory Chamber Furnace. The furnace featured a primary temperature control and a 

safety backup control. The backup control was set 75 – 100 °C above the primary control 

to prevent overheating and reduce the chances of a hazardous event. The heat treatment 

was timed once the furnace reached target temperature. The specimens were not sealed in 

tubes during aging. Following heat treatment, laboratory tongs were used to transfer aged 

specimens from the hot ceramic plate to a cool ceramic plate where they were naturally air 

quenched for at least 24 h.  
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Chapter 3. Methods and Results 

This chapter includes the presentation of methods and results for microstructural 

characterization and mechanical experimentation. This is followed by a brief analysis on 

correlation between strength and hardness results. 

 

3.1. Microstructural Analysis 

3.1.1. Microscopy Methods 

A Buehler EcoMet™ 3 Grinder-Polisher was used to polish the side of the specimen 

surface facing the ceramic plate during aging (as opposed to the opposite “airside” surface 

where significant oxidation damage was anticipated). The Buehler EcoMet™ was first 

loaded with P400 silicon carbide (SiC) paper and set to rotate at 100 revolutions per minute 

(RPMs). The specimen was held in place by hand for four minutes, turned 180°, then 

polished again for four minutes. This technique continued while polishing with P800 and 

P1200 SiC. For fine polishing (P1500 and P4000), RPM was increased to 200. The 

specimens were again held in place by hand for four minutes, rotated 180°, and polished 

once more for four minutes. This method of polishing was also used to prepare specimens 

for mechanical experimentation. 

Specimens were further polished using a standard diamond-paste polishing method 

for NiCrFe alloys, and their microstructures analyzed for secondary phases by George 

Wetzel at Clemson University’s Advanced Materials Research Laboratory (AMRL). The 

middle of the specimen surface was scanned using EBSD to produce a map of the 

microstructure and to analyze the crystal structure of any secondary phases. Energy-



18 

 

dispersive spectroscopy (EDS) determined the composition of the secondary phases. 

Elements of interest for EDS included Co, Cr, Fe, Mn, and Ni, as well as contaminant 

elements O, C, N, and S. 

 

3.1.2. Microscopy Results: Grain Size 

EBSD IPF-Z maps of the Cantor alloy aged for 360 h at 610 °C and aged for 720 h 

at 700 °C are shown in Figures 8 and 9, respectively. The IPF-Z maps for both aged 

materials show coarse-grained microstructures and the presence of annealing twins. EBSD 

data was imported into MathWorks® MATLAB® R2020b via the MTEX toolbox for 

further analysis. A misorientation or tolerance angle and a minimum diameter were 

specified in the MATLAB® code to define the grains and eliminate noise. The standard 

Orientation Imaging Microscopy (OIM) Analysis™ misorientation angle of 5° was 

specified [91,92] for both aged specimens.  

 

 

Figure 8: EBSD IPF-Z map of CoCrFeMnNi aged 360 h at 610 °C. 
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Figure 9: EBSD IPF-Z map of CoCrFeMnNi aged 720 h at 700 °C. 

 

The minimum grain diameter specified for each aged material is based on the respective 

MTEX EBSD results and takes into consideration the average grain size of the unaged 

material (23.87µm). The minimum grain diameter was specified as 12µm for the material 

aged 360 h at 610 °C and 15µm for the material aged 720 h at 700 °C. The average grain 

size was found to be 24.91µm for the short-term aged material and 24.77µm for the long-

term aged material. The lack of substantial grain growth in coarse-grained Cantor alloy 

following both accelerated aging treatments agrees with observations in literature 

[31,60,65,73]. Grains grow at elevated temperatures to reduce total boundary energy [6]. 

The activation energy needed to initiate grain growth in coarse-grained materials is higher 

than that for fine-grained material. Therefore, only after aging for thousands of hours (e.g. 

12,000 h [31]) has substantial grain growth been observed in coarse-grained CoCrFeMnNi. 

 

 



20 

 

3.1.3. Microscopy Results: Phase Decomposition 

EBSD and EDS images for the material aged 360 h at 610 °C are shown in Figure 

10. The backscatter electron (BSE) image (Figure 10a) shows precipitates within grains 

and at grain boundaries. The precipitates in the grain interiors are most likely oxide, sulfide, 

or nitride inclusions. Figure 10b-f shows the corresponding EDS maps. The maps show 

precipitates that are rich in Cr and depleted in all other elements, indicative of a Cr-rich 

phase. Also present are precipitates rich in Mn and S where a manganese sulfide (MnS) 

inclusion could be readily assumed. The Cr-rich phase present in this short-term aged 

material is likely the bcc Cr-phase observed in literature, however the EBSD results to 

explicitly determine the crystal structure of the observed Cr-rich phase were inconclusive. 

The Cr-rich phase and the MnS inclusions measure roughly 1 – 2µm. There is no evidence 

of the NiMn and FeCo intermetallics. 

Figure 11 shows the microstructure of the material after aging 720 h at 700 °C. 

Precipitation within grains and at grain boundaries can be seen in the BSE image (Figure 

11a). Figures 11b-f show the corresponding EDS maps. There is an increase in the variety 

of precipitates observed when compared to the short-term aged material. Figure 11e shows 

significant depletion of Mn with small areas of high Mn concentration. These Mn-rich 

areas also contain high concentration of sulfur indicating the MnS inclusion.  
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Figure 10: Microstructure of the Cantor alloy aged 360 h at 610 °C. EBSD BSE image (a) and 

EDS imaging showing distribution of Co (b), Cr (c), Fe (d), Mn (e), and Ni (f). Small Cr-rich 

phase as well as MnS inclusion can be observed from the images. 

A B 

C D 

E F 
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Figure 11: Microstructure of the Cantor alloy aged 720 h at 700 °C. EBSD BSE image (a) and 

EDS imaging showing distribution of Co (b), Cr (c), Fe (d), Mn (e), and Ni (f). FeCo-rich, FeCr-

rich, and Cr-rich phases as well as MnS inclusion can be observed in the images. 

A B 

C D 

E F 
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Figures 11b and 11d show precipitates rich in Fe and Co indicating the formation of a 

FeCo-rich phase. In Figure 11c, segregation of Cr can be seen. Some of these Cr-rich 

areas are shown to be depleted in all other elements, indicative of a Cr-rich phase; others 

are rich in both Fe and Cr, indicating a FeCr-rich phase and possible nucleation of the σ 

phase. Figure 11f shows areas of relatively high nickel concentration. The Cr-rich and 

FeCo-rich phases present in this long-term aged material are likely the bcc Cr phase and 

B2-FeCo intermetallic, respectively. However, the EBSD results to explicitly determine 

the crystal structure of the Cr-rich and FeCo-rich phases, as well as the FeCr-rich phase, 

were inconclusive. 

 

3.2. Microhardness Experimentation 

3.2.1. Microhardness Methods 

A Leco MHT Series 200 was used to conduct Vickers microhardness experiments. 

Specimens were loaded with a force of 1000 gf at a dwell time of 15 seconds [29]. Each 

experiment consisted of ten indentations [71] measured with an onboard filar-scale 

micrometer. To eliminate the interaction of stress fields created by indenting the specimen 

surface, subsequent indents were spaced at 10x the average diameter of the previous indent, 

measured in filar units. This spacing method was suggested in the Leco MHT Series 200 

device manual and continued until reaching any edge. Figure 12 shows Cantor alloy with 

indents denoted by colored diamonds. The indentations marked here are not to scale. 
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Figure 12: Cantor alloy specimen used for microhardness experiments. Indents denoted by 

colored diamonds (not to scale). 

 

Jae Lowe of the Clemson University Materials Science and Engineering Department 

assisted in verifying the measurement error of the Leco 200’s micrometer. It was 

determined that one filar unit was equivalent to 0.02428 mm. This value was used to 

convert the measured diameters of the indents from filar units to millimeters. Following 

conversion, the average diameter (daverage) was found for each indent. To determine the 

Vickers hardness number (HV), daverage  was input into Equation (4), where P is the load in 

kg [6]. 

𝐻𝑉 .
      (4) 

3.2.2. Microhardness Results 

Vickers microhardness was used to estimate the effects of aging on the strength of 

the CoCrFeMnNi specimens. Based on select studies from literature, the hardness of the 

unaged Cantor alloy ranges between 144 HV [93] and 176 HV [94]. Results from 

microhardness experimentation, summarized in Table 4, are within the range given in 

literature, and are also comparable to 304 stainless steel and 316 stainless steel [95]. A 

value of 147 HV was recorded for the unaged Cantor alloy with a standard deviation of ± 

3 HV. A slightly decreased hardness of 146 HV was recorded for the Cantor alloy aged 
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360 h at 610 °C with a standard deviation of ± 2 HV. A slightly higher value of 152 HV 

was recorded for the Cantor alloy aged 720 h at 700 °C with a standard deviation of ± 3 

HV. Statistical significance calculations for the hardness magnitudes of the short-term and 

long-term aged materials are summarized in Table 5. The Z score was calculate using 

Equation (5) where X is the hardness of the unaged material and µ is the average hardness 

of the aged material.  

𝑍 µ

 
      (5) 

 

Table 4: Results of Vickers microhardness experimentation 

Material 
Aging 

Method 

Average 
Hardness 

(HV) 

Standard 
Deviation 

(HV) 

Percent 
Change 

Compared to 
Unaged 

Cantor Alloy 

Cantor Alloy Unaged 147 ± 3 - 

Cantor Alloy 
360 h at 610 

°C 
146 ± 2 -1% 

Cantor Alloy 
720 h at 700 

°C 
152 ± 2 +3% 

304 Stainless 
Steel 

- 129 - -12% 

316N 
Stainless Steel 

- 155 - +5% 
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Table 5: Statistical significance of the hardness of the aged materials. 

Aging 
Method 

Average 
Hardness 

(HV) 
Z score P-value 

Statistically 
Significant 

360 h at 610 
°C 

146 0.5 0.6170 No 

720 h at 700 
°C 

152 -3.0 0.0027 Yes 

 

The Z score was then converted to p-value via a calculator tool. The significance level, α, 

was taken to be 5%, meaning the p-value of the data must not exceed 0.05 to be considered 

significant. It was found that the hardness of the short-term aged material was statistically 

insignificant, and the hardness of the long-term aged material was statistically significant. 

 

3.3. Tensile Experimentation 

3.3.1. Tensile Experimentation Methods 

Digital image correlation (DIC) was used in conjunction with tensile 

experimentation to determine the mechanical behavior of the aged dog bone specimens. 

DIC is a non-contact, optical technique used in this study to estimate 2D displacements via 

a sequence of images taken of the specimen surface during tensile testing. From a reference 

image (e.g. the first image), subsequent images are matched or correlated to calculate 

strain. This technique requires the specimen surface be covered with a speckled pattern. 
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The size of the speckles, their contrast, and distribution, etc. are important for successful 

image correlation and noise reduction [96]. After polishing, the Cantor alloy specimens 

were speckled using an air brush and white paint, and then loaded into an MTS Landmark 

370 hydraulic load frame. Small metal clamps and #51 pins, at top and bottom of the 

specimen (see Figure 4), were used to hold the specimen in place and maintain alignment. 

Uniaxial, quasi-static, room temperature tensile experiments were conducted at a strain rate 

of 1 x 10-4 mm/mm until specimen failure. Figure 13 shows the setup of the load frame 

with a specimen held via hydraulic grips and the DIC camera setup including cameras and 

light source. 

 

 

Figure 13: MTS load frame and camera setup. 

 

Specimen 

Light Source 

Load Cell 

Camera 

Lower Grip 

Hydraulic 
Frame 

Upper Grip 
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A Point Grey GS3 camera with 1x Navitar adapter lens was used to capture images during 

the tensile experiments. The images were correlated via the VIC-2D 6 application using 

partitioned correlation method. Partitioned correlation can be used as an alternative method 

when the images captured during a test cannot be correlated back to a single reference 

image; or when the summation of error, as done in incremental correlation, is not ideal. 

When correlating using partitioned correlation, images are divided into multiple sub-series 

where each image in a sub-series is correlated back to the starting image of that sub-series. 

Images were analyzed in VIC 2D 6 using the following user-parameters for each specimen: 

step size (ST) of 5, strain computation filter size (SW) of 5, and subset size (SZ) of 29 px. 

Each pixel within a subset was center-weighted using Gaussian weights to achieve the best 

combination of spatial resolution (SR) and displacement resolution. The virtual strain 

gauge size (VSG), calculated using Equation (6), was found to be 21 px. The spatial 

resolution, calculated using Equation (7), was found to be 49 px.  

𝑉𝑆𝐺 𝑆𝑇 ∗ 𝑆𝑊 1 1     (6) 

𝑆𝑅 𝑆𝑇 ∗ 𝑆𝑊 1 𝑆𝑍     (7) 

VIC-2D 6 uses a subset shape function method to calculate Lagrangian strains. Figure 14 

is an image obtained from VIC 2D 6 showing the Cantor alloy specimen subjected to tensile 

forces. Once strain values are obtained for the images in the initial sub-series, total strain 

is calculated by adding the strain value of the last image in the initial sub-series to the strain 

value of each image in the subsequent sub-series. 
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Figure 14: Image of Cantor alloy specimen under tension viewed in VIC-2D 6. 

 

3.3.2. Tensile Experimentation Results 

Stress-strain curves obtained from tensile experimentation of the unaged and aged 

material are summarized in Figure 15; the elastic region is shown in Figure 16. The strain 

energy density, or toughness (Ut), represented by the area under a stress-strain curve, was 

calculated for the Cantor alloy specimens using MathWorks® MATLAB®. Area 

reduction, AR, was calculated by taking the percent change of the cross-sectional area 

before (A0) and after (A) tensile experimentation The area reduction formula is shown in 

Equation 8. 

𝐴𝑅       (8) 

 

1mm 
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Figure 15: Stress-strain curves of unaged and aged Cantor alloy. Note that strain to failure is not 

displayed in the graphic. 

 

 

Figure 16: Elastic region of the stress-strain curves of unaged and aged Cantor alloy. 
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The gauge thickness and gauge width used to calculate A were both measured at the point 

of specimen failure. Select tensile results for the Cantor alloy, as well as tensile data for 

304 and 316 austenitic stainless steel [55], are shown in Table 6. 

The strength of unaged Cantor alloy measured 291 MPa and 657 MPa for 0.2% 

offset yield strength (YS) and ultimate tensile strength (UTS), respectively, which are 

within the range of reported values in literature [54,56,57,87,94]. Area reduction of the 

unaged Cantor alloy measured 54% and the alloy’s toughness measured 170 J/m3. After 

aging 360 h at 610 °C, YS increased by 9% to 319 MPa and UTS rose 3.5% to 680 MPa. 

Area reduction remained largely similar to that of the unaged Cantor alloy, decreasing by 

only 1%. The toughness of the material increased to 173 J/m3. 

After aging 720 h at 700 °C, the material exhibited decreases in strength, 

ductility, and toughness. YS of the longer aged Cantor alloy degraded by 55% to 130 

MPa and the UTS fell 23% to 505 MPa. Area reduction and material toughness decreased 

to 46% and 168 J/m3, respectively. 
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Table 6: Results of tensile experimentation 

Material 
Aging 

Method 

0.2% 
Yield 

Strength 
(MPa) 

UTS 
(MPa) 

Area 
Reduction 

Elongation 
Phases 

Observed 

Cantor 
Alloy 

Unaged 291 657 55% - - 

Cantor 
Alloy 

360 h at 
610 °C 

319 680 54% - 
Cr 

MnS 

Cantor 
Alloy 

720 h at 
700 °C 

130 505 46% - 
FeCo 
FeCr 
Cr 

304 
Stainless 

Steel 
- 205 515 - 40% - 

316N 
Stainless 

Steel 
- 240 550 - 30% - 

 

 

3.4. Correlation Between Strength and Hardness 

Yield strength and hardness are measures of a material’s resistance to plastic 

deformation [6]. The relationship between these material properties is approximated by 

Equation (9) where HV is the Vickers hardness number and σy is the yield strength of the 

material [97,98]. 

𝐻𝑉 3𝜎        (9) 

This relationship was established via analysis of slip-line field of indentation by Tabor [97] 

and analysis of the five triangular portions of tested materials by Ashby et al. [98]. Other 

studies report a similar relationship between the ultimate tensile strength (UTS) and 
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hardness [19], [20], as shown in Equation (10), where HV is the Vickers hardness number 

and σUTS is the ultimate tensile strength of the material. 

𝐻𝑉 3𝜎        (10) 

Tabor [97] and Ashby et al. [98] noted that this relationship is only valid for materials that 

do not exhibit work-hardening behavior [99]. For work-hardening materials such as the 

Cantor alloy [55–57,84,100], the hardness-to-strength constant, K, would not be equal to 

3, but instead would have to be found experimentally [101]. To this end, the Vickers 

microhardness numbers for the unaged and aged Cantor alloy were converted to units of 

MPa using Equation (11) [6]. 

𝐻𝑎𝑟𝑑𝑛𝑒𝑠𝑠 𝑀𝑃𝑎 9.807𝐻𝑉     (11) 

Ky was then calculated by taking the quotient of the hardness (MPa) and yield strength. 

KUTS was similarly calculated by dividing the hardness (MPa) by the UTS. The Ky and KUTS 

values are included in Tables 7 and 8, respectively. 

 

Table 7: Correlation between yield strength and hardness. 

Material 
Average 
Hardness 
(HV) 

Hardness 
(MPa) 

0.2% Yield 
Strength 
(MPa) 

Ky 

Unaged  147  1441.6  291  4.9 

Short‐Term 
Aged 

146  1431.8  319  4.5 

Long‐Term 
Aged 

152  1490.6  130  11.5 
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Table 8: Correlation between ultimate tensile strength and hardness. 

Material 
Average 
Hardness 
(HV) 

Hardness 
(MPa) 

UTS (MPa)  KUTS 

Unaged  147  1441.6  657  2.2 

Short‐Term 
Aged 

146  1431.8  680  2.1 

Long‐Term 
Aged 

152  1490.6  505  2.9 

 

 

The hardness-to-strength constant is affected by yield stress, the material’s work hardening 

exponent, and residual stress [101]. The tensile experimentation results show that phase 

decomposition significantly impacts the yield stress. Residual stress can be induced by heat 

treatment and mechanical processing [101]. The Cantor alloy specimens used in this study 

were subjected to homogenization heat treatments at 975 °C and mechanically processed 

via hot-working. The material underwent further mechanical processing when the dog bone 

specimens were machined from the flat plates and underwent further heat treatment during 

accelerated aging. The residual stresses incurred during processing and heat treating of the 

Cantor alloy, as well as its work-hardening ability, all contribute to the variances in Ky and 

KUTS. Moreover, these factors also explain why the K values presented in Tables 7 and 8 

are not equal to the original constant of 3 reported by Tabor [97] and Ashby et al. [98]. The 

relationship between strength and hardness is difficult to apply in this case, where the 
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material has a residual stress distribution induced by processing and heat treating and 

exhibits work-hardening during plastic deformation.  
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Chapter 4. Discussion 

4.1. Material Response After Short-Term Aging 

Aging CoCrFeMnNi for 360 h at 610 °C resulted in precipitation of a Cr-rich phase 

and MnS inclusion, which agrees with observations from literature [29,31,60,73,74]. The 

interstitial elements C, N, O, and S diffuse more rapidly than elements of the host Cantor 

alloy [31,102,103] – where Mn has the fastest diffusion rate followed by Cr, Fe, Co, and 

Ni [70]. Considering the diffusivities of the elements, it can be concluded that MnS formed 

before the Cr-rich phase, and that B2-FeCo would have precipitated given a longer aging 

time. The nucleation of L10-NiMn was primarily hindered by the slow diffusion of Ni. 

Manganese sulfide is the predominant inclusion formed during solidification of 

steel [104], and it appears to readily form in the Cantor alloy based on the results presented 

in this thesis and in the study by Otto et al. [31]. Segregated Cr is the most frequently 

reported precipitate in phase-decomposed Cantor alloy [29,31,60,73,74]. It is known that 

nitrogen destabilizes the microstructure of AISI 304 stainless steel and promotes 

segregation of Cr [103]. Therefore, in addition to relatively fast diffusion of Cr, 

precipitation of the Cr-rich phase in short-term aged CoCrFeMnNi was likely promoted by 

the contaminating nitrogen.  

The presence of the Cr-rich phase and MnS inclusion did not significantly affect 

the material hardness after aging 360 h at 610 °C. Pure Cr, with a hardness of 90 HV [105], 

is softer than the unaged Cantor alloy suggesting that a large volume fraction of segregated 

chromium would decrease the overall hardness of the host alloy. At the time of this writing, 

no explicit hardness data could be found for the Cr phase in literature. As such, care is 
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taken to not substitute the hardness of pure Cr for that of the observed Cr-rich phase. 

Klimova et al. [74] found that the bcc Cr phase in conjunction with the σ phase increased 

the hardness of their aged Cantor alloy. MnS has a hardness of 170 HV [106], which is 

greater in magnitude than that of unaged CoCrFeMnNi. Since the hardness of the short-

term aged Cantor alloy is statistically similar to that of the unaged material (Tables 4 and 

5), it can be concluded that the volume fraction of the MnS and Cr-rich precipitates was 

too small to have any significant impact on the overall hardness. 

The increase in yield strength after short-term aging can be attributed to formation 

of the Cr-rich phase [74] resulting in precipitation strengthening. The formation of this 

secondary phase distorted the host fcc lattice, generating lattice strains at the precipitate-

matrix interface [6]. During plastic deformation, these distortions strengthened the alloy 

by impeding dislocation slip [6], which is the dominant deformation mechanism in the 

Cantor alloy [56,87] (similar to other fcc metals and metal alloys [10,47,56,107–112], and 

stainless steels [110,113–116]). The increase in UTS can be attributed both to phase 

decomposition as well as extensive work hardening. Work hardening during tensile 

deformation is also observed in 300 series austenitic stainless steel [55–57,87,100]. 

However, the Cantor alloy exhibits superior work hardening at the onset of plastic 

deformation [117] when compared to austenitic stainless steel at room temperature 

[44,118]. This is due to the Cantor alloy having a high hardening coefficient of 677 MPa 

µm-0.5 [71]. Comparatively, the hardening coefficient of most conventional fcc metals does 

not exceed 600 MPa µm-0.5 [119]. The presence of MnS has been shown to have negligible 

effect on the yield strength, ultimate tensile strength, and work hardening of steel when the 
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material is subjected to longitudinal forces [120]; the same can be concluded for the short-

term aged Cantor alloy, especially considering its small volume fraction. 

The ductility of the short-term aged Cantor alloy only decreased by 1%, though the 

9% increase in strength from 291 MPa to 319 MPa was not overly large. Sulfur and MnS 

are known to negatively impact the ductility of steel [104,106,120], but their small volume 

fractions had negligible effect. It is apparent that aging the Cantor alloy 360 h at 610 °C 

achieves a delicate balance between strengthening and ductility degradation with a 9% 

increase in yield strength and no significant loss in ductility. Though these results are 

promising, the corresponding aging parameters should be considered as a maximum and 

not as safe service conditions. Any increase in aging time or temperature will likely result 

in softening and substantial weakening of the material based on observations reported in 

literature [29,60,74,121]. 

 

4.2. Material Response After Long-Term Aging 

After aging 720 h at 700 °C, precipitation of Cr-rich, FeCo-rich, and FeCr-rich 

phases as well as the MnS inclusion were observed. The volume fractions of the Cr-rich 

phase and MnS inclusions were noticeably larger than those observed for the short-term 

aged material. Increase in volume fraction with longer aging time is consistent with 

observations by Schuh et al. [29] and Klimova et al. [74]. The relationship between volume 

fraction and time is explained in part by the second law of thermodynamics: given 

sufficient time, the volume fraction of phases will continue to evolve until the equilibrium 

state is reached [6,9,16,61,122]. Volume fractions also increase with increasing 
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temperature due to the temperature dependence of diffusion-related processes [71,74]. 

Change in phase volume fraction with time and temperature is also affected by several 

other factors including phase nucleation and growth rates, density and distribution of 

nucleation sites, and the pinning effect of adjacent precipitates [61]. The widespread 

presence of the Cr-rich phase in conjunction with the FeCr-rich phase in this long-term 

aged material is indicative of a metastable condition. Praveen et al. [24] developed a phase 

diagram of equiatomic CoCrFeMnNi (Figure 17) showing that increase in FeCr volume 

fraction coincides with decrease in Cr phase volume fraction, similar to another observation 

from literature [74]. 

 

 

Figure 17: Phase diagram of equiatomic CoCrFeMnNi [24]. 

 

The diffusion rates of the elements suggest that the MnS inclusion formed first 

followed by the Cr-rich phase, FeCr-rich phase, and finally FeCo-rich phase. Attempts 
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were made to fully characterize the FeCr-rich precipitates using EBSD, but those results 

were inconclusive. The σ phase is a FeCr-rich compound [123] known to readily precipitate 

in ferrite (bcc-structured iron) which is stabilized by chromium [80,124,125]. However, 

iron in equiatomic CoCrFeMnNi is austenitic (fcc-structured), and precipitation of the σ 

phase occurs about 100 times slower in austenite than in ferrite [80]. The austenite to σ 

transformation in stainless steel takes thousands of hours to occur due to incoherent 

boundaries between austenitic iron and σ phase, making nucleation of the latter more 

difficult [80]. The FeCr-rich areas observed in the microstructure of the long-term aged 

Cantor alloy also exhibit relatively high concentrations of Co and Ni which stabilize 

austenite (Mn, N, and C are also austenite stabilizers) [124,125]. Therefore, it can be 

deduced that the austenite-stabilizing elements in CoCrFeMnNi (including the contaminant 

elements) actively slowed the formation of σ phase making its precipitation quite difficult. 

On the other hand, ferrite can form temporarily during aging. In this case, the σ phase will 

precipitate relatively quickly via the ferrite [80]. Microscopy methods, such as EBSD, 

could have identified iron transformation, however, none were conducted due to limitations 

in time and equipment. Though the σ phase is made up of iron and chromium, it is important 

to note that the presence of FeCr-rich precipitates do not explicitly indicate precipitation 

of the σ phase; rather, segregation of Fe and Cr is a precursor to σ phase formation 

[80,123,126]. 

The hardness of long-term aged Cantor alloy is 3% higher in magnitude than 

unaged Cantor alloy (Table 4). FeCo and FeCr are hard intermetallic phases that would 

contribute to a significant increase in hardness [29,31,35,65]. Conversely, segregation of 
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Ni causes local softening due to localized reduction of stacking fault energy (SFE) [121]. 

This results in alternating hard and soft regions throughout the material, explaining the 

marginal increase in hardness despite the significant presence of hard intermetallic phases. 

The substantial decrease in yield strength from 224 MPa to 105 MPa can be 

attributed directly to phase decomposition. For precipitates to strengthen an alloy, their 

volume fraction must be precisely controlled [6]; otherwise, they result in significant 

degradation of material properties. This is known as overaging. Precipitation strengthening 

of a material increases with aging time until reaching a maximum, after which the strength 

decreases [6]. In this study, the precipitate size and assortment of secondary phases 

contributed to the detrimental decline in yield strength. The UTS exhibited a shallower 

decline due in part to strength preservation via the Cantor alloy’s extensive work hardening 

ability. The significant decrease in strength was not accompanied by an increase in 

ductility. In fact, the long-term aged material exhibited significant reduction in ductility. 

This is due to the overall brittle nature of the secondary phases in the phase decomposed 

microstructure, and severe softening resulting from segregation of Ni. The effects of phase 

decomposition on the mechanical properties of long-term aged Cantor alloy are consistent 

with reports concerning phase decomposed austenitic stainless steel, namely degradation 

in the material’s strength and ductility [123]. 

 

4.3. Application Consideration 

PWRs have an average operating temperature of 345 °C. At this temperature, there 

is virtually no risk of phase decomposition in the Cantor alloy. During a loss of coolant 
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accident (LOCA), the reactor will exceed this temperature, reaching well beyond 900 °C. 

Realistically, LOCA will not persist for more than a few hours before either the incident is 

corrected or total meltdown occurs [86]. If reactor temperatures are allowed to persist at 

the conditions of the short-term aging method (360 h at 610 °C), results from the present 

study show that the Cantor alloy will undergo precipitation strengthening with no 

significant loss in ductility. If reactor temperatures are allowed to persist at the conditions 

of the long-term aging method (720 h at 700 °C), results from the present study show that 

the potential for precipitation of more detrimental phases increases in the Cantor alloy. 

However, the extent of phase decomposition is time dependent and the nucleation and 

growth of these phases would be insignificant given the timeline of a realistic loss of 

coolant accident. Furthermore, Chen et al. [127] recently reported that the Cantor alloy is 

resistant to radiation, meaning that irradiation has virtually no effect on its mechanical 

behavior. Based strictly on comparable strength, LOCA timeline and temperature ranges, 

and phase decomposition results presented in this thesis as well as the literature 

[29,31,60,65,73,74,127], it can be concluded that the Cantor alloy is indeed a viable 

candidate material to replace or supplement the conventional alloys used in this application. 

Accelerated aging is a powerful tool that extends beyond the simulation of a high 

temperature environment. Other factors that can be simulated include radiation, humidity, 

and temperature cycling [89]. By including these and other factors that may be expected in 

a nuclear reactor application, long-term investigations on the behavior/stability of the 

Cantor alloy can be conducted.  
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Chapter 5. Conclusions 

Aging CoCrFeMnNi for 360 h at 610 °C resulted in precipitation of a Cr-rich phase 

and MnS inclusion. The hardness of the short-term aged Cantor alloy (146 HV) was 

statistically similar to that of the unaged material, indicating that the Cr-rich phase and 

MnS precipitates were too small to significantly affect the material hardness. The short-

term aged material was precipitation strengthened via formation of the Cr-rich phase which 

distorted the host fcc lattice and impeded dislocation slip. The increase in UTS is attributed 

both to phase decomposition as well as the extensive work hardening capabilities of the 

Cantor alloy. Overall, a delicate balance between strengthening and ductility degradation 

was achieved in the short-term aged alloy with a 9% increase in yield strength and no 

significant loss in ductility. 

After aging 720 h at 700 °C, precipitation of Cr-rich, FeCo-rich, and FeCr-rich 

phases as well as the MnS inclusion were observed. The volume fractions of the Cr-rich 

phase and MnS inclusions were noticeably larger than those observed for the short-term 

aged material. The long-term aged material exhibited alternating hard and soft regions 

resulting in an overall hardness 3% higher in magnitude than unaged Cantor alloy. A 

substantial decrease in yield strength from 224 MPa to 105 MPa was observed. The UTS 

exhibited a shallower decline due in part to strength preservation via the Cantor alloy’s 

extensive work hardening ability. The significant decrease in strength was accompanied by 

significant reduction in ductility due to the overall brittle nature of the secondary phases 

and severe softening resulting from segregation of Ni. The effects of phase decomposition 

on the mechanical properties of long-term aged Cantor alloy are consistent with reports 
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concerning phase decomposed austenitic stainless steel, namely degradation in the 

material’s strength and ductility. 
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Chapter 6. Future Work 

In this study, it was shown that aging Cantor alloy 360 h at 610 °C results in 

precipitation hardening due to phase decomposition. Aging the alloy for longer times and 

at higher temperatures resulted in overaging and subsequent weakening. Of the four studies 

in literature that include mechanical testing of phase decomposed CoCrFeMnNi 

[29,60,74,121], only the two most recent studies [74,121] were primarily aimed at 

investigating the effects of phase decomposition on the material. More intentional studies 

should be carried out to gain a wholistic understanding of the relationship between phase 

decomposition and mechanical properties of the Cantor alloy. 

Beyond the present research, there are microstructural factors that should be 

systematically investigated – including initial composition, initial grain size, fabrication 

methods, and other deformation prior to aging – to determine their influence on phase 

decomposition. For example, the NiMn phase is reported to form in hot-worked Cantor 

alloy with grain size of 1mm and contaminating sulfur and carbon after aging 12,000 h at 

500 °C [31]. In a cold-worked, contaminant-free Cantor alloy specimen consisting of 

50nm-sized grains and subjected to prior severe plastic deformation, the NiMn phase 

formed at 450 °C after just 5 min [29]. In the present study, where hot-worked, coarse-

grained Cantor alloy contaminated with O, N, S, and C was aged for 360 h at 610 °C and 

720 h at 700 °C, the NiMn phase was not observed at all. A possible future study would 

involve systematic analyses of multiple Cantor alloy specimens aged at the same heat 

treating parameters while the initial composition, initial grain size, fabrication method, or 

other prior deformation is allowed to vary one at a time. Heat treatment temperatures of 
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interest include any of the temperatures in the intermediate temperature range (450 °C to 

900 °C), not already reported in literature [29,31,60,65,73,74], where the Cantor alloy is 

known to be metastable and phase decompose including but not limited to 550, 575, 650, 

675 °C, etc. Conducting studies, even at these intermediary temperatures, will ensure the 

availability of any necessary data on the conditions required to induce phase decomposition 

in the Cantor alloy. Possible variances in initial composition include the use of a 

contaminant-free and contaminated Cantor alloy control. It is shown in the studies by He 

et al. [60] and Otto et al. [31], as well as in the present study, that the presence of 

contaminants can impact phase decomposition. In exploring different grain sizes, sizes of 

interest would include ultrafine, nanocrystalline grains (50nm or less) [29], medium coarse-

grains (1 – 20µm) [60,74], and coarse-grains (1mm or larger) [31]. Grain size is known to 

affect the strength of materials [71] and their deformation mechanisms [128]; and phase 

decomposition preferentially occurs at grain boundaries in the Cantor alloy 

[29,31,60,65,73,74]. Smaller grains usually correspond to higher strength and more grain 

boundaries when compared to materials with larger grains [6]. Variance in fabrication 

method would involve a selected hot working process and a cold working process. 

Hattestrand et al. [129] found that cold working does in fact influence the phase 

decomposition in duplex stainless steel. Variance in prior deformation could include a prior 

deformed and unperturbed Cantor alloy control. He et al. [60] and Schuh et al. [29] both 

report phase decomposition after deformation of the Cantor alloy, albeit under differing 

testing parameters. By performing a study in the manners described, the specific 

microstructural factor (initial composition, initial grain size, fabrication method, or other 
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prior deformation) can be isolated and its influence on the occurring phases can be 

explored. 

A second consideration is to increase the strain rate used in tensile experimentation. 

The dominant deformation mechanism in the Cantor alloy is known to change from 

dislocation slip at low strain rates to deformation via nano-twinning at dynamic strain rates 

[10,56,84]. Only two reports have conducted dynamic strain rate mechanical 

experimentation (one in tension [60] and one in compression [121]) of phase decomposed 

Cantor alloy; and the studies are too dissimilar to appropriately compare results. Already, 

Cantor alloy subjected to dynamic strain is known to exhibit improved mechanical 

behavior [130–132] when compared to Cantor alloy subjected to quasi-static strain. It 

would be of interest to observe the evolution of the Cantor alloy’s mechanical behavior 

after phase decomposition and dynamic strain rate mechanical testing. The results of 

precipitation strengthened CoCrFeMnNi subjected to high strain rates could be promising. 
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