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ABSTRACT  

High entropy alloys (HEAs) are near equiatomic multi-principal-element-alloys (MPEAs) 

which are different from traditional solvent-based multicomponent alloys. Based on initial work 

by Yeh and Co-workers, they were proposed to exhibit four “core” effects: high entropy, sluggish 

diffusion, lattice distortion, and cocktail effect. Present work investigates two of the four “core” 

effects, i.e. high entropy and sluggish diffusion effects, in Co-Cr-Fe-Ni based transition metal high 

entropy alloys. Solid-to-solid diffusion couple approach was adopted to investigate, these core 

effects. Experimental results contradicts the “high entropy” effect based on thermodynamics 

analysis: that the HEAs with low entropy of mixing may be thermodynamically more stable than 

the HEA of similar constituent elements with high entropy of mixing. In such cases, enthalpy of 

mixing can also play a vital role in stabilizing the HEA with lower entropy of mixing.  

Measurement of diffusion coefficients (i.e. both interdiffusion and tracer diffusion coefficients) in 

HEAs and its comparison with conventional solvent-based multicomponent alloys suggests that 

diffusion is not always sluggish in high entropy alloys. Contrary to previous findings, larger 

fluctuations in lattice potential energy (LPE) of an alloy may not always result in anomalously 

slow diffusion, in comparison to alloy systems which exhibits smaller fluctuation in LPE. Findings 

from his dissertation provide a “controversial” understanding of high entropy alloys, and alloy 

development strategies in the future for the most aggressive applications such as those found in 

gas turbines and nuclear reactors. As these applications will certainly require the knowledge of 

high temperature stability and nature of diffusion under extreme application environment.   
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 INTRODUCTION  

 General Background 

Metallic alloys for most engineering application are designed near one of the terminal end 

of the multi-component phase diagram with a primary solvent, as shown in Figure 1(a) [1]. 

Examples of such an alloy systems are Co based superalloys, Ni based superalloys, steels, and 

various commercial Al based alloys (e.g. 5083, 6061, 7075 etc,). Such an alloy systems are 

typically referred to as multicomponent alloys where one of the constituent elements are typically 

present more than 50 at.% (i.e. solvent) while other elements are present as minor constituents (i.e. 

solute). In most of the engineering alloys, concentration of solvent usually exceeds more than 90 

at. %. 

 

Figure 1. Example of alloy design in (a) traditional multicomponent alloy (MCA), and (b) High 

Entropy alloy (HEA) 

 

Based on multicomponent alloy system, new class of the alloys called High Entropy alloys 

(HEAs) were first brought to the attention in the year 2004 [2, 3], although this new class of 

material was first patented in the year 2002 [4]. HEAs typically refer to a family of alloys that 

contain near equiatomic (5-35 at.%) composition of minimum four principal elements with high 
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(maximum) configurational entropy. From alloy design standpoint, alloys compositions of HEAs 

lie approximately in the middle of the multicomponent phase diagram, as shown in Figure 1(b). 

The term high entropy refers to the magnitude of a mixing entropy in an alloy system, given by 

[5]:  

 
ΔSmix= – R ∑ (XilnXi)

n

i=1

 (1) 

where, R is the ideal gas constant, Xi is the mole fraction of the constituent elements. In general, a 

multicomponent alloy typically has one principal elements forming the solvent, and other elements 

as solute. Therefore, the overall configurational entropy of multicomponent alloys is relatively 

low. Figure 2 shows the alloys classification based on magnitude of configurational entropy. 

Generally, configurational entropy of mixing greater than 1.5R is adopted as the minimum entropy 

requirement for an alloy to be classified as HEA.  

 

Figure 2. Entropy based classification of alloys 



3 

 

Due to the presence of many elements in equiatomic or near-equiatomic composition, these 

HEAs are sometimes also referred to as multi-principal element alloys (MPEAs) or Complex 

concentrated alloys (CCAs). These nomenclature are based on the fact that there is no identifiable 

solvent in these alloys, and all the elements are present as principal alloying additions [6]. HEAs, 

MPEAs and CCAs are now-a-days used interchangeably, but strictly speaking HEAs are 

associated with the alloys which exhibit single phase solid solutions microstructure while MPEAs 

or CCAs are broader terms which allows the formation of multiphase microstructure, including 

intermetallic phases, in the alloy [6].  

HEAs were initially postulated to exhibit four core effects, i.e. high-entropy effect [2], 

lattice distortion effect, sluggish diffusion effect [7], and cocktail effect [8]. Except cocktail effect, 

all other core effects may not be significant as was first proposed [9]. Various researchers [6, 9], 

have casted a doubt on these core effects. Based on various observations these core effects cannot 

be generalized for all the HEAs.  

 Motivation 

Extensive investigations have been carried out in past two decades on improving the 

physical and mechanical properties of HEAs, along with some specific focus on thermodynamics 

and precipitation kinetics of second phase. However, limited efforts were made to validate the 

proposed core effects in HEAs. These core effects are also considered as a founding principles of 

HEAs, therefore, it become imperative to validate the applicability of these fundamental core 

effects for most commonly used/studied HEAs, if not for all HEAs. Out of the aforementioned 
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four core effects, high entropy effect and sluggish diffusion effects are the two most debatable core 

effects. Therefore the present dissertation will investigate these two core effects in transition metal 

HEAs. 

Among transitions metal HEAs, CoCrFeNi based HEAs are most commonly investigated 

HEAs. In fact, the first HEA, developed by Brian Cantor, also called Cantor alloy 

(Co20Cr20Fe20Ni20Mn20) is also based on CoCrFeNi alloys [3]. Therefore, present dissertation 

investigate the high entropy effect in AlCoCrFeNi and AlCoCrFeNiMn HEAs, and sluggish 

diffusion effects in CoCrFeNi, CoCrFeNiMn, Al0.25CoCrFeNi alloys. 

 Objective 

In present dissertation, high throughput combinatorial diffusion couple approach was 

employed to investigate the two of fundamental core effects, i.e. high entropy and sluggish 

diffusion effect, which will improve the present understanding of HEAs. In diffusion couples, 

composition gradient was generated after high temperature interdiffusion, which allowed to study 

many composition of HEAs using single experiment. The two-fold objective of present dissertation 

are: 

1. Experiments to investigate High entropy effect: High entropy effect is purely based on 

entropic stabilization of phases due to high configurational entropy due to the large number of 

constituent elements. To study this effect, Al48Ni52, Co25Cr25Fe25Ni25, Co20Cr20Fe20Ni20Mn20 were 

fabricated in the using arc-melting and diffusion couple were fabricated between Al48Ni52 vs. 

Co25Cr25Fe25Ni25 and Al48Ni52 vs. Co20Cr20Fe20Ni20Mn20 at several temperature. Various 
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composition of off-equiatomic quinary AlCoCrFeNi and senary AlCoCrFeNiMn were generated 

in the temperature range from 900° to 1200°C, as presented in Chapter 5. Solubility limit of Al in 

off-equiatomic AlpCoqCrrFesNit and AlpCoqCrrFesNitMnu alloys, with lower entropy, were directly 

measured as a function of temperature, and compared with solubility limit of Al in equiatomic 

AlxCoCrFeNi and AlxCoCrFeNiMn, with higher entropy, determined from equilibrium phase 

diagrams. Contributions from various thermodynamic parameters, i.e. ΔHmix. and –TΔSmix towards 

the overall stability, i.e. ΔGmix, of the alloys were determined to assess the high entropy effects in 

the alloys.  

2. Experiments to investigate Sluggish diffusion effect: Sluggish diffusion hypothesis in HEAs 

is based on the fact that the formation of new phases in HEA requires cooperative diffusion of 

many different kinds of atoms to accomplish the partitioning, which is difficult to achieve. 

Consequently, diffusion in HEAs has been proposed to be anomalously slow or sluggish. This 

postulation was experimentally examined in three different face centered cubic HEAs (i.e. 

CoCrFeNi, CoCrFeNiMn and AlCoCrFeNi) system, as presented in Chapter 6. Tracer diffusion 

and interdiffusion coefficients in CoCrFeNi based HEAs were measured to elucidate the sluggish 

diffusion, if any, in HEAs. Diffusion coefficients was compared to the diffusion coefficient 

reported for traditionally-defined multicomponent alloys. Concepts of potential energy landscape 

was used to understand the diffusion process in HEAs, and fluctuations in lattice potential energy 

and resulting reduction in entropy (i.e. excess entropy) was examined using potential energy 

fluctuation (PEF) model [10]. Tracer diffusion coefficients of constituent elements in HEA system 

was correlated with excess entropy and potential energy fluctuation of the HEA systems.
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  LITERATURE REVIEW  

 Core effects in High Entropy alloys 

Based on initial work by Yeh and co-workers [11], HEAs were proposed to exhibit four 

core effects. Due to high entropy of mixing, overall Gibb’s free energy of mixing, given by 

Equation 2, is lowered. High entropy phases, e.g. random/disordered solid solution phases, tend to 

stabilize in comparison to low entropy phases, e.g. intermetallic phases.  

 ΔGmix=ΔHmix–TΔSmix      (2) 

This high entropy effect is purely based on entropic stabilization of phases due to high 

configurational entropy due to the large number of constituent elements. Due to this high entropy 

effect, alloy compositions forming single phase solid solution with high entropy of mixing (i.e. 

equiatomic alloys) should be more stable than alloys of similar constituent elements with lower 

entropy of mixing. In practice, theory of entropic stabilization of phases due to high 

configurational entropy fails to explain the multiple phases in various experimental alloys, e.g. 

AlCoCrFeNi [12], AlCoCrFeNiMn [13], CoCrFeNiMo [14] etc, near equiatomic composition. It 

can be intuitively understood by the simple fact that merely replacing any constituent element of 

single phase HEA with any random non-constituent element would not ensure the formation of 

single phase solid solution, e.g. replacing Mn with either Al or Mo from CoCrFeNiMn single phase 

FCC type HEA. Therefore, entropy of mixing alone may not always results in lower Gibbs free 

energy [15]. Otto et al. [16] also suggested that increased configurational entropy may not stabilize 

the single phase in all alloys, as effect may not be sufficient enough to overcome the driving forces 
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that favor the formation of secondary phases. But recent studies [16, 17] suggest that enthalpy of 

mixing also plays an important role in the stabilization of these HEAs. Also, it has been argued 

that almost all HEAs, when subjected to appropriate heat treatment, would decompose into 

multiple phases [9]. This hypothesis does not place any general restriction on what is required for 

solid solution formation, i.e. Hume-Rothery rules. 

In HEA, every atom can be surrounded by different types of atoms, and therefore suffers 

lattice strain due to the difference in atomic size. Large differences in atomic size would favor the 

formation of intermetallic compounds rather than single phase solid solution, based on Hume-

Rothery rules. Therefore, high entropy effect would not coexist with lattice distortion effect in 

HEA. Experimentally, it has been observed that HEA does not have lattice distortion more than 

5% of the lattice parameter [9].  

Unlike in conventional alloys, the formation of new phases in HEA requires cooperative 

diffusion of many different kinds of atoms to accomplish the partitioning. Consequently, diffusion 

in HEAs has been proposed to be anomalously slow or sluggish. This postulation is mainly 

motivated by the indirect observation of nanocrystals/amorphous phases upon solidifications and 

stable single-phase formation [2]. These indirect observations may support the sluggish diffusion 

effect, which Yeh et al. [18-21] initially hypothesized: sluggish diffusion arises from the 

fluctuations in lattice potential energy of the diffusing element. However, various evidence exists 

[9], such as precipitation during quenching that do not support this hypothesis. 

Ranganathan [8] was the first to call HEAs as “multimetallic cocktail” owing to their 

unusual attractive properties. Properties not only come from the basic properties of elements by 
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the rule of mixture, but also from the mutual interactions among all the elements. Due to the 

complexity in compositions, unusual non-linear behavior could be expected due to different 

interactions between neighboring elements. This effect has not been investigated quantitatively. 

 Sluggish Diffusion in High Entropy alloys 

Sluggish diffusion in HEA was first reported by Yeh et al. [21] based on experimental 

results and analyzed with fluctuations in potential energies of lattice sites in CoCrFeMn0.5Ni. They 

suggested that different bond strengths and atomic size mismatch of constituent elements in HEAs 

gave rise to fluctuations in lattice potential energy (LPE). Greater fluctuations in LPE inhibits the 

diffusion process mainly because atoms would prefer to stay in atomic sites with lower LPE, i.e., 

atomic traps. If an atom jumps into a higher LPE site from lower LPE site, then the atom will have 

a tendency to revert the jump back to low LPE site. Sluggish diffusion hypothesis originates from 

this variation in lattice potential energy, leading to formation of atomic traps on lattice sites, which 

could inhibit the atomic diffusion [18]. Miracle and Senkov [6] compared the tracer diffusion 

coefficient of Ni in CoCrFeMn0.5Ni alloy, with that in Fe-15Cr-20Ni stainless steel. Their analysis 

suggested that tracer diffusion coefficient in same temperature range, however, is slightly higher 

in HEA.  

The sluggish diffusion hypothesis is sometimes purely interpreted based on microstructural 

observations [22, 23]. Pickering and Jones [9] casted doubt on the sluggish diffusion hypothesis 

based on the precipitates observed in an as-cast HEA. These precipitates were observed under 

different cooling rates, including furnace cooling and water quenching after high temperature heat 
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treatment, demonstrating a high rate of elemental redistribution even during quenching. Jones et 

al. [24] observed precipitation of Ni- and Al-rich B2 precipitates in Al0.5CrFeCoNiCu after water 

quenching and air cooling, and concluded that the elemental redistribution kinetics was fast.  

At present very few experimental or simulation studies have been reported to explore the 

interdiffusion or tracer diffusion in HEAs. Table 1 reports the all diffusion studies conducted till 

date. Ni tracer diffusion studies conducted by Vaidya et al. [25] in CoCrFeNi and CoCrFeNiMn 

alloys challenged the sluggish diffusion hypothesis. However, Zhao et al. [26] supported the 

sluggish diffusion effect, based on density functional theory (DFT) simulation, that calculated the 

tracer diffusion coefficients in Ni based alloys. Middleburgh et al. [27] reported high vacancy 

formation energy in CoCrFeNi alloys using DFT approach, however, DFT calculations have been 

demonstrated to overestimate the energy of vacancy formation [28]. Experimental data is 

important in understanding the diffusion process in HEAs. However, it is challenging to measure 

intrinsic and interdiffusion coefficient in quaternary or higher systems. In fact, since the conceptual 

discovery of HEAs in 1995 [29], although patented in 2002 [4] and named in 2004 [2], it took 

almost 18 years to conduct the first experiment to measure the diffusion coefficient in 2013 [21]. 

Limited experimental diffusion data can be attributed to the difficulty in quantifying the diffusion 

coefficients in HEAs, because of complexity having many principal elements. Due to limited 

available diffusion database, it is difficult to substantiate the originally proposed hypothesis of 

sluggish diffusion in HEAs. 
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Table 1. Literature on diffusion based studies in HEAs. 

HEA system Study Approach Conclusion Reference 

CoCrFeNiMn  Experimental Pseudo-binary Sluggish [21]  

CoCrFeNi  Experimental Interdiffusion 

experiments 

- [30]  

CoCrFeNiMn 

(Theoretical) 

Theoretical Empirical rules Sluggish [31]  

AlCoCrFeNi (FCC) 

 

Experimental Darken Manning 

Formalism 

Sluggish [32]  

CoCrFeNi/CoCrFeNiMn  Experimental Radiotracers Non-sluggish at 

absolute 

temperatures 

[25]  

CoCrFeNiMn0.5   Theoretical Moleko, Allnatt, 

and Allnatt (MAA) 

light approach 

Sluggish [33]  

CoCrFeNiMn  

 

Experimental/ 

Theoretical 

Interdiffusion 

(Manning 

Formalism) 

- [34]  

 

CoCrFeNiMn0.5   Theoretical MAA light 

approach 

Sluggish [35]  

CoCrFeNi/CoCrFeNiMn 

 

Experimental Radiotracers Non-sluggish 

(grain 

boundary 

diffusion) 

[36]  

CoCrFeNi/CoCrFeNiMn  Experimental Radiotracers Non sluggish [37]  

CoCrFeNi/CoCrFeNiMn  Experimental Self diffusion Non sluggish [38] 

CoCrFeNiMn  Experimental Radiotracer 

(Belova-Sohn-

Murch Formalism) 

- [39] 

Ni-CoCrFeMn 

 

Experimental Tracer diffusion Non sluggish [40]  
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 Diffusion Coefficients 

Diffusion can occur in the presence of chemical potential gradient (i.e., typically 

represented by concentration gradient), and in homogeneous systems (i.e., self diffusion). Tracer 

diffusion coefficient represents diffusion in the absence of concentration gradient, and 

interdiffusion coefficient describes chemical diffusion under a concentration gradient. 

2.3.1 Interdiffusion coefficients 

Onsager formalism [41] based on irreversible thermodynamics is generally used to 

understand the interdiffusion flux in multicomponent system. The general expression of 

interdiffusion coefficient in an n-component system is given by:  

 

J̃i= – ∑ D̃ij

n

n-1

j=1

∂Cj

∂x
    (𝑖 = 1, 2, … . . , 𝑛 − 1) (3) 

where D̃ij

n
 are the interdiffusion coefficients, and  

∂Cj

∂x
 is concentration gradient of component j. 

Interdiffusion flux at any plane x can be determined without the knowledge of interdiffusion 

coefficients from the concentration profiles using following relationship [42]: 

 

 

J̃i= 
1

2t
∫ (x–x

o
)dCi

Ci(x)

Ci(±∞)

   (𝑖 = 1, 2, … . . , 𝑛 − 1) (4) 
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When the variation of molar volume is negligible with composition, extension of 

Boltzmann – Matano analysis in multicomponent system is employed to measure the interdiffusion 

coefficients [43] as expressed by:  

 

∫ (x–x
o
)dCi

Ci(x)

Ci(±∞)

= –2t ∑ D̃ij

n

n-1

j=1

∂Cj

∂x
  (𝑖 = 1, 2, … . . , 𝑛 − 1) (5) 

This method will require a precise of location of Matano plane (xo), which could be determined 

by the following relation: 

 

∫ (x–x
o
)dCi

Ci(+∞)

Ci(-∞)

=0 (6)  

Measurement of interdiffusion coefficients using the above Boltzmann-Matano method is 

challenging for quaternary or higher systems. For instance, in a quinary system, four independent 

compositional gradients are correlated with four independent interdiffusion fluxes. In order to 

determine the full matrix of sixteen interdiffusion coefficients at fixed composition, four diffusion 

couple experiments are necessary. Simply conducting these diffusion couple experiment will not 

ensure the successful determination of interdiffusion coefficients, because diffusion paths of four 

diffusion couples must intersect at a single composition in the five-dimensional compositional 

space of Gibbs pentahedron. Therefore, the probability of having a common intersection from four 

diffusion paths is practically zero.  
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Dayananda and Sohn outlined two methods to measure relatively simplified 

representations of interdiffusion coefficients with a single diffusion couple experiment. First, 

average effective interdiffusion coefficients [44] for multicomponent system can be measured for 

any component over a desired composition range. The average effective interdiffusion coefficient 

on either side of the Matano plane can be determined by:  

 

∫ J̃i

x2

x1

dx = – D̅̃i

eff
 (Ci(x1)–Ci(x2)) = –

1

2t
∫ (x–xo)2dCi   (i = 1, 2 … , n)

Ci(x2)

Ci(x1)

 

     

(7) 

where D̅̃i,R

eff
 represents the average effective interdiffusion coefficient of component i on right hand 

side of the matano plane. The average effective interdiffusion coefficient represents one 𝐷̃ number 

for one component. It does not give any information about the main and cross-interdiffusion 

coefficients. 

Second, average multicomponent interdiffusion coefficients, which individually represents 

an average value of main and cross interdiffusion coefficients over desired composition range [45] 

can be written as:  

 

∫ J̃i

x2

x1

(x–xo)Pdx = – ∑ D̅̃ij

n
n-1

j=1

∫ (x–xo)PdCj

Cj(x2)

Cj(x1)

(i = 1,2 … , n) 

       

(8) 

where, D̅̃ij

n
 represents the average interdiffusion coefficient of component i and concentration 

gradient dCj. By varying the value of p in Equation 8, this analysis can be extended to measure the 

average multicomponent interdiffusion coefficients in quaternary and higher order HEAs. 



14 

 

Kulkarni and Chauhan [30] employed this approach to study the interdiffusion in Fe-Ni-Co-Cr 

alloys. 

 

2.3.2 Tracer diffusion coefficient  

Radioactive tracers are typically employed to track the movement of atoms. For tracer 

diffusion measurement, a thin layer of radioactive isotopes of element of interest (say, A*) is 

deposited on the alloy surface. Then, the alloy is isothermally annealed for a time. The annealed 

alloy is then serial sectioned in thin slices and intensity of radiation emitted by radioactive isotopes 

is measured at different penetration depths. Alternatively, secondary ion mass spectroscopy 

(SIMS) profiling could also be performed to determine the concentration as a function of 

penetration depth. A thin film solution is applicable in this case, expressed by following Gaussian 

solution: 

 
C(x,t)= 

Co∆x

√4πD∗t
exp (–

x2

4Di
*t

) (9) 

where, Δx << √D∗t, C(x,t) is the time dependent concentration at depth x, Co is the initial tracer 

concentration, Δx represents thickness of tracer thin film and 𝐷𝑖
∗ is the tracer diffusion coefficient. 

Recently, Vaidya et al. [25] utilized this approach to measure the Ni tracer diffusion coefficients 

in CoCrFeNi and CoCrFeNiMn alloys. In general, tracer diffusion coefficient (𝐷𝑖
∗) is related to the 

self-diffusion coefficient (𝐷𝑖), by a correlation factor (f), given by: 
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f =

Di
*

Di
 (10) 

Based on linear response theory coupled with Boltzmann–Matano method, Belova et al. 

[46] developed a mathematical formalism, to measure the tracer diffusion coefficient in 

multicomponent alloys using traditional diffusion couple experiments. Instead of application of 

radiotracers, this formalism uses the same type atoms (X) sandwiched as a thin film between two 

alloys with different compositions on either side. Sandwich type diffusion couple arrangement is 

used to include both standard interdiffusion and thin film diffusion in the same experiment. 

Experimentally, three alloy discs are stacked in a sequence such that first alloy (say, A1) is 

sandwiched between two same alloys (say, A2) and one of the interfaces between A1 and A2 has a 

thin film of metal (say, X), for which tracer diffusion coefficient will be measured. Figure 3 

schematically illustrates the stacking sequence used for the experimental measurement of tracer 

diffusion coefficient. Isothermal annealing of the sandwich diffusion couple will create the spike 

in the concentration profile of the thin film metal (X). At the spike interface, shown in Figure 3, 

the spike profile (say, X1+X2) includes the concentration profile due to both interdiffusion (X1) 

and thin film diffusion (X2). The concentration profile due to tracer movement (X2) could be 

extracted by simple mathematical subtraction of interdiffusion profile (X1), measured at the 

interdiffusion interface, from spike profile (X1+X2), measured at the spike interface. In comparison 

to traditional radiotracer experiment, X2 acts as an isotope tracer in sandwich diffusion couple 

experiment to measure tracer diffusion coefficient. Tracer diffusion coefficient could be measured 

using the Belova et al. [46] mathematical formalism, given by: 
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DA
* = – (

(x+a)

2t
+D̃ 

dlncX2

dx
) (

d l n ( c
X1

cX2⁄ )

dx
)⁄  

     

(11) 

 

Figure 3. Configuration of alloys in sandwich type arrangement for measurement of tracer 

diffusion coefficient. 

 

Schulz et al. [47] experimentally implemented Belova’s mathematical formalism for the 

first time to measure concentration dependent tracer diffusion coefficient in binary Cu-Ni system.  

Schulz et al. [47] demonstrated that formalism cannot be relied for the accurate of measurement 

of composition-dependence tracer diffusion coefficient as formalism approximately estimates 

the tracer diffusion coefficient, however did not give the reliable composition dependence. 

Alternatively, Gaussian distribution function can be used to measure the diffusion coefficients 

for the composition of interest. Equation 12 represents the Gaussian distribution function, 

typically used to curve fit the tracer concentration profile (X2).  

 
f(x) = A exp [– 

(x–b)2

2c
2

] (12) 
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where, A represents the height of the peak of Gaussian distribution function, b is the position of 

the center of Gaussian distribution function and c is the standard deviation (σ). On comparing the 

exponential part of thin film solution for sandwich geometry (Equation 9) and Gaussian 

distribution function (Equation 12) for origin as a the peak’s position:  

 
exp (−

x2

4D∗t
) = exp [−

1

2
(

x − 0

c
)

2

] 
(13) 

  

 4D∗t = 2c2 (14) 

 

 
𝐷∗ =  

𝑐2

2𝑡
 

(15) 

Most of the statistical curve fitting programs does not provide the c parameters. Therefore, the 

constant c needs to be expressed in some readily measurable quantity. Using simple geometrical 

analysis c can be expressed in other measureable quantity, e.g. full width at half maxima (FWHM) 

of Gaussian distribution function. In statistical terms, Gaussian distribution function can be 

expressed in terms of position (x), mean (μ) and standard deviation (σ) as : 

 

f(x,µ,σ) =
1

σ √2π
exp [–

1

2
 (

x – µ

σ
)

2

] (16) 

FWHM is measured at the half maxima position (say α) as shown in Figure 4 , therefore  
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 1

2
f(xmax) =

1

σ √2π
exp [–

1

2
 (

α – µ

σ
)

2

] (17) 

Maxima occurs at x = μ 

 1

2

1

σ √2π
=

1

σ √2π
exp [–

1

2
 (

α – µ

σ
)

2

] (18) 

On solving Equation 18 for the roots of α 

 α =  ±  σ √2 ln 2 + µ (19) 

Therefore, FWHM can be represented as the difference between two roots of α as:  

 FWHM = α2 – α1 = σ 2 √2 ln 2  (20) 

 

 
c = σ =

FWHM

2 √2 ln 2   
  (21) 

On substituting the value of c in Equation 15, Tracer diffusion coefficient can be expressed as: 

 
D∗ =  

FWHM2

(16 ln2)t
  (22) 

Schulz et al. [47] had successfully validated the applicability of the Equation 22 for the 

measurement of Tracer diffusion coefficient in binary Cu-Ni system. 
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Figure 4. Geometrical representation of Gaussian distribution function 

 

 Potential energy fluctuation model 

He et al. [10] demonstrated that ideal entropy of mixing (ΔSmix) overestimates the entropy 

of mixing due to a correlation effect between constituent elements. This correlation depends on 

the difference in bond strengths and atomic size mismatch. A significant correlation effect in an 

alloy system give rise to a larger variation in lattice potential energy (LPE) and excess entropy 

(SE). Using the statistical thermodynamics, He et al. [10] developed a phenomenology to describe 

excess configurational entropy by considering the general effects of potential energy fluctuations, 

given by: 
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SE = kB× [1+

p

2
– ln(p) + ln(1– e–p) – 

p

2
 × 

1+ e–p

1– e–p
 ] (23) 

where, p =
ΔE

kBT
 is the normalized energy fluctuation and ΔE= (Emax. – Emin) represents the 

range of the potential energy fluctuation. In general, the correlated configurational entropy of 

mixing (Scorr) can be written as: 

 Scorr= ΔSmix+ SE (24) 

Therefore, the final expression for the entropy under correlated mixing, based on Equation 

23 and Equation 24 can be written as [10]: 

 
SCorr = – kB ∑ (XilnXi)

n

i=1

 + kB× [1+
p

2
– ln(p) + ln(1–e–p) – 

p

2
 × 

1+ e–p

1– e–p
 ] (25) 

Pertaining to HEAs, potential energy fluctuation (x) could arise from the atomic size 

mismatch and chemical bond misfit. Lattice distortion, due to different atom sizes in HEA, would 

create an internal strain field (intrinsic residual strain). This fluctuation would create disturbance 

in configurational space and consequently reduce the configurational entropy [10, 48, 49]. 

Normalized energy fluctuation due to intrinsic residual strain can be expressed as: 

 

pe = 4.12 δ × √
K̅V̅

kBT
 (26) 

where, δ= √ ∑ Xi (1–
ri

∑ Xiri
)

2
n
i=1  is the atomic size misfit, Xi is the composition of constituent 

elements, ri is the atomic radius, K̅ is the composition-weighted average bulk modulus and V̅ is 

the composition-weighted average atomic volume. 
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Chemical interaction in the binary pair of the constituent elements could also give rise to 

potential energy fluctuation. Normalized energy fluctuation caused by the difference in chemical 

bond energy of various atomic pairs is given by [10]: 

 

pc = 2 
√

√∑ ∑ XiXj(ΔHij
mix–H̅)

2

j,i≠ji

kBT
 

(27) 

where, ΔHij
mix represents the binary enthalpy of mixing of element i and j, and H̅ is the average 

enthalpy of ΔHij
mix. Therefore, total potential energy fluctuation (p) is given by the sum of potential 

energy fluctuation due to atomic size and chemical bond misfit, i.e.  p = p
e
+ p

c
: 

 

p = 4.12 δ × √
K̅V̅

kBT
 + 2 

√
√∑ ∑ XiXj(ΔHij

mix–H̅)
2

j,i≠ji

kBT
 

(28)  

 Solid-solution phase formation rule pertaining to HEAs 

Hume-Rothery rules postulates the conditions under which elements show complete 

substitutional solid solubility in each other. Elements which comply these rules have similar 

atomic size, crystal structure, valency and electronegativity. Various researchers have 

mathematically extended the Hume-Rothery rules to multi component alloys. δ-parameter is 

adopted as a measure of mismatch in atomic size for multi-component alloys given by [50]: 



22 

 

δ= √ ∑ Xi (1–
ri

∑ Xiri

)
2

n

i=1

    (29) 

where ri is the atomic radius of ith element. ΔHmix is parameter used to predict the chemical 

compatibility among the constituent elements, given by: 

ΔHmix = ∑ ∑ Ωij

n

j=2,i<j

n−1

i=1

XiXj (30) 

where, Ωij=4×ΔHij
mix is the regular solution interaction parameter between ith and jth elements. 

ΔHij
mix is the binary enthalpy of mixing of element i and j, which were estimated using the 

Miedema’s macroscopic model for liquid binary alloy [51, 52].  ΔHmix is an important predictor 

for the formation of disordered single phase solid solution. Alloys will exhibit the higher 

disordered solid solution formation tendency if the value of ΔHmix for disordered single phase solid 

solution approaches zero. Recently, Yang and Zhang [53] describes the Ω - parameter, which 

accounts for the relative effects for enthalpy of mixing and entropy of mixing, given by [54]:  

Ω =
T ΔSmix

|ΔHmix|
 (31) 

where, ΔSmix (−R ∑ XilnXi) is the Boltzmann entropy of mixing. In as-casts alloys, T is adopted 

as the melting temperature of the alloy, measured using simple rule of mixture. However in present 

study, alloy compositions were fabricated via diffusion under isothermal condition. Therefore, T 

is adopted as the temperature of annealing.  
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Difference in electronegativity (Δχ) between constituent elements in HEA is measured as 

a root-mean square of composition-weighted average for the deviation in electronegativity from 

the mean value in HEAs as [50]: 

Δχ = √ ∑ Xi (χ
i
– ∑ Xiχi

)
2

n

i=1

     (𝑖 = 1, 2, … , 𝑛)   (32) 

where, χi is the Pauling electronegativity of the ith element. Electron concentration in HEAs can be 

measured as either valence electron concentration (VEC) or electron per atom (e/a ratio). VEC is 

typically considered as a more relevant parameter, than e/a ratio, as it represents more realistic 

electronic band structure when first principle band calculations are used in determination of fermi 

level [55]. VEC can be measured in HEAs as a composition-weighted average VEC value of the 

constituent elements [56]: 

VEC = ∑ Xi(VEC)i  (𝑖 = 1, 2, … , 𝑛)   (33) 
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 THEORETICAL VALIDATION OF FORMALISM TO 

MEASURE TRACER DIFFUSION COEFFICIENT 

 Concentration profiles  

Error function solution can be used to generate the interdiffusion concentration profile 

given by:  

 
C (x,t)=

 C– + C+

2
+

C– – C+

2
erf (

x

√4D̃t
) (34) 

where, C– and C+ are the terminal compositions of diffusion couple and D̃ represents the 

interdiffusion coefficient. Aforementioned for multicomponent alloys (i.e. high entropy alloys) 

where number of constituents elements are typically more than four, measurement of interdiffusion 

coefficients are practically not feasible. In such cases, interdiffusion coefficients can be replaced 

by average effective interdiffusion coefficients (D̅̃i
eff) measured by Dayanada-Sohn method [44], 

which represents the single nominal diffusion coefficient for each component in a given 

compositional range.  

By assuming that film thickness is relatively thin (i.e., Δx < √D*t) and interdiffusion of 

thin film do not contribute to the thickness of tracer diffusion profile, spike profile can be measured 

as the sum of interdiffusion and tracer diffusion given by: 

 
C(x,t)=

 C– + C+

2
+

C– – C+

2
erf (

x

√4D̃t
) + 

Co∆x

√4πD*t
exp (–

x2

4D*t
) (35) 
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Curve fitting of Spike profile could be challenging using the regular sixth or seventh order 

polynomial functions, as these functions may underestimate the height of the spike concentration 

profile. Therefore, non-linear curve fitting function defined by the division of two third-order 

polynomials with seven fit parameters, given by Equation 36, can be used for the curve fitting of 

spike profile. This type of polynomial function yield satisfactory fit whenever concentration profile 

exhibits the uphill diffusion phenomena [57, 58].  

 
c(x)= 

p
1
+p

2
x+p

3
x2+p

4
x3

1+p
5
x+p

6
x2+p

7
x3

 (36) 

 Validation  

The main objective of this validations is to show the significance of the subtraction of 

interdiffusion concentration profile from spike concentration profile to extract the pure tracer 

diffusion concentration profile from subtraction method. Figure 5 schematically represents the 

diffusion couple arrangement and theoretical concentration profile before and after isothermal 

annealing in hypothetical quaternary ABCD alloy. In the diffusion couple, thicknesses of each 

alloy, both at spike and interdiffusion interface, is selected to maintain the semi-infinite boundary 

condition.  



26 

 

 

Figure 5. Schematic representation of diffusion couple arrangement to measure tracer diffusion 

coefficient using Belova et al. approach. 

 

Two cases were considered for the validation of the mathematical formalism to measure 

tracer diffusion coefficient. First, constant film thickness (i.e., 1 μm) with varying interdiffusion 

to tracer diffusion coefficient ratios (i.e., 10, 1, and 0.1). Table 2 reports the parameters used to 

generate the interdiffusion and spike concentration profiles with constant thin film thickness. 

Second, varying thin film thickness (i.e., 1, 2, and 3 μm), with constant interdiffusion to tracer 



27 

 

diffusion coefficient ratio (i.e., 2). Table 3 reports the parameters used to generate the 

interdiffusion and spike concentration profiles with constant interdiffusion to tracer diffusion ratio. 

Theoretical interdiffusion concentration profile was obtained using Equation 34 and spike 

concentration profile was obtained using Equation 35.  

Table 2. Parameters used to generate the concentration profiles with constant thin film thickness. 

Thin Film 

thickness (μm) 
D̃

D
*
 

𝑫̃ (m2/s) 𝑫∗(m2/s) t (s) √𝑫∗𝒕

𝟏𝟎𝟔  (μm) 

1 10 6 × 10-15 6 × 10-16 18000 3.29 

1 6 × 10-15 3600 4.65 

0.1 6 × 10-14 900 2.32 

 

Table 3. Parameters used to generate the concentration profiles with constant 𝐷̃/𝐷∗ ratio 

Thin Film 

thickness (μm) 
D̃

D
*
 

𝑫̃ (m2/s) 𝑫∗(m2/s) t (s) √𝑫∗𝒕

𝟏𝟎𝟔  (μm) 

1 2 6 × 10-15 3 × 10-15 7200 4.65 

2 

3 

 

Figure 6 through Figure 8 shows all the concentration profiles modelled using parameters 

outlined in Table 2. Figure 9 through Figure 11 shows all the concentration profiles modelled using 

parameters outlined in Table 3. Each figure shows: (a) concentration profile at interdiffusion 

interface, (b) concentration profile at spike interface, (c) spike profile superimposed over 
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interdiffusion profile, and (d) Gaussian fitting implemented on difference profile obtained after 

mathematical subtraction of interdiffusion concentration profile from spike profile.  

 

Figure 6. Demonstration of Subtraction method of interdiffusion profile from spike profile when 

𝐷̃/𝐷∗=10 with 1 μm film thickness. Concentration profile at (a) interdiffusion interface, (b) Spike 

interface. (c) Superimposed Spike profile over interdiffusion profile, and (d) Gaussian fitting 

implemented on subtracted (difference) profile. 
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Figure 7. Demonstration of Subtraction method of interdiffusion profile from spike profile when 

𝐷̃/𝐷∗=1 with 1 μm film thickness. Concentration profile at (a) interdiffusion interface, (b) Spike 

interface. (c) Superimposed Spike profile over interdiffusion profile, and (d) Gaussian fitting 

implemented on subtracted (difference) profile. 

 

Figure 8. Demonstration of Subtraction method of interdiffusion profile from spike profile when 

𝐷̃/𝐷∗= 0.1 with 1 μm film thickness. Concentration profile at (a) interdiffusion interface, (b) Spike 

interface. (c) Superimposed Spike profile over interdiffusion profile, and (d) Gaussian fitting 

implemented on subtracted (difference) profile. 
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Figure 9. Demonstration of Subtraction method of interdiffusion profile from Spike profile when 

𝐷̃/𝐷∗= 2 with 1 μm film thickness. Concentration profile at (a) interdiffusion interface, (b) Spike 

interface. (c) Superimposed Spike profile over interdiffusion profile, and (d) Gaussian fitting 

implemented on subtracted (difference) profile. 

 

 

Figure 10. Demonstration of Subtraction method of interdiffusion profile from spike profile when 

𝐷̃/𝐷∗= 2 with 2 μm film thickness. Concentration profile at (a) interdiffusion interface, (b) Spike 

interface. (c) Superimposed Spike profile over interdiffusion profile, and (d) Gaussian fitting 

implemented on subtracted (difference) profile. 
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Figure 11. Demonstration of Subtraction method of interdiffusion profile from spike profile when 

𝐷̃/𝐷∗= 2 with 3 μm film thickness. Concentration profile at (a) interdiffusion interface, (b) Spike 

interface. (c) Superimposed Spike profile over interdiffusion profile, and (d) Gaussian fitting 

implemented on subtracted (difference) profile. 

 

Diffusion zone of the spike concentration profile must be carefully superimposed on the 

diffusion zone of the interdiffusion profile, such that unaffected terminal ends of both 

interdiffusion and spike concentration profile in the diffusion couple should exactly lay over one 

another. Any mismatch in overlaying the spike and interdiffusion profile will underestimate the 

height and consequently the full width at half maxima position of the difference profile. One of 

the extreme cases would be when spike profile is superimposed on the unaffected terminal end of 

the interdiffusion profile, such that the subtraction of interdiffusion profile from spike profile will 

yield only the “hump” in the spike profile. Hump will significantly underestimate the FWHM and 
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therefore, calculated tracer diffusion coefficient (D*) will be lower than actual value. Otherwise, 

it could be normally misinterpreted that “hump” in the spike profile, represents the movement of 

tracers. 
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 EXPERIMENTAL METHODS  

 Alloy Preparation 

Series of binary (FeCr, CoNi, AlNi), quaternary (CoCrFeNi), and quinary (CoCrFeNiMn, 

AlCoCrFeNi) alloy compositions were prepared with 99.9% pure Co, Cr, Fe, Ni, Mn and Al by 

arc melting in water cooled Cu crucibles in an Ar atmosphere. Table 4 reports the target 

composition of the alloys prepared in this study. Casting of the HEAs was performed using 

CentorrTM Arc melter. Prior to melting, the chamber was flushed with Ar, evacuated to a pressure 

of 5.0 × 10-5 torr or better, and backfilled with Ar. Alloy ingot was casted and re-melted five times, 

by flipping the ingot pellet after each melting to promote compositional homogeneity. 

Table 4. Target compositions of alloys employed in this study. 

Alloys Al (at.%) Co (at.%) Cr (at. %) Fe (at.%) Ni (at.%) Mn (at.%) 

Al48Ni52 48 - - - 52 - 

Fe50Cr50 - -  50 50 - - 

Co50Ni50 - 50 - - 50 - 

Co25Cr25Fe25Ni25 - 25  25 25 25 - 

Co20Cr30Fe30Ni20 - 20 30 30 20 - 

Co30Cr20Fe20Ni30 - 30 20 20 30 - 

Co20Cr20Ni20Fe20Mn20 - 20 20 20 20 20 

Co25Cr25Fe15Ni25Mn10 - 25 25 25 25 10 

Co15Cr15Fe25Ni15Mn30 - 15 15 25 15 30 

Al6Co19Cr28Fe28Ni19 6 19 28 28 19 - 

Al6Co28Cr19Fe19Ni28 6 28 19 19 28 - 

 

All alloy ingots listed in Table 4 were further heat treated for homogenization. Each alloy 

ingot was placed in a quartz tube, flushed with argon and hydrogen several times, and evacuated 

to a pressure of 8 × 10-6 torr or better. The quartz tube was then backfilled with Ar to a pressure 

of 165 torr to provide atmospheric condition at elevated temperature and sealed using oxy-
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acetylene torch. Homogenization for all alloys was carried out using a CM 1710 furnace at 1100ºC 

for 48 hours. After homogenization, all alloys were water quenched to retain high temperature 

single phase microstructure. For microstructural examination and compositional measurement, 

representative sample from the homogenized alloy ingot was sectioned from the middle of the 

ingot and then metallographically prepared by polishing down to 1 μm surface finish.  

 Thin Film Deposition 

Electron-beam physical vapor deposition (EB-PVD), with a built-in plasma cleaning 

capability, was used to deposit Ni thin film on selected HEAs. Figure 12 shows a schematic of the 

EB-PVD system used in this study. Initially, alloy disks, approximately 10 mm in diameter and 3 

mm in height, were mounted on the substrate holder and loaded in the PVD chamber. EB-PVD 

deposition chamber was evacuated to a pressure of approximately 1.2 × 10-7 torr, and sample 

surfaces were plasma cleaned using Ar plasma. Electron beam was generated by passing a current 

(~80 mA) through tungsten filament (electron source). Then, electron beam was accelerated by 

applying an acceleration voltage (-10 kV). With an application of magnetic field, path of the 

electron beam was deflected towards the target. On impact, highly energetic electron loses its 

kinetic energy, and vaporize the target material. Due to the large mean free path under vacuum, 

vaporized metal travel towards substrate in the shortest distance.  
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Figure 12. A schematic of electron beam physical vapor deposition system. 

During deposition process, substrate holder was allowed to rotate to achieve uniform 

thickness of films. Deposition rate was maintained at approximately 0.7 Å/sec, which was 

monitored using the resonant frequency of the oscillating quartz crystal. Thickness of the film 

deposited on alloys is proportional to the change in resonant frequency of the quartz crystal (i.e., 

shift in frequency). Time of deposition was adjusted to achieve a film thickness of approximately 

900 nm. To verify the film thickness, Focused Ion beam (FEI™ TEM 200-FIB) was used to cut 

the thin slice of cross section, which allowed the direct measurement of film thickness. 

 Diffusion Couples 

The surface of each alloy was metallographically polished down to 1 μm finish. Diffusion 

couples were fabricated by placing the surfaces of two selected alloys in contact. In tracer diffusion 
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couples, one of the terminal alloy has a pre-deposited metal thin film (i.e., Ni tracer). The alloys 

in diffusion couple were held tightly by two stainless steel jigs and clamped together with screws, 

tightened with an applied torque of approximately 2.5 N-m. Thin alumina spacers were placed 

between alloys and stainless steel jigs to avoid any high temperature diffusional interaction 

between alloys and jigs. The assembled diffusion couple along with a tantalum foil (i.e., oxygen 

getter) was placed in a quartz tube, evacuated to a pressure of 8.0 x 10-6 torr or better, and flushed 

with high purity Ar and H2 gas. Evacuation and flushing was repeated three times, and the quartz 

tube was finally backfilled with high purity Ar before sealing. Details of diffusion couple assembly 

can be found elsewhere [47, 59-62]. 

Each diffusion couple was isothermally annealed using a Lindberg BlueTM three-zone tube 

furnace operating at 900°C, 950°, and 1000°C, and CM 1710 furnace operating at 1100°C and 

1200°C. After annealing, all diffusion couples were water quenched to preserve the high 

temperature microstructure. For interdiffusion study, six sets of diffusion couples, were annealed 

at 900°C, 1000°C, 1100°C, and 1200°C. All diffusion couples for interdiffusion study are listed in 

Table 5. Al48Ni52 vs. Co25Cr25Fe25Ni25 and Al48Ni52 vs. Co20Cr20Fe20Ni20Mn20 diffusion couples 

were designed in such a way that the solubility limit of Al were directly determined in off-

equiatomic FCC Al-Co-Cr-Fe-Ni and Al-Co-Cr-Fe-Ni-Mn alloys to investigate the high entropy 

effect.  
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Table 5. Diffusion couples employed for interdiffusion study. 

System Alloy 1 Terminal 

Composition 

Alloy 2 Terminal 

Composition 

Temperature 

(°C) 

Time (h) 

Quaternary Fe50Cr50 Co50Ni50 900 120 

1000 120 

1100 48 

1200 48 

Co20Cr30Fe30Ni20 Co30Cr20Fe20Ni30 900 240 

1000 240 

1100 240 

1200 48 

Quinary Co25Cr25Ni25Fe15Mn10 Co15Cr15Ni15Fe25Mn30 900 120 

1000 120 

1100 48 

1200 48 

Al6Co19Cr28Fe28Ni19 Al6Co28Cr19Fe19Ni28 900 120 

1000 120 

1100 48 

1200 24 

Al48Ni52 Co25Cr25Fe25Ni25 900 240 

1000 120 

1100 48 

1200 24 

Senary Al48Ni52 Co20Cr20Fe20Ni20Mn20 900 240 

1000 120 

1100 48 

1200 24 

 

For tracer diffusion study, three sets of diffusion couples, namely Co20Cr30Fe30Ni20 vs. 

Co30Cr20Fe20Ni30, Co25Cr25Ni25Fe15Mn10 vs. Co15Cr15Ni15Fe25Mn30 and Co20Cr25Ni25Fe15Cu10 vs. 

Co20Cr15Ni15Fe25Cu30, with the Ni thin film sandwiched between the two terminal alloys, were 
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annealed at 900°C, 950°C, and 1000°C. Table 6 reports the “sandwich” thin film diffusion couples 

and annealing temperature.  

Table 6. “Sandwich” thin film diffusion couples employed for tracer diffusion study. 

System Alloy 1 Terminal 

Composition 

Thin 

Film 

Alloy 2 Terminal 

Composition 

Temperature 

(°C) 

Time 

(h) 

Quaternary Co20Cr30Fe30Ni20 Ni Co30Cr20Fe20Ni30 900 24 

950 12 

1000 8 

Quinary Co25Cr25Ni25Fe15Mn10 Ni Co15Cr15Ni15Fe25Mn30 900 12 

950 6 

1000 2 

Al6Co19Cr28Fe28Ni19 Ni Al6Co28Cr19Fe19Ni28 900 12 

950 6 

1000 2 

 

Annealing time of tracer diffusion couples were estimated such that a “spike” in 

concentration profile after isothermal annealing would not disappear. Estimated interdiffusion 

coefficient and thin film thickness were used to theoretically estimate the tracer concentration 

profile (e.g., spike) as a sum of standard interdiffusion solution (i.e., error function) and thin film 

solution (i.e., Gaussian function) given by Equation 35. Finally, diffusion couples are cross-

sectioned using a low speed diamond saw and mounted in cold resin epoxy. Cross sectioned 

surfaces are metallographically polished down to 1 µm finish for characterization. 

 Characterization 

Single phase formation and homogeneity in microstructure in homogenized alloys was 

examined by PANalytical Empyrean Basic X-ray diffraction system and ZeissTM Ultra-55 field 
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emission scanning electron microscope (FE-SEM) equipped with energy dispersive X-ray 

spectroscopy (XEDS). The microstructure of each diffusion couple was also examined by FE-

SEM. Concentration profiles across the interdiffusion zone were obtained using XEDS. Multiple 

interdiffusion line scans were collected and analyzed for each diffusion couple to ensure statistical 

confidence. Concentration profiles measured from XEDS were curve fitted using OriginPro 8.5 

software, with non-linear curve fitting function given by Equation 36. 
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 HIGH ENTROPY EFFECT  

Mechanism of stabilization of single phase, i.e. high entropy effect, in HEAs may be 

debatable. It was initially hypothesized that a large number of constituent elements in equal 

amount would increases the entropy of mixing, which would lower the overall Gibb’s free energy 

of mixing, particularly at high temperature. Therefore, high entropy phases, e.g. 

random/disordered solid solution phases, tend to stabilize in comparison to low entropy phases, 

e.g. intermetallic phases. Theory of entropic stabilization of phases due to high configurational 

entropy, however, falls short to explain the multiple phases observed in various experimental, 

near-equiatomic alloys, e.g., AlCoCrFeNi [12], AlCoCrFeNiMn [13], CoCrFeNiMo [14]. 

Intuitively a simple replacement of an element in HEA by another element would not ensure the 

formation of single phase solid solution, e.g. replacing Mn with either Al or Mo in single phase, 

equiatomic CoCrFeNiMn alloy. Therefore, entropy of mixing alone may not always results in 

lowering of the Gibbs free energy [15]. Otto et al. [16] also suggested that an increase in 

configurational entropy may not stabilize the single phase in all alloys, since this effect may not 

be sufficient enough to overcome the driving forces that favor the formation of secondary phases.  

In this chapter, high entropy effect was examined in Al-Co-Cr-Fe-Ni and Al-Co-Cr-Fe-Ni-

Mn alloys using solid-to-solid diffusion couple investigation. The β-Al48Ni52 vs. Co25Cr25Fe25Ni25 

and β-Al48Ni52 vs. Co20Cr20Fe20Ni20Mn20 diffusion couple was annealed at high temperature (900 

- 1200C). The couples generated continuous compositions of off-equiatomic AlpCoqCrrFesNit 

and AlpCoqCrrFesNitMnu alloys, respectively. Solubility limit of Al in AlpCoqCrrFesNit and 

AlpCoqCrrFesNitMnu alloys were determined as a function of temperature and compared with the 
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solubility limit of Al in equiatomic AlxCoCrFeNi and AlxCoCrFeNiMn alloys, respectively. 

Results were analyzed with regards to the contributions of enthalpy (ΔH) and entropy (-TΔS) to 

the thermodynamic stability (ΔG) of equiatomic and off-equiatomic Al-Co-Cr-Fe-Ni and Al-Co-

Cr-Fe-Ni-Mn alloys. 

 Solubility limit of Al in Al-Co-Cr-Fe-Ni alloy 

 

Microstructure of Al-Co-Cr-Fe-Ni alloy depends on the amount of Al. For instance, in as-

cast AlxCoCrFeNi alloy, FCC phase is stable for x < 0.45 (~ 10.1 at. % Al), BCC phase is stable 

for x > 0.88 (~ 18.0 at. % Al), and duplex (i.e. FCC + BCC) phases are stable for 0.45 ≤ x ≤ 0. 88 

[12, 63]. Therefore, solubility limit of Al in off-equiatomic AlpCoqCrrFesNit alloy was also 

determined, using diffusion couple experiments. Figure 13 presents the concentration profiles 

superimposed on backscatter electron micrographs from the Al48Ni52 vs. Co25Cr25Fe25Ni25 

diffusion couples isothermally annealed at (a) 900C for 240 hours, (b) 1000C for 120 hours, (c) 

1100C for 48 hours, and (d) 1200C for 24 hours. During interdiffusion of Al and Ni in 

Co25Cr25Fe25Ni25 (FCC) alloy, continuous off-equiatomic compositions of FCC AlpCoqCrrFesNit 

evolved, however, BCC or duplex phases were not observed in the starting microstructure of 

Co25Cr25Fe25Ni25 alloy. This observation suggests that the diffusion was significantly faster in FCC 

phase than BCC phase. 
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Figure 13. Concentration profiles superimposed on BSE micrographs of Al48Ni52 vs. 

Co25Cr25Fe25Ni25 diffusion couples isothermally annealed at (a) 900°C for 240 hours, (b) 1000°C 

for 120 hours, (c) 1100°C for 48 hours, and (d) 1200°C for 24 hours. 

 

Temperature dependent solubility limit of Al in AlxCoCrFeNi alloy was determined using 

the pseudo-binary phase diagram between Al and equiatomic CoCrFeNi alloy, as shown in Figure 

14 [64]. Figure 15 compares the experimentally determined solubility limit of Al in off-equiatomic 

FCC AlpCoqCrrFesNit alloy, via diffusion couples, with the solubility limit of Al in equiatomic 

FCC AlxCoCrFeNi alloy, via phase diagram, and maximum solubility of Al in as-cast 

AlxCoCrFeNi (i.e. x = 0.45) alloy. Figure 15 depicts that the solubility limit of Al determined via 
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diffusion couples in AlpCoqCrrFesNit at 1100 and 1200C is higher than solubility limit of Al in 

AlxCoCrFeNi alloy determined using phase diagram. 

 

Figure 14.  Pseudo-binary phase diagram between Al and equiatomic CoCrFeNi 
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Figure 15. Comparison of maximum solubility limit of Al as a function of temperature in 

AlpCoqCrrFesNit (via diffusion couple) and AlxCoCrFeNi (via. phase diagram) HEAs. 

 

Figure 16 (a) compares the configurational entropy of composition corresponding to the 

maximum solubility limit of Al in AlpCoqCrrFesNit alloy with the maximum solubility limit of Al 

in AlxCoCrFeNi alloy. Experimentally determined configurational entropy of AlpCoqCrrFesNit 

compositions between 900 and 1200C has been extrapolated to temperature (~ 1340.9C) 

corresponding to the maximum solubility limit of Al in AlxCoCrFeNi, as per phase diagram. For 

all temperatures, configurational entropy of off-equiatomic AlpCoqCrrFesNit alloy is lower than the 

configurational entropy of equiatomic AlxCoCrFeNi alloy. This suggests that the entropy 

contribution (–TΔSmix) in minimizing the overall free energy for stabilizing of the single phase in 

off-equiatomic AlpCoqCrrFesNit alloy is higher than the entropy contribution in equiatomic 

AlxCoCrFeNi alloy, i.e. –TΔSmix|
equiatomic alloy < –TΔSmix|

off-equiatomic alloy. Figure 16 (b) present the 
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thermodynamic stability parameters, i.e. ΔHmix., –TΔSmix., and ΔGmix., as a function of temperature 

for equiatomic AlxCoCrFeNi and off-equiatomic AlpCoqCrrFesNit alloys, corresponding to the 

maximum solubility limit of Al. It can be observed that the free energy of mixing (ΔGmix.) of 

AlpCoqCrrFesNit alloy is lower than the free energy of mixing of AlxCoCrFeNi at 1100C and 

above temperatures. Higher thermodynamic stability of AlpCoqCrrFesNit alloy at 1100C and 

above temperatures may be the possible reason for higher solubility of Al in off-equiatomic 

AlpCoqCrrFesNit alloy than in equiatomic AlxCoCrFeNi alloy. Enthalpy of mixing (ΔHmix) plays a 

significant role in minimizing the overall free energy of off-equiatomic AlpCoqCrrFesNit, in 

comparison to equiatomic AlxCoCrFeNi at 1100C and above temperatures. This estimate can be 

drawn since entropy contribution (–TΔSmix) is always lower in off-equiatomic AlpCoqCrrFesNit 

than in equiatomic AlxCoCrFeNi. It can also be noticed from Figure 16 (b) that ΔHmix is lower for 

AlpCoqCrrFesNit at 1100C and above temperatures i.e. ΔHmix|
equiatomic alloy > ΔHmix|

off-equiatomic alloy. 

It also demonstrates that off-equiatomic (i.e. lower ΔSmix.) compositions may also exhibit the 

similar/higher stability than their possible equiatomic (i.e. highest ΔSmix.) counterparts at high 

temperature.  
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Figure 16. (a) Comparison of Entropy of mixing (ΔSmix./R) in AlpCoqCrrFesNit  (using diffusion 

couple), and AlxCoCrFeNi (using phase diagram) for the compositions corresponding to the 

maximum solubility limit of Al. (b) Comparison of thermodynamic parameters measured in the 

AlpCoqCrrFesNit , and AlxCoCrFeNi alloys. 

  

It has been argued that configurational entropy of mixing does not remain constant for a 

given composition as a function of temperature, due to excess entropy term arises from the 

correlation effects between constituents elements [10], which is also described in section 3.2. 
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Figure 17 (a) compares the correlated configurational entropy as a function of temperature for the 

compositions corresponding to the maximum solubility limit of Al in AlpCoqCrrFesNit with the 

maximum solubility limit of Al in AlxCoCrFeNi. At 1100C and above temperatures, correlated 

configurational entropy of AlpCoqCrrFesNit is always lower than that of AlxCoCrFeNi. 

Corresponding correlated free energy of mixing is also lower for AlpCoqCrrFesNit than the 

AlxCoCrFeNi at 1100C and above temperatures, as shown in Figure 17 (b). Therefore, enthalpy 

of mixing (ΔHmix) plays a significant role in minimizing the overall correlated free energy of off-

equiatomic AlpCoqCrrFesNit alloy, in comparison to equiatomic AlxCoCrFeNi alloy.  
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Figure 17. (a) Comparison of correlated entropy of mixing (ΔSCorr./R) in AlpCoqCrrFesNit (using 

diffusion couple), AlxCoCrFeNi (using phase diagram) for the compositions corresponding to the 

maximum solubility limit of Al. (b) Comparison of correlated thermodynamic parameters 

measured in the AlpCoqCrrFesNit  and AlxCoCrFeNi alloys. 
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 Solubility limit of Al in Al-Co-Cr-Fe-Ni-Mn alloy 

Similar to Al-Co-Cr-Fe-Ni alloy, microstructure of Al-Co-Cr-Fe-Ni-Mn alloy also depends 

on the amount of Al. For instance, in as-cast AlxCoCrFeNiMn alloy, FCC phase is stable for x < 

0.435 (~ 8 at. % Al), BCC phase is stable for x > 1.25 (~ 20 at. % Al), and duplex (i.e. FCC + 

BCC) phases are stable for 0.435 ≤ x ≤ 0. 87 [13]. Therefore, solubility limit of Al in off-

equiatomic AlpCoqCrrFesNitMnu alloys was also determined, using diffusion couple experiments. 

Figure 18 presents the concentration profiles superimposed on backscatter electron micrographs 

from the Al48Ni52 vs. Co20Cr20Fe20Ni20Mn20 diffusion couples isothermally annealed at (a) 900C 

for 240 hours, (b) 1000C for 120 hours, (c) 1100C for 48 hours, and (d) 1200C for 24 hours. 

During interdiffusion of Al and Ni in Co20Cr20Fe20Ni20Mn20 (FCC) alloy, continuous off-

equiatomic compositions of FCC AlpCoqCrrFesNitMnu evolved, however, BCC or duplex phases 

were not observed in the starting microstructure of Co20Cr20Fe20Ni20Mn20 alloy, similar to Al48Ni52 

vs. Co25Cr25Fe25Ni25 diffusion couples. This observation suggests that the diffusion was 

significantly faster in FCC phase than BCC phase. 
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Figure 18. Concentration profiles superimposed on BSE micrographs of Al48Ni52 vs. 

Co20Cr20Ni20Fe20Mn20 diffusion couples isothermally annealed at (a) 900C for 240 hours, (b) 

1000C for 120 hours, (c) 1100C for 48 hours, and (d) 1200C for 24 hours. 

 

Temperature dependent solubility limit of Al in AlxCoCrFeNiMn alloy was determined 

using the pseudo-binary phase diagram between Al and equiatomic CoCrFeNiMn alloy, as shown 

in Figure 19. Figure 20 compares the experimentally determined solubility limit of Al in off-

equiatomic FCC AlpCoqCrrFesNitMnu alloy, via diffusion couples, with the solubility limit of Al 

in equiatomic FCC AlxCoCrFeNiMn alloy, via phase diagram, and maximum solubility of Al in 

as-cast AlxCoCrFeNiMn (i.e. x = 0.435) alloy. Figure 20 depicts that the solubility limit of Al 
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determined via diffusion couples in AlpCoqCrrFesNitMnu at 1100 and 1200C is higher than 

solubility limit of Al in AlxCoCrFeNiMn alloy determined using phase diagram. 

 

Figure 19. Pseudo-binary phase diagram between Al and equiatomic CoCrFeNiMn. 

 

Figure 20. Comparison of maximum solubility limit of Al as a function of temperature in 

AlpCoqCrrFesNitMnu (via. diffusion couple) and AlxCoCrFeNiMn (via. phase diagram) HEAs. 
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Figure 21 (a) compares the configurational entropy of composition corresponding to the 

maximum solubility limit of Al in AlpCoqCrrFesNitMnu alloy and maximum solubility limit of Al 

in AlxCoCrFeNiMn alloy. For all temperatures, configurational entropy of off-equiatomic 

AlpCoqCrrFesNitMnu alloy is lower than the configurational entropy of equiatomic 

AlxCoCrFeNiMn alloy. This suggests that the entropy contribution (–TΔSmix) in minimizing the 

overall free energy for stabilizing of the FCC single phase in off-equiatomic AlpCoqCrrFesNitMnu 

alloy is higher than the entropy contribution in equiatomic AlxCoCrFeNiMn alloy, i.e. –

TΔSmix|
equiatomic alloy < –TΔSmix|

off-equiatomic alloy. Figure 21 (b) present the thermodynamic stability 

parameters, i.e. ΔHmix., –TΔSmix., and ΔGmix., as a function of temperature for equiatomic 

AlxCoCrFeNiMn and off-equiatomic AlpCoqCrrFesNitMnu. The free energy of mixing (ΔGmix.) of 

AlpCoqCrrFesNitMnu alloy is lower than the free energy of mixing of AlxCoCrFeNiMn at 1100C 

and above temperatures. Higher thermodynamic stability of AlpCoqCrrFesNitMnu alloy at 1100C 

and above temperatures may be the possible reason for higher solubility of Al in off-equiatomic 

AlpCoqCrrFesNitMnu alloy than in equiatomic AlxCoCrFeNiMn alloy. Enthalpy of mixing (ΔHmix) 

plays a significant role in minimizing the overall free energy of off-equiatomic 

AlpCoqCrrFesNitMnu, in comparison to equiatomic AlxCoCrFeNiMn, i.e. ΔHmix|
equiatomic alloy > 

ΔHmix|
off-equiatomic alloy  at 1100C and above temperatures. This estimate can be drawn since entropy 

contribution (–TΔSmix) is always lower in off-equiatomic AlpCoqCrrFesNitMnu than in equiatomic 

AlxCoCrFeNiMn. Aforementioned that off- equiatomic (i.e. lower ΔSmix.) compositions may also 



53 

 

exhibit the similar/higher stability than their possible equiatomic (i.e. highest ΔSmix.) counterparts 

at high temperature.   

 

Figure 21. (a) Comparison of Entropy of mixing (ΔSmix./R) in AlpCoqCrrFesNit  (using diffusion 

couple), and AlxCoCrFeNi (using phase diagram) for the compositions corresponding to the 

maximum solubility limit of Al. (b) Comparison of thermodynamic parameters measured in the 

AlpCoqCrrFesNit , and AlxCoCrFeNi. 
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Figure 22 (a) compares the correlated configurational entropy as a function of temperature 

for the compositions corresponding to the maximum solubility limit of Al in AlpCoqCrrFesNitMnu 

and the maximum solubility limit of Al in AlxCoCrFeNiMn. At 1100C and above temperatures, 

correlated configurational entropy of AlpCoqCrrFesNitMnu is always lower than that of 

AlxCoCrFeNiMn. Corresponding correlated free energy of mixing is also lower for 

AlpCoqCrrFesNitMnu than the AlxCoCrFeNiMn at 1100C and above temperatures, as shown in 

Figure 22 (b). Therefore, enthalpy of mixing (ΔHmix) plays a significant role in minimizing the 

overall correlated free energy of off-equiatomic AlpCoqCrrFesNitMnu alloy, in comparison to 

equiatomic AlxCoCrFeNiMn alloy. 
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Figure 22. (a) Comparison of correlated entropy of mixing (ΔSCorr./R) in AlpCoqCrrFesNitMnu 

(using diffusion couple) and AlxCoCrFeNiMn (using phase diagram), (b) Comparison of 

correlated thermodynamic parameters measured in the AlpCoqCrrFesNitMnu and AlxCoCrFeNiMn 
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 Role of Enthalpy of mixing  

High entropy effect proposes that equiatomic alloys with random solid-solution 

microstructure has the highest entropy of mixing, exhibit the higher thermodynamic stability at 

high temperatures. Generally for transition metal HEAs, |-TΔSmix.| > |ΔHmix|, therefore entropic 

contribution is more significant at higher temperatures than enthalpy contribution towards the 

stability (ΔGmix.) of HEAs. This also referred to as entropic stabilization of an alloy which is 

typically achievable with minimum of four components in equal amount. Role of enthalpy is 

typically not discussed when comparing HEAs with similar constituent elements but different 

compositions as composition corresponding to higher entropy is presumed to be more stable than 

composition corresponding to the lower entropy.  

With an exception to above discussion, compositions of off-equiatomic alloy 

corresponding to highest solubility limit for Al is thermodynamically observed to be more stable 

than equiatomic composition in Al-Co-Cr-Fe-Ni and Al-Co-Cr-Fe-Ni-Mn alloys at 1100°C and 

above temperatures. In these alloys, entropy of mixing always plays the vital role in stabilizing the 

single phase, as entropic contribution is significantly larger than enthalpy contribution towards the 

overall free energy of mixing as shown in Figure 16(b), Figure 17(b), Figure 21(b), and Figure 

22(b). However, role of enthalpy of mixing cannot be neglected which resulted in higher 

thermodynamic stability of off-equiatomic alloy compositions than equiatomic alloys 

compositions. Therefore, it directly contradicts the general presumption that entropy is the sole 

contributor towards the higher thermodynamic stability of equiatomic HEAs. Enthalpy 
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contributions may be significant in some alloys and sometimes results in higher thermodynamic 

stability of off-equiatomic alloy compositions than their equiatomic counterparts. 

At 1100°C and above temperatures, solubility limit of Al in off-equiatomic composition is 

higher than the solubility limit of Al in equiatomic composition. Binary pair enthalpy of mixing 

(ΔHij
mix) of Al with other elements is strongly negative in comparison to ΔHij

mix values for other 

binary pair constituent elements in both Al-Co-Cr-Fe-Ni and Al-Co-Cr-Fe-Ni-Mn system, as 

shown in Table 7. Therefore, increase in amount of Al, at 1100°C and higher temperatures, in off-

equiatomic alloys significant increases the magnitude of ΔHmix. of overall alloy composition in 

comparison to equiatomic alloy. Table 8 and Table 9 compares the variation in solubility limit of 

all elements in FCC AlpCoqCrrFesNit and AlpCoqCrrFesNitMnu alloys, respectively. It can be 

observed that solubility limit of Ni also increase while solubility limit of Co, Cr, Fe and Ni 

decreases with increases in temperature in both alloys. However, increase in amount of Ni, may 

not significantly influence the ΔHmix. of overall alloy, unless it has strong negative binary pair 

enthalpy of mixing (ΔHij
mix) with other elements. 
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Table 7. Binary enthalpy of mixing calculated by Miedema’s model for atomic pair 

between elements i and j in various Co-Cr-Fe-Ni based alloy systems. 

Alloy systems 

AlCoCrFeNiMn AlCoCrFeNi CoCrFeNiMn CoCrFeNiCu 

Binary 

Pairs (i–j) 
ΔHij

mix 

(kJ/mol) 

Binary 

Pairs (i–j) 
ΔHij

mix 

(kJ/mol) 

Binary 

Pairs (i–j) 
ΔHij

mix 

(kJ/mol) 

Binary 

Pairs (i–j) 
ΔHij

mix 

(kJ/mol) 

Al-Co -19 Al-Co -19 Mn-Co -5 Cu-Co 6 

Al-Cr -10 Al-Cr -10 Mn-Cr 2 Cu-Cr 12 

Al-Fe -11 Al-Fe -11 Mn-Fe 0 Cu-Fe 13 

Al-Ni -22 Al-Ni -22 Mn-Ni -8 Cu-Ni 4 

Al-Mn -19 Co-Cr -4 Co-Cr -4 Co-Cr -4 

Mn-Co -5 Co-Fe -1 Co-Fe -1 Co-Fe -1 

Mn-Cr 2 Co-Ni 0 Co-Ni 0 Co-Ni 0 

Mn-Fe 0 Cr-Fe -1 Cr-Fe -1 Cr-Fe -1 

Mn-Ni -8 Cr-Ni -7 Cr-Ni -7 Cr-Ni -7 

Co-Cr -4 Fe-Ni -2 Fe-Ni -2 Fe-Ni -2 

Co-Fe -1       

Co-Ni 0       

Cr-Fe -1       

Cr-Ni -7       

Fe-Ni -2       

 

Table 8. Compositions of AlpCoqCrrFesNit alloy corresponding to the maximum solubility 

limit of Al 

Temperature (°C) Composition corresponding to maximum solubility limit of Al (at. %) 

Al Cr Fe Co Ni 

900 4.08 (0.46) 25.83 (0.16) 24.86 (0.24) 22.25 (0.08) 22.98 (0.32) 

1000 5.48 (0.29) 25.44 (0.21) 23.86 (0.19) 20.91 (0.10) 24.30 (0.23) 

1100 8.57 (0.25) 25.19 (0.13) 20.72 (0.23) 17.65 (0.12) 27.85 (0.17) 

1200 10.42 (0.27) 23.15 (0.37) 20.01 (0.14) 15.99 (0.15) 30.44 (0.15) 
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Table 9. Compositions of AlpCoqCrrFesNitMnu alloy corresponding to the maximum 

solubility limit of Al 

Temperature 

(°C) 

Composition corresponding to maximum solubility limit of Al (at.%) 

Al Cr Mn Fe Co Ni 

900 3.07 (0.02) 23.21 (0.34) 12.86 (0.14) 23.47 (0.04) 17.95 (0.27) 19.50 (0.16) 

1000 4.39 (0.17) 23.09 (0.23) 12.78 (0.17) 21.36 (0.35) 16.79 (0.12) 21.65 (0.48) 

1100 7.24 (0.12) 21.67 (0.18) 12.40 (0.34) 18.84 (0.06) 14.97 (0.19) 24.93 (0.37) 

1200 9.42 (0.12) 19.43 (0.14) 12.48 (0.13) 17.12 (0.23) 13.25 (0.46) 28.30 (0.19) 

 

Binary pair enthalpy of mixing (ΔHij
mix) can provide an approximate estimate, if the 

addition of new element will form the solid solution in the existing single phase alloy. Equiatomic 

CoCrFeNi is a single phase HEA [65]. If the new element has a significant negative enthalpy of 

mixing with each of the other four existing component then overall alloy composition has a 

tendency to precipitate second phase (i.e. intermetallic compounds, second phase). On other hand, 

if new element has a significant positive enthalpy of mixing of all binary pairs then phase 

separation tendency will dominate. Table 7 compares the binary pair enthalpy of mixing calculated 

by Miedema’s model for Al-Co-Cr-Fe-Ni-Mn, Al-Co-Cr-Fe-Ni, Co-Cr-Fe-Ni-Mn and Co-Cr-Fe-

Ni-Cu alloys. It is evident from the Table 7 that addition of Al to CoCrFeNi or CoCrFeNiMn 

beyond solubility limit will result in formation of second  phase while addition of Cu will result in 

phase separation (i.e. miscibility gap) and form two FCC phases [66]. Addition of Mn with the 

moderate binary pair enthalpy of mixing will maintain the overall single phase solid solution 

microstructure near equiatomic composition [65]. It is interesting to note that further increase in 

Al content in AlxCoCrFeNi ( x > 0.88) or AlxCoCrFeNiMn ( x > 1.25)  will result in BCC structure 
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which had been attributed increase in lattice distortion due to large atomic radius of Al [67]. 

However, second phase BCC particles still exist in BCC matrix of  AlxCoCrFeNi (x > 0.88) [68].  

 Application of Solid solution formation rules to off-equiatomic compositions generated in 

diffusion couples  

High throughput combinatorial diffusion couple approach allows the study of many 

composition in a single experiment. To better understand the phase stability of various off-

equiatomic AlxCopCrqFerNis and AlpCoqCrrFesNitMnu compositions, results were compared 

against existing empirical phase selection rules pertaining to multi-component alloys, as described 

in section 3.3. Atomic size difference (δ) plays the important role for the formation of single phase 

solid solution in HEAs. Therefore, all the solid solution phase formation predictors are plotted 

against δ, as shown in Figure 23 and Figure 24. Figure 23 (a) and Figure 24 (a) shows the Ω–δ plot 

for the all off-equiatomic AlxCopCrqFerNis and AlpCoqCrrFesNitMnu alloys. It can be noticed the Ω 

varies between 2 and 5 and δ varies between 0.006 and 0.046. Smaller mismatch (δ ≤ 0.066) in 

atomic size [53, 69] and Ω ≥ 1.1 [53]  has been suggested as a criterion for forming solid solution 

in HEAs. Figure 23 (b) and Figure 24 (b) shows that ΔHmix. – δ plot, which suggests that ΔHmix. 

for FCC AlCoCrFeNi alloys varies from –8.8 to –3.8 kJ/mol. Guo et al. [69] reported that ΔHmix 

for single phase HEAs varies between –11.6 to 3.2 kJ/mol and corresponding δ values are small 

(< 0.066). VEC also plays an important role in determining structure of HEAs. Smaller values of 

VEC favors the formation of BCC phases while higher VEC favors the formation of FCC phases. 

Guo et al. [56] observed that for FCC HEAs, VEC ≥ 8.0, however, Poletti & Battezzatti [70] 

suggested that VEC > 7.5. Figure 23 (c) and Figure 24 (c) shows that VEC of AlxCopCrqFerNis and 
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AlpCoqCrrFesNitMnu alloys, respectively, varies between 7.6 and 8.25. In general, Δχ does not have 

the strong effect in determining the phases in HEAs. Small Δχ (≤ 0.175 ) favors the formation of 

solid solution [71], however many exceptions were also reported to this rule [72]. In present work, 

Δχ varies between 0.07 and 0.116, as shown in Figure 23 (d) and Figure 24 (d) for AlxCopCrqFerNis 

and AlpCoqCrrFesNitMnu alloys, respectively. 

 

Figure 23. Application of solid-solubility predictors to the various off-equiatomic FCC 

AlpCoqCrrFesNit generated in the diffusion couples. (a) Ω-δ, (b) ΔHmix.- δ, (c) VEC-δ, and (d) Δχ- 

δ plot. 
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Figure 24. Application of solid-solubility predictors to the various off-equiatomic FCC 

AlpCoqCrrFesNitMnu generated in the diffusion couples. (a) Ω-δ, (b) ΔHmix.- δ, (c) VEC-δ, and (d) 

Δχ- δ plot. 
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 SLUGGISH DIFFUSION EFFECT  

Aforementioned in chapter 2, diffusion is proposed to be anomalously slow in HEAs. 

Initially this hypothesis may mainly motivated by the secondary observations such as absence of 

low temperature phases in Al0.5CoCrFeNiCu upon slow cooling from high temperature [73], 

restricted growth of nano-crystals in as-cast AlxCoCrFeNiCu alloy [22],  or AlCrMoSiTi film [23]. 

Superior diffusion barrier properties of AlMoNbSiTaTiVZr [74], AlCrTaTiNi, (AlCrTaTiNi)N 

[75], (AlMoNbSiTaTiVZr)50N50 [76], (AlCrTaTiZr)N [77], AlMoNbSiTaTiVZr [74] also support 

sluggish diffusion hypothesis. Some alloys such as CoCrFeNiMn [78-80], Al0.5CoCrFeNiCu [81], 

Al0.5CrCuFeNi2 [82], FeCoNiCuMn [83] exhibit sluggish recrystallization kinetics also advocate 

towards sluggish diffusion behavior. These secondary observations supported the sluggish 

diffusion hypothesis, however does not prove that diffusion is indeed sluggish in all HEAs. 

Aforementioned, various studies [21, 25, 31-33, 35-37] has been carried out to determine the tracer 

diffusion coefficients. There has been no common consensus on the sluggish diffusion hypothesis: 

some studies reported that diffusion is indeed sluggish in HEAs while others did not. In potential 

engineering applications where diffusion may occur under the concentration gradients, 

interdiffusion coefficients may be more relevant. Limited studies [30, 32, 34] has been reported 

on the interdiffusion in HEAs, however no relevant comparison was made to elucidate the possible 

“sluggish” diffusion in HEAs.  

In this chapter, sluggish diffusion effect was examined in single phase Co-Cr-Fe-Ni based 

transition metal high entropy alloys by measuring interdiffusion and tracer diffusion coefficients. 
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Average effective interdiffusion coefficients were measured for individual elements in Co-Cr-Fe-

Ni, Co-Cr-Fe-Ni-Mn, Al-Co-Cr-Fe-Ni and Al-Co-Cr-Fe-Ni-Mn. Tracer diffusion coefficient of Ni 

was measured in face centered cubic Co-Cr-Fe-Ni, Co-Cr-Fe-Ni-Mn, and Al-Co-Cr-Fe-Ni. 

Diffusion coefficients in HEAs were compared with the conventional solvent-based 

multicomponent low entropy alloys to investigate sluggish diffusion effect. Results were analyzed 

with respect to the fluctuation in lattice potential energy of the system under study using potential 

energy fluctuation (PEF) model.  

 Measurement of average effective interdiffusion coefficients 

6.1.1 Fe50Cr50 vs. Co50Ni50 quaternary diffusion couples 

Figure 25 shows the concentration profiles superimposed on the BSE microstructure of 

Fe50Cr50 vs. Co50Ni50 diffusion couples isothermally annealed at 900°, 1000°, 1100°, and 1200°C 

for 120, 120, 48, and 48 hours, respectively. Two-phase region was observed in the interdiffusion 

zone of the diffusion couple annealed at 900°C, as shown in Figure 25(a). Interdiffusion zone 

consist of continuous intermetallic layer, with composition: 47.09 at.% Cr, 45.27 at.% Fe, 4.41 

at.% Co and 3.23 at.% Ni, along with some Cr rich precipitates, with composition: 85.62 at.% Cr, 

11.79 at.% Fe, 0.69 at.% Co and 1.91 at.% Ni). Other diffusion couples exhibited interphase 

boundary between BCC and FCC alloys with sharp changes in concentrations. 
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Figure 25. Concentration profiles superimposed on BSE micrographs of Fe50Cr50 vs. Co50Ni50 

diffusion couples isothermally annealed at (a) 900°C for 120 hours, (b) 1000°C for 120 hours, (c) 

1100°C for 48 hours, and (d) 1200°C for 48 hours 

 

Table 10 reports the average effective interdiffusion coefficients, activation energies, and 

pre-exponential factor of Co, Cr, Fe and Ni in the starting BCC Fe50Cr50 and FCC Co50Ni50 alloy 

at 900, 1000, 1100, and 1200°C. Figure 26 shows the corresponding Arrhenius plot for the 

temperature dependence of average effective interdiffusion coefficients. Table 10 and Figure 26 

shows that interdiffusion coefficients of Co, Cr, Fe and Ni were 1-2 order of magnitude higher in 

BCC phase, in comparison to FCC phase. It is noteworthy that after interdiffusion, equiatomic 
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composition of CoCrFeNi forms on the FCC side of the diffusion couple. Diffusion of Co and Ni 

in BCC FeCr alloys shows the limited solubility limit for Co and Ni.  
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Table 10. Average effective interdiffusion coefficients, activation energy and pre-exponential factor of Co, Cr, Fe, and Ni 

measured in FeCr (BCC) and CoNi (FCC) phases measured using Fe50Cr50 vs. Co50Ni50 diffusion couples 

End member Alloy 

Diffusion couple 

Temperature 

(ᵒC) 
𝑫̅̃𝑪𝒓

𝒆𝒇𝒇
(m2/s) 𝑫̅̃𝑭𝒆

𝒆𝒇𝒇
(m2/s) 𝑫̅̃𝑪𝒐

𝒆𝒇𝒇
(m2/s) 𝑫̅̃𝑵𝒊

𝒆𝒇𝒇
(m2/s) 

Fe50Cr50 900 5.35 (2.72) × 10-16 1.02 (0.44) × 10-15 7.23 (4.01) × 10-16 7.51 (3.86) × 10-16 

1000 1.14 (0.47) × 10-14 2.29 (1.00) × 10-14 1.66 (0.83) × 10-14  1.83 (0.87) × 10-14 

1100 1.66 (0.42) × 10-13 2.25 (0.76) × 10-13 2.24 (0.61) × 10-13 2.14 (0.63) × 10-13 

1200 7.98 (0.13) × 10-13 1.13 (0.05) × 10-12 9.70 (0.10) × 10-13 8.63 (0.29) × 10-13 

Q (kJ/mol) 355.42 336.97 350.19 341.79 

Do (m2/s) 4.0829 1.2456 3.3791 1.5602 

Co50Ni50 900 1.21 (0.63) × 10-16 1.25 (0.45) × 10-16 1.17 (0.65) × 10-16 1.27 (0.56) × 10-16 

1000 6.71 (3.77) × 10-16 7.32 (2.97) × 10-16 7.09 (3.82) × 10-16 7.26 (3.72) × 10-16 

1100 9.58 (1.03) × 10-15 7.96 (0.75) × 10-15 8.69 (0.97) × 10-15 9.14 (1.32) × 10-15 

1200 3.42 (0.04) × 10-14 2.84 (0.08) × 10-14 3.08 (0.10) × 10-14 3.30 (0.03) × 10-14 

Q (kJ/mol) 281.18 268.13 276.19 275.94 

Do (m2/s) 3.45 × 10-4 9.80 × 10-5 2.10 × 10-4 2.16 × 10-4 
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Figure 26. Temperature dependence of average effective interdiffusion coefficients for Co, Cr, Fe 

and Ni in BCC FeCr alloy and FCC CoNi measured using Fe50Cr50 vs. Co50Ni50 diffusion couples 

in temperature range from 900° to 1200°C.  

 

6.1.2 Co20Cr27Fe33Ni20 vs Co30Cr20Fe20Ni30 quaternary diffusion couples 

Figure 27 shows the concentration profiles superimposed on the BSE microstructure of 

Co20Cr27Fe33Ni20 vs Co30Cr20Fe20Ni30 diffusion couples annealed at 900°, 1000°, 1100°, and 

1200°C for 240, 240, 240, and 48 hours, respectively. Interdiffusion zone in all the diffusion 

couples exhibited the single-phase microstructure without any interphase boundary. Diffusion 
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couples annealed at 1000°, 1100°, and 1200°C showed the formation of Kirkendall voids in the 

interdiffusion zone.  

 

Figure 27. Concentration profiles superimposed on BSE micrographs of Co20Cr27Fe33Ni20 vs 

Co30Cr20Fe20Ni30 diffusion couples isothermally annealed at (a) 900°C for 240 hours, (b) 1000°C 

for 240 hours, (c) 1100°C for 240 hours, and (d) 1200°C for 48 hours.  

 

Table 11 reports the average effective interdiffusion coefficients, activation energies, and 

pre-exponential factor of Co, Cr, Fe and Ni in CoCrFeNi alloy for the near equiatomic composition 

measured using Co20Cr27Fe33Ni20 vs Co30Cr20Fe20Ni30 diffusion couples at 900°, 1000°, 1100°, and 
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1200°C. Figure 28 shows the corresponding Arrhenius plot for the temperature dependence of 

average effective interdiffusion coefficients. In general, Cr is the fastest, and Ni is the slowest 

diffusing element in the CoCrFeNi alloy. 
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Table 11. Average effective interdiffusion coefficients, activation energy and pre-exponential factor of Co, Cr, Fe and Ni 

in CoCrFeNi alloy for the near equiatomic composition measured using Co20Cr27Fe33Ni20 vs Co30Cr20Fe20Ni30. 

Temperature 

(ᵒC) 
𝑫̅̃𝑪𝒓

𝒆𝒇𝒇
(m2/s) 𝑫̅̃𝑭𝒆

𝒆𝒇𝒇
(m2/s) 𝑫̅̃𝑪𝒐

𝒆𝒇𝒇
(m2/s) 𝑫̅̃𝑵𝒊

𝒆𝒇𝒇
(m2/s) 

900 1.68 (0.92) × 10-17 1.81(0.41) × 10-17 1.73 (0.67) × 10-17 1.37 (0.36) × 10-17 

1000 2.52 (0.51) × 10-16 2.21 (0.29) × 10-16 2.09 (0.68) × 10-16 1.62 (0.33) × 10-16 

1100 7.45 (0.69) × 10-15 4.37 (0.27) × 10-15 5.88 (0.15) × 10-15 4.09 (0.33) × 10-15 

1200 4.41 (0.49) × 10-14 3.05 (0.31) × 10-14 3.11 (0.27) × 10-14 2.41  (0.13) × 10-14 

𝑸̅̃𝒊
𝒆𝒇𝒇

 (kJ/mol) 388.46 362.94 371.38 368.41 

𝑫̅̃𝟎,𝒊
𝒆𝒇𝒇

 (m2/s) 3.0495 0.2319 0.53012 0.307 
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Figure 28. Temperature dependence of average effective interdiffusion coefficients for Co, Cr, Fe 

and Ni in Co20Cr27Fe33Ni20 vs Co30Cr20Fe20Ni30 diffusion couples in temperature range from 900° 

to 1200°C. 

6.1.3 Co25Cr25Ni25Fe15Mn10 vs Co15Cr15Ni15Fe25Mn30 quinary diffusion couples  

Figure 29 shows the concentration profiles superimposed on the microstructure of 

Co25Cr25Ni25Fe15Mn10 vs Co15Cr15Ni15Fe25Mn30 diffusion couples isothermally annealed at 900°, 

1000°, 1100°, and 1200°C for 120, 120, 48, and 48 hours, respectively. Interdiffusion zone in all 

the diffusion couples exhibited the single-phase microstructure without any interphase boundary.  



73 

 

 

Figure 29. Concentration profiles superimposed on BSE micrographs of Co25Cr25Ni25Fe15Mn10 vs 

Co15Cr15Ni15Fe25Mn30 diffusion couples isothermally annealed at (a) 900°C for 120 hours, (b) 

1000°C for 120 hours, (c) 1100°C for 48 hours, and (d) 1200°C for 48 hours.  
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Table 12. Average effective interdiffusion coefficients, activation energy and pre-exponential factor of Co, Cr, Fe and Ni 

in CoCrFeNiMn alloy for the near equiatomic composition measured using Co25Cr25Ni25Fe15Mn10 vs Co15Cr15Ni15Fe25Mn30 

diffusion couples. 

Temperature 

(°C) 
𝑫̅̃𝑴𝒏

𝒆𝒇𝒇
(m2/s) 𝑫̅̃𝑪𝒓

𝒆𝒇𝒇
(m2/s) 𝑫̅̃𝑭𝒆

𝒆𝒇𝒇
(m2/s) 𝑫̅̃𝑪𝒐

𝒆𝒇𝒇
(m2/s) 𝑫̅̃𝑵𝒊

𝒆𝒇𝒇
(m2/s) 

900 1.21 (0.08) × 10-16 8.06 (0.85) × 10-17 3.31 (0.99) × 10-17 6.23 (1.06) × 10-17 8.98 (1.86) × 10-17 

1000 1.83 (0.13) × 10-15 7.26 (0.19) × 10-16 3.30 (0.48) × 10-16 7.71 (0.72) × 10-16 9.40 (1.40) × 10-16 

1100 2.96 (0.12) × 10-14 1.60 (0.08) × 10-14 6.04 (2.01) × 10-15 1.58 (0.54) × 10-14 1.60 (0.46) × 10-14 

1200 1.53 (0.09) × 10-13 8.58 (1.30) × 10-14 3.12 (0.56) × 10-14 8.03 (1.51) × 10-14 9.09 (0.13) × 10-14 

𝑸̅̃𝒊
𝒆𝒇𝒇

 (kJ/mol) 348.86 344.62 337.13 352.68 338.96 

𝑫̅̃𝟎,𝒊
𝒆𝒇𝒇

 (m2/s) 0.4204 0.1520 0.0305  0.2965 0.1008 
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Figure 30. Temperature dependence of average effective interdiffusion coefficients for Co, Cr, Fe, 

Ni, and Mn in Co25Cr25Ni25Fe15Mn10 vs Co15Cr15Ni15Fe25Mn30 diffusion couples in temperature 

range from 900 to 1200ᵒC. 

 

Table 12 reports the average effective interdiffusion coefficients, activation energies, and 

pre-exponential factor of Co, Cr, Fe, Ni, and Mn in CoCrFeNiMn alloy for the near equiatomic 

composition measured using Co25Cr25Ni25Fe15Mn10 vs Co15Cr15Ni15Fe25Mn30 diffusion couples.at 

900, 1000, 1100, and 1200°C. Figure 30 shows the corresponding Arrhenius plot for the 

temperature dependence of average effective interdiffusion coefficients. In general, Mn is the 

fastest, and Fe is the slowest diffusing element in the CoCrFeNiMn alloy. 
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6.1.4 Al6Co19Cr28Fe28Ni19 vs. Al6Co28Cr19Fe19Ni28 quinary diffusion couples 

Figure 31 shows the concentration profiles superimposed on the microstructure of 

Al6Co19Cr28Fe28Ni19 vs. Al6Co28Cr19Fe19Ni28 diffusion couples isothermally annealed at 900°, 

1000°, 1100°, and 1200°C for 240, 120, 48, and 24 hours, respectively. Interdiffusion zone in all 

the diffusion couples exhibited the single-phase microstructure without any interphase boundary.  

 

Figure 31. Concentration profiles superimposed on BSE micrographs of Al6Co19Cr28Fe28Ni19 vs. 

Al6Co28Cr19Fe19Ni28 diffusion couples isothermally annealed at (a) 900°C for 240 hours, (b) 

1000°C for 120 hours, (c) 1100°C for 48 hours, and (d) 1200°C for 24 hours.  
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Table 13. Average effective interdiffusion coefficients, activation energy and pre-exponential factor of Al, Co, Cr, Fe 

and Ni in Al0.25CoCrFeNi alloy composition measured using Al6Co19Cr28Fe28Ni19 vs. Al6Co28Cr19Fe19Ni28 diffusion couples. 

Temperature 

(ᵒC) 
𝑫̅̃𝑨𝒍

𝒆𝒇𝒇
(m2/s) 𝑫̅̃𝑪𝒓

𝒆𝒇𝒇
(m2/s) 𝑫̅̃𝑭𝒆

𝒆𝒇𝒇
(m2/s) 𝑫̅̃𝑪𝒐

𝒆𝒇𝒇
(m2/s) 𝑫̅̃𝑵𝒊

𝒆𝒇𝒇
(m2/s) 

900 -2.95 (0.82) × 10-16 3.42 (0.41) × 10-17 1.76 0.19) × 10-17 3.96 (0.80) × 10-17 3.32 (0.82) × 10-17 

1000 -3.05 (0.43) × 10-16 3.73 (0.15) × 10-16 2.17 (0.21) × 10-16 3.94 (0.46) × 10-16 3.49 (0.18) × 10-16 

1100 -2.49 (1.49) × 10-14 7.38 (0.91) × 10-15 3.95 (0.50) × 10-15 8.09 (0.99) × 10-15 6.33 (0.74) × 10-15 

1200 -5.12 (3.35) × 10-14 3.63 (0.17) × 10-14 2.33 (0.42) × 10-14 3.67 (0.51) × 10-14 3.03 (0.32) × 10-14 

𝑸̅̃𝒊
𝒆𝒇𝒇

 (kJ/mol) - 343.62 351.60 338.29 335.72 

𝑫̅̃𝟎,𝒊
𝒆𝒇𝒇

 (m2/s) - 0.0628 0.0739 0.0418 0.0276 

 

 



78 

 

 

Figure 32. Temperature dependence of average effective interdiffusion coefficients for Co, Cr, Fe 

and Ni in Al6Co19Cr28Fe28Ni19 vs. Al6Co28Cr19Fe19Ni28 diffusion couples in temperature range 

from 900° to 1200°C. 

 

Table 13 reports the average effective interdiffusion coefficients, activation energies, and 

pre-exponential factor of Co, Cr, Fe, Ni, and Mn in Al0.25CoCrFeNi alloy composition measured 

using Al6Co19Cr28Fe28Ni19 vs. Al6Co28Cr19Fe19Ni28 diffusion couples at 900°, 1000°, 1100°, and 

1200°C. Figure 32 shows the corresponding Arrhenius plot for the temperature dependence of 

average effective interdiffusion coefficients. Al exhibits the negative interdiffusion coefficient at 

all temperature which represents the strong negative values of off-diagonal interdiffusion 
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coefficients i.e. strong thermodynamic interaction of Al with other elements. In general, Co is the 

fastest, and Fe is the slowest diffusing element in the Al0.25CoCrFeNi alloy. 

6.1.5 Al48Ni52 vs. Co25Cr25Fe25Ni25 quinary diffusion couples 

Figure 13 shows the concentration profiles superimposed on the BSE micrograph of 

Al48Ni52 vs. Co25Cr25Fe25Ni25 diffusion couples isothermally annealed at 900°, 1000°, 1100°, and 

1200°C for 240, 120, 48, and 24 hours, respectively. Aforementioned, FCC side of the diffusion 

couple did not develop BCC or duplex phase suggesting that diffusion is significantly faster in 

FCC phase.  

Table 14 reports the average effective interdiffusion coefficients, activation energies, and 

pre-exponential factor of Al, Co, Cr, Fe, and Ni, in BCC Al-Co-Cr-Fe-Ni alloy formed in the 

Al48Ni52 end member and FCC Al-Co-Cr-Fe-Ni alloy formed in the Co25Cr25Fe25Ni25 end member, 

after interdiffusion in Al48Ni52 vs. Co25Cr25Fe25Ni25 diffusion couples. Figure 33 and Figure 34 

shows the corresponding Arrhenius plot for the temperature dependence of average effective 

interdiffusion coefficients in FCC Al-Co-Cr-Fe-Ni and BCC Al-Co-Cr-Fe-Ni, respectively. Ni and 

Cr exhibits the negative interdiffusion coefficient in FCC Al-Co-Cr-Fe-Ni alloy which represents 

the strong negative values of off-diagonal interdiffusion coefficients i.e. strong thermodynamic 

interaction with other elements. All elements have similar order of magnitude for interdiffusion 

coefficients in FCC and BCC Al-Co-Cr-Fe-Ni alloys. In general, Al has the highest diffusivity in 

both FCC and BCC phases at 1100°C and above temperatures.  

 



80 

 

 

Table 14. Average effective interdiffusion coefficients, activation energy and pre-exponential factor of Al, Co, Cr, Fe and Ni in 

BCC Al48Ni52 and FCC Co25Cr25Fe25Ni25 end member alloy measured using Al48Ni52 vs Co25Cr25Fe25Ni25diffusion couples. 
 

End member 

Alloy Diffusion 

couple  

Temperature 

(ᵒC) 
𝑫̅̃𝑨𝒍

𝒆𝒇𝒇
(m2/s) 𝑫̅̃𝑪𝒓

𝒆𝒇𝒇
(m2/s) 𝑫̅̃𝑭𝒆

𝒆𝒇𝒇
(m2/s) 𝑫̅̃𝑪𝒐

𝒆𝒇𝒇
(m2/s) 𝑫̅̃𝑵𝒊

𝒆𝒇𝒇
(m2/s) 

Al48Ni52 

 

900 1.93 (0.10) × 10-16 7.79 (1.70) × 10-17 1.20 (0.19) × 10-16 1.53 (0.06) × 10-16 -1.97 (0.81) × 10-17 

1000 1.88 (0.14) × 10-15 1.10 (0.24) × 10-15 1.34 (0.13) × 10-15 1.33 (0.16) × 10-15 5.01 (2.02) × 10-16 

1100 3.96 (0.03) × 10-14 2.49 (0.06) × 10-14 3.19 (0.09) × 10-14 3.34 (0.04) × 10-14 8.87 (1.38) × 10-15 

1200 1.84 (0.03) × 10-13 1.24 (0.03) × 10-13 1.45 (0.04) × 10-13 1.63 (0.09) × 10-13 6.99 (1.34) × 10-14 

Q (kJ/mol) 339.71 363.49 352.10 346.61 - 

Do (m2/s) 0.2326 1.1475 0.5233 0.3515 - 

Co25Cr25Fe25Ni25 900 7.33 (1.06) × 10-17  4.36 (3.03) × 10-17 3.02 (1.70) × 10-16 9.87 (2.83) × 10-17 2.99  (2.17) × 10-16 

1000 9.31 (1.77) × 10-16 3.96 (1.19) × 10-16 1.44 (1.48) × 10-15 9.06 (0.60) × 10-16 -2.20 (0.58) × 10-15 

1100 2.13 (0.02) × 10-14 -2.67 (1.09) × 10-14 1.06 (0.78) × 10-14 1.46 (0.18) × 10-14 -1.25 (0.24) × 10-14 

1200 1.01 (0.02) × 10-13 -5.22 (1.62) × 10-14 3.53 (0.58) × 10-14 6.94 (1.00) × 10-14 -5.95 (2.15) × 10-14 

Q (kJ/mol) 357.42 - 233.71 322.67 - 

Do (m2/s) 0.5707 - 7.0 × 10-6 0.0209 - 
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Figure 33. Temperature dependence of average effective interdiffusion coefficients for Co, Cr, Fe 

and Ni in FCC Co25Cr25Fe25Ni25 end member alloy measured using Al48Ni52 vs. Co25Cr25Fe25Ni25 

diffusion couples in temperature range from 900 to 1200ᵒC.  
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Figure 34. Temperature dependence of average effective interdiffusion coefficients for Al, Co, Cr, 

Fe and Ni in BCC Al48Ni52 end member measured using Al48Ni52 vs. Co25Cr25Fe25Ni25 diffusion 

couples in temperature range from 900° to 1200°C 

6.1.6  Al48Ni52 vs. Co20Cr20Fe20Ni20Mn20 senary diffusion couples 

Figure 18 shows the concentration profiles superimposed on the BSE micrograph of 

Al48Ni52 vs. Co20Cr20Fe20Ni20Mn20 diffusion couples isothermally annealed at 900°, 1000°, 1100°, 

and 1200°C for 240, 120, 48, and 24 hours, respectively. Aforementioned, FCC side of the 

diffusion couple did not develop BCC or duplex phase suggesting that diffusion is significantly 

faster in FCC phase, similar to Al48Ni52 vs. Co25Cr25Fe25Ni25 diffusion couples.  

Table 15 reports the average effective interdiffusion coefficients, activation energies, and 

pre-exponential factor of Al, Co, Cr, Fe, Ni, and Mn in BCC Al-Co-Cr-Fe-Ni-Mn alloy formed in 
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the Al48Ni52 end member and FCC Al-Co-Cr-Fe-Ni-Mn alloy formed in the Co20Cr20Fe20Ni20Mn20 

end member, after interdiffusion in Al48Ni52 vs. Co20Cr20Fe20Ni20Mn20 diffusion couples. Figure 

35 and Figure 36 shows the corresponding Arrhenius plot for the temperature dependence of 

average effective interdiffusion coefficients in FCC Al-Co-Cr-Fe-Ni-Mn alloy and BCC Al-Co-

Cr-Fe-Ni-Mn alloy, respectively. In general, Al has the highest diffusivity in both FCC and BCC 

phases at 1100°C and above temperatures. Unlike in Fe50Cr50 vs. Co50Ni50 diffusion couples 

wherein interdiffusion coefficients of Co, Cr, Fe and Ni were 1-2 order of magnitude higher in 

BCC phase, in comparison to FCC phase, in Al48Ni52 vs. Co20Cr20Fe20Ni20Mn20 interdiffusion 

elements (i.e. Al, Co, Cr, Fe, Ni and Mn) has similar order of magnitude of interdiffusion 

coefficients in FCC and BCC Al-Co-Cr-Fe-Ni-Mn alloy, similar to Al48Ni52 vs. Co25Cr25Fe25Ni25 

diffusion couples.  
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Table 15. Average effective interdiffusion coefficients, activation energy and pre-exponential factor of Al, Co, Cr, Fe, 

Ni, and Mn in BCC Al48Ni52 and FCC Co20Cr20Fe20Ni20Mn20 end member alloy measured using Al48Ni52 vs 

Co20Cr20Fe20Ni20Mn20 diffusion couples. 

End member Alloy 

Diffusion couple 

Temperature 

(ᵒC) 
𝑫̅̃𝑨𝒍

𝒆𝒇𝒇
(m2/s) 𝑫̅̃𝑪𝒓

𝒆𝒇𝒇
(m2/s) 𝑫̅̃𝑭𝒆

𝒆𝒇𝒇
(m2/s) 𝑫̅̃𝑪𝒐

𝒆𝒇𝒇
(m2/s) 𝑫̅̃𝑵𝒊

𝒆𝒇𝒇
(m2/s) 𝑫̅̃𝑴𝒏

𝒆𝒇𝒇
(m2/s) 

  Al48Ni52 

 

900 3.66 (0.98) × 10-17 3.50 (0.99) × 10-17 4.22 (1.30) × 10-17 3.23 (0.92) × 10-17 3.34 (1.18) × 10-17 3.51 (1.04) × 10-17 

1000 5.30 (0.25) × 10-16 4.42 (0.60) × 10-16 5.85 (0.23) × 10-16 4.95 (0.43) × 10-16 4.91 (0.31) × 10-16 4.90 (0.25) × 10-16 

1100 2.93 (0.02) × 10-14 2.24 (0.18) × 10-14 2.82 (0.12) × 10-14 2.74 (0.13) × 10-14 2.65 (0.09) × 10-14 3.05 (0.02) × 10-14 

1200 1.83 (0.0) × 10-13 1.46 (0.08) × 10-13 1.65 (0.07) × 10-13 1.82 (0.01) × 10-13 1.75 (0.04) × 10-13 2.05 (0.03) × 10-13 

Q (kJ/mol) 425.34 415.45 412.37 430.00 426.42 432.99 

Do (m2/s) 263.07 88.86 82.45 377.58 269.29 534.40 

Co20Cr20Fe20Ni20Mn20 900 2.48 (0.70) × 10-16 5.94 (2.06) × 10-17 5.43 (2.17) × 10-17 7.64 (1.21) × 10-17 4.20 (1.85) × 10-17 1.40 (0.23) × 10-16 

1000 2.10 (0.94) × 10-15 1.63 (0.28) × 10-15 5.90 (2.23) × 10-16 4.16 (1.92) × 10-16 3.60 (0.89) × 10-16 1.78 (0.59) × 10-15 

1100 4.08 (0.16) × 10-14 2.38 (0.74) × 10-14 3.36 (1.18) × 10-15 9.06 (0.79) × 10-15 4.27 (2.20) × 10-15 3.40 (0.28) × 10-14 

1200 1.73 (0.13) × 10-13 1.90 (0.80) × 10-13 4.46 (1.90) × 10-14 4.17 (0.87) × 10-14 3.06 (1.10 ) × 10-14 1.90 (0.16) × 10-13 

Q (kJ/mol) 325.08 387.68 312.77 315.02 318.84 353.68 

Do (m2/s) 0.0658 11.948 0.0041 0.0063 0.0057 0.7387 
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Figure 35. Temperature dependence of average effective interdiffusion coefficients for Al, Co, Cr, 

Fe, Ni, and Mn in FCC Co20Cr20Fe20Ni20Mn20 end member alloy measured using Al48Ni52 vs. 
Co20Cr20Fe20Ni20Mn20 diffusion couples in temperature range from 900° to 1200°C.  
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Figure 36. Temperature dependence of average effective interdiffusion coefficients for Al, Co, Cr, 

Fe, Ni, and Mn in BCC Al48Ni52 end member alloy measured using Al48Ni52 vs. 
Co20Cr20Fe20Ni20Mn20 diffusion couples in temperature range from 900 to 1200°C.  

 

 Comparison of interdiffusion coefficients  

Figure 37 compares the average effective interdiffusion coefficients for all elements in 

FCC alloys determined in present study. Diffusion of Co is the fastest in quinary off-equiatomic 

AlCoCFeNi or near-equiatomic CoCrFeNiMn alloy and slowest in CoCrFeNi alloy. Diffusion of 

Cr is the fastest in senary off-equiatmic AlCoCrFeNiMn alloy and slowest in quaternary near-

equiatomic CoCrFeNi alloy. Diffusion of Fe is fastest in off-equiatomic quinary AlCoCrFeNi alloy 
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and slowest in near-equiatomic CoCrFeNi. Diffusion of Ni is fastest in near equiatomic 

CoCrFeNiMn and slowest in near-equiatomic CoCrFeNi alloy. Diffusion of Al is faster in off-

equiatomic senary AlCoCrFeNiMn alloy than off-equiatomic quinary AlCoCrFeNiMn alloy. 

Diffusion of Mn is slightly faster in off-equiatomic senary AlCoCrFeNiMn alloy than equiatomic 

CoCrFeNiMn alloy. Therefore, a reduction in the magnitude of interdiffusion coefficients was not 

observed for all individual components in higher component FCC alloy system in comparison to 

lower component FCC alloy system. 
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Figure 37. Comparison of average effective interdiffusion coefficients of (a) Co, (b) Cr, (c) Fe, (d) 

Ni, (e) Al, and (f) Mn in various FCC alloys 
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Figure 38. Comparison of average effective interdiffusion coefficients of (a) Co, (b) Cr, (c) Fe, (d) 

Ni, and (e) Al in various BCC alloys 

  

Figure 38 compares the average effective interdiffusion coefficients for all elements in BCC 

alloys determined in present study. Diffusion of Co, Cr, Fe and Ni is approximately an order of 
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magnitude higher in off-equiatomic quaternary CoCrFeNi alloy than in off equiatomic quinary 

AlCoCrFeNi and off equiatomic senary AlCoCrFeNiMn alloy. Diffusion of Co, Cr and Fe is the 

slowest in off equiatomic senary AlCoCrFeNiMn alloy. Diffusion of Al is higher in off-equiatomic 

quinary AlCoCrFeNi than off-equiatomic senary AlCoCrFeNiMn alloy. This is in compliance with 

sluggish diffusion effect. However, diffusion of Ni is slowest in off-equiatomic quinary 

AlCoCrFeNi alloy. Therefore, sluggish diffusion effect is largely obeyed by diffusion of elements 

in BCC alloys. 

 Table 16 compares the average effective interdiffusion coefficients of Fe, Cr and Ni 

determined from concentration profiles reported by Duh and Dayananda [84], on either side of the 

Matano plane with the average effective interdiffusion coefficients measured in quaternary 

CoCrFeNi alloys and quinary CoCrFeNiMn and Al0.25CoCrFeNi alloys. Diffusion coefficient of 

Cr is higher in quaternary CoCrFeNi alloys and quinary CoCrFeNiMn and Al0.25CoCrFeNi alloys 

in comparison to ternary FeCrNi alloy. Diffusion coefficient of Fe is higher in quinary 

CoCrFeNiMn alloy than ternary FeCrNi alloy. Thus far, a notable reduction in interdiffusion 

coefficients of Fe, Cr or Ni was not observed with addition of Co, Mn, or Ni in FeCrNi alloy. 

 

 

 

 



91 

 

Table 16. Comparison of average effective interdiffusion coefficients of Fe, Cr, and Ni at 1100°C 

in FeCrNi alloy with average effective interdiffusion coefficients of Cr, Fe, Co, and Ni in 

CoCrFeNi, CoCrFeNiMn and Al0.25CoCrFeNi alloys. 

Ele

ment 

i 

CrFeNi CoCrFeNi CoCrFeNiMn Al0.25CoCrFeNi 

Cr32.1Fe15.8Ni52.1      

to       

Cr16.1Fe33.5Ni50.4 

Cr16.1Fe33.5Ni50.

4        to            

Cr0Fe52Ni48 

Co20Cr27Fe33Ni20 

to 

Co30Cr20Fe20Ni30 

Co25Cr25Ni25Fe15Mn10 

to 

Co15Cr15Ni15Fe25Mn30 

Al6Co19Cr28Fe28Ni19  

to 

Al6Co28Cr19Fe19Ni28 

𝐷̅̃𝑖,𝐿
𝑒𝑓𝑓

(m2/s) 𝐷̅̃𝑖,𝑅
𝑒𝑓𝑓

 (m2/s) 𝐷̅̃𝑖
𝑒𝑓𝑓

(m2/s) 𝐷̅̃𝑖
𝑒𝑓𝑓

(m2/s) 𝐷̅̃𝑖
𝑒𝑓𝑓

(m2/s) 

Cr 6.50 x 10-15 6.18 x 10-15 7.45 (0.69) × 10-15 1.60 (0.08) × 10-14 7.38 (0.91) × 10-15 

Fe 5.35 x 10-15 5.47 x 10-15 4.37 (0.27) × 10-15 6.04 (2.01) × 10-15 3.95 (0.50) × 10-15 

Co – – 5.88 (0.15) × 10-15 1.58 (0.54) × 10-14 8.09 (0.99) × 10-15 

Ni 2.20 x 10-16  

(Uphill diffusion) 
1.72 x 10

-15
 4.09 (0.33) × 10-15     1.60 (0.46) × 10-14 6.33 (0.79) × 10-15 

 

 Measurement of Tracer diffusion coefficient 

6.3.1 Tracer diffusion coefficient of Ni in quaternary CoCrFeNi alloy 

Tracer diffusion coefficients of Ni (𝐷𝑁𝑖
∗ ) in near equiatomic quaternary CoCrFeNi alloy 

was measured using “sandwich” thin film diffusion couple, in the temperature range from 900° to 

1000°C using Belova et al. [46] approach and Gaussian distribution function, as described in 

section 2.3.2. Figure 39 shows the Spike profile of Ni superimposed on the interdiffusion profile, 

and Gaussian fitted difference of Spike and interdiffusion profile.  Table 17 compares the measured 

tracer diffusion coefficient of Ni in present study with the independent measurement performed 

by Vaidya et al. [25] using 63Ni28 radiotracers. 
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Figure 39. Concentration profiles in CoCrFeNi system. (a.1) Spike profile at 900°C superimposed 

on the interdiffusion profile of Ni, (a.2) corresponding Gaussian fitted subtracted profile in (a.1). 

(b.1) Spike profile at 950°C superimposed on the interdiffusion profile of Ni, (b.2) corresponding 

Gaussian fitted subtracted profile in (b.1). (c.1) Spike profile at 1000°C superimposed on the 

interdiffusion profile of Ni, (c.2) corresponding Gaussian fitted subtracted profile in (c.1) 
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Table 17. Tracer diffusion coefficient of Ni in CoCrFeNi alloy. 

T 

(°C) 

1000/T 

(K-1) 

Present study Vaidya et al. 

D (m2/s) Do (m2/s) Q (kJ/mol) D (m2/s) Do (m2/s) Q (kJ/mol) 

900 0.853 1.43 × 10-17 9.6 × 10-8 220.8 6.62 × 10-18 2.0 × 10-6 257.8 

950 0.818 3.51 × 10-17 1.95× 10-17 
1000 0.786 8.46 × 10-17 5.28 × 10-17 

 

6.3.2 Tracer diffusion coefficient of Ni in quinary CoCrFeNiMn alloy 

Tracer diffusion coefficients of Ni (𝐷𝑁𝑖
∗ ) in near equiatomic quaternary CoCrFeNiMn alloy 

was measured using “sandwich” thin film diffusion couple. Figure 40 shows the Spike profile of 

Ni superimposed on the interdiffusion profile, and Gaussian fitted difference of Spike and 

interdiffusion profile at all temperatures. Table 18 compares the measured tracer diffusion 

coefficient of Ni in present study with the independent measurement performed by Vaidya et al. 

[25] using 63Ni28 radiotracers. 
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Figure 40. Concentration profiles in CoCrFeNiMn system. (a.1) Spike profile at 900°C 

superimposed on the interdiffusion profile of Ni, (a.2) corresponding Gaussian fitted subtracted 

profile in (a.1). (b.1) Spike profile at 950°C superimposed on the interdiffusion profile of Ni, (b.2) 

corresponding Gaussian fitted subtracted profile in (b.1). (c.1) Spike profile at 1000°C 

superimposed on the interdiffusion profile of Ni, (c.2) corresponding Gaussian fitted subtracted 

profile in (c.1) 
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Table 18. Tracer diffusion coefficient of Ni in CoCrFeNiMn alloy. 

T 

(°C) 

1000/T 

(K-1) 

Present study Vaidya et al. 

D (m2/s) Do (m2/s) Q (kJ/mol) D (m2/s) Do (m2/s) Q (kJ/mol) 

900 0.853 2.86 × 10-17 2.83 × 10-4 292.0 1.80 × 10-17 6.2 × 10-4 303.9 

950 0.818 9.22 × 10-17 6.45× 10-17 
1000 0.786 3.01 × 10-17 2.08 × 10-17 

6.3.3 Tracer diffusion coefficient of Ni in quinary Al0.25CoCrFeNi alloy 

Tracer diffusion coefficients of Ni (𝐷𝑁𝑖
∗ ) in near equiatomic quaternary Al0.25CoCrFeNi 

alloy was measured using “sandwich” thin film diffusion couple. Figure 41 shows the Spike profile 

of Ni superimposed on the interdiffusion profile, and Gaussian fitted difference of Spike and 

interdiffusion profile at all temperatures. Tracer diffusion coefficient of Ni determined in present 

study is outlined in Table 19. 

 

 

 



96 

 

 

Figure 41. Concentration profiles in Al0.25CoCrFeNi system. (a.1) Spike profile at 900°C 

superimposed on the interdiffusion profile of Ni, (a.2) corresponding Gaussian fitted subtracted 

profile in (a.1). (b.1) Spike profile at 950°C superimposed on the interdiffusion profile of Ni, (b.2) 

corresponding Gaussian fitted subtracted profile in (b.1). (c.1) Spike profile at 1000°C 

superimposed on the interdiffusion profile of Ni, (c.2) corresponding Gaussian fitted subtracted 

profile in (c.1) 
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Table 19. Tracer diffusion coefficient of Ni in Al0.25CoCrFeNi 

T (°C) 1000/T (K-1) Present study 

D (m2/s) Do (m2/s) Q (kJ/mol) 

900 0.853 3.72 × 10-17 3.4 × 10-8 201.7 

950 0.818 7.36 × 10-17 

1000 0.786 1.90 × 10-16 

 Comparison of Tracer diffusion coefficient of Ni in various FCC alloys 

Figure 42 compares the tracer diffusion coefficient of Ni in quaternary CoCrFeNi, quinary 

CoCrFeNiMn and Al0.25CoCrFeNi alloys for near equiatomic composition, measured in present 

study. Comparision suggests that tracer diffusion coefficient of Ni is lower in quaternary 

CoCrFeNi in comparision to tracer diffusion coefficient of Ni in CoCrFeNiMn or Al0.25CoCrFeNi 

alloys. Figure 43 compares the tracer diffusion coefficient of Ni in FCC alloys i.e. pure Ni (Self 

diffusion) [85],  Fe-45.3Ni [86], Fe-15Cr-20Ni [87], CoCrFeNiMn0.5 [21], CoCrFeNi and 

CoCrFeNiMn [25]. Comparision of tracer diffusion coefficient of Ni in Figure 43, clearly shows 

that increasing number of component in an alloys system can not be correlated with the sluggish 

diffusion kinetics, otherwise, Ni self diffusion should be the fastest and diffusion of Ni in 

CoCrFeNiMn/Al0.25CoCrFeNi should be the slowest. Contrary to sluggish diffusion effect, tracer 

diffusion of Ni is the fastest quinary CoCrFeNiMn/Al0.25CoCrFeNi alloys. 

  



98 

 

 

Figure 42. Comparison of tracer diffusion coefficient of Ni in CoCrFeNi, CoCrFeNiMn and 

Al0.25CoCrFeNi alloys measured in present study  
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Figure 43. Comparison of tracer diffusion coefficient of Ni in various FCC alloys as a function of 

temperature.  

  

 Potential Energy Fluctuation and Excess Entropy   

It has been postulated that HEAs may exhibit larger fluctuations in potential energy of 

lattice sites in comparison solvent based conventional alloys (i.e. low entropy alloys), which may 

result in anomalously slow diffusion in HEAs [21]. It has also been suggested that in solvent based 

conventional alloys or pure metals, potential energy of each lattice site is approximately equal, 

however, HEAs exhibit larger variation in potential energy of lattice sites due to which atoms are 
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relatively more stable in some sites, which tends to form atomic traps (low lattice potential energy 

sites). These highly stable atomic sites (i.e. atomic traps), results in slowing the rate of diffusion 

[21]. 

 Figure 44 shows the fluctuation in potential energy (p) as a function of excess entropy 

(SE/R), based on Equation 23. Excess entropy decreases with an increase in fluctuation in potential 

energy. As per Equation 24, correlated entropy would decrease with an increase in excess entropy. 

Therefore, a larger fluctuation in potential energy (p), which give rise to deeper potential energy 

traps to impede diffusion, would lower the correlated configurational entropy. Alternatively, 

overall lower correlated configurational entropy should result in sluggish diffusion, which 

contradicts the original postulation that HEAs should exhibit the sluggish diffusion. 

 

Figure 44. Excess entropy as a function of normalized potential energy fluctuations. 



101 

 

Excess entropy and correlated entropy of the Al, Co, Cr, Fe, Ni, Mn based binary, ternary, 

quaternary and quinary alloys were calculated using Equation 23 and Equation 25, respectively. 

Table 20 reports the atomic radius and bulk modulus of the various elements used for calculating 

normalized energy fluctuation due to intrinsic residual strain (pe), given by Equation 26. Binary 

enthalpy of mixing of element i and j (ΔHij
mix) is estimated by the Miedema’s macroscopic model 

for liquid binary alloy [51]. In addition to Table 7, Table 21 also reports the binary enthalpy of 

mixing of other binary-pairs relevant to the present study for the determination of normalized 

energy fluctuation due to chemical bond misfit (pc), given by Equation 27. Based on regular 

solution model, enthalpy of mixing of solid solution in multi-component system (e.g., HEA) can 

be determined by [54, 88, 89] Equation 30. 

Table 22 reports the calculated correlated and excess entropy at 1000°C for all possible 

alloys of equiatomic binary derivatives of Co-Cr-Fe-Ni-Mn system, i.e. CrFeNi, CoCrFeNi, 

CoCrFeNiMn and few other amorphous alloys (CuHfNiTiZr, CuHfCoTiZr, CuBeNiTiZr, Vitreloy 

4 (V4). 

Table 20. Atomic radius and bulk modulus of various elements 

Element Atomic Radius (Å) Bulk Modulus (GPa) 

Al 1.4317 76 

Co 1.2510 180 

Cr 1.2491 160 

Fe 1.2412 170 

Ni 1.2459 180 

Mn 1.3500 120 

Cu 1.2780 140 

Ti 1.4615 110 

Hf 1.5775 110 

Zr 1.6025 91 

Be 1.1280 130 
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Table 21. Binary enthalpy of mixing calculated by Miedema’s model for atomic pair between 

element i and j [52]. 
Binary Pairs (i–j) Cu-Hf Cu-Ni Cu-Ti Cu-Zr Hf-Ni Hf-Ti Hf-Zr Ni-Ti Ni-Zr Ti-Zr 

ΔHij
mix (kJ/mol) – 17 4 – 9 – 23 – 42 0 0 – 35 – 49 0 

Binary Pairs (i–j) Cu-Co Hf-Co Co-Ti Co-Zr Cu-Be Be-Ni Be-Ti Be-Zr Cu-Cr Cu-Fe 

ΔHij
mix (kJ/mol) 6 – 35 – 28 – 41 0 – 4 – 30 – 43 12 13 

 

Table 22. Thermodynamic parameters measured at 1000°C f or equiatomic alloy composition 

Alloys ΔSmix/R SCorr/R SE/R p  ΔHmix 

(KJ/mol) 

ΔGmix 

(KJ/mol) 

ΔGCorr 

(KJ/mol) 

CrMn 0.6931 0.6183 – 0.0749 1.372 2 – 5.34 – 4.54 

CrFe 0.6931 0.6926 – 0.0006 0.117 – 1 – 8.34 – 8.33 

CrCo 0.6931 0.6931 – 3.4 × 10-5 0.028 – 4 – 11.34 – 11.34 

CrNi 0.6931 0.6931 – 9.6 × 10-5 0.048 – 7 – 14.34 – 14.34 

MnFe 0.6931 0.6100 – 0.0836 1.453 0 –  7.34 – 6.45 

MnCo 0.6931 0.6215 – 0.0716 1.340 – 5 – 12.34 – 11.57 

MnNi 0.6931 0.6140 – 0.0791 1.412 – 8 –15.34 – 14.50 

FeCo 0.6931 0.6922 – 0.0009 0.150 – 1 – 8.34 – 8.33 

FeNi 0.6931 0.6929 – 0.0002 0.072 – 2 – 9.34 – 9.33 

CoNi 0.6931 0.6928 – 0.0003 0.079 0 – 7.34 – 7.33 

FeCrNi 1.0986 1.0710 – 0.0276 0.820 – 4.44 – 16.07 – 15.78 

CoCrFeNi 1.3863 1.3568 – 0.0295 0.849 – 3.75 – 18.42 – 18.11 

Al0.25CoCrFeNi 1.5285 1.3034 – 0.2250 2.497 – 6.75 – 22.93 – 20.55 

CoCrFeNiMn 1.6094 1.4499 – 0.1595 2.057 – 4.16 – 21.19 – 19.51 

CoCrFeNiCu 1.6094 1.5090 – 0.1004 1.601 3.20 – 13.83 – 12.77 

CuHfNiTiZr 1.6094 0.7670 – 0.8424 6.222 – 27.36 – 44.39 – 35.48 

CuHfCoTiZr 1.6094 0.8053 – 0.8041 5.967 – 23.52 – 40.55 – 32.04 

CuBeNiTiZr 1.6094 0.7651 – 0.8444 6.235 – 30.24 – 47.27 – 38.34 

Zr46.75Ti8.25Cu7.5

Ni10Be27.5 (V4) 

1.3409 0.5050 – 0.8359 6.178 – 38.92 – 53.11 – 44.27 

 

Figure 45 schematically illustrates the difference in potential energy landscape (PEL) of 

low entropy alloys, high entropy alloys and amorphous alloys. In solid solution based low entropy 

alloys, configurational entropy is low and PEL is relatively smooth. PEL in high entropy alloys is 

characterized by some undulations with few low potential energy sites i.e. atomic traps. Formation 

of amorphous alloys is generally attributed to the very rugged PEL, with large number of low 
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potential energy sites, where glass transition occurs by trapping the atoms into low potential energy 

sites. Figure 46 shows the magnitude of normalized potential energy fluctuation in FeNi, FeCrNi, 

CoCrFeNi, CoCrFeNiMn, Al0.25CoCrFeNi and Viterloy 4. Comparison suggest that amorphous 

alloy i.e. Viterloy 4 exhibits significantly higher fluctuation in lattice potential energy in 

comparison to crystalline alloys including high entropy alloys. 

 

 

Figure 45. Schematic illustration of the potential energy landscape (PEL) for ideal mixing, low 

entropy alloys, high entropy alloy and glass forming alloy. 
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Figure 46. Normalized potential energy fluctuation as a function of temperature in FeNi, FeCrNi, 

CoCrFeNi, CoCrFeNiMn, Al0.25CoCrFeNi and Viterloy 4 

 

 Normalized potential energy fluctuation (p = ΔE/kBT) in equiatomic FeCrNi and 

CoCrFeNi is approximately equal and less than 1. When p < 1, thermal energy fluctuation (kBT) 

is more than potential energy fluctuations (ΔE), and so atoms have enough energy to come out of 

low potential traps. Therefore, ideally diffusion should be fast in such systems. However, when p 

> 1, as in case of CoCrFeNi and Al0.25CoCrFeNi alloys, potential energy fluctuations outweighs 

the thermal energy fluctuations, and consequently, configurational entropy starts to drop 

significantly. Therefore, ideally diffusion should be slow in such systems. Experimentally, 

diffusion of Ni in CoCrFeNi is slower than that in CoCrFeNiMn and Al0.25CoCrFeNi, and no 

significant lowering of tracer diffusion coefficients of Ni was observed.  
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Larger p implies to the larger magnitude of difference between smallest and largest 

potential energy sites may not be overcome by thermal fluctuations. In case of equiatomic 

CoCrFeNiMn or Al0.25CoCrFeNi alloy, potential energy fluctuation is twice the thermal energy 

fluctuations, however average effective interdiffusion coefficients are approximately same and 

Therefore, number of low potential energy sites is insignificant to impede the diffusion of atoms. 

Atomic diffusion in such case, may only be sluggish if the number of low potential energy sites 

are high. In amorphous alloys, large magnitude of fluctuation in potential energy results in higher 

probability of an atom getting trapped into low energy site. Consequently, configurational entropy 

of the system decreases as alloy system cannot explore all the microstates. Furthermore, due to 

significant correlation effect (atomic size mismatch and chemical bond misfit) configurational 

entropy of the system reduces to approximately 50% of the ideal value. Knorr et al. [90] determined  

the tracer diffusion of Ni in Viterloy 4 (Zr46.75Ti8.25Cu7.5Ni10Be27.5) via radiotracer experiments and 

observed that Ni tracer diffusion follows the following Arrhenius relationship in temperature range 

from 555 to 680 K: 

 
D (m2/s) = 4.32 × 103 exp (−

266 kJ/mol

RT
) (37) 

Tracer diffusivity of Ni has been extrapolated to high temperature for comparison with the present 

data. Figure 47 compares the tracer diffusion coefficient of Ni in Viteloy 4 with tracer diffusion 

coefficient of Ni in CoCrFeNi, CoCrFeNiMn, and Al0.25CoCrFeNi alloys. Tracer diffusion 

coefficient of Ni in Viteloy 4 is significantly higher than tracer diffusion coefficient of Ni in 

CoCrFeNi, CoCrFeNiMn, and Al0.25CoCrFeNi alloys. Figure 48 compares the tracer diffusion 
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coefficient at 1000°C as a function normalized potential energy fluctuation (p) in CoCrFeNi, 

CoCrFeNiMn, Al0.25CoCrFeNi, and Viterloy 4. Vitreloy 4 with the highest potential energy 

fluctuation exhibits the highest Ni tracer diffusivity. This means that number of low potential 

energy sites in Vitreloy 4 may not be sufficient enough to slow down the overall diffusion 

phenomena. 

 

 

Figure 47. Tracer diffusion coefficient as a function of temperature in CoCrFeNi, CoCrFeNiMn, 

Al0.25CoCrFeNi and Viterloy4. 
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Figure 48. Tracer diffusion coefficient as a function normalized potential energy fluctuation (p) in 

CoCrFeNi, CoCrFeNiMn, Al0.25CoCrFeNi and Viterloy4. 
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 SUMMARY AND CONCLUSIONS 

 High Entropy Effect 

 High entropy “core” effect was investigated in FCC Al-Co-Cr-Fe-Ni and Al-Co-Cr-Fe-

Ni-Mn alloys by examining the off-equiatomic compositions, generated within the concentration 

profiles in solid-to-solid diffusion couple, i.e. Al48Ni52 vs. Co25Cr25Fe25Ni25 and Al48Ni52 vs. 

Co20Cr20Fe20Ni20Mn20, annealed in temperature range from 900 to 1200C. Maximum solubility 

limit of Al in face centered cubic off-equiatomic Al-Co-Cr-Fe-Ni and Al-Co-Cr-Fe-Ni-Mn alloys 

was determined as a function of temperature. Solubility limit of Al in off-equiatomic 

AlpCoqCrrFesNit and AlpCoqCrrFesNitMnu alloys was compared to the solubility limit of Al in 

equiatomic AlxCoCrFeNi and AlxCoCrFeNiMn alloys, respectively, determined using calculated 

equilibrium pseudo-binary phase diagram. Maximum solubility of Al in off-equiatomic 

AlpCoqCrrFesNit and AlpCoqCrrFesNitMnu alloys was observed to be higher than that in equiatomic 

AlxCoCrFeNi and AlxCoCrFeNiMn alloy at temperature of 1100C or above temperature. 

Correspondingly, free energy of mixing for off-equiatomic AlpCoqCrrFesNit and 

AlpCoqCrrFesNitMnu alloys was determined to be lower than that of equiatomic AlxCoCrFeNi and 

AlxCoCrFeNiMn alloys at temperature of 1100C or above. In other words, contribution of 

enthalpy of mixing was more significant in achieving higher thermodynamic stability in off-

equiatomic alloy than equiatomic alloy, as entropic contribution was always higher for equiatomic 

alloy. Compositions of off-equiatomic AlpCoqCrrFesNit and AlxCoCrFeNiMn alloys generated in 
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the diffusion couple were observed to follow the existing empirical rule for the formation of single 

phase in high entropy alloys.  

 Sluggish Diffusion Effect 

Sluggish diffusion “core” effect was investigated by measuring interdiffusion coefficients 

of individual elements in Co-Cr-Fe-Ni, Co-Cr-Fe-Ni-Mn, Al-Co-Cr-Fe-Ni and Al-Co-Cr-Fe-Ni-

Mn alloys and tracer diffusion coefficient of Ni in near equiatomic CoCrFeNi,  

CoCrFeNiMn, and Al0.25CoCrFeNi. Both interdiffusion and tracer diffusion coefficients were 

compared with relevant low entropy alloy system from literature. A reduction in the magnitude of 

interdiffusion coefficients was not observed for all individual components in higher component 

alloy system. Similarly, tracer diffusion of Ni in higher component system was in fact higher than 

tracer diffusion of Ni in some low entropy system. Overall, sluggish diffusion effect was not 

observed in present study. Using potential energy fluctuation model, normalized potential energy 

fluctuation was measured in all the relevant system. It was hypothesized that diffusion is sluggish 

in systems which exhibit higher fluctuation in lattice potential energy. However, present study do 

not support this argument. In order to validate the present observation an extreme case from 

literature was investigated, where the potential energy fluctuation is significantly higher than 

alloys investigated in present study. Potential energy fluctuations in Vitreloy 4 is 3-6 times higher 

than alloys investigated in present study, but the tracer diffusion of Ni in Vitreloy 4 is significantly 

higher than tracer diffusion of Ni in alloys investigated in present study, when compared at same 

temperature. This clearly suggests that diffusion phenomena could not be always correlated with 
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the lattice potential fluctuations in an alloy. Therefore, to determine the nature of diffusion number 

of low potential sites have more significant impact than overall difference in energy of the highest 

and the lowest potential energy site. 

 Overall Conclusion 

This study experimentally validates that two of the four initially proposed core effects 

cannot be generalized for all the high entropy alloys. Contrary to high entropy effect, off-

equiatomic (i.e. low entropy of mixing) alloys may exhibit the lower free energy at high 

temperature than their equiatomic (i.e. higher entropy of mixing) counterparts. Although, entropic 

contribution towards the overall free energy is always higher in equiatomic alloys than off-

equiatomic alloys, enthalpy contribution may become significant in off-equiatomic alloy which 

may impart higher thermodynamic stability than equiatomic alloys. Diffusion is not always slow 

in alloys with higher configurational entropy in comparison to alloys with low configurational 

entropy. Correspondingly, potential energy fluctuation may not be an important factor to determine 

the nature of diffusion in alloys. Rather, fraction of low potential energy sites could be a possible 

predictor to determine the nature of diffusion in alloys. 
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APPENDIX A: X-RAY DIFFRACTION AND COMPOSITION OF 

ALLOYS  
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A.1 Compositions of alloys 

The actual compositions of the five alloys were examined by X-ray energy dispersive spectroscopy (XEDS) equipped on 

a Zeiss™ Ultra 55 field emission scanning electron microscope (FE-SEM). For the XEDS analysis, 15 random measurements 

were performed on each sample so as to obtain the average value with standard deviation. Table 23 outline the compositions of 

the alloys prepared via arc-melting.  

Table 23. Compositions and lattice parameter of the alloys prepared for present study 

System Alloy Al (at.%) Co (at.%) Cr (at. %) Fe (at.%) Ni (at.%) Mn (at.%) 

Binary Fe50Cr50 - - 50.62 (0.53) 49.39 (0.61) - - 

Co50Ni50 - 51.45 (0.36) - - 48.57 (0.42) - 

Al48Ni52 48.10 (0.29) - - - 51.90 (0.34) - 

Quaternary Co25Cr25Fe25Ni25 - 24.73 (0.2) 25.77 (0.36) 25.28 (0.23) 24.22 (0.19) - 

Co20Cr27Fe33Ni20 - 20.44 (0.49) 27.35 (1.27) 32.70 (0.74) 19.47 (0.11) - 

Co30Cr20Fe20Ni30 - 28.85 (0.31) 19.76 (0.35) 20.82 (0.61) 29.57 (0.27) - 

Quinary Co20Cr20Ni20Fe20Mn20 - 19.21 (0.19) 20.59 (0.26) 20.14 (0.24) 19.18 (0.17) 20.91 (0.23) 

Co25Cr25Fe15Ni25Mn10 - 24.58 (0.62) 25.53 (0.24) 15.19 (0.31) 23.94 (0.52) 10.78 (0.09) 

Co15Cr15Fe25Ni15Mn30 - 14.68 (0.29) 15.62 (0.10) 25.51 (0.19) 14.21 (0.17) 30.00 (0.29) 

Al6Co19Cr28Fe28Ni19 5.37 (0.21) 18.81 ( 0.19) 28.81 (0.13) 28.39 (0.20) 18.58 (0.18) - 

Al6Co28Cr19Fe19Ni28 6.21 (0.26) 27.50 (0.18) 19.88 (0.14) 19.29 (0.14) 27.13 (0.20) - 
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A.2 X-ray diffraction of alloys 

X-ray diffraction was used to determine crystal structure and confirm the single phase 

(solid solutions) in the alloys prepared via arc-melting. Figure 49 through Figure 59 shows the X-

ray diffraction patterns for all the alloys examined in this study. All alloys exhibits the single phase 

(i.e. solid-solution) microstructure with simple crystal structures i.e FCC or BCC, based on X-ray 

diffraction pattern. Table 24 reports the lattice parameter and crystal structure of all alloys after 

homogenization heat treatment.  

 

Figure 49. X-ray diffraction pattern of Al48Ni52 alloy. 
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Figure 50. X-ray diffraction pattern of Co50Ni50 alloy. 

 

Figure 51. X-ray diffraction pattern of Fe50Cr50 alloy. 
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Figure 52. X-ray diffraction pattern of Co25Cr25Fe25Ni25 alloy. 

 

Figure 53. X-ray diffraction pattern of Co20Cr27Fe33Ni20 alloy. 
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Figure 54. X-ray diffraction pattern of Co30Cr20Fe20Ni30 alloy. 

 

Figure 55. X-ray diffraction pattern Co20Cr20Fe20Ni20Mn20 alloy. 
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Figure 56. X-ray diffraction pattern of Co25Cr25Ni25Fe15Mn10 alloy. 

 

Figure 57. X-ray diffraction pattern of Co25Cr25Ni25Fe15Mn10 alloy. 
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Figure 58. X-ray diffraction pattern of Al6Co28Cr19Fe19Ni28 alloy. 

 

Figure 59. X-ray diffraction pattern of Al6Co28Cr19Fe19Ni28 alloy. 
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Table 24. Lattice parameters and crystal structure of the alloys determined using X-ray diffraction 

System Alloy Lattice parameters (Å) Crystal structure  

Binary Fe50Cr50 2.88 (0.00) BCC (B2) 

Co50Ni50 3.54 (0.00) FCC (L12) 

Al48Ni52 2.89 (0.00) BCC (B2) 

Quaternary Co25Cr25Fe25Ni25 3.58 (0.00) FCC (L12) 

Co20Cr27Fe33Ni20 3.59 (0.00) FCC (L12) 

Co30Cr20Fe20Ni30 3.57 (0.00) FCC (L12) 

Quinary Co20Cr20Ni20Fe20Mn20 3.60 (0.01) FCC (L12) 

Co25Cr25Fe15Ni25Mn10 3.58 (0.00) FCC (L12) 

Co15Cr15Fe25Ni15Mn30 3.61 (0.00) FCC (L12) 

Al6Co19Cr28Fe28Ni19 3.61 (0.01) FCC (L12) 

Al6Co28Cr19Fe19Ni28 3.58 (0.01) FCC (L12) 
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