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Nickel based superalloys have superior high temperature mechanical strength, 

corrosion and creep resistance in harsh environments and found applications in the hot 

sections as turbine blades and turbine discs in jet engines and gas generator turbines in the 

aerospace and energy industries. The efficiency of these turbine engines depends on the 

turbine inlet temperature, which is determined by the high temperature strength and behavior 

of these superalloys. The microstructure of nickel based superalloys usually contains 

coherently precipitated gamma prime (γ′) Ni3Al phase within the random solid solution of the 

gamma (γ) matrix, with the γ′ phase being the strengthening phase of the superalloys. How 

the alloying elements partition into the γ and γ′ phases and especially in the site occupancy 

behaviors in the strengthening γ′ phases play a critical role in their high temperature 

mechanical behaviors. The goal of this dissertation is to study the site substitution behavior of 

the major alloying elements including Cr, Co and Ti through first principles based 

calculations. Site substitution energies have been calculated using the anti-site formation, the 

standard defect formation formalism, and the vacancy formation based formalism. Elements 

such as Cr and Ti were found to show strong preference for Al sublattice, whereas Co was 

found to have a compositionally dependent site preference. In addition, the interaction 

energies between Cr-Cr, Co-Co, Ti-Ti and Cr-Co atoms have also been determined. Along 

with the charge transfer, chemical bonding and alloy chemistry associated with the 

substitutions has been investigated by examining the charge density distributions and 



 

 

electronic density of states to explain the chemical nature of the site substitution. Results 

show that Cr and Co atoms prefer to be close by on either Al sublattice or on a Ni-Al mixed 

lattice, suggesting a potential tendency of Cr and Co segregation in the γ′ phase. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Motivation and Background 

Materials that offer good high temperature properties are always of great interest to 

advancement of turbine engines. Nickel based superalloys have been widely used in the 

applications of turbine discs and turbine blades in the turbine engines for aerospace, marine 

and land based applications. This group of alloys has been of interest due to their unique 

combinations of high temperature tensile strength, creep and oxidation resistance. The 

operating efficiency of the turbine engine has been a key driver behind the improvement of 

these alloys. The operating temperature is one of the key factors governing the efficiency of 

the turbine engines. Most of the improvement in the operating temperature for superalloys 

has been achieved by varying the microstructure of the alloy. Since nickel based 

superalloys contain more than ten alloying elements like chromium, cobalt, titanium, 

rhenium, ruthenium and molybdenum, it becomes very important to understand the role 

each element plays in making of the alloy. 

The precipitation of L12 structured Ni3Al gamma prime phase in the gamma matrix 

is one of the major strengthening mechanism of nickel based superalloys. A lot of studies 

have shown that high temperature creep and oxidation resistance can be improved by 

addition of substitutional elements. It becomes very vital to understand the distribution of 

these elements within the gamma and gamma prime phases. The site preference behavior of 

these alloying elements in the gamma prime Ni3Al phase becomes especially more 

important due to their contribution as a strengthening precipitate. The dependence of the 
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alloying element on the properties can be well understood by studying the chemical 

bonding nature and local charge density distribution. In spite of several studies done to 

understand the site preference behavior of different alloying elements, a lot of 

discrepancies were observed between those results due to the differences in the techniques 

used as well as the parameters used. With the advancement of the computing resources, it 

has become very efficient and effective to use modeling and simulation tools to overcome 

the challenges of the experimental techniques. First principles based ab initio calculations 

have been proven to be very effective in predicting accurate defect formation energies and 

understanding the chemistries at the atomic level. 

 

1.2 Contribution of Thesis 

In this Ph.D. thesis, periodic density functional theory based first principles 

calculations have been performed in order to understand the behavior of key elements like 

chromium, titanium and cobalt in the gamma prime Ni3Al. Following contributions have 

been made by this work, 

• The site preference behavior of common alloying elements, chromium, titanium and 

cobalt were investigated. Chromium and titanium was found to substitute for 

aluminum sublattice, whereas cobalt was found to have mixed substitution behavior. 

The difference between calculated site preference energies through standard defect 

formation formalism and anti-site formation based formalism has been discussed. In 

addition to that, vacancy formation based formalism has been proposed to explain 

the site preference behavior. The impact of the simulation size (2x2x2 and 3x3x3) 
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has also been studied in order to gain more understanding of the simulation size 

effect on the occupancy behavior. 

• The effect of increasing the concentration of alloying element in ternary systems 

such as Ni-Al-Cr, Ni-Al-Ti and Ni-Al-Co has been studied.  

• The interaction between two substitutions in Ni-Al-Cr, Ni-Al-Ti and Ni-Al-Co 

ternary systems and Ni-Al-Cr-Co quaternary system, has been calculated by 

calculating the energy to move two atoms from initial configuration to a different 

configuration. 

• The geometric and chemical bonding changes due to substitution have been 

explained by understanding the local lattice distortion, change in charge distribution 

and density of states. Hybridization of different states between the host and 

substitutional additions has been found to explain the site preference behaviors of 

the alloying element. The stability of the defect site from total density of states has 

been clearly observed to agree with the site preference conclusions.  
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 CHAPTER 2 

LITERATURE REVIEW OF NICKEL BASED SUPERALLOYS AND 

COMPUTATIONAL METHODOLOGY 

 

2.1 Nickel Based Superalloys 

A stable material to perform in high temperature oxidative environments is an 

essential requirement for many industries. Nickel based superalloys have a high melting 

temperature, good creep resistance, excellent oxidation resistance, and decent fracture 

toughness that lead to their successful usages in such environments. The hot sections of 

aerospace engines, industrial gas turbines and marine turbines are a few examples of the 

major applications for the nickel based superalloys [1-3]. Nickel based superalloys have 

emerged as favored material for high temperature applications because of their high 

temperature microstructural stability, high temperature strength, and significant resistance 

to loading under static, fatigue and creep conditions [4-9]. Many of these alloys are well 

suited for specific applications such as jet engine turbine blades or discs where most other 

commercially available materials would either melt or oxidize and crumble [10].  

 

2.1.1 Brief History 

A group of metallic alloys that have been developed for an optimal performance at 

high temperature have been referred to as superalloys. These alloys have been designed in 

order to maximize creep resistance, strength and corrosion resistance. A wide variety of 

superalloys have been designed in the past several decades, however the roots of this group 
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of materials are found in steels at the time of First World War [9,11,11]. A lot of research 

was done on iron base alloys for land base gas turbines and jet engines. But these alloys 

were limited by their relatively low melting temperatures. 

In the 1940s, the demanding environment in the hot sections of gas turbine engines 

lead to development of a diverse range of superalloys categorized by their base materials 

i.e. nickel based superalloys, cobalt base superalloys and iron base superalloys. United 

States and United Kingdom were the major players in superalloy development driven by 

the demands of the Second World War. With a number of commercially available 

variations, nickel based superalloys became prominent as corrosion resistant, high 

temperature, high strength alloys by the 1980’s.  

Nickel offers excellent toughness and ductility due to its face centered cubic (FCC) 

structure and chemical bonding of outer d-electrons. Lack of allotropic phase 

transformations up to the melting temperature eliminates the designing complexities 

associated with the dimensional changes due to phase transformations. Because of small 

diffusivity, nickel offers better resistance to diffusion mediated processes such as 

coarsening, creep, and oxidation [8,12,13]. As compared to other expensive FCC metals, 

such as platinum group metals, considerable cost and weight advantage is offered by 

nickel. Considering all of these advantages, nickel is chosen as the preferred as the solvent 

element for high temperature applications. 

In order to optimize the microstructure and properties of these superalloys, alloy 

chemistry as well as the production techniques has been explored by the researchers. 

Superalloys have been produced by powder metallurgy, traditional cast wrought methods, 
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directionally solidified metals or, more recently as single crystal products. With their own 

unique advantages and challenges, each processing technique caters to a specific 

application.  

Ferritic steels with high strength and good creep resistance have been used in some 

power generation engines. But the increasing demand for high efficiency in latest 

generation supercritical steam turbines that require long life at temperatures around 750°C 

to 800°C has led to the development of superalloys for turbine disc and blade applications 

[1]. When weight is taken into consideration, a group of titanium alloys are used, but their 

applications are limited to the temperatures below 700°C due to their poor oxidation 

resistance [14].  

The gas turbine used for jet propulsion and electricity generation is an example of a 

heat engine. The improvement in the performance of the engine depends greatly on the 

operating temperature of the engine. An increase of 200K in the operating temperature of a 

Boeing 777’s turbine engine, can lead to a 5% fuel savings and consequently a saving of 

$12.5 million over 15 years for a single airplane [15]. A higher combustion temperature 

results in improved Carnot engine efficiency [8,16]; hence alloys that can retain their 

oxidation resistance and mechanical strength at higher temperatures are highly desirable. 

This has been the motivation and an impetus behind the technological improvement to 

enhance the temperature capability of the superalloys, and the processing and design of 

components made from them. 

The superalloy performance is bound to improve by increase in the pressure ratios, 

turbine inlet temperatures and higher compressor discharges [17]. A great emphasis is 
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placed on the pressure and temperature capability of the superalloy parts when designing a 

gas turbine engine. 

Thermal barrier coatings (TBC) are applied on the superalloys in order to increase 

the temperature of the hot gases entering the turbine arrangement. Yttrium stabilized 

zirconia (YSZ) have found wide applications as a low thermal conductivity TBC on nickel 

based superalloys. YSZ show excellent thermal stability up to temperatures of 1200°C, but 

beyond this point it suffers from a loss of thermal cycling resistance [8]. Some refractory 

metal silicides can form a protective silica layer when exposed to temperatures up to 

1700°C [18]. Molybdenum disilicide (MoSi2) is one of the promising materials for the 

application. Yet these materials show poor fracture toughness at ambient temperatures.  

As shown in Fig. 2.1, an improvement in operating temperature for superalloys 

have been achieved over the past seven decades and these achievements relied heavily on 

the microstructure of the alloy. Wrought alloys were improved through conventional 

casting. The creep resistance was improved by using directional solidification followed by 

single crystals of the alloys. The creep tendency at high temperature has been significantly 

reduced by decreasing the number of grains in the alloy.  
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Figure 2.1 Evolution of the high temperature capability of the superalloys [8,16]. 

 

2.1.2 Modern Nickel-Based Superalloys 

The aerospace industry has been cited as the major driver for the constant 

advancement in the field of superalloys. Superalloys are primarily used in gas turbine 

engines in the form of nickel based superalloys throughout aerospace, as well as in marine 

and land based power generation applications. 

A layout of a generic gas turbine engine has been shown in Fig. 2.2. Before being 

drawn into the combustion chamber, the air is drawn into the inlet and compressed. After 

mixing with the fuel and ignition in the combustion chambers, the resulting hot gas mixture 

is passed over the turbine blades which are connected to the central shaft using the turbine 

discs. The momentum gained by the blades is transferred to the compressor blades at the 
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front too. The increase in the temperature from cold to hot section is represented by the 

color change in the schematic. 

 

 

Figure 2.2 Schematic of gas-turbine engine [19]. 

 

Superalloys find their application in the hot section of the gas turbine engine like 

turbine blade and turbine disc as shown in Fig. 2.3. Turbine blades require excellent creep 

properties as they operate under very high pressure and temperature. Evolving from 

equiaxed to directionally solidified, the modern nickel based superalloys used in turbine 

blades is usually single crystal with more than ten alloying elements [8], such as tantalum, 

molybdenum, tungsten, rhenium, and ruthenium [20]. 
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Figure 2.3 Turbine blades (left) and turbine disc (right). 

 

Gas turbine discs use polycrystalline type nickel based superalloys. Gas turbine 

engine discs are thick circular discs with geometry dependent on the engine in which it is 

being used. The turbine blade is attached to the outer circumference of the disc, called the 

rim. The inner region of the disc, called the bore is the location for the attachment to the 

engine shaft. The intermediate area between rim and bore is called the web. The turbine 

discs can be seen in Fig. 2.2 in the central part of the turbine section. The turbine discs 

must endure very high temperatures and stress levels for extended periods. Since it is the 

rotating part in the hottest section of the engine, the turbine disc is considered critical for 

advancement in the performance of the engine. The operating temperature that the 

superalloys can tolerate decides the performance of the engine. It becomes critical to 

extend the high temperature capabilities of the superalloys used in turbine blade and turbine 

disc. 
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2.2 Microstructure 

The microstructure of a typical nickel based superalloy consists of different phases 

[9]. 

(i) The gamma phase, denoted γ, as shown in Fig. 2.4(a). Usually it forms a continuous, 

matrix phase with the incorporation of other phases. It is the softer phase amongst 

different phases exhibiting FCC structure. Some alloying elements such as cobalt, 

chromium, ruthenium, molybdenum and rhenium prefer to partition to the gamma 

phase. 

(ii) The gamma prime precipitate, denoted γ', as shown in Fig. 2.4 (b) gives strength to 

the material at elevated temperatures. It is a coherently forming precipitate phase rich 

in elements such as aluminum, titanium and tantalum. Instead of gamma prime, 

gamma double prime (γ''), an ordered phase with body centered cubic D022 structure 

is formed in some nickel-iron superalloys and those rich in niobium [5]. 

(iii) Carbide and boride phases usually reside at the grain boundary. Carbon, often present 

at concentrations up to 0.2 wt%, forms metal carbides by combining with reactive 

elements such as titanium, tantalum and hafnium. These can decompose to other 

species rich in chromium, molybdenum and tungsten, such as M23C6 and M6C, during 

processing or service. Boron can combine with elements such as chromium or 

molybdenum to form borides which reside on the γ'- grain boundaries. 

Topologically close-packed (TCP) phases such as μ, σ and Laves can be found in 

some superalloys, especially in the service-aged condition. The formation of these 

compounds is rather avoided by choosing the right composition of the superalloys. 
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Figure 2.4 Crystal structure of (a) γ - phase with all corners occupied by Ni atoms and 

(b) γ' - Ni3Al with the Al atoms occupying corners of the cube and the Ni atoms located at 

the cube faces in the lattice. 

 

The γ′ precipitates are usually classified based on size or time of formation, as 

primary, secondary, and tertiary; however alternate labels such as cooling and ageing γ′ are 

also used sometimes [5,8]. Morphology of particles varies greatly, but the relative size 

differences between primary, secondary, and tertiary can be assessed in Fig. 2.5 using the 

energy-filtered transmission electron microscopy (EFTEM) [21]. 

Multi-component nickel based superalloys contain most of the alloying elements 

from the d block of transition metals [8,9]. Significant amounts of chromium, cobalt, 

titanium and aluminum is found in most of the alloys. Other elements such as, rhenium, 

halfnium, tantalum and tungsten, from the 5d block of transition metals, and ruthenium, 

niobium, molybdenum and zirconium from the 4d block are added in some of the alloys 

[5,8]. Small amounts of boron and carbon are often found in the alloys.  
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Elements such as nickel, cobalt, iron, chromium, ruthenium, molybdenum, rhenium 

and tungsten stabilize the gamma phase (γ) by preferring to partition to it [22]. These 

elements have atomic radii close to that of nickel. A group of elements having greater 

atomic radii promote the formation of ordered phases such as the compound Ni3(Al, Ta, 

Ti), known as gamma prime phase (γ'). These elements include aluminum, titanium, 

niobium and tantalum [23]. Whereas, elements with very different atomic radii from that of 

nickel such as boron, carbon and zirconium tend to segregate to the grain boundaries of the 

γ phase in polycrystalline nickel based superalloys. Halfnium, tungsten, niobium, tantalum 

and titanium are particularly strong carbide formers; chromium and molybdenum promote 

the formation of borides. The coarsening of the γ′-precipitate at elevated temperatures is  
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Figure 2.5 Energy-filtered transmission electron microscopy (EFTEM) images 

showing (a) primary and secondary γ' and (b) small tertiary γ' between secondary γ' and 

depletion zone [21]. 
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impeded by the addition of refractory elements such as rhenium, ruthenium, tantalum and 

tungsten. These elements are particularly helpful in preserving the γ/γ′ microstructure at 

elevated temperatures [9,24-28]. 

 

2.2.1 Crystal Structure 

The ordered γ' precipitate strengthened γ matrix is responsible for the superior 

high-temperature mechanical properties of the nickel-based superalloys. The γ phase is a 

solid solution with FCC lattice with randomly distributed different species of solutes. The 

primary strengthening phase in Ni-based superalloys is Ni3(Al,Ti), and is called the gamma 

prime (γ') phase. It is a coherently precipitating phase with an ordered L12 crystal structure 

and space group is Pm3m. Fig. 2.4 (b) shows the unit cell of Ni3Al which can be visualized 

as an ordered cubic structure with the Al atoms occupying corners of the cube and the Ni 

atoms located at the cube faces in the lattice. 

The misfit or mismatch between the lattice parameter of the precipitates and matrix 

is generally small for Ni-based alloys. The small mismatch means that precipitate phase is 

generally coherent with the matrix interface on the {100} planes [9]. 

 

2.2.2 Gamma Prime (γ′) Precipitates 

The binary Ni-Al phase diagram as shown in Fig. 2.6 reveals that there are five 

intermetallic phases in this system: NiAl3, Ni2Al3, NiAl, Ni5Al3, and Ni3Al. The 

significance of studying the γ′ phase is due to the important role played in the strengthening 

mechanism of a class of materials valued for their high temperature strength capabilities.  
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The lattice parameter of Ni3Al is 0.357 nm [29]. It has been observed that the 

addition of interstitial solutes like boron and carbon has a much stronger influence on the 

lattice parameter and it’s strengthening than the addition of substitutional solute elements 

like silicon, iron, chromium, titanium and vanadium [29,30]. 

 

 

Figure 2.6 Binary phase diagram of Ni-Al system [31-33]. 

 

Gamma prime phase can dissolve additional elements, in particular other transition 

metals, and related ternary Ni-Al based phase diagrams have been studied by various 

investigators [26,34-43]. The direction of the Ni3Al lobes in the isothermal sections of the 

ternary phase diagrams indicate what sites are occupied by the alloying additions 

[30,44-49].  
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Formation of the intrinsic defects accommodates the deviations from stoichiometry, 

which are possible on both sides of the stoichiometric composition. The intrinsic defects 

can play a very important role in the mechanical behavior at both low and high 

temperatures since at low temperatures, such defects may act as dislocation obstacles and at 

high temperatures, they may promote diffusion [50,51]. The intrinsic defects include the 

antisite defects, i.e. aluminum on nickel site and nickel on aluminum site, and the 

vacancies, i.e. vacancy on aluminum or nickel site.  

The primary interest in Ni3Al is due to its positive temperature dependence of the 

flow stress. The flow stress increases with the temperature till about 700°C and only at 

higher temperature does the softening occur [52-56]. The yield stress of a two-phase (γ + 

γ′) alloy, obeys a rule of mixtures, i.e. it corresponds to the weighted average of the values 

for γ and γ′, above the temperature corresponding to the peak stress [57]. 

 

2.2.3 Strengthening Mechanisms in Nickel-Based Superalloys 

Nickel-based superalloys are used in sections of turbine engines where operating 

temperatures exceed 1073 K, and resistance to chemical and mechanical degradation is 

critical [12,13]. The mechanical properties of nickel based superalloys depend strongly on 

the microstructure, which in turn depends on the chemical composition and the processing 

conditions [8]. There are two fundamental strengthening mechanisms in nickel based 

superalloys; solid solution strengthening, which is a function of alloy composition, and 

precipitation strengthening, which is affected by both composition and microstructure. 

(i) Precipitation Hardening Due to the γ' –Precipitates 
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The γ′ phase is the major strengthening phase in Ni-based superalloys. The volume 

fraction of the phase, size distribution and the precipitate spacing decide the extent to 

which the γ' particles contribute to the strength of the material. The interaction with 

dislocations makes γ′ precipitate effective strengthener. The need of moving dislocations to 

go around or through the obstacles such as the γ′ particles explains the 

hardening/strengthening phenomena [58]. The γ′ particles are able to resist shearing by 

dislocations at high temperatures. The dislocations in matrix require a considerable force to 

penetrate the γ′ particles by creating the stacking faults or the anti-phase boundaries [9]. 

The fine balance of the inter-particle distance has to be achieved to maximize the 

strengthening. The inter-particle distance has to be minimized by fine particles which can 

help in avoiding the bowing of dislocations by the Orowan process, but the precipitate size 

should not be very small that dislocations have sufficient leverage to shear the particles. 

Complex carbides in the form of M23C6 and M6C are present on grain boundaries 

which act as grain boundary strengtheners. The primary effect of these carbides and borides 

is to pin the grain boundaries and prevent grain boundary sliding at high temperatures, thus 

enhancing the mechanical properties. The right combination of alloying elements has to be 

chosen in order to promote the precipitation hardening and solid-solution hardening. If 

adequate strengths have to be achieved, particular γ' forming elements such as aluminum, 

titanium and tantalum are very important. In order to minimize the elastic strain energy, the 

interface between the matrix and precipitate have to be coherent which can be achieved by 

controlling the elemental partitioning between γ and γ', such that γ and γ' lattice parameters 

are balanced. Maximum value of strength should be produced by maximum resistance to 
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dislocation motion. The optimization of this property would need an optimal size and 

distribution of secondary and tertiary γ' particles. 

(ii) Solid-Solution Strengthening in the γ -Matrix. 

Owing to a large solid-solubility of nickel, it offers many candidate elements as 

solid-solution strengtheners. An ideal element providing solid-solution strengthening 

should have: (a) a wide range of solid solubility in the matrix for sufficient additions; (b) 

large enough dissimilarity in atomic radius with the matrix to generate effective lattice 

distortions; and (c) high melting point to increase the solvus temperatures. A wide range of 

solid solubility can be achieved by having the atomic radius of the element close to that of 

matrix and hence, a compromise has to be made in order to satisfy the first two 

requirements for best solid-solution strengthening. The third requirement is met by addition 

of elements with higher melting points, such as rhenium, molybdenum, ruthenium, tungsten 

and niobium, which are added to provide strong lattice cohesion and reduce diffusion, 

while providing solid-solution strengthening [59]. 

Introducing alloying elements such as chromium, cobalt and other elements can 

improve the high-temperature strength, creep and corrosion resistance [60,61]. The fraction 

of alloying elements has been shown to have better tensile properties showing the 

importance of the contribution of solid solution strengthening to the tensile properties of 

the alloys [62].  

The published literature is very consistent regarding the role each element plays in 

Ni based superalloys [9]. Solute elements such as chromium, cobalt, molybdenum, 

tungsten, and tantalum are added to Ni based superalloys to enhance high temperature 
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strength. The solute atom and dislocation interaction leads to generation of internal stress 

fields and hence an increase in yield strength. Together with the stress fields, solute atoms 

impede the dislocation motion in the matrix. The increase in the flow stress necessary for 

the dislocation to move past the particle can be explained by the attraction between solute 

atoms and edge dislocations. The fundamental means of strengthening is because of this 

impedance of dislocation motion [63]. 

Both solid solution strengthening due to presence of solute atoms and precipitation 

hardening due to γ' phase contributes to the creep resistance strengthening [8]. The solute 

atoms such as gold and rhodium were observed to have the most and least strengthening 

effect, respectively on the creep resistance [64]. The increase in the volume fraction of the 

γ' phase has been observed to improve the creep resistance substantially [65]. Thus, 

alloying elements which promote the presence of the γ' phase such as aluminum, titanium 

and tantalum also increases the creep resistance.  

 

2.3 Experimental Studies of Ni-based Superalloys 

Several studies have been conducted in order to investigate the specific site 

occupation probabilities for alloying elements in the γ' phase. The effect of alloying 

additions on the site occupation was studied by Guard and Westbrook [34]. Experimental 

studies have concluded based on the knowledge of the direction of the Ni3Al solubility 

lobes in the isothermal sections of the ternary phase diagram that, nickel sites are occupied 

by cobalt, palladium, copper, scandium, and platinum, and aluminum sites are occupied by 

titanium, vanadium, niobium, zirconium, tantalum, molybdenum, tungsten, zinc, gallium, 
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indium, germanium, silicon, tin, whereas chromium, manganese, hafnium or iron occupy 

both sites with a slight preference for the aluminum sites depending on the composition 

[30,44-49,66].  

A number of experimental investigations have been conducted in order to study the 

partitioning of the transition metal elements such as cobalt, chromium, tantalum and 

tungsten[51,67-69].The stoichiometry and the presence of co-doping elements in the alloy 

are found to be the key factors in determining the partitioning of the elements [51,67]. 

 

2.3.1 Atom Probe Studies 

Recent studies have been utilizing the advanced characterization tools like atom 

probe for the characterization at the atomic scale of nickel based superalloys [70-73]. An 

atom probe generally consists of a field ion microscope coupled to a mass spectrometer. 

Using the specimen sharpened to a radius of a few nanometers, the atoms are evaporated in 

the form of ions and the atoms are identified based on the time it takes to reach the detector 

which depends on the unique charge to mass ratio. This ordered removal of atoms from 

series of planes results in the concentration profiles also known as the ladder diagrams. 

Ladder diagrams are conventionally built by atom probe field ion microscopy (APFIM) 

[74]. Also, the incorporation of the local electrode atom probe with large field of view 

detector has reduced the time for data generation and yielded more quantitative information 

at nanoscale [75]. The features of ladder diagram can provide with atomic scale 

compositional changes and the proof of ordering of the γ' phase. 

Atom probe studies have been used to study the site substitution and partitioning 
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behavior of rhenium and ruthenium in nickel based superalloy [76]. The elements such as 

rhenium, aluminum, chromium, tantalum and ruthenium were found to substitute 

preferentially to the aluminum-sublattice of the Ni3Al structure [68,76]. APFIM has been 

used to investigate the site occupation of iron, cobalt and hafnium ternary additions 

[77,78]. 

For larger scale microstructural characterization, transmission electron microscope 

(TEM) is widely used along with the atom probe. The combination of atom probe and TEM 

can provide detailed analysis on structure, morphology and the compositional variations in 

the γ′ along with the matrix [79,80].  

 

2.3.2 Atom Location by Channeling Enhanced Microanalysis (ALCHEMI) 

The original formulation of ALCHEMI technique [81] is modified for the L12 Ni3Al 

structure under planar conditions [82]. The channeling effect in the Ni3Al is not so strong 

due to the existence of the mixed planes and hence channeling along axial channeling 

directions along [100] or [110] direction resulted in single Ni and Al columns [83]. The site 

occupancy has been determined under axial channeling conditions in the ternary 

compounds [84,85]. The ALCHEMI studies have shown that iron has a weak preference for 

aluminum site, chromium has a strong preference for aluminum site where as cobalt has a 

strong preference for nickel site and hafnium has a strong preference for both nickel and 

aluminum sites [46]. ALCHEMI studies have concluded that palladium has a strong 

tendency to locate in nickel site where as vanadium has a strong preference for aluminum 

site in Ni3Al [48,86]. Site preference of Mn [87]. 
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2.4 Computational Modeling and Simulation of Ni-based Superalloys 

Several studies have used the computational techniques such as Miedema Model 

[44,88], first principles [61,68,89-95], embedded atom potential based method [50,96] and 

cluster variation method [97-101] have been used to calculate the site preference for 

different alloying additions in Ni3Al.  

According to computer modeling, the site occupancy depends on the composition, 

i.e. different types of deviations from stoichiometry may change the site occupation by a 

third element [102]. 

The mechanical properties of the superalloys are found to be dependent on the site 

the ternary alloying element occupies and the lattice misfit represented by the alloying 

element in the γ′ phase [66]. According to Rawlings and Staton-Bevan, the yield strength 

can be increased by alloying with the elements which occupy the aluminum site and have a 

large lattice misfit [66] in the aluminum rich or stoichiometry alloys. Some elements like 

silicon, in spite of occupying the aluminum site with a large lattice misfit, show no 

improvement in the yield strength in the nickel rich stoichiometric compounds. The site 

preference has been determined from the direction of γ′ solubility lobes [30,44-49,66].  

Some recent studies however, have shown different site occupancy behavior 

questioning the site preference for a few elements through the solubility lobes study. 

Chromium has been shown to prefer the aluminum site based on a few first principles 

studies [48,68,89,103] and APT studies [68], contradicting the mixed site preference 

observed by solubility lobes studies [44]. Cobalt has been shown to prefer mixed site 
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preference [89] as compared to nickel site preference shown by solubility lobes study [44]. 

Solubility lobes studies [44] and X-ray analysis [104] have concluded that tantalum prefers 

aluminum site, but several ion channeling and nuclear reaction studies [105] indicate that it 

occupied nickel site. Element such hafnium is also shown to have different site preference 

based on Rutherford backscattering(RBS)/ion channeling [106], electron channeling [84], 

APFIM [45] and perturbed angular correlations (PAC) analysis [106]. X-ray analysis has 

shown that tungsten and molybdenum show a mixed site preference behavior [107,108], 

where as aluminum site preference prediction through the solubility lobe method [44]. The 

basic limitation of the solubility lobe method was the limited solubility of the alloying 

elements in the direction of the solubility lobe [44]. The discrepancies in the site 

occupation could be due to the difference between the techniques used, that is the 

techniques such as atom probe and electron channeling method which look primarily at the 

surface and techniques such as PAC and RBS/ion channeling that look in the bulk of the 

material [106].  

 

2.5 Computational Methodology 

Two kinds of approaches have been adopted in order to simulate materials, i.e. 

top-down and bottom-up methods. The top-down method has been of attraction due to the 

lower computation requirement and applicability to systems with many thousands of atoms. 

It involves fitting of the parameters to a model of forces acting between atoms. The 

empirical potentials form the basis of atomistic or classical calculations. The only 

drawback of this method is the empirical potentials have to be tested for transferability 
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between different systems due to changes in the physical and chemical environment. In 

spite of the drawback, empirically fitted potentials have been found to be of great interest 

to many researchers, in a wide variety of fields. 

The bottom-up method involves calculating the macroscopic properties of the 

materials, by using the fundamental equations describing the behavior of material on a 

microscopic scale i.e., quantum mechanics. This method usually has a very good 

transferability and hence consistency over different systems can be achieved. Since these 

ab initio kind of methods involve fundamental physical constants and atom co-ordinates as 

an input, they are computationally expensive, and currently these types of calculations are 

limited to a few hundreds of atoms. 

There are different ways of implementing the ab initio type of calculations. I will 

discuss briefly or mention the different types of ways, in particular focusing on 

combination of methodologies and approximations. The main focus will be on plane-wave 

pseudopotential method, within density functional theory, employing a generalized gradient 

approximation to describe the exchange-correlation energy. The goal is to understand the 

methodology behind the application program Vienna ab initio Simulation Package (VASP), 

which puts together all the methodologies and approximations together. The methodologies 

have been understood by the help of several reviews [109-112], and through mathematical 

descriptions of the implementations [113,114]. 

 

2.5.1 Theoretical Background 
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2.5.1.1 The Schrödinger Equation 

Every aspect of a given non-relativistic physical system is described by the time 

independent Schrödinger equation: 

( ) ( ) )1.2(rEΨrHΨ KKK=  

where, H is the Hamiltonian operator, which describes the way that particles interact with 

one another. Ψ and E represent the wavefunction and energy of the particular state of the 

system. The goal is to find the ground-state energy, E0 which is the configuration with 

minimum energy of the system, and hence can give an understanding of all the physical 

properties.  

The probability of finding an electron with wavefunction Ψ(r) within a volume 

element of dr can be given by square of the wavefunction i.e. ∫|Ψ(r)|2dr. 

The complete Hamiltonian of a system is a differential operator given by, 

( ) ( ) )2.2(nnVeeVenVnK.E.eK.E.H KKK−+−+−++=  

where, the subscripts e and n denote the electron and nuclei in the system, and the 

first two terms represent the kinetic energy of the electrons and nuclei respectively. The 

third term gives the attractive electrostatic interaction between electrons and nuclei. The 

fourth and fifth terms are the repulsive potentials acting between two electrons, and 

between two nuclei, respectively. 

 

2.5.1.2 The Born-Oppenheimer Approximation 

The mass of nuclei being much larger than those of electrons, the motion of 

electrons can be decoupled from the motion of nuclei. The electronic wave functions only 
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depend on the positions of the nuclei but not their momentum. And hence, we can focus on 

the motion of electrons and consider the nuclei as fixed. As a result, the kinetic energy 

terms can be separated and Vn-n becomes a constant. Since the nuclear coordinates are no 

longer contributing to the full wavefunction, the Hamiltonian function in Equation 2.2 

reduces to the so-called electronic Hamiltonian, He as shown in Equation 2.3. 

( ) )3.2(eeVenVeK.E.eH KKK−+−+=  

and )4.2(eΨeEeΨeH KKK=  

The total energy of the system is then: 

)5.2(nEeEtotalE KKK+=  

Classical Newtonian mechanics can describe the motion of the ions straightforward. 

The Born-Oppenheimer approximation does not cover certain phenomena involving, 

electronic conduction where coupling of electronic and nuclear dynamics is important. For 

systems containing one electron, the time independent non-relativistic Schrödinger 

equation (Equation 2.1) can be solved precisely. Complex electrostatic interactions between 

electrons lead to problems when another electron is introduced.  

 

2.5.1.3 Electron Interactions: Exchange and Correlation 

The motion of one electron is correlated with the motion of the other electrons in 

the system as they repel one another by virtue of their charge. Also, the electrons obey 

Pauli Exclusion Principle; the probability of finding two electrons within a volume element 

cannot change when their positions are interchanged so, 

( ) ( ) )6.2(
2

1,2
2

2,1 KKKrrrr Ψ=Ψ  
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The two possible solutions to Equation 2.6 can be either the symmetrical 

wavefunctions i.e., the two wavefunctions may be identical or the anti-symmetric 

wavefunctions i.e., the two wavefunctions may have opposite signs as in fermions with 

different spins. Since electrons are fermions, the electron wavefunction has to be 

antisymmetric and hence, there is zero probability of finding two electrons in the same 

quantum state, which forms the basis of the Pauli Exclusion Principle. So the two electrons 

with the same spin cannot occupy the same state simultaneously. The change of sign of the 

wavefunction due to the interchanging of two electrons is called exchange symmetry, and 

the reduction in the energy of the electron system due to the exchange symmetry, is called 

the exchange energy, EX. 

The correlation energy, EC is defined by the difference between the calculated 

energy when this effect is ignored and the true ground-state energy of a system. In Density 

functional theory, exchange-correlation energy, EXC is used to describe both exchange and 

correlation energy together. 

 

2.5.1.4 The Variational Principle 

The solution of the Schrödinger equation is an eigenvalue problem. The only 

system dependent parameters are the number of electrons present, N, and the nuclear 

potential, Vn-e for a given system of electrons and nuclei. It becomes necessary to 

determine the wavefunctions, Ψ and the corresponding eigenvalues, E, of the electronic 

Hamiltonian, H. 

Variational principle is used to find the ground-state wavefunction, Ψ0. The 
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variational principle implies that the calculated energy for an arbitrary wavefunction is 

never less than the true ground-state energy. Given a normalized wavefunction that satisfies 

the boundary condition, and then the expected value of the Harmiltonian is an upper bound 

to the exact ground state energy. And hence the ground-state energy can be approached by 

searching through large numbers of wavefunctions so as to minimise E. The basis for 

variation method is to reach the minium expected value by varying the parameters of a 

normalized wavefunction through repeated iterations. 

 

2.5.1.5 Wavefunction Theories 

Dependence on complicated wavefunctions for three spacial and one spin 

co-ordinate for each of n-electrons system makes wavefunction theories computationally 

expensive. The set of functional to create molecular orbitals in order to represent electron 

waves are called basis sets. The use of plane-wave or real-space grid basis sets has the 

ability to represent any wave function with arbitrary precision given sufficiently fine grids. 

The calculation time and memory requirements can be substantially reduced at the cost of 

accuracy by using small, exclusive sets of basis functions. Small basis sets have been 

represented by several schemes like Gaussian-type orbitals, Slater-type orbitals, numerical 

atomic orbitals and pseudo-atomic orbitals etc.  

Numerical orbitals are used as the basis functions and each function is corresponded 

to a specific atomic orbital in localized orbital basis set. Calculations are made less 

computationally expensive by giving them numerical values on an atomic-centered 

spherical-polar mesh. In addition, plane wave basis sets as discussed in Section 2.5.2.5, are 
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also commonly used in first principles calculations, especially in solid state or systems with 

the periodic boundary conditions. 

 

The special attention towards density functional theory is due to the dependence on 

the electron density, ρ(r), with only three spatial coordinates regardless of the size of the 

system. In the following sections, we will go in details about the concepts of electron 

density to solve Schrödinger equation.   

 

2.5.2 Density Functional Theory 

 

2.5.2.1 The Hohenberg-Kohn Theorems 

Several studies had attempted to use the electron density as a means to solve the 

Schrödinger equation [115-117]. The work done by Hohenberg and Kohn [118] proved that 

the ground state energy of the system can be obtained by a variational treatment of the 

electron density. 

The Hohenberg-Kohn theorem proved that the Hamiltonian could be determined 

from the electron density, and hence the ground state energy. Their work also showed that 

E0 can be found by applying the variational principle. It was shown that only if the input 

electron density is the true ground state electron density, the lowest energy is found by 

Hohenberg-Kohn functional. 
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2.5.2.2 The Kohn-Sham Equations 

Kohn and Sham [119] calculated the Hohenberg-Kohn functional. Some part of the 

Hohenberg-Kohn functional was possible to calculate and the remainder is put in one 

unknown term. The system of n-electrons is mapped by reducing it to a single electron 

system. For such system, in which the electrons don’t interact at all, the wavefunction is a 

Slater determinant, and the kinetic energy, (K.E.)non for this is known exactly.  

The final Kohn-Sham equation is: 

( ) iiireffV
m

h
Ψ=Ψ

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+∇− ε2

2

2
      )7.2(,...,3,2,1 KKni =  

and ( ) ( ) )8.2(XCEnonK.E.JreffV KKK++=  

Hohenberg-Kohn functional also contains a Coulomb term, J, which is known 

exactly, and another term, EXC, which describes all of the non-classical interaction between 

electrons, such as exchange and correlation. The Coulomb term, J, and the noninteracting 

part of the kinetic energy, (K.E.)non, can be found exactly. The remainder, which cannot be 

found exactly, is called the Exchange-correlation energy, EXC. 

 

2.5.2.3 The Local-Density Approximation 

If we know the exact form of E-C functional, EXC, we can solve the many body 

Schrödinger equation exactly. No exact form has been known yet, but relatively simple 

approximations have been proven extremely effective. The simplest approximation is local 

density approximation (LDA). In LDA, the exchange-correlation functional is 

approximated by the homogeneous electron gas with the same electron density, whose 
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values can be calculated accurately from the quantum monte carlo method.  

In LDA, the exchange-correlation energy at a specific element depends only on the 

local electron density at that element. The non-local contributions due to the 

inhomogeneities in the real electron density at a distance from the element are not 

considered to EXC.  

Another scheme of approximation called local spin density approximation was 

adapted from LDA, in which the population of spin-up and spin-down electron states are 

allowed to be not equal to each other. The magnetic properties cab be simulated by using 

this scheme. 

 

2.5.2.4 The Generalized Gradient Approximation 

In order to take into account the non-local correlation effects, the gradient in the 

electron density is introduced which is called generalized gradient approximation (GGA). 

In GGA, exchange-correlation is functional of not only electron density but also gradient of 

density. GGA corrects many of the deficiencies of the LDA and LSDA on a broader basis. 

GGA tends to undo the overbinding effect shown by LDA, though it leads to underbinding 

in some cases. For metals, the correct magnetic and structural ground state is found using 

GGA [111] and hence in our work, we use GGA. 

All schemes break EXC into components due to exchange, EX, and correlation, EC, 

presenting a separate parameterisation of each part. Hybrid functionals have been shown to 

have improvements by pairing correlation functionals with exact exchange energy 

functional. Hartree-Fock (HF) provides with the exact exchange but no correlation, where 
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as DFT provides approximate exchange and correlation. An example of a combination of 

HF and DFT is the popular hybrid B3LYP functional. Some of the meta-GGA introduced 

has a functional dependent not only on the gradient of the electron density, but the 

curvature of the electron density and the gradient of the kinetic energy density [120]. 

 

2.5.2.5 Plane Waves as Basis Functions 

In the solid state, increasingly large numbers of electrons and hence a huge number 

of basis functions is required to calculate wavefunctions. The solution was found by 

simulating the unit cell of a crystalline solid and treating it as though it were repeated 

infinitely in all directions.  

The theorem of Bloch shows that the electronic wavefunction in a periodic system 

can be written as the product of periodic part and wave-like part, 

( ) ( ) )9.2(rifrikexpriΨ KKK⋅⋅=  

Where, k is related to the momentum, p, of the wave by p=ħk and the wave-like 

term, exp[ik r], is a solution of the Schrödinger equation for a free particle. The periodic 

term, fi(r), is expanded as a linear sum of plane-waves with wave vectors that are reciprocal 

lattice vectors of the crystal. 

In principle, an infinite basis set is needed for the best possible convergence. But 

practically, a finite cut off value, Ecut-off, of the plane-wave kinetic energy is used to truncate 

the plane-waves. Since the contribution of large kinetic energies plane-waves is much less 

than the overall energy, the error in the calculation of total energy can be minimized by 

increasing Ecut-off until the total energy, Etot, converges. In VASP, this is achieved by 
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increasing the ENCUT tag in the INCAR file over a set of total energy calculations, and 

then using the value of the energy difference between two successive iterations, ΔEtot, as a 

convergence parameter when it reaches acceptable value. For most of this work, Ecut-off is in 

the region of 400eV. 

Several approaches have been used to incorporate all of the electrons in the system 

by doing plane-wave calculations. Some of these methods include, LMTO (linear 

muffin-tin orbital), LAPW (linearized augmented plane-wave), and FLAPW (full-potential 

LAPW) etc. VASP uses an alternate approach of using psuedopotential method. 

 

2.5.2.6 Pseudopotentials 

Electrons closest to the nucleus have higher kinetic energies than those further out. 

For plane wave basis set, a potential drawback is due to the fact that core electrons show 

rapid oscillation near the nuclei and this result in a high kinetic energy and requires large 

number of plane waves. Chemistry of materials is dominated by the outershell valence 

electrons while the tightly bound core electrons are not involved much in the interatomic 

bonding. 

The foundation of psuedopotential theory is in removing the core electrons and 

replacing the ion potential by a smooth pseudo-potential [121-123]. This becomes a much 

cheaper option than all electron method, since only the valence electrons or semi-core ones 

are treated explicitly. Beyond a critical radius, rc, the pseudopotentials and wavefunctions 

are identical to all electron potentials and wavefunctions. The projector augmented wave 

(PAW) method is a generalization of the pseudopotential methods and augmented-wave 
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methods due to P. Blochl [132]. So far this method has been combined mostly with the use 

of plane-wave basis sets or real-space grids to represent wave functions [133-134]. The 

pseudopotentials employed in this work, are constructed using the projected augmented 

wave scheme to describe the core-valence exchange-correlation energy. 

 

2.5.2.7 K-Point Sampling 

The total energy is calculated from the contributions of each occupied electronic 

state at every wavevector (or k-point) in the plane-wave approximation. In the Bloch's 

theorem, and the inherent symmetry of the crystal, can be exploited so that the required 

calculations of electronic states are at only a small number of k -points. This asymmetric 

unit is called as irreducible Brillouin zone (IBZ) in reciprocal space.  

The wavefunctions at closer k-points will be almost equal to each other. And hence 

it can be simplified to simulate a less dense mesh of k -points and interpolate between them. 

Monkhorst and Pack [124] was used in this work to calculate the electronic states. The 

error in the total energy calculations will go on reducing with increasing k -points, 

converging towards the true total energy. Similar to plane-wave cutoff, k-points were 

optimized to minimize the error in the total energy calculation, which is discussed in 

Section 3.2.  

 

2.5.3 Vienna Ab Initio Simulation Package 

Finding the solution of the Kohn-Sham equations requires large amount of 

computation. In order to follow systematic steps of calculations, software in the form of an 
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algorithm becomes a requirement. Vienna ab-initio Simulation Package (VASP) is a 

parallelized DFT code that has been proven to be a very effective in the calculations of 

solids. The basic methodology also allows use of post-DFT corrections such as hybrid 

functionals mixing DFT and Hartree-Fock exchange, many-body perturbation theory and 

dynamical electronic correlations within the random phase approximation. VASP makes 

use of efficient iterative matrix diagonalization techniques, like the residual minimization 

method with direct inversion of the iterative subspace (RMM-DIIS) or blocked Davidson 

algorithms in order to determine the electronic ground state. This work utilizes VASP, 

which is described in more details by Kresse and Furthmüller [125-127].  

 

2.5.3.1 Density of States Analysis 

The density of states (DOS) describes the number of states per interval of energy at 

each energy level that are available to be occupied by electrons. Density of states can give 

us a better understanding of the chemical changes taking place due to the bonding between 

different elements, which is essentially sharing of electrons [128-130]. The DOS in VASP, 

is calculated as the difference of the integral DOS between two grid points. The integral 

DOS conserves the total number of electrons exactly.  

( ) ( ) ( )[ ]
(2.10)

Δ
1iNiN

in KKK
∈

−∈−∈
=∈  

where, ∈Δ  is the distance between two grid points, and ( ) ( )∫

∈

∞−
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i
dniN , is the 

integral DOS. 
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2.5.3.2 Charge Density Analysis 

Charge density is related to the wavefunction Ψ by the equation, 

( ) ( ) (2.11)2rψqrρ KKK=  

where, q is the charge of the particle and ( )2rψ is the probability density function i.e. 

probability per unit volume of a particle located at r. Charge density analysis can provide 

with the essential data on charge transfer to and from element to element, which can in turn 

explain the changes in the chemical bonding [16,128,129,131].  

 

2.6 Summary 

Nickel based superalloys have been widely utilized in high temperature disc and 

turbine applications in gas based engines for aviation, marine and power generation 

industries. The increased flow resistance at high temperatures and the presence of γ′ 

precipitate strengthening makes them very important class of materials for high 

temperature applications. Being complex alloys with over ten alloying elements, the 

substitutional strengthening plays a very important role in the mechanical properties at high 

temperatures. It becomes vital to understand the substitution behavior in order to advance 

the working temperature of the superalloys and hence the efficiency of the engines.  

A lot of studies have been conducted to study the site occupancy behavior of the 

alloying additions in the γ′ phase. There have been a lot of differences over the specific site 

that the ternary additions will occupy in the studies conducted. This computational study 

aims to understand the site substitutional behavior by studying different approaches 

adopted by several researchers, sort out the differences and propose formalism to 
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understand the same. The size effect of the on the site substitution behavior has been 

studied. The further understanding of the chemical bonding nature of the alloying additions 

on the immediate surroundings has been conducted to advance our understanding over the 

role of alloying additions in the γ′ strengthening. The interaction energy between the 

alloying additions has been studied in order to understand the effect of the ternary alloying 

addition on the site substitutional behavior of different alloying additions. 

The use of quantum mechanics to determine the properties of material using 

variational solutions has been explained in the form of a wavefunction-based approach and 

an electron density-based approach. Density functional theory, is employed in this work 

and is implemented in the computer program VASP using approximations to describe the 

interactions of electrons (GGA) and the highly energetic core electrons (pseudopotential 

approximations). Wavefunctions are expanded as a plane-wave basis set in VASP.  
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 CHAPTER 3 

SITE SUBSTITUTION OF CHROMIUM ATOM 

 

3.1 Introduction 

Overall nature and performance of the superalloy is affected differently by each 

alloying element. The understanding of the alloying chemistries and how each element will 

affect the microstructure and the mechanical properties becomes vital for new alloy 

development. Each element in the superalloy is introduced for a specific role, however a 

balance must be found between strength and damage tolerance in the alloy. The Ni-Al-Cr 

systems have been studied by several studies, being one of the base alloys for many 

mechanically and physically excellent alloys [1-3]. 

Chromium improves the oxidation resistance and helps to reduce environmental 

embrittlement at elevated temperatures, possibly due to the formation of M23C6 and M6C 

carbides on the grain boundaries [3,4]. In Ni-Al binary systems, in order to get large 

spheroidal shape γ′ Ni3Al precipitates, chromium is added to reduce the misfit between the 

lattices of the γ′ Ni3Al phase and the γ matrix [1,5]. Addition of chromium and aluminum 

results in formation of protective oxide phases (Cr2O3 and Al2O3), which offer superior 

corrosion resistance [6]. 

The site preference of Cr has generally been found to depend on the alloy 

composition and aging treatment [4,7-13], though some studies concluded that Cr occupies 

the Al sites, regardless of composition [14], or temperature [15-19]. Several experimental 

techniques like atom-probe tomography (APT) [17,20-23], scanning electron microscopy 



 

50 
 

(SEM) [17], atom location by channeling enhanced microanalysis (ALCHEMI) technique 

[24], and several other techniques [11,22] have concluded that Cr occupies the Al sublattice 

in γ'.  

The discrepancies observed in the site preference behavior within these studies may 

be due to the differences between the techniques used as discussed in Chapter 2. It becomes 

critical in understanding the site preference behavior and the changes in chemical bonding 

associated with it in order to understand the alloy chemistry. With the advancement of the 

computing resources, it has become very efficient and effective to use modeling and 

simulation tools to overcome the challenges of the experimental techniques. First principles 

based ab initio calculations have been proven to be very effective in predicting the 

energetic and chemistries behind the atomic substitution.  

In order to improve the mechanical and physical properties of the Ni3Al 

intermetallic compound with the use of addition of chromium, it is important to have an 

idea of changes in the electronic structure, in particular, to know the influence of doping on 

the character of the interatomic interaction, chemical bond, and its type in the compound 

[25]. The goal of this chapter is to understand the effect of single and multiple chromium 

additions on the site preference behavior and the associated changes in geometry and 

chemical bonding. 

 

3.2 Simulation Details 

The Vienna ab initio Simulation Package (VASP) [26,27] was used to carry out the 

density functional theory (DFT) based calculations. In the electronic structure calculations, 
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a plane wave basis set with a kinetic energy cutoff of 400 eV with projected augmented 

wave (PAW) pseudopotentials were used in the simulations. The generalized gradient 

approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) [28] form was used for the 

exchange and correlation functions and all the calculations performed were spin polarized. 

The initial structures were fully relaxed until the forces acting on each of the atoms were 

less than 0.01 eV/Å.  

We have adopted three sizes of γ' supercells from 4 atoms 1x1x1 supercell, 32 

atoms 2x2x2 supercell and 108 atoms 3x3x3 supercell. The lattice parameter was 

calculated to be 3.567Å which is in good agreement with previous reports [17]. Chromium 

was substituted for nickel or aluminum site to create the anti-site defect. Also, for the 

interaction energy calculations, two chromium atoms were substituted for three different 

combinations of sites i.e. Ni-Ni, Ni-Al and Al-Al sites. 

Because these calculations were computationally time intensive and expensive, a 

new approach was adopted that used multiple steps to relax the structure efficiently. Instead 

of using a specific set of input parameters and k-points to relax the structure, we relaxed the 

structure through four different sets of configurations involving different parameters and 

different k-points from lower k-points and basic parameters to higher k-points and stringent 

parameters in order to relax the structure in the most effective manner [29]. 

Computationally, the calculations require less computational resources as compared to 

direct relaxation and hence, reducing the computational cost of the calculations. The new 

approach lowered the computational cost of the calculations by reducing the number of 

average computational runs in half. In order to get consistent results with the varying 
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supercell size, k-points were optimized to allow comparison with published results. The 

energy values without entropy are plotted in Fig. 3.1 against k-points for different supercell. 

The data shows the optimum k-points for each of the supercells, which were used in the 

later calculations. Fig. 3.1 shows that k-mesh size of 9x9x9 and 4x4x4 would be optimum 

to obtain consistent results with 3x3x3 and 2x2x2 supercells, respectively. 

The geometric changes due to the substitution was measure by calculating the pair 

distribution function, g(r) by using Visual Molecular Dynamics (VMD), a visualization and 

analyzing tool. The charge density distribution and density of states data has been 

generated by doing single step relaxation, allowing only the ion positions to relax with 

stringent parameters.  
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Figure 3.1 Optimizing k-points for different size of supercells: 15x15x15 for 1x1x1 

unit cell, 9x9x9 for 2x2x2 supercell and 4x4x4 for 3x3x3 supercell. 
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3.3 Intrinsic Defects  

 

Designation Defect type 
This work 

Other studies 
2x2x2 3x3x3 

VaAl Al vacancy 3.647 3.570 
3.09 [32], 2.65 [33], 3.40 [35], 

3.42 [36] 

VaNi Ni vacancy 1.559 2.064 
1.15 [32], 1.87 [33], 1.60 [34], 

1.80 [30], 1.31 [35], 1.48 [36] 

NiAl Ni anti-site 2.096 1.957 
0.986 [17], 2.04 [32], 2.39 [35], 

2.06 [36] 

AlNi Al anti-site -1.058 -0.838 
0.742 [17], -0.92 [32], -0.99 [35], 

-1.00 [36] 

nil  AlNi + 

NiAl 
Exchange 1.038 1.118 

1.729 [17], 1.12 [32], 1.44 [33], 

1.02 [34], 1.15 [41], 1.67 [44], 

1.40 [35], 1.06 [36], 0.94 [42] 

nil  3VaNi 

+ VaAl 
Schottky 8.323 9.764 

6.54 [32], 8.26 [33], 6.50 [34], 

6.33 [41], 6.73 [44], 7.33 [35], 

7.86 [36], 6.58 [42] 

[30]– Experimental study 

[15,17,32-34,36] – First-principles (DFT) 

[41,42,44] – EAM method 

Table 3.1 Intrinsic defect formation energies (eV). 
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The binary Ni–Al phase diagram in Fig. 2.6 indicates that the Ni3Al compound is 

stable across a compositional range from approximately 23 to 27 at% Al. Intrinsic point 

defects such as constitutional vacancies and anti-sites accommodate for the relatively small 

deviation from exact stoichiometry possible.  

The intrinsic defects in the Ni3Al system has been studied by several researchers by 

using experimental techniques [30,31], first principles [17,29,32-36], cluster variation 

method [37-40] and EAM potential based method [31,41,42]. The standard defect 

formalism [17] was adopted to calculate the formation energy of the intrinsic defects in the 

γ' Ni3Al phase. Vacancies such as VaNi and VaAl, and anti-sites such as NiAl and AlNi are 

included in intrinsic defects. Thermal defect complexes such as exchange type (nil  AlNi 

+ NiAl) and Schottky-type (nil  3VaNi + VaAl) defects have also been calculated for 

reference. Table 3.1 includes the formation energies calculated in 2x2x2 and 3x3x3 

supercell sizes. The results show an excellent agreement with the existing results from 

Density Functional Theory (DFT) calculations [17,29,32-36,43], experimental studies 

[17,24,30] and EAM potentials [31,41,42]. The difference in the formation energy for 

anti-site in few studies [17,29,32] differs vastly due to the difference computational 

conditions used in the Density Functional Theory (DFT) calculations. The studies 

[17,29,32], where higher plane-wave cut-off energy of over 400 eV and k-point mesh of 

9x9x9 were used, in turn provided consistent results. 

 

3. 4 Site Preference Energies 

Three different formalisms were employed to characterize the site-preference 
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behavior of Cr in the γ' phase, including the standard defect [17], anti-site based [32], and 

vacancy based formalism [29]. Although the former two have been widely used in the 

literature to determine site preferences, the vacancy-based mechanism has not been. 

 

3.4.1 Standard Defect Formation Formalism 

In the standard defect formalism [17], the substitutional formation energies Ni
CrE  

and Al
CrE  are calculated as per the definition below, 

 

where E 

is the total energy of the system, μ is the chemical potential, X = 24, Y = 8 for the 2x2x2 

supercell, and X = 81, Y = 27 for the 3x3x3 supercell. X and Y have the same meaning in 

subsequent defect reaction equations. The configuration with the lowest formation energy 

is the preferred sublattice for the alloying atom. The chemical potentials (μ) were usually 

represented by the cohesive energies of the elemental solid in the ambient stable forms, 

which were found to be -5.748, -3.733, -7.932, -6.838 and -9.594 eV atom-1 for nickel, 

aluminum, titanium, cobalt and chromium respectively. The energies calculated using the 

above equation in both the 32-atom and 108-atom supercells (Table 3.2) indicate that 

chromium prefers the nickel sublattice, in agreement with several researchers [15,35,36] 

and in disagreement with Booth-Morrison et al [17]. The site preference obtained from this 

approach, however, depends on the choice of reference states for the pure elements. 
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Table 3.2 Site preference energies (eV) for chromium substitution calculated from the 

standard defect formalism with different supercell sizes. 

 

3.4.2 Anti-site Formation Based Formalism 

The anti-site based substitutional formalism [32] has been adopted by researchers, 

including Ruban and Skriver [16], Jiang and coworkers [15,32], Wu and Li [35] and Kim 

and co-workers [36]. In this formalism, the mediator for the site substitution is an anti-site. 

The parameter AlNi
CrE →

 is defined as the energy required to move an atom from one 

sublattice site to another via a reaction such that the absolute value of the parameter is 

totally independent of the elemental reference states or its chemical activities. The energy 

required in transferring a chromium atom from a nickel sublattice site to an aluminum 

sublattice site was calculated using the following equation: 

 

The formation energies of an exchange anti-site defect in the Ni3Al structure i.e. 

NiAl + AlNi were calculated to be 1.038 and 1.118 eV for 2x2x2 and 3x3x3 supercells 

respectively. If the value of AlNi
CrE →  is less than zero, then the reaction prefers to go 

Standard defect 

formation formalism 

–Cr 

This work 

 Other studies 

2x2x2 3x3x3 

Al
CrE  1.193 1.363 0.565 [17], 1.33 [15], 1.40[35], 1.35 [36] 

Ni
CrE  0.946 1.212 0.648 [17], 1.29 [15], 0.51 [35], 0.92 [36] 

( ) ( ) ( )

( ) ( ) ( ) )AlE(NiCr)AlE(NiAl)AlE(NiCr)AlE(NiE

AlAlNiCrAlNiAlNiCrAlNi

YXY1XY1X1YX
AlNi

Cr

Y1X1YXYXY1X

−−+=

+→+

−−−
→

−−− (3.2) 
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forward, that is chromium prefers to go to an aluminum site, whereas if the value is greater 

than the exchange anti-site energy, then chromium prefers to go to nickel site. If the energy 

value lies in between the two, then the chromium atom has a compositionally-dependent 

site preference. Our calculations suggest that chromium strongly prefers to go to an 

aluminum site in the cases of both the 2x2x2 and 3x3x3 supercells. This agrees with the 

study of Jiang and Gleeson [15], Wu and Li [35] and Kim and co-workers [36] yet shows a 

discrepancy with the numbers back-calculated from data provided by Booth-Morrison et al 

[17] as shown in Table 3.3. 

 

Table 3.3 Site preference energies (eV) for chromium substitution calculated from the 

anti-site formation based formalism with different supercell sizes. 

 

3.4.3 Vacancy Formation Based Formalism 

The third mechanism investigated for the introduction of chromium to Ni3Al is 

through the vacancy mechanism, which has not been employed in previous studies. The 

vacancy-based substitutional formalism involves the mediation of the vacancies for site 

substitution. It can play an important role at high temperatures since the concentration of 

available vacancies increases with increasing temperature. The parameter AlNi
CrE →  is 

defined similar to the way it is defined in the anti-site based formalism so that the absolute 

Anti-site based 

formalism-Cr  

This work Other studies 

2x2x2 3x3x3 

AlNi
CrE →  -0.810 -0.917 0.695 [17], -0.50 [15], -0.10 [35], -0.56 [36] 
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value of the parameter is totally independent of the elemental reference states or its 

chemical activities. In our case, we have studied the energy required to transfer a chromium 

atom from the nickel sublattice site to an aluminum sublattice site using the equation 

below:  

 

The formation energies of Schottky defects in the Ni3Al structure, i.e. VaAl + 3VaNi, 

were calculated to be 8.323 and 9.764 eV for the 2x2x2 and 3x3x3 supercells respectively. 

If the value of AlNi
CrE →  is less than zero, then the reaction obviously prefers going forward, 

i.e. chromium prefers to go to an aluminum site, whereas if the value is greater than the 

Schottky defect energy, then the chromium prefers to go to a nickel site. As before, the 

calculations suggest that chromium very strongly prefers to go to an aluminum site. 

 

Vacancy-based 

formalism-Cr 

This work 

2x2x2 3x3x3 

AlNi
CrE →  -1.580 -1.585 

Table 3.4 Site preference energies (eV) for chromium substitution calculated from the 

vacancy formation based formalism with different supercell sizes. 

 

3.4.4 Discussion 

Both vacancy and anti-site based formalisms show that chromium prefers the 

aluminum sublattice site in γ' as can be seen from the negative formation energies, 

( ) ( ) ( ) ( )

( ) ( ) ( ) ( ))AlE(NiCr)AlE(Ni)AlE(NiCr)AlE(NiE

AlNiCrAlNiAlNiCrAlNi

1-YXY1XY1X1YX
AlNi
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validating the experimental observation. The vacancy mechanism based formation energy 

of -1.58 eV is considerably lower compared to around -0.85 eV for the antisite based 

mechanism, which suggests chromium substitution based on vacancy mechanism will 

dominate the substitution process. However, to determine the total reaction rate, we also 

need to consider the concentration, or the availability, of the defects as well as the kinetics 

to reach these states.  

From the intrinsic defect formation energy shown in Table 3.1, the anti-site defect 

formation energies (1.04 eV for two antisites) are much lower than the Schottky formation 

energies (8.32 eV for four vacancies), which indicate that the anti-site will have a much 

higher concentration than vacancy defects. Therefore, both vacancy and anti-site-based 

substitutional mechanism are possible for the incorporation of chromium in the aluminum 

sublattice site. The standard defect formation formalism, however, gives the opposite trend 

for the preference of chromium in Ni3Al. It is worth pointing out that the values of the 

standard defect formation energy formalism can be influenced by the choice of the 

reference state for the pure elements. Using the element solid cohesive energy as the 

chemical potential (used in this work and other calculations as well [17,32,35,36]) may not 

reflect the actual chemical environment or local composition change in the alloys.  

In addition to the thermodynamic formation energies, the kinetics or the energy 

barriers to reach the final states through the anti-site or vacancy mechanisms are also 

important. The energy barriers can be studied using the transition-state method within the 

framework of density functional theory. Based on previous studies of anti-site recovery 

energies [15], it is expected that the energy barrier for anti-site formation will be 
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considerably higher than the vacancy-based mechanism. Calculations of chromium 

migrations using the nudged elastic band (NEB) method are discussed separately [45]. At 

high homologous temperature during operations of these super alloys, the vacancy 

concentration can be considerably increased. Coupled with their lower migration energies, 

the vacancy-based mechanism can play a dominating role in chromium substitution on the 

aluminum sublattice in γ'-Ni3Al. 

 

3.5 Interaction between Cr-Cr Atoms 

The effect of increasing the chromium concentration on the site preference in the γ' 

phase of Ni3Al was investigated using a 3x3x3 supercell. The total energies of the supercell 

with two chromium atoms were calculated as a function of the separation distance and 

occupied lattice sites, i.e. Ni-Ni, Al-Al and Ni-Al. The separation distances were derived 

from the nearest neighbors on the same lattice sites. A plot of the total energies versus the 

separation distance between the Cr atoms is given in Fig. 3.2 with corresponding energies 

listed in Table 3.5. The results show a decrease in the total energy as the distance between 

the chromium atoms decreases in all three site combinations, suggesting that chromium 

atoms prefer to be close to each other either at the nickel sublattice sites, the aluminum 

sublattice sites or in the mixed sublattice.  
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Sites of Substitution Formula NN NN Distance Energy (eV/atom) 

Ni-Ni site 

Ni79Al27Cr2 1st 2.525Å -619.55 

Ni79Al27Cr2 2nd 3.571Å -618.88 

Ni79Al27Cr2 3rd 5.050Å -618.82 

Al-Al site 

Ni81Al25Cr2 1st 3.571Å -622.46 

Ni81Al25Cr2 2nd 5.050Å -622.41 

Ni81Al25Cr2 3rd 6.185Å -622.47 

Ni-Al site 

Ni80Al26Cr2 1st 2.525Å -620.99 

Ni80Al26Cr2 2nd 4.373Å -620.92 

Ni80Al26Cr2 3rd 5.646Å -620.73 

Table 3.5 Calculate relaxed total energies of 3x3x3 supercell with two chromium 

substitution. 
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Figure 3.2 Total energy of 3x3x3 Ni3Al with two chromium substitution as a function 

of Cr-Cr distance in (a) Ni-Ni, (b) Al-Al and (c) Ni-Al sublattices. 



 

64 
 

In order to calculate the interaction between two chromium atoms, the energy to 

move the chromium atoms from one configuration to another has been calculated. The 

possible configuration includes first, second and third nearest neighbors of Ni-Ni, Ni-Al or 

Al-Al sites. Fig. 3.3 shows the energy to move the chromium atoms from initial 

configuration of Ni-Ni site to Al-Al and Ni-Al site in (a), (b) and (c) showing, first, second 

and third nearest neighbor respectively. 

As observed from Fig. 3.3, if the two chromium atoms are placed on Ni-Ni sites, 

then the chromium atom will prefer to go to Al-Al site and Ni-Al site because of the 

negative factor to move to those configurations. Final configuration of Al-Al shows more 

negative value than that of Ni-Al, so Al-Al is the most favored final configuration. 

Fig. 3.4 shows the value of energy to move the chromium atoms placed initially on 

Ni-Al site to move to Al-Al or Ni-Ni site. It is observed that the final configuration of 

Al-Al site is favored owing to the negative value of the factor to move to it, whereas Ni-Ni 

site is not favored because of it positive value of the factor. 

Fig. 3.5 shows the value of energy to move the chromium atoms from its initial 

configuration of Al-Al site to Ni-Ni or Ni-Al site. It is observed that if the two chromium 

atoms are initially sitting on Al-Al site, then they will prefer to stay there as the value of 

factor to move to Ni-Ni or Ni-Al configurations are positive so energetically it doesn’t 

favor going to those configurations. 
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Figure 3.3 Calculated energy to move the two chromium atoms to final Al-Al and 

Ni-Al site from the initial Ni-Ni site in (a) 1st, (b) 2nd and (c) 3rd nearest neighbors. 
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Figure 3.4 Calculated energy to move the two chromium atoms to final Al-Al and 

Ni-Ni site from the initial Ni-Al site in (a) 1st, (b) 2nd and (c) 3rd nearest neighbors. 
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Figure 3.5 Calculated energy to move the two chromium atoms to final Ni-Ni and 

Ni-Al site from the initial Al-Al site in (a) 1st, (b) 2nd and (c) 3rd nearest neighbors. 
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3.5.1 Discussion 

It can be concluded that the two chromium atoms favor to sit as close as possible on 

two aluminum sites because any different configuration can lead to the final configuration 

of two chromium atoms sitting on first nearest neighbors of aluminum sites from the initial 

sites of two nickel sites or an adjacent nickel and aluminum site. 

 

3.6 Geometric and Chemical Bonding Changes Due to Substitution 

The geometric and chemical bonding changes due to substitution of chromium have 

been explained by understanding the local lattice distortion, change in charge distribution 

and density of states. The chemical bonding changes have also been studied for the most 

preferred configuration of two chromium substitutions in first nearest neighbors of Al-Al 

site, in order to understand the effect of chromium on other chromium atom. 

 

3.6.1 Local Lattice Distortion Due to Substitution 

A radial distribution function analysis was undertaken to gain insight on local 

contraction or expansion at defect sites. In the case of chromium substituted at the 

aluminum site, the chromium atom is surrounded by 12 nickel atoms as first near neighbors 

(NN). As shown in Fig. 3.6 (a) and Table 3.6, the first NN around chromium at the CrAl site 

shows a local contraction as compared to pure Ni3Al i.e. all the nickel atoms are closer to 

the chromium atom. In the case of chromium substituted at the nickel site, the chromium 

atom is surrounded by 8 nickel atoms and 4 aluminum atoms in the first NN. As shown in 

Fig. 3.6 (b), the first NN around chromium at the CrNi site shows that all 8 of the nickel 
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atoms are closer to the chromium defect site, whereas 4 aluminum atoms are pushed away 

from the chromium defect site as compared to pure Ni3Al. It is the irregular local 

deformation that chromium atom substitutes for the nickel site, which may harm to the 

structure and properties of alloys. Similar behavior can be observed from the Table 3.6 for 

the second NN and above.  

 

Defect Site 

1st Nearest 

Neighbors 

2nd Nearest 

Neighbors 
Corresponding 

Figure 
Atoms Change Atoms Change 

CrAl 12 Ni – 0.05 Å 3 Al – 0.02 Å Figure 1 (a) 

CrNi 
8 Ni – 0.03 Å 1 Ni – 0.04 Å 

Figure 1 (b) 
4 Al + 0.10 Å 2 Ni + 0.02 Å 

Table 3.6 Comparison of the corresponding nearest neighbors atoms and the change of 

nearest neighbors distances as compared to the perfect γ′ Ni3Al system. 

Defect Site 
Change in Lattice Parameter of a Unit 

Cell after Substitution 

CrAl – 0.03 Å 

CrNi + 0.02 Å 

Table 3.7 Comparison of the change in the lattice parameter of the unit cell after 

substitution in the sublattice as compared to the perfect γ′ Ni3Al system. 
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This observation, in conjunction with the formalisms above, clearly suggests that 

the chromium atom prefers to surround itself with nickel atoms and that the aluminum site 

is surrounded with more nickel atoms than the nickel site itself. Hence the chromium atom 

shows a strong preference to stay on an aluminum site. 

The radial distribution function also throws light on the local contraction or 

expansion at the defect sites because of the substitution process [43]. As shown in Table 3.7, 

after the substitution of chromium atom in the aluminum site of Ni3Al supercell, the 

relaxation of the geometry results in the local contraction at the defect site i.e. the lattice 

parameter of the unit cell decreases. Substitution of chromium atom in the nickel sublattice 

results in a local expansion at the defect site, increasing the lattice parameter of the unit cell. 

The changes in the lattice parameter of the unit cell of the system with the defect in a 

particular site agree very well with the radial distribution function data in the Table 3.6 

suggesting a local contraction when the chromium is substituted in aluminum site, where as 

a local expansion in the lattice parameter when substituted in the nickel site. 

The difference in the atomic radii of the solute atom and the host site predicts a 

local expansion at the CrAl, because chromium has an atomic radius of 1.85Å which is 

larger than aluminum with an atomic radius of 1.82Å. But a local contraction was observed 

as shown in Table 3.7, which may be attributed to the stronger local bonding of the 

chromium with the nearest neighbors atoms and also justify the preference of chromium for 

aluminum sublattice. In case of CrNi, the atomic radius of chromium is larger than nickel 

with 1.62Å, which easily explains the expansion at the defect site as shown in Table 3.7. 
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Figure 3.6 Comparison of radial distribution function of perfect γ′ Ni3Al and 

chromium substitution on: (a) Al and (b) Ni sites. Inset: schematic figure showing the 

movement of atom positions after substitution. Center black ball: Cr, large yellow ball: Ni, 

and small green ball: Al. 

(a) 

(b) 
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3.6.2 Charge Distribution Analysis around Substitutional Site  

An in-depth understanding of the effect of alloying additions on the bonding 

properties of Ni3Al can be done by calculating the charge density differences induced by 

the substitutional alloying atoms when substituted for Ni or Al site [46]. Several studies 

[46-50] have conducted such analysis for the understanding of the changes in bonding in 

different systems. A lot of studies have found that the cohesive energy of Ni3Al phase can 

be attributed primarily to the d–d electron interaction between Ni atoms and the d–p 

electron interaction between Ni and Al atoms, and the magnetic interaction has little effect 

on the structural transition [51-55]. Experimental studies have concluded that Al loses some 

p-orbital charge upon forming Ni3Al, suggesting a charge transfer from Al 3p to Ni 3d 

orbitals [51,52]. Calculations were done for betterment of the understanding of the 

modification of electronic properties induced by the chromium occupying the aluminum 

sublattice and the two chromium atoms substituted in Al-Al site in the γ′ Ni3Al.  

The partly directional covalent bonding has a great influence on tension and shear 

strength, whereas metallic bonding correlates to the malleability and ductility of the alloy. 

Furthermore, the Ni–Ni bonding along the [100] direction significantly improves the high 

tensile strength. The charge redistribution can provide us with a clear picture of electronic 

structure origin behind the higher strengths and moduli of Ni3Al [56]. 

The interstitial and core charges can be revealed by the total charge density 

distribution [57,58]. The difference in total charge density in the specific system and the 

superpositions of neutral atomic charge densities at the atomic sites in the same system can 

give us details of microscopic charge transfer and the formation of a directional bond due 
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to Ni-d/Al-p hybridization. When this bonding charge density of perfect γ′ Ni3Al system is 

subtracted from the system with the defect, then it can give us directly the effect of alloying 

addition on the changes in the bonding. In our calculations, the charge density differences 

have been calculated by using, 

 

where ( )( )CrAlNiρ 1YX −  is the charge density of the supercell for the chromium 

substituted in aluminum sublattice, ( )YX AlNiρ is the charge density of perfect γ′ Ni3Al 

supercell, ( )( )CrAlNiρ 1YXfree −  and ( )YXfree AlNiρ  are the accumulated charge density of 

free atoms at their equilibrium places in chromium substituted and perfect γ′ Ni3Al 

supercell respectively. 

Fig. 3.7 shows the charge density distribution with the chromium atom in the center 

substituted for the aluminum sublattice. In order to gain a bigger perspective of the effect of 

chromium substitution on nearest neighbors of the aluminum site, charge density was 

plotted along two planes i.e. (110) in Fig. 3.7 (a) and (110) in Fig. 3.7 (b). As can be seen 

clearly from the contour plots, chromium has the most pronounced effect on the 1st nearest 

neighbors of nickel atoms. In Ni24Al7Cr, chromium loses electrons and nearest neighbors 

nickel gain electrons, which shows the polarization between chromium and its nearest 

neighbors. The charge density between chromium and 1st nearest neighbors of aluminum 

atom shows a remarkable gain in electrons, which means that the chromium atom does 

have an effect on the 1st NN of aluminum atoms surrounding it. Fig. 3.7 (b) clearly 

indicates that the aluminum atoms in 1st NN of chromium atom do not lose electrons as 

compared to the loss of electrons shown by the 2nd NN of aluminum atoms in the corner of 

(3.4) ( )( ) ( )( )[ ] ( ) ( )[ ]YXfreeYX1YXfree1YX AlNiρAlNiρCrAlNiρCrAlNiρΔρ −−−= −−



 

74 
 

the contour plot. This charge transfer indicates the stronger bonding between chromium 

and its surrounding nickel and aluminum atoms than the charge transfer in perfect γ′ Ni3Al 

system, and thus the relative strong bonding has covalence-like character which leads to the 

preference of chromium atom to substitute for aluminum sublattice. 

Fig. 3.8 shows the charge distribution of the two chromium atoms substituted in the 

first nearest neighbors of Al-Al site. It can be clearly observed that the chromium atoms 

lose the electrons to 1st NN of nickel atoms surrounding the chromium atoms, showing the 

stronger bonding between chromium and its surrounding nickel atoms. Also, the 1st NN of 

aluminum site was seen to gain some charge from the chromium atom, predicting the 

stronger bonding as observed in the case of CrAl in Fig. 3.7. The stronger bonding between 

chromium and nickel atom may explain the stronger preference for aluminum sublattice.  
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Figure 3.7 Charge density distribution of the Cr substitution in Al site along (a) (001) 

and (b) (110) plane. Inset: schematic figure showing the plane along which the charge 

distribution has been plotted. 
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Figure 3.8 Charge density distribution of the Cr-Cr substitution in the first nearest 

neighbors of Al-Al site along (a) (001) and (b) (0-11) plane. Inset: schematic figure 

showing the plane along which the charge distribution has been plotted. 
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An atom absorbing electrons would become smaller in size owing to the increased 

attraction of the electron cloud by the nucleus, and the one losing electrons would become 

larger. The interaction of alloying additions is mostly limited with the nearest neighbors, it 

may be expected that most of the changes in lattice parameter or volume will be related to 

the charge transfer associated with the bond. Such charge transfers may play a crucial role 

in deciding the lattice parameter and the crystal structure of an intermetallic compound 

[59]. 

 

3.6.3 Density of States and Chemical Bonding Analysis 

The interaction between the alloying element and its NN host atoms can be further 

revealed by calculating the partial density of states (PDOS) [46]. The formation, dissolution, 

strengthening, and weakening of chemical bonds depends on the charge accumulation and 

depletion [60]. The partial density of states has been used by several researchers to analyze 

the bonding nature in several other systems [46-48,61,62]. 

Besides the strong Ni d–d bonding, it can clearly be seen from Fig. 3.9 that a sharp 

bonding peak and antibonding peak is located near -2.5 and 1 eV, which shows that there is 

hybridization between Ni-d and Al-p states. Another feature of the electronic structure for 

Ni3Al systems is the psuedogap, which separates the p–d bonding and antibonding states 

which is observed by several researchers [57,58]. The stability of a particular system 

depends on the position of the fermi level in the density of states curve. System is 

considered to be more stable if the Ef falls in the pseudogap which separates bonding states 

from the antibonding states i.e. the stable structure always has low N(Ef) [63]. As shown in 
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Fig. 3.10, our calculations suggest that the chromium substitution in aluminum site results 

in a lower N(Ef) value [0.055 states/eV] than the value for chromium substitution in nickel 

site [0.097 states/eV]. As mentioned earlier, since the lower N(Ef) results in a stable 

structure, our results confirm with the earlier findings of chromium substitution in 

aluminum site as more stable configuration. Lower N(Ef) in Fig. 3.10 (a) is also due to 

stronger hybridization between chromium and nickel. 

For the Ni24Al7Cr system, we can see from Fig. 3.9 that the main peak of d state of 

Cr is located at around 1eV which matches with the p state of Al. But there is a much 

bigger overlap between Cr-d and Ni-d states over the whole energy spectrum which results 

in stronger hybridization between Cr and its nearest neighbors Ni atoms than that for Al 

and the corresponding atoms. It was also observed that, the primary contribution to the 

bonding between the Cr atom and the nearest neighbors Ni atoms is the Cr-d state 

hybridizing strongly with the s, p, and d states of nearest neighbors Ni atoms; In contrast, 

the Al atom has no d state, so this also makes the interaction between Cr and its nearest 

neighbors Ni atoms very strong.  
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Figure 3.9 Partial density of states of the Cr substitution in Al site. 
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Figure 3.10 Total density of states of (a) Cr substitution in Al site, and (b) Cr 

substitution in Ni site. 

 

3.7 Summary 

We have investigated the chromium site preference and interactions in the ordered 

γ'-Ni3Al phase in nickel-based superalloys by first principles DFT calculations. It is found 
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that the chromium atoms have a strong preference for the aluminum sublattice as evidenced 

from calculations based on both the vacancy and anti-site-mediated substitution 

mechanisms. The interactions between chromium atoms have also been studied using DFT 

calculations. The results show that two chromium atoms favor being close to each other, 

with the most stable configuration of first nearest neighbors of Al-Al site. Charge density 

distribution and partial density of states analysis found that the charge transfer from 

chromium to first nearest neighbors of nickel atoms results in a strong bonding. The 

primary reason for the stronger bonding was attributed to the Cr-d state hybridization with 

the Ni-s, p and d states. Total density of states analysis reveals that chromium substitution 

in aluminum site is stable as compared to chromium substitution in nickel site due to the 

lower value of density of states at the Fermi level. 

 

3.8 References  

[1] C. K. Sudbrack, K. E. Yoon, R. D. Noebe and D. N. Seidman, Acta Mat., 54 (2006) 

3199.  

[2] P. Caron, Superalloys, T. M. Pollock, R. D. Kissinger, R. R. Bowman, K. A. Green, M. 

McLean, S. Olson and J. J. Schirra, TMS, (2000).  

[3] R. C. Reed, the Superalloys: Fundamentals and Applications, Cambridge University 

Press, Cambridge (2006).  

[4] G. K. Dey, Sadhana - Academy Proceedings in Engineering Sciences, 28 (2003) 

247-262.  

[5] A. Taylor and W. Floyd, J. Inst. Metals, 81 (1952) 451.  



 

82 
 

[6] W. Malec, K. Rzyman, M. Czepelak and A. Wala, Archives of Metallurgy and 

Materials, 56 (2011) 1007.  

[7] S. Ochial, Y. Oya and T. Suzuki, Acta Metallurgica, 32 (1984) 289-298.  

[8] M. H. F. Sluiter and Y. Kawazoe, Phys. Rev. B, 51 (1995) 4062-4073.  

[9] M. Sluiter, M. Takahashi and Y. Kawazoe, Proceedings of the 1994 MRS Fall Meeting, 

November 28, 1994 - November 30, Anonymous 364 (1995) 327-332.  

[10] M. Enomoto and H. Harada, Metallurgical Transactions A (Physical Metallurgy and 

Materials Science), 20A (1989) 649-64.  

[11] Y. Saito and H. Harada, Materials Science and Engineering A, A223 (1997) 1-9.  

[12] A. O. Mekhrabov, M. V. Akdeniz and M. M. Arer, Acta Materialia, 45 (1997) 

1077-1083.  

[13] M. P. Arbuzov, E. T. Kachkovskaya and B. V. Khayenko, Fizika Metall., 21 (1966) 

854.  

[14] A. Chiba, S. Hanada and S. Watanabe, Acta metallurgica et materialia, 39 (1991) 

1799-1805.  

[15] C. Jiang and B. Gleeson, Scr. Mater., 55 (2006) 433-436.  

[16] A. V. Ruban and H. V. Skriver, Phys. Rev. B, 55 (1997) 856-874.  

[17] C. Booth-Morrison, Z. Mao, R. D. Noebe and D. N. Seidman, Appl. Phys. Lett., 93 

(2008) 033103-1-033103-3.  

[18] S. Jiang, W. Yi, C. Nanxian and W. Yu, Progress in Natural Science, 10 (2000) 457.  



 

83 
 

[19] Q. Y. Heng, Fifth IUMRS International Conference on Advanced Materials - 

Symposium D: Intermetallic Compounds and Bulk Metallic Glasses, Anonymous 

Intermetallics, 8 (2000) 503-9.  

[20] M. K. Miller, R. Jayaram, L. S. Lin and A. D. Cetel, Appl. Surf. Sci., 76 (1994) 172.  

[21] K. L. More and M. K. Miller, J. Phys. C, 11 (1988) 391.  

[22] Shan-Ying Wang, Chong-Yu Wang, Jia-Hua Sun, Wen-Hui Duan and Dong-Liang 

Zhao, Physical Review B (Condensed Matter and Materials Physics), 65 (2002) 

035101-1.  

[23] H. Murakami, Y. Koizumi, T. Yokokawa, Y. Yamabe-Mitarai, T. Yamagata and H. 

Harada, Materials Science and Engineering A, 250 (1998) 109-114.  

[24] D. Shindo, M. Kikuchi, M. Hirabayashi, S. Hanada and O. Izumi, Transactions of the 

Japan Institute of Metals, 29 (1988) 956-61.  

[25] A. P. Druzhkov, D. A. Perminov and N. N. Stepanova, Physics of The Solid State, 52 

(2010) 2005-11.  

[26] G. Kresse and J. Furthmüller, Computational Materials Science, 6 (1996) 15-50.  

[27] G. Kresse and J. Furthmüller, Phys. Rev. B, 54 (1996) 11169-11186.  

[28] J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett., 77 (1996) 3865-3868.  

[29] M. Chaudhari, J. Du, J. Tiley and R. Banerjee, 1st World Congress on Integrated 

Computational Materials Engineering, ICME, July 10, 2011 - July 14, Anonymous 

(2011) 151-157.  

[30] K. Badura-Gergen and H. E. Schaefer, Phys. Rev. B, 56 (1997) 3032-3037.  

[31] S. M. Foiles and M. S. Daw, J. Mater. Res., 2 (1987) 5-15.  



 

84 
 

[32] C. Jiang, D. J. Sordelet and B. Gleeson, Acta Materialia, 54 (2006) 1147-1154.  

[33] C. L. Fu and G. S. Painter, Acta Materialia, 45 (1997) 481-488.  

[34] H. Schweiger, O. Semenova, W. Wolf, W. Püschl, W. Pfeiler, R. Podloucky and H. 

Ipser, Scr. Mater., 46 (2002) 37-41.  

[35] Q. Wu and S. Li, Computational Materials Science, 53 (2012) 436-443.  

[36] D. E. Kim, S. L. Shang and Z. K. Liu, Intermetallics, 18 (2010) 1163-1171.  

[37] Y. P. Wu, N. C. Tso, J. M. Sanchez and J. K. Tien, Acta Metallurgica, 37 (1989) 

2835-40.  

[38] N. C. Tso and J. M. Sanchez, Mater. Sci. Eng. A Struct. Mater. Prop. Microstruct. 

Process., A108 (1989) 159-164.  

[39] T. Shinoda, H. Hosoda, Y. Mishima and T. Suzuki, Mater. Trans. JIM, 33 (1992) 

698-705.  

[40] M. Enomoto and H. Harada, Metallurgical Transactions A (Physical Metallurgy and 

Materials Science), 20A (1989) 649-64.  

[41] J. Sun, D. Lin and T. L. Lin, Acta Metallurgica et Materialia, 42 (1994) 195-200.  

[42] A. F. Voter and P. C. Shao, Characterization of Defects in Materials Symposium, 

Anonymous (1987) 175-80.  

[43] M. Chaudhari, A. Singh, P. Gopal, S. Nag, G. B. Viswanathan, J. Tiley, R. Banerjee 

and J. Du, Philosophical Magazine Letters, (2012) 1-12.  

[44] M. Y., Acta Materialia, 52 (2004) 1451-1467.  

[45] P. Gopal, Manuscript in preparation, .  

[46] M. Chen and C. Wang, Scr. Mater., 60 (2009) 659-662.  



 

85 
 

[47] C. Y. Geng, C. Y. Wang and T. Yu, Acta Materialia, 52 (2004) 5427-5433.  

[48] C. Geng, C. Wang, J. Wang and T. Yu, Materials Transactions, 46 (2005) 1122-1126.  

[49] R. D. Noebe, R. R. Bowman and M. V. Nathal, International Materials Reviews, 38 

(1993) 193-232.  

[50] Y. Liu, K. Y. Chen, G. Lu, J. H. Zhang and Z. Q. Hu, Acta Materialia, 45 (1997) 

1837-49.  

[51] W. F. Pong, K. P. Lin, Y. K. Chang, M. -. Tsai, H. H. Hsieh, J. Y. Pieh, P. K. Tseng, J. 

F. Lee and L. S. Hsu, XAFS X, Anonymous Journal of Synchrotron Radiation, 6 

(1999) 731-3.  

[52] Y. K. Chang, K. P. Lin, W. F. Pong, M. -. Tsai, H. H. Hseih, J. Y. Pieh, P. K. Tseng, J. 

F. Lee and L. S. Hsu, J. Appl. Phys., 87 (2000) 1312-17.  

[53] L. Peng, P. Peng, D. D. Wen, Y. G. Liu, H. Wei, X. F. Sun and Z. Q. Hu, Modell 

Simul Mater Sci Eng, 19 (2011).  

[54] S. Yu, C. Wang and T. Yu, Progress in Natural Science, 18 (2008) 861-866.  

[55] M. Fatmi, M. A. Ghebouli, M. A. Ghebouli, T. Chihi, S. Boucetta and Z. K. Heiba, 

Rom. Journ. Phys., 56 (2011) 935.  

[56] Y. Wang and C. Wang, Appl. Phys. Lett., 94 (2009).  

[57] S. N. Sun, N. Kioussis, S. -. Lim and A. Gonis, Powder Diffraction, 10 (1995) 14 

421-14 421.  

[58] J. Zhu, Y. Miao and J. T. Guo, Acta Materialia, 45 (1997) 1989-94.  

[59] T. Rajasekharan and V. Seshubai, Acta Crystallographica, Section A (Foundations of 

Crystallography), A68 (2012) 156-65.  



 

86 
 

[60] W. T. Geng, A. J. Freeman, R. Wu, C. B. Geller and J. E. Raynolds, Physical Review 

B (Condensed Matter and Materials Physics), 60 (1999) 7149-55.  

[61] Y. Song, Z. X. Guo, R. Yang and D. Li, Acta Materialia, 49 (2001) 1647-1654.  

[62] Yun-Jiang Wang and Chong-Yu Wang, Scr. Mater., 61 (2009) 197-200.  

[63] P. Ravindran, G. Subramoniam and R. Asokamani, Physical Review B (Condensed 

Matter), 53 (1996) 1129-37.  

 



 

87 
 

CHAPTER 4  

SITE SUBSTITUTION OF TITANIUM ATOM 

 

4.1 Introduction 

In multi component nickel based superalloys as mentioned in the earlier chapters, 

different elements can preferentially go to nickel or aluminum sublattice in the ordered γ′ 

precipitate. The high strength and good creep resistance at elevated temperatures is 

fundamentally due to the very ordered nature of these precipitates, which are very stable at 

high temperatures. Elements such as titanium which have greater atomic radius than nickel 

promote the formation of ordered phases such as the compound Ni3(Al, Ta, Ti) γ' phase [1], 

and hence titanium plays very crucial role in achieving the adequate strength by forming γ' 

precipitates [2]. The understanding of the bonding nature and the site substitution behavior 

becomes very vital for understanding of the chemistries of alloying with titanium. 

Several experimental studies [3-6], solubility lobes studies [7-9], first principles 

studies [10-12], cluster variation method [13] and other theoretical studies [14-16] have 

found that titanium prefers to occupy the aluminum sublattice in the γ′ Ni3Al phase. In this 

chapter, in addition to evaluating the site substitution behavior of titanium atom through 

different formalisms, we also evaluate the geometric changes and chemical bonding 

associated with the substitution. First principles based ab initio calculations have been 

proven to be very effective in predicting the energetic and chemistries behind the atomic 

substitution. The goal of this chapter is to understand the effect of multiple titanium 

addition on the site preference, the related changes in geometry and chemical bonding. 
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4.2 Simulation Details  

Similar to Section 3.2, Vienna ab initio Simulation Package (VASP) [17,18] was 

used to carry out the Density Functional Theory (DFT) based calculations. In the electronic 

structure calculations, a plane wave basis set with a kinetic energy cutoff of 400 eV with 

Projected Augmented Wave (PAW) pseudopotentials were used in the simulations. The 

generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) [19] 

form was used for the exchange and correlation functions and all the calculations 

performed were spin polarized. The initial structures were fully relaxed until the forces 

acting on each of the atoms were less than 0.01 eV/Å.  

We have adopted two sizes of γ' supercells from 32 atoms 2x2x2 supercell and 108 

atoms 3x3x3 supercell. Titanium was substituted for nickel or aluminum site to create the 

anti-site defect. Also, for the interaction energy calculations, two titanium atoms were 

substituted for three different combinations of sites i.e. Ni-Ni, Ni-Al and Al-Al sites. Fig. 

3.1 shows that k-mesh size of 9x9x9 and 4x4x4 would be optimum to obtain consistent 

results with 3x3x3 and 2x2x2 supercells, respectively. 

The geometric changes due to the substitution was measure by calculating the pair 

distribution function, g(r) by using Visual Molecular Dynamics (VMD), a visualization and 

analyzing tool. The charge density distribution and density of states data has been 

generated by doing single step relaxation, allowing only the ion positions to relax with 

stringent parameters. 
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4.3 Site Preference Energies 

Site preference for the titanium atom has been studied through three formalisms 

similar to the chromium atom i.e. standard defect formation formalism [20], anti-site 

formation based formalism [21] and vacancy formation based formalism [22]. 

 

4.3.1 Standard Defect Formation Formalism 

The substitutional formation energies Ni
TiE  and Al

TiE  are calculated as per the 

definition below, 

 

Calculations suggest that titanium shows a preference for both nickel and aluminum 

sites in both the cases of 2x2x2 and 3x3x3 supercells. Table 4.1 shows that the value of 

Ni
TiE  is a little lower than the value of Al

TiE , it implies that titanium shows a little stronger 

preference for nickel site than aluminum site. Our calculated energies agree very well with 

the work done by Wu and Li [10]. 

 

Table 4.1 Site preference energies (eV) for titanium substitution calculated from the 

standard defect formalism with different supercell sizes. 

Standard defect formation 

formalism –Ti 

This work Other Studies 

2x2x2 3x3x3 

Al
TiE  -0.493 -0.361 -0.37 [10] 

Ni
TiE  -0.613 -0.368 -0.74 [10] 

( ) ( )[ ]
( )( ) ( )[ ]TiYXAl1YXT

TiYXNiY1)(XT

μ)AlE(NiμTi))(AlE(NiE

μ)AlE(Niμ)TiAlE(NiE

Al

Ni

+−+=

+−+=

−

−

i

i (4.1) 
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4.3.2 Anti-site Formation Based Formalism 

Based on the anti-site formation based formalism, the energy required in 

transferring a titanium atom from a nickel sublattice site to an aluminum sublattice site was 

calculated using the following equation, 

 

 

Anti-site based 

formalism-Ti 

This work 
Other Studies 

2x2x2 3x3x3 

AlNi
TiE →  -0.94 -0.83 -0.78 [23], -0.62 [10] 

Table 4.2 Site preference energies (eV) for titanium substitution calculated from the 

anti-site formation based formalism with different supercell sizes. 

 

Anti-site based substitution formalism confirms with the studies done by Jiang and 

Gleeson [23] and Wu and Li [10] suggesting that titanium shows a strong preference 

towards aluminum sublattice. Since the value of AlNi
TiE →  is less than zero, it means that 

titanium atom has a strong preference for aluminum site. The supercell size has negligible 

effect on the site preference behavior as the value of AlNi
TiE →  is less than zero in both the 

cases as shown in Table 4.2.  

 

( ) ( ) ( )

( ) ( ) ( ) )AlE(NiTi)AlE(NiAl)AlE(NiTi)AlE(NiE

AlAlNiTiAlNiAlNiTiAlNi

YXY1XY1X1YX
AlNi

Ti

Y1X1YXYXY1X

−−+=

+→+

−−−
→

−−− (4.2) 
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4.3.3 Vacancy Formation Based Formalism 

Through the suggested vacancy formation based formalism, the energy required to 

transfer a titanium atom from the nickel sublattice site to an aluminum sublattice site using 

the equation below,  

 

 

Vacancy-based formalism-Ti 
Vacancy based formalism 

2x2x2 3x3x3 

AlNi
TiE →  -1.97 -1.50 

Table 4.3 Site preference energies (eV) for titanium substitution calculated from the 

vacancy formation based formalism with different supercell sizes. 

 

Calculations shows that titanium prefers to go to aluminum site irrespective of the 

size of the supercell i.e. 2x2x2 and 3x3x3 supercells owing to its significantly lower values 

than zero as can be seen from Table 4.3. The result of the vacancy based substitutional 

formalism shows much lower values of AlNi
TiE →  than anti-site formation based formalism, 

suggesting that titanium shows a stronger preference to go to aluminum site through the 

mediation of vacancy than the anti-site. 

 

4.3.4 Discussion 

Titanium prefers to substitute for aluminum site through vacancy and anti-site 

( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) )AlE(NiTi)AlE(Ni)AlE(NiTi)AlE(NiE

AlNiTiAlNiAlNiTiAlNi

1-YXY1XY1X1YX
AlNi

Ti

Y1X1YX1-YXY1X

−−+=

+→+

−−−
→

−−− (4.3) 
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formation based formalism as can be seen from Table 4.2 and 4.3 owing to the negative 

value of the energy to move to aluminum sublattice. Through the mediation of vacancies, 

the energy needed to move the titanium atom from nickel to aluminum site is -1.97 eV, 

which is considerably lower compared to around -0.94 eV for the antisite based mechanism, 

suggesting that vacancy based substitution will dominate in titanium substitution process. 

As discussed before in Section 3.4.4, consideration of the concentration, availability of the 

defects as well as the kinetics to reach these states will also play an important role to 

determine the total reaction rate.  

The standard defect formation formalism, however, shows a different trend with 

both aluminum and nickel sites as favorable for substitution of titanium in Ni3Al as shown 

in Table 4.1. The formation energy for the titanium substituted in nickel site shows lower 

value than that the one substituted in aluminum site proposing that titanium has a little 

stronger preference to substitute for nickel site. As discussed in Section 3.4.4, the standard 

defect formation energy can be influenced by several factors and hence cannot be depended 

upon to find out the site preference behavior of the substitutional atoms in the Ni3Al 

structure.  

 

4.4 Interaction between Ti-Ti Atoms 

Similar calculations were performed to study the interaction between two titanium 

atoms in the Ni3Al intermetallic compound. Two titanium atoms were substituted for the 

three possible combinations of sites i.e. Ni-Ni, Al-Al and Ni-Al. The parameter of the 

distance between the two Ti sites represented as nearest neighbors distance is also taken 
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into consideration. The calculated energies as shown in Table 4.4, when plotted against the 

corresponding nearest neighbor distance as can be seen from Fig. 4.1 clearly indicate that 

the two titanium atoms have the lowest energy configuration when they are on the 2nd 

nearest neighbor distance i.e. around 3.571Å. This can prove to be an excellent explanation 

about the fact that titanium plays an important role in the formation of γ′ Ni3Al phase which 

has a lattice parameter of 3.571Å. 

 

Sites of Substitution Formula NN NN Distance Energy (eV/atom) 

Ni-Ni site 

Ni79Al27Ti2 1st 2.525Å -618.13 

Ni79Al27Ti2 2nd 3.571Å -618.43 

Ni79Al27Ti2 3rd 5.050Å -618.21 

Al-Al site 

Ni81Al25Ti2 1st 3.571Å -622.14 

Ni81Al25Ti2 2nd 5.050Å -622.45 

Ni81Al25Ti2 3rd 6.185Å -622.19 

Ni-Al site 

Ni80Al26Ti2 1st 2.525Å -620.28 

Ni80Al26Ti2 2nd 4.373Å -620.60 

Ni80Al26Ti2 3rd 5.646Å -620.56 

Table 4.4 Calculate relaxed total energies of 3x3x3 supercell with two titanium atoms 

substitution. 
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Figure 4.1 Total energy of 3x3x3 Ni3Al with two titanium substitution as a function of 

Ti-Ti distance in (a) Ni-Ni, (b) Al-Al and (c) Ni-Al sublattices. 
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Since the total energy of the different geometries in Table 4.4 cannot be compared 

against each other, further calculations were performed to find out the interaction energy 

behavior between two different geometry of substitution. By using the antisite formation 

based formalism, the energy was calculated to move single or both the titanium atoms from 

its existing setting of sites i.e. Ni-Ni, Al-Al or Ni-Al to a new setting of sites i.e. Ni-Ni, 

Al-Al or Ni-Al in order to understand the behavior of titanium atom around another 

titanium atom. Also, the data generated can give us a better understanding of the interaction 

between two titanium substitutions in the vicinity of each other.  

Fig. 4.2 shows the interaction between the two titanium atoms in the initial setting 

of Ni-Ni sites and the final setting of Al-Al and Ni-Al sites. The energy calculated to 

transfer the titanium atom from first nearest neighbors of the initial setting to first, second 

and third nearest neighbors of final setting has been plotted in the form of a graph in Fig. 

4.2 (a). Similarly, Fig. 4.2 (b) and (c) shows the energy required to move the titanium atom 

from second and third nearest neighbors of initial setting of Ni-Ni sites to first, second and 

third nearest neighbors of Al-Al and Ni-Al sites respectively. It can be observed from Fig. 

4.2 that when the two titanium atoms are initially sitting on Ni-Ni sites, they show a 

tendency to go to Ni-Al or Al-Al sites, as the value of the factor is negative and hence the 

Al-Al or Ni-Al is stable configuration than Ni-Ni configuration. Also, the final 

configuration of Al-Al shows a little lower value of the factor than that of Ni-Al and hence, 

Al-Al will be the most favored configuration if the initial sites of titanium atoms are Ni-Ni 

in all the nearest neighbors. 

Similar calculations were done to calculate the energy required to move the 
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titanium atoms from initial configuration of first, second and third nearest neighbors of 

Ni-Al to the final configuration of first, second and third nearest neighbors of Al-Al and 

Ni-Ni sites. The value of the factor has been plotted in the Fig. 4.3. Because of the negative 

values seen for the final configuration of Al-Al sites, it can be concluded that if the 

titanium atoms are initially sitting on mixed Ni-Al site, than it will favor going to Al-Al site 

and hence Al-Al site is stable than Ni-Al site. Whereas, the final configuration of Ni-Ni 

shows a value which is greater than zero, and hence the configuration of Ni-Al site is stable 

than Ni-Ni. 

Finally, calculations were done to calculate the energy required to move the 

titanium atoms from initial configuration of Al-Al site to the final configuration of Ni-Ni 

and Ni-Al site. As can be seen from Fig. 4.4, all the value of factors were seen to be greater 

than zero, which indicates that if the initial sites of titanium atoms is Al-Al, than it would 

prefer to stay there rather than moving to Ni-Ni or Ni-Al configurations. 
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Figure 4.2 Calculated energy to move the two titanium atoms to final Al-Al and Ni-Al 

site from the initial Ni-Ni site in (a) 1st, (b) 2nd and (c) 3rd nearest neighbors. 
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Figure 4.3 Calculated energy to move the two titanium atoms to final Al-Al and Ni-Ni 

site from the initial Ni-Al site in (a) 1st, (b) 2nd and (c) 3rd nearest neighbors. 
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Figure 4.4 Calculated energy to move the two chromium atoms to final Ni-Al and 

Ni-Ni site from the initial Al-Al site in (a) 1st, (b) 2nd and (c) 3rd nearest neighbors. 
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4.4.1 Discussion 

It can be concluded from the graphs that if the two titanium atoms are sitting on 

Al-Al sites, than it is the stable configuration because from there going forward to any 

other configuration will be very difficult owing to the positive values for the factor. The 

values in Fig. 4.2 and 4.3 indicate that the two titanium atoms prefer to move to Al-Al sites 

if the initial configuration is Ni-Ni or Ni-Al site. The values to move the titanium atoms to 

the final configuration of second nearest neighbors of Al-Al site were found to be most 

negative in all the initial configurations of Fig. 4.2 and 4.3, which indicate that the second 

nearest neighbors of Al-Al can be regarded as the most favored site for the substitution of 

two titanium atoms. 

 

4.5 Geometric and Chemical Bonding Changes Due to Substitution 

The geometric and chemical bonding changes due to substitution of titanium have 

been explained by understanding the local lattice distortion, change in charge distribution 

and density of states. The chemical bonding changes have also been studied for the most 

preferred configuration of two titanium substitutions in first nearest neighbors of Al-Al site, 

in order to understand the effect of titanium on other titanium atom. 

 

4.5.1 Local Lattice Distortion Due to Substitution 

The local contraction or expansion at the defect sites can be studied by analyzing 

the radial distribution function through first principles calculations [22]. As shown in Table 

4.5 and Fig. 4.5 (a), after the substitution of titanium atom in the aluminum site of Ni3Al 
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supercell, the relaxation of the geometry results in the local expansion at the defect site i.e. 

all 12 surrounding nickel atoms get pushed away from the titanium atom. There is no effect 

of titanium substitution over the second nearest neighbor. Substitution of titanium atom in 

the nickel sublattice results in a complex behavior showing that 8 nickel atoms are closer to 

the titanium defect, whereas the 4 aluminum atoms get pushed away from the titanium 

atom as shown in Table 4.5 and Fig. 4.5 (b).  

 

Defect Site 

1st Nearest 

Neighbors 

2nd Nearest 

Neighbors 
Corresponding 

Figure 
Atoms Change Atoms Change 

TiAl 12 Ni + 0.03 Å 3 Al 0.00 Å Figure 1 (a) 

TiNi 
8 Ni – 0.03 Å 1 Ni – 0.05 Å 

Figure 1 (b) 
4 Al + 0.19 Å 2 Ni + 0.05 Å 

Table 4.5 Comparison of the corresponding nearest neighbors atoms and the change of 

nearest neighbors distances as compared to the perfect γ′ Ni3Al system. 

 

Local behavior of titanium atom, in conjunction with the fact that the titanium atom 

prefers to substitute for the aluminum sublattice energetically suggests that the titanium 

atom prefers to surround itself with as much nickel atoms as possible and hence it prefers 

to substitute for aluminum sublattice.  
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Defect Site 
Change in Lattice Parameter of a Unit 

Cell after Substitution 

TiAl – 0.01 Å 

TiNi + 0.03 Å 

Table 4.6 Comparison of the change in the lattice parameter of the unit cell after 

substitution in the sublattice as compared to the perfect γ′ Ni3Al system. 

 

Table 4.6 shows the changes in the lattice parameter of the unit cell of the system 

with the defect in a particular site as compared to the one with perfect γ′ Ni3Al system. The 

lattice parameter of the unit cell was found to decrease when titanium is substituted for 

aluminum sublattice, whereas the lattice parameter increases when titanium is substituted 

for nickel sublattice.  

The increase in the lattice parameter of TiNi can be easily explained by the 

difference in the atomic radii of the solute atom and host site. Titanium with an atomic 

radius of 2Å is larger than nickel with an atomic radius of 1.62Å which will lead to a local 

expansion at the defect site. In case of TiAl, the atomic radius of titanium in spite of being 

larger than aluminum with 1.82Å, which should ideally lead to an expansion at the defect 

site, but a local contraction, was observed as shown in Table 4.6. This may be attributed to 

the stronger local bonding of the titanium with nearest neighbors atoms and also explains 

the site preference of titanium for aluminum sublattice. 
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Figure 4.5 Comparison of radial distribution function of Ti–(Ni3Al) in perfect γ′ Ni3Al 

and substitution on: (a) Al and (b) Ni sites. Inset: schematic figure showing the movement 

of atom positions after substitution. Center black ball: Ti, large yellow ball: Ni, and small 

green ball: Al. 

(a) 

(b) 
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4.5.2 Charge Distribution Analysis around Substitutional Site  

Charge density distribution was calculated in order to gain the understanding of 

bonding properties after substitution with titanium. A few of studies have been done on 

Ni3Al system with titanium addition [24]. Calculated bonding charge density of the perfect 

γ′ Ni3Al system is subtracted from system with titanium substituted in aluminum sublattice, 

and then the resulting charge distribution can give us directly the effect of alloying addition 

on the changes in the bonding. In our calculations, the charge density differences have been 

calculated by using, 

 

where ( )( )TiAlNiρ 1YX −  is the charge density of the supercell for the titanium 

substituted in aluminum sublattice, ( )YX AlNiρ is the charge density of perfect γ′ Ni3Al 

supercell, ( )( )TiAlNiρ 1YXfree −  and ( )YXfree AlNiρ  are the accumulated charge density of 

free atoms at their equilibrium places in titanium substituted and perfect γ′ Ni3Al supercell 

respectively. 

Fig. 4.6 shows the charge density distribution with the titanium atom in the center 

substituted for the aluminum sublattice. The charge density was plotted along (001) plane 

in order to observe the effect of titanium addition on nearest neighbors nickel atoms. 

Contour plots clearly reveal the prominent effect of titanium substitution on the 1st nearest 

neighbors of nickel atoms. Titanium can be seen to have lost electrons and nearest 

neighbors nickel gains electrons, which shows the polarization between titanium and its 

nearest neighbors. The charge distribution was also observed between titanium-aluminum 

and nickel-aluminum. This charge transfer indicates hybridization between titanium and 

(4.4) ( )( ) ( )( )[ ] ( ) ( )[ ]YXfreeYX1YXfree1YX AlNiρAlNiρTiAlNiρTiAlNiρΔρ −−−= −−
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nearest neighbor nickel and hence stronger bonding between titanium and its surrounding 

nickel and aluminum atoms. The hybridization of the orbitals leads to a strong, 

covalence-like bonding as observed by other researchers [25] which leads to the stability of 

titanium atom in the aluminum sublattice. The charge transfer and hence, bonding between 

nickel and aluminum as a result of titanium substitution acts as an effective means to 

improve the cohesion between the host surroundings. One particular observation of 

titanium charge density is the gain of charge in the center and edge of the titanium 

substitution with the valley of depleted charge in between.  

Fig. 3.8 shows the charge distribution of the two titanium atoms substituted in the 

first nearest neighbors of Al-Al site. It can be clearly observed that the titanium atoms lose 

the electrons to 1st NN of nickel atoms surrounding the titanium atoms, showing the 

stronger bonding between titanium and its surrounding nickel atoms. Also, similar 

observation of the charge accumulation at the center and edge with a valley of depleted 

charge was observed in both of the titanium substitutions. Also, a stronger charge transfer 

was observed between titanium and aluminum as compared to Fig. 3.7, representing a 

stronger bonding. Greater charge transfer was observed between the two titanium atoms 

than titanium and nearest neighbors nickel atoms and hence stronger bonding between two 

titanium atoms may lead to local segregation of the titanium atoms in the nearest neighbor 

Al-Al site. The partly oriented charge density distribution around titanium atoms represents 

the stronger bonding along the oriented directions i.e. Ti-Ni and Ti-Ti. 
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Figure 4.6 Charge density distribution of the Ti substitution in Al site along (001) 

plane. Inset: schematic figure showing the plane along which the charge distribution has 

been plotted. 

 

(001) 
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Figure 4.7 Charge density distribution of the Ti-Ti substitution in the first nearest 

neighbors of Al-Al site along (a) (001) and (b) (0-11) plane. Inset: schematic figure 

showing the plane along which the charge distribution has been plotted. 

(011) 

(001) 

(a) 

(b) 
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4.5.3 Density of States and Chemical Bonding Analysis 

The partial density of states has been used to analyze the bonding nature in titanium 

substitution in aluminum sublattice. A few studies have been done on this regard with 

similar systems [24,26,27]. For the Ni24Al7Ti system, we can see from Fig. 4.8 that the 

peak of d state of Ti located at around 1.3eV which matches with the p state of Al, which 

explains the charge transfer between titanium and aluminum in Fig. 4.7.  

The position of the fermi level in the density of states curve decides the stability of 

the system. System has been found to always favor low N(Ef) i.e. the position of Ef 

between the bonding and debonding states [28]. Our results suggest that the titanium 

substitution in aluminum site results in a lower N(Ef) value [0.046 states/eV] than the value 

for titanium substitution in nickel site [0.078 states/eV] as shown in Fig. 4.9. Since the 

lower N(Ef) results in a stable structure, our results confirm with the earlier results of 

titanium substitution in aluminum site as more stable configuration.  

From Fig. 4.8, it can be concluded that the Ni-d states are mostly formed below the 

Fermi level and the Ti-d states mostly above EF. This observation clearly confirms the 

transfer of titanium valence electrons into the nickel site. Large overlap of d states of Ni 

and Ti over the energies greater than zero will result in Ni-d state hybridization with the 

Ti-d state, which is attributed to be the main contributor to the interaction between nickel 

and titanium. Lack of d state in aluminum atom makes the interaction between titanium and 

nearest neighbors nickel atoms strong. Also, the non hybridized main peak of Ti-d state at 

around 2.3eV may be the reason behind observed charge build up at the center and edges of 

the titanium substitution. 
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Figure 4.8 Partial density of states of the Ti substitution in Al site. 
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Figure 4.9 Total density of states of (a) Ti substitution in Ni site, and (b) Ti 

substitution in Al site. 

 

4.6 Summary 

First principles based Density Functional Theory (DFT) study concludes that 

titanium atom prefers to occupy aluminum site in Ni3Al phase through both anti-site and 
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vacancy formation based formalisms. The interaction energy between two titanium atoms 

was calculated and the results indicate that the two titanium atoms prefer to be on first 

nearest neighbors of Al-Al site showing a potential tendency for segregation. The charge 

density distribution shows charge transfer from titanium atom to first nearest neighbors of 

nickel atoms because of the d-d hybridization in case of single titanium substitution. 

Whereas in case of two titanium substitutions in Al-Al site, there was a greater charge 

transfer between two titanium atoms than between their nearest neighbors nickel. Partial 

density of states reveals the charge transfer from titanium-d state to nickel-d state resulting 

in a stronger bonding. Total density of states analysis reveals that titanium substitution in 

aluminum site is favorable as compared to titanium substitution in nickel site due to the 

lower value of density of states at the Fermi level.  
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CHAPTER 5 

SITE SUBSTITUTION OF COBALT ATOM 

 

5.1 Introduction 

The high strength and good creep resistance at elevated temperatures is 

fundamentally due to the very ordered nature of γ′ precipitates, which are very stable at 

high temperatures. Elements such as aluminum and titanium promote the formation of γ′ 

precipitate, and hence aluminum and titanium play a very key role in strengthening of γ′. 

Cobalt has been found to reduce the solubility of aluminum and titanium in the γ matrix 

and thereby maximizing the partitioning of these elements into the γ′ phase. The 

high-temperature strength, creep, and corrosion resistance can be improved by introducing 

alloying elements such as chromium, cobalt, and other elements [1,2]. Also, cobalt is 

believed to reduce the γ′ solvus temperature while raising the solidus temperature and 

hence promoting solid solution strengthening. 

Substitutional alloying additions have different solubility in the alloy and their 

tendency to occupy a particular lattice site also differs. Atom-probe field ion microscopy 

has been used by several researchers to measure the site preference of atoms, such as cobalt 

[3,4]. Several site substitution behavior studies [3,5-12] have shown that cobalt prefers 

nickel site, but recent studies [13-17] have shown that cobalt prefers to substitute for both 

nickel and aluminum site. The differences between the studies may be due to the variety of 

techniques used by different researchers. It is very vital to sort out the differences and 

understand the site preference and chemical bonding in order to gain insight into the 
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chemistry of alloying. The computational tools such as first principles based Density 

Functional Theory (DFT) calculations can provide accurate energetic and the atomic level 

changes in the charge distribution.  

In this chapter, we evaluate the site substitution behavior of cobalt atom through 

different formalisms and the changes in the interatomic interaction and chemical bonding. 

The interaction between two cobalt atom substitutions is also studied in the latter part of the 

chapter in order to gain insight into the bonding character of cobalt in the vicinity of 

another cobalt. 

 

5.2 Simulation Details  

Similar to Section 3.2, Vienna ab initio Simulation Package (VASP) [18,19] was 

used to carry out the Density Functional Theory (DFT) based calculations. In the electronic 

structure calculations, a plane wave basis set with a kinetic energy cutoff of 400 eV with 

Projected Augmented Wave (PAW) pseudopotentials were used in the simulations. The 

generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) [20] 

form was used for the exchange and correlation functions and all the calculations 

performed were spin polarized. The initial structures were fully relaxed until the forces 

acting on each of the atoms were less than 0.01 eV/Å.  

We have adopted three sizes of γ' supercells from 4 atoms 1x1x1 supercell, 32 

atoms 2x2x2 supercell and 108 atoms 3x3x3 supercell. Cobalt was substituted for nickel or 

aluminum site to create the anti-site defect. Also, for the interaction energy calculations, 

two cobalt atoms were substituted for three different combinations of sites i.e. Ni-Ni, Ni-Al 
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and Al-Al sites. Fig. 3.1 shows that k-mesh size of 9x9x9 and 4x4x4 would be optimum to 

obtain consistent results with 3x3x3 and 2x2x2 supercells, respectively. 

The geometric changes due to the substitution was measure by calculating the pair 

distribution function, g(r) by using Visual Molecular Dynamics (VMD), a visualization and 

analyzing tool. The charge density distribution and density of states data has been 

generated by doing single step relaxation, allowing only the ion positions to relax with 

stringent parameters. 

 

5.3 Site Preference Energies 

Site preference for the cobalt atom has been studied through three formalisms 

similar to the chromium and titanium [14] atom i.e. standard defect formation formalism 

[21], anti-site formation based formalism [22] and vacancy formation based formalism. 

 

5.3.1 Standard Defect Formation Formalism 

Standard defect formation formalism [21] based calculations suggested that cobalt 

shows a very strong preference for nickel site in both the cases of 2x2x2 and 3x3x3 

supercells. The formation energies have been calculated using the following equation, 

 
Table 5.1 shows that the value of Ni

CoE  is significantly lower than the value of Al
CoE . 

The calculated energies for 2x2x2 supercell show a very good consistency with the results 

obtained by Wu and Li [14]. The energies obtained with the 3x3x3 supercell show slightly 

different numbers because of the 2x2x2 supercell used by Wu and Li [14]. 

( ) ( )[ ]
( )( ) ( )[ ]CoYXAl1YXCo

CoYXNiY1)(XCo

μ)AlE(NiμCo))(AlE(NiE

μ)AlE(Niμ)CoAlE(NiE

Al

Ni

+−+=

+−+=

−

− (5.1) 
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Standard defect formation 

formalism –Co 

This work 
Other studies 

2x2x2 3x3x3 

Al
CoE  2.047 1.921 2.65 [14] 

Ni
CoE  0.037 0.701 0.40 [14] 

Table 5.1 Site preference energies (eV) for cobalt substitution calculated from the 

standard defect formalism with different supercell sizes. 

 

5.3.2 Anti-site Formation Based Formalism 

Anti-site based substitution formalism confirms with the study done by several 

researchers including Jiang and Gleeson [15], and Wu and Li [14]. The value of the energy 

required to move the cobalt atom from nickel site to an aluminum site was calculated by 

using the following equation, 

 

 

Anti-site based formalism 

–Co 

This work 
Other studies 

2x2x2 3x3x3 

AlNi
CoE →  0.953 0.381 1.10 [15], 1.25 [14] 

Table 5.2 Site preference energies (eV) for cobalt substitution calculated from the 

anti-site formation based formalism with different supercell sizes. 

 

( ) ( ) ( )

( ) ( ) ( ) )AlE(NiCo)AlE(NiAl)AlE(NiCo)AlE(NiE

AlAlNiCoAlNiAlNiCoAlNi

YXY1XY1X1YX
AlNi

Ti

Y1X1YXYXY1X

−−+=

+→+

−−−
→

−−− (5.2) 
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As can be seen from Table 5.2, the value of AlNi
CoE →  falls in between zero and the 

exchange defect energy i.e. 1.1eV, implying that cobalt atom has a compositionally 

dependent site substitution behavior. The calculations on the effect of size of the supercell 

shows that the value of AlNi
CoE →  is nearer to the nickel site preference value in the 

compositionally dependent behavior where as in the case of 3x3x3 supercell, it is nearer to 

the aluminum site but both values are in the compositionally dependent range. The results 

compare very well with other studies [15]. 

 

5.3.3 Vacancy Formation Based Formalism 

The energy required to move the cobalt atom from nickel site to an aluminum site is 

calculated in vacancy formation based formalism by using the following equation, 

 

 

Vacancy-based 

formalism-Co 

Vacancy based formalism 

2x2x2 3x3x3 

AlNi
CoE →  -0.078 -0.286 

Table 5.3 Site preference energies (eV) for cobalt substitution calculated from the 

vacancy formation based formalism with different supercell sizes. 

 

Vacancy based substitution formalism shows a contrasting behavior when it comes 

to the site preference. Table 5.3 shows that cobalt prefers to go to aluminum site 

( ) ( ) ( ) ( )

( ) ( ) ( ) ( ))AlE(NiCo)AlE(Ni)AlE(NiCo)AlE(NiE

AlNiCoAlNiAlNiCoAlNi

1-YXY1XY1X1YX
AlNi

Ti

Y1X1YX1-YXY1X

−−+=

+→+

−−−
→

−−− (5.3) 
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irrespective of the size of the supercell i.e. 2x2x2 and 3x3x3 supercells, owing to the 

negative value of AlNi
CoE → . The result of the vacancy based substitutional formalism totally 

contradicts with the results from the anti-site based substitution formalism. The results 

clearly indicate that in the case of cobalt, there is a different way by which the substitution 

takes place through the mediation of anti-sites and the vacancies. Through the mediation of 

anti-sites, cobalt shows a compositionally dependent behavior, whereas through the 

mediation of vacancies, cobalt shows a strong preference for the aluminum site. 

 

5.3.4 Discussion 

The site substitution behavior of cobalt atom was found to be compositionally 

dependent through the anti-site formation based substitution formalism. Through the 

mediation of vacancies, the cobalt atom was found to have preference for aluminum site. 

The mixed lattice preference behavior shown by cobalt atom has been confirmed with 

several studies [13-17]. 

 

5.4 Interaction between Co-Co Atoms 

Similar calculations were performed to study the interaction between two cobalt 

atoms in the Ni3Al intermetallic compound. Two cobalt atoms were substituted for the 

three possible combinations of sites i.e. nickel-nickel, aluminum-aluminum and 

nickel-aluminum. The parameter of the distance between the two cobalt sites represented 

by nearest neighbors (NN) is also taken into consideration. The calculated total relaxed 

energies of all the nine possible configurations, when plotted in the graph clearly indicate 
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that the discrete behavior of the two cobalt atoms. A clear observation from energy values 

in Table 5.4 and Fig. 5.1 reveals that the total energies are the lowest for the first nearest 

neighbors of all the three combinations of sites, suggesting potential segregation of cobalt 

atoms in the γ′ phase. 

 

Sites of Substitution Formula NN NN Distance Energy (eV) 

Ni-Ni site 

Ni79Al27Co2 1st 2.525Å -615.39 

Ni79Al27Co2 2nd 3.571Å -615.34 

Ni79Al27Co2 3rd 5.050Å -615.37 

Al-Al site 

Ni81Al25Co2 1st 3.571Å -615.24 

Ni81Al25Co2 2nd 5.050Å -615.11 

Ni81Al25Co2 3rd 6.185Å -615.08 

Ni-Al site 

Ni80Al26Co2 1st 2.525Å -615.51 

Ni80Al26Co2 2nd 4.373Å -615.13 

Ni80Al26Co2 3rd 5.646Å -615.29 

Table 5.4 Calculate relaxed total energies of 3x3x3 supercell with two cobalt atoms 

substitution. 



 

121 
 

 

Figure 5.1 Total energy of 3x3x3 Ni3Al with two cobalt substitution as a function of 

Co-Co distance in (a) Ni-Ni, (b) Al-Al and (c) Ni-Al sublattices. 
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Similar to the calculations done to study the interaction between two chromium 

atoms in section 4.4 and two titanium atom in section 5.4, similar calculations have been 

performed to evaluate the effect of a cobalt atom on another cobalt atom in the immediate 

surroundings. The effect was studied till the third nearest neighbors in all the possible 

combinations of sites i.e. Ni-Ni, Ni-Al and Al-Al sites. Based on antisite formation based 

formalism, the energy required to move cobalt atoms from its original configuration to a 

final configuration is calculated and compared in order to evaluate the stability and the 

effect of cobalt on each other.  

Fig. 5.2 plots show the interaction between two cobalt atoms in the initial 

configuration of Ni-Ni sites and the final configuration of Al-Al or Ni-Al sites. The energy 

required to move the cobalt atoms from first nearest neighbors of the initial setting to first, 

second and third nearest neighbors of final setting has been plotted in the form of a graph in 

Fig. 5.2 (a). Similarly, Fig. 5.2 (b) and (c) shows the energy required to move the cobalt 

atoms from second and third nearest neighbors of initial setting of Ni-Ni sites to first, 

second and third nearest neighbors of Al-Al and Ni-Al sites respectively. As can be 

observed from Fig. 5.2, the two cobalt atoms if sitting in Ni-Ni sites in first, second or third 

nearest neighbors, will like to stay there because of the greater than zero value of the factor 

to move to any other configuration. 

Similar calculations were done to calculate the energy to move the cobalt atoms 

from initial configuration of Ni-Al sites to final configuration of Al-Al or Ni-Ni sites. As 

can be seen from Fig. 5.3 (a), if the two cobalt atoms are sitting on the first nearest 

neighbors of Ni-Al site configuration, they would stay there owing to greater than zero 
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value of the factor needed to move to any other configuration. Whereas, if the two cobalt 

atoms are sitting on second or greater nearest neighbors of Ni-Al sites, then the cobalt 

would move to Ni-Ni site configuration because of the negative value of the factor as seen 

from Fig. 5.3 (b) and (c). 

Similar calculations were done to evaluate the energy to move the cobalt atoms 

from initial configuration of Al-Al sites to Ni-Ni or Ni-Al sites. Fig. 5.4 shows the 

energetic of the two cobalt atoms when sitting in initial sites of Al-Al in first, second and 

third nearest neighbors. Plots clearly show that if the two cobalt atoms are sitting on the 

Al-Al sites, then it would move to Ni-Al site preferably to first nearest neighbors because 

of the negative value of the factor. Contrastingly, the final configuration of Ni-Ni site will 

not be possible due to the greater than zero value of the factor. 
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Figure 5.2 Calculated energy to move the two cobalt atoms to final Al-Al and Ni-Al 

site from the initial Ni-Ni site in (a) 1st, (b) 2nd and (c) 3rd nearest neighbors. 
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Figure 5.3 Calculated energy to move the two titanium atoms to final Al-Al and Ni-Ni 

site from the initial Ni-Al site in (a) 1st, (b) 2nd and (c) 3rd nearest neighbors. 
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Figure 5.4 Calculated energy to move the two titanium atoms to final Ni-Al and Ni-Ni 

site from the initial Al-Al site in (a) 1st, (b) 2nd and (c) 3rd nearest neighbors. 
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5.4.1 Discussion 

It can be observed from the Fig. 5.2 (a) and 5.3 (a) that if the two cobalt atoms are 

on first nearest neighbors i.e. 2.525Å apart, then the initial configuration of Ni-Ni or Ni-Al 

sites are the most stable configurations, because of the positive value of the factor to move 

to any other configuration from these. Whereas, if the two cobalt atoms are sitting on Al-Al 

sites, then it has the tendency to go to first nearest neighbors of the Ni-Al site because of 

the negative value of the factor as observed in Fig. 5.4 (a). 

If the two cobalt atoms are second or third nearest neighbors i.e. more than 3.57Å 

apart, then any initial site configuration will lead to final configuration of Ni-Ni site. As 

can be seen from Fig. 5.3 (b) and (c), the initial configuration of two cobalt atoms in Ni-Al 

sites, will prefer to move to Ni-Ni sites. Whereas, Fig. 5.4 (b) and (c) show that, if the two 

cobalt atoms are in the initial configuration of Al-Al site, then it will prefer to move to a 

configuration of Ni-Al site first and then to Ni-Ni site as can be seen from Fig. 5.3. This 

was the most interesting observation form the calculations that the two cobalt atoms in 

Al-Al site cannot go directly into a final configuration of Ni-Ni in spite of being a low 

energy stable configuration, but it has to go through an intermediate step of Ni-Al sites 

which leads to Ni-Ni sites as final configuration. 

 

5.5 Geometric and Chemical Bonding Changes Due to Substitution 

The geometric and chemical bonding changes due to substitution of cobalt have 

been explained by understanding the local lattice distortion, change in charge distribution 

and density of states. The chemical bonding changes have also been studied for two of the 
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most preferred configuration of two cobalt substitutions i.e. first nearest neighbors of Al-Al 

site and Ni-Al site, in order to understand the effect of cobalt on other cobalt atom. 

 

5.5.1 Local Lattice Distortion Due to Substitution 

 

Defect Site 

1st Nearest 

Neighbors 

2nd Nearest 

Neighbors 
Corresponding 

Figure 
Atoms Change Atoms Change 

CoAl 12 Ni – 0.03 Å 3 Al – 0.02 Å Fig. 2 (a) 

CoNi 
8 Ni – 0.02 Å 1 Ni – 0.01 Å 

Fig. 2 (b) 
4 Al + 0.02 Å 2 Ni – 0.02 Å 

Table 5.5 Comparison of the corresponding nearest neighbors atoms and the change of 

nearest neighbors distances as compared to the perfect γ′ Ni3Al system. 

 

Local substitution of cobalt in the aluminum site shows a similar trend as shown by 

chromium substitution in aluminum site, with all the 12 nickel atoms closer to the cobalt 

atom as shown in Table 5.5 and Fig. 5.5 (a). The extent of local contraction because of 

cobalt atom is lesser than that of the chromium atom. The cobalt atom when substituted in 

nickel site results in 8 nickels getting closer to the cobalt atom and 4 aluminum atoms 

pushed away from the cobalt atom as shown in Table 5.5 and Fig. 5.5 (b). In contrast with 

the chromium atom behavior, the cobalt atom pulls the second nearest neighbor nickel 

atoms as well towards itself. The local contraction of the cobalt defect may suggest 
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stronger bonding and hence can justify the fact that the cobalt atom favors both the nickel 

and aluminum sites energetically. 

 

Defect Site 
Change in Lattice Parameter of a Unit 

Cell after Substitution 

CoAl – 0.02 Å 

CoNi – 0.01 Å 

Table 5.6 Comparison of the change in the lattice parameter of the unit cell after 

substitution in the sublattice as compared to the perfect γ′ Ni3Al system. 

  

Table 5.6 shows the changes in the lattice parameter of the unit cell of the system 

with the defect as compared to the perfect γ′ Ni3Al system. It clearly agrees very well with 

the radial distribution function data in the Table 5.5 suggesting that cobalt atom leads to 

local contraction irrespective of the site substituted in, that is nickel or aluminum.  

The decrease in the lattice parameter of CoAl can be easily explained by the 

difference in the atomic radii of the solute atom and host site. Cobalt with an atomic radius 

of 1.67Å is smaller than aluminum with an atomic radius of 1.82Å which will lead to a 

local contraction at the defect site. In case of CoNi, the atomic radius of cobalt is larger than 

nickel with 1.62Å, which should ideally lead to an expansion at the defect site but a local 

contraction was observed as shown in Table 5.6. This may be attributed to the local 

bonding of the cobalt with the nearest neighbors atoms. 
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Figure 5.5 Comparison of radial distribution function of Co–(Ni3Al) in perfect γ′ 

Ni3Al and substitution on: (a) Al and (b) Ni sites. Inset: schematic figure showing the 

movement of atom positions after substitution. Center black ball: Co, large yellow ball: Ni, 

and small green ball: Al. 

(a) 

(b) 
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5.5.2 Charge Distribution Analysis around Substitutional Site  

The charge density distribution has been utilized to understand the chemical nature 

of the addition of cobalt in Ni3Al. Several studies have been conducted about similar 

systems involving cobalt [23-25]. Since the cobalt atom has been found to show mixed 

lattice site preference. We have calculated the bonding charge density for both the systems 

i.e. cobalt substitution in aluminum site and nickel site. The bonding charge density of the 

perfect γ′ Ni3Al system is subtracted from system with cobalt substitution, and then the 

resulting charge distribution can give us directly the effect of alloying addition on the 

changes in the bonding. In our calculations, the charge density differences have been 

calculated by using, 

 

where ( )( )CoAlNiρ 1YX −  is the charge density of the supercell for the cobalt 

substituted in aluminum sublattice, ( )( )CoAlNiρ Y1-X  is the charge density of the supercell 

for the cobalt substituted in aluminum sublattice, ( )YX AlNiρ is the charge density of 

perfect γ′ Ni3Al supercell, and ( )( )CoAlNiρ 1YXfree − , ( )( )CoAlNiρ Y1-Xfree  and 

( )YXfree AlNiρ  are the accumulated charge density of free atoms at their equilibrium places 

in cobalt substituted and perfect γ′ Ni3Al supercell respectively. 

Fig. 5.6 shows the charge density distribution with the cobalt atom in the center 

substituted for the aluminum sublattice. The charge density was plotted along different 

planes in order to observe the effect of cobalt addition on nearest neighbors nickel atoms. 

The effect of cobalt on nearest neighbors of nickel is clearly visible from the contour plots. 

The polarization between cobalt and nickel is visible from the fact that cobalt loses 

(5.4) ( )( ) ( )( )[ ] ( ) ( )[ ]
( )( ) ( )( )[ ] ( ) ( )[ ]YXfreeYXY1-XfreeY1-X

YXfreeYX1YXfree1YX

AlNiρAlNiρCoAlNiρCoAlNiρΔρ
AlNiρAlNiρCoAlNiρCoAlNiρΔρ

−−−=

−−−= −−
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electrons and nearest neighbors nickel gains electrons. This charge transfer indicates 

hybridization between cobalt and nearest neighbor nickel and hence stronger bonding 

between cobalt and its surrounding nickel. The hybridization of the orbitals leads to a 

strong, covalence-like bonding as observed by other researchers [24,26] which leads to the 

stability of cobalt atom in the aluminum sublattice. Also, there is a gain of electrons at 

nearest neighbors aluminum atoms as compared to the next nearest neighbors aluminum, 

which is evident from Fig. 5.6 (b). Fig. 5.7 shows the charge density distribution of cobalt 

substitution in nickel site along different planes. The bonding can be seen to have a 

direction character towards aluminum atoms. The charge gain was observed at both nearest 

neighbors nickel and aluminum atoms. And hence, a stronger bonding as a result, leads to 

the stability of cobalt substitution in nickel site. 

Fig. 5.8 and Fig. 5.9 shows the charge distribution of the two cobalt atoms 

substituted in the first nearest neighbors of Ni-Al site and Ni-Ni site, respectively. It is 

evident from the contour plots that the nickel atoms surrounding the cobalt atoms gain a lot 

of charge at the expense of cobalt, showing the stronger bonding. Fig. 5.8 shows the 

difference between the bonding nature of cobalt in the nickel and aluminum site. We can 

observe that cobalt in the nickel site has greater charge depletion than the cobalt in the 

aluminum site. 
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Figure 5.6 Charge density distribution of the Co substitution in Al site along (a) (001) 

and (b) (110) plane. Inset: schematic figure showing the plane along which the charge 

distribution has been plotted. 

(a) 

(b) 

(001) 

(110) 
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Figure 5.7 Charge density distribution of the Co substitution in Ni site along (a) (001) 

and (b) (110) plane. Inset: schematic figure showing the plane along which the charge 

distribution has been plotted. 

 

(a) 

(b) 

(001) 

(110) 
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Figure 5.8 Charge density distribution of the Co-Co substitution in the first nearest 

neighbors of Ni-Al site along (a) (100) and (b) (0-11) plane. Inset: schematic figure 

showing the plane along which the charge distribution has been plotted. 

(a) 

(b) 

(100) 

(011) 
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Figure 5.9 Charge density distribution of the Co-Co substitution in the first nearest 

neighbors of Ni-Ni site along (a) (100) and (b) (0-11) plane. Inset: schematic figure 

showing the plane along which the charge distribution has been plotted. 

(a) 

(b) 

(100) 

(011) 
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5.5.3 Density of States and Chemical Bonding Analysis 

The bonding nature due to the cobalt substitution has been analyzed by partial 

density of states. A few studies have been done on this regard with similar systems 

[23-25,27]. For the Ni24Al7Co system, we can see from Fig. 5.10 that the peak of d state of 

Co-d state matches throughout the spectrum with the Ni-d state and Al-p state, which 

explains the strong bonding between them due to the charge transfer as shown in Fig. 5.6. 

This strong bonding is due to d-d and d-p hybridization. Fig. 5.11 shows the partial density 

of states for the Ni23Al8Co system. The major peak of Ni-d state matches perfectly with the 

major peak of Cr-d state, which means a stronger hybridization of d-d orbitals takes place 

when cobalt is substituted for the nickel sublattice. Cobalt and nickel d states match 

throughout the energy spectrum and hence leading to even stronger bonding, which can 

explain the Ni-Ni preference for two cobalt substitution. 

As explained before in Section 3.6.3, the position of the fermi level in the total 

density of states curve decides the stability of the system. A stable system has always been 

found to favor low N(Ef) i.e. the position of Ef between the bonding and debonding states 

[28]. From Fig. 5.12, the comparison of cobalt substitution in aluminum and nickel 

sublattice suggest that the cobalt substitution in aluminum site results in N(Ef) value [0.043 

states/eV] almost equal to the value for titanium substitution in nickel site [0.040 states/eV]. 

Since the values of N(Ef) are very similar, it suggests that cobalt will prefer both nickel and 

aluminum sublattice suggesting a mixed site preference, agreeing with our previous 

findings.  
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Figure 5.10 Partial density of states of the Co substitution in Al site. 
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Figure 5.11 Partial density of states of the Co substitution in Ni site. 
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Figure 5.12 Total density of states of (a) Co substitution in Ni site, and (b) Co 

substitution in Al site. 
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5.6 Summary 

The Density Functional Theory (DFT) calculations suggest that cobalt atom shows 

a mixed site preference through the mediation of anti-sites and a strong preference for 

aluminum site through the mediation of vacancies. The calculated interaction energy 

between two cobalt atoms indicate that if the two cobalt atoms are on first nearest 

neighbors i.e. 2.525Å apart, then the initial configuration of Ni-Ni or Ni-Al sites are the 

most stable configurations, whereas if the two cobalt atoms are initially second nearest 

neighbors i.e. more than 3.57Å apart, then they prefer to move to first nearest neighbors of 

Ni-Ni sites. Hybridization of d-d orbitals of cobalt and nickel clearly support the charge 

transfer from cobalt to its nearest neighbors nickel and aluminum. Partial density of states 

reveals the matching between Co-d, Ni-d and Al-p states which agree very well with the 

charge density distribution results. Total density of states results support the fact that cobalt 

prefers both the sublattice i.e. nickel and aluminum equally because of nearly equal values 

of density of states at the Fermi level i.e. N(Ef). 
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CHAPTER 6 

INTERACTION BETWEEN CHROMIUM-COBALT ATOMS  

 

6.1 Introduction 

The site preference of the third element in the highly ordered γ′ Ni3Al is controlled 

by several rules [1-10]. Some elements have shown to change the site preference based on 

the varying temperature or composition around the element. Elements such as chromium, 

cobalt, tantalum and tungsten are responsible for the strengthening behavior of the γ′ Ni3Al 

precipitate [11,12]. Chromium has been found to improve the oxidation resistance and 

reduce the misfit between γ matrix and γ′ precipitate and form more spheroidal precipitate 

[13,14]. High temperature strength, creep and corrosion resistance can be improved by the 

additions of elements like chromium and cobalt [7,15]. One of the major functions of 

cobalt is to reduce the partitioning of aluminum and titanium in the γ matrix and hence 

improving the partitioning to γ′ precipitate, strengthening them. 

In the chapters discussed till now, we have worked with ternary systems involving 

multiple alloying of the same element. In a nickel based superalloys, there are over ten 

alloying elements. Computationally, it wouldn’t be effective to add ten different alloying 

elements in a single supercell. But if we alloy with two different alloying elements and 

develop an understanding of a quaternary system like Ni-Al-Cr-Co, then we can take a step 

toward modeling of multi-element system.  

In this chapter, we evaluate the interaction between chromium and cobalt 

substitution in the Ni3Al system by combining energetic study with the electronic structures 
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and bonding nature of the alloying additions based on first principles calculations.  

 

6.2 Simulation Details  

Similar to Section 3.2, Vienna ab initio Simulation Package (VASP) [16,17] was 

used to carry out the Density Functional Theory (DFT) based calculations. In the electronic 

structure calculations, a plane wave basis set with a kinetic energy cutoff of 400 eV with 

Projected Augmented Wave (PAW) pseudopotentials were used in the simulations. The 

generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) [18] 

form was used for the exchange and correlation functions and all the calculations 

performed were spin polarized. The initial structures were fully relaxed until the forces 

acting on each of the atoms were less than 0.01 eV/Å.  

We have adopted a 108 atoms 3x3x3 supercell of γ'. The interaction energy was 

calculated by substituting chromium and cobalt atoms for four different combinations of 

sites i.e. Ni-Ni, Ni-Al, Al-Ni and Al-Al sites. Fig. 3.1 shows that k-mesh size of 9x9x9 

would be optimum to obtain consistent results with 3x3x3 supercell. The charge density 

distribution data has been generated by doing single step relaxation, allowing only the ion 

positions to relax with stringent parameters. 

 

6.3 Interaction between Cr-Co Atoms 

The interaction energy between two dissimilar elements has been calculated by 

substituting chromium and cobalt atom in the Ni3Al 3x3x3 supercell. Chromium and cobalt 

were substituted in the Ni and Al site in order to make all four possible combinations of 
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sites i.e. Ni-Ni, Ni-Al, Al-Ni and Al-Al. The atoms were substituted in the first, second and 

third nearest neighbors of the sites. The total relaxed energies of the sites are mentioned in 

Table 6.1 and plotted in Fig. 6.1. When the chromium and cobalt were substituted in Al-Al 

sites, they prefer to stay away from each other as can be seen from Fig. 6.1 (b). When the 

chromium and cobalt were substituted in any other site combination of Ni-Ni, Ni-Al or 

Al-Ni, they prefer to stay as close to each other as possible as can be seen from Fig. 6.1 (a), 

(c) and (d). 
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Figure 6.1 Total energy of 3x3x3 Ni3Al with chromium and cobalt substitution as a 

function of Cr-Co distance in (a) Ni-Ni, (b) Al-Al, (c) Ni-Al, and (d) Al-Ni sites. 

 

The interaction energy between chromium and cobalt substitutions in Ni3Al is 

investigated by calculating the energy required to move the chromium and cobalt from its 

initial configuration of Ni-Ni, Ni-Al, Al-Ni and Al-Al sites to similar final configuration.  

Fig. 6.2 (a) shows the energy required to move chromium and cobalt atoms from 

initial configuration of first, second and third nearest neighbors of Ni-Ni site to first, 

second and third nearest neighbors of Ni-Al, Al-Ni and Al-Al site as the final configuration. 

As can be seen from Fig. 6.2, the final configuration of Al-Ni site looks the most stable 



 

148 
 

owing to the negative value of the factor. Whereas, the greater than zero value of factor for 

Al-Al and Ni-Al sites will not be possible for final configuration. 

 

Sites of Substitution Formula NN NN Distance Energy (eV/atom) 

Ni-Ni site 

Ni79Al27Co2 1st 2.525Å -617.35 

Ni79Al27Co2 2nd 3.571Å -617.33 

Ni79Al27Co2 3rd 5.050Å -617.33 

Al-Al site 

Ni81Al25Co2 1st 3.571Å -619.02 

Ni81Al25Co2 2nd 5.050Å -619.48 

Ni81Al25Co2 3rd 6.185Å -619.52 

Ni-Al site 

Ni80Al26Co2 1st 2.525Å -617.98 

Ni80Al26Co2 2nd 4.373Å -617.20 

Ni80Al26Co2 3rd 5.646Å -617.01 

Al-Ni site 

Ni80Al26Co2 1st 2.525Å -619.01 

Ni80Al26Co2 2nd 4.373Å -618.89 

Ni80Al26Co2 3rd 5.646Å -618.89 

Table 6.1 Calculate relaxed total energies of 3x3x3 supercell with chromium and 

cobalt atoms substitution. 

 

The energy to move the chromium and cobalt atoms from initial configuration of 

Ni-Al site to final configuration is plotted in Fig. 6.3. Fig. 6.3 (a) suggests that the initial 

configuration of first nearest neighbors in Ni-Al site leads to first nearest neighbors of 
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chromium in aluminum and cobalt in nickel site or both elements in second nearest 

neighbors in aluminum site as final configuration, owing to the negative value of factor. 

Whereas, Fig. 6.3 (b) and (c) show that initial configuration of Ni-Al is the most unstable 

configuration as all other final configurations of Ni-Ni, Al-Al or Al-Ni site show negative 

value of factors. 

Fig. 6.4 and 6.5 shows the energy to move the chromium and cobalt atom from 

initial configuration of Al-Al and Al-Ni sites respectively to final configurations. As can be 

seen from Fig. 6.4, if the initial site of chromium and cobalt is Al-Al sites, then it is the 

most stable configuration due to the greater than zero value of factor for all other final 

configurations. Also, from Fig. 6.5, the initial site of chromium and cobalt in Al-Ni is also 

the most stable configuration as all other final configurations show greater than zero value 

of factor. 

 

6.3.1 Discussion 

 Chromium and cobalt atoms when substituted in 3x3x3 supercell, the initial site of 

chromium and cobalt affects the most. When chromium and cobalt are in the initial sites of 

aluminum and nickel respectively, than the chromium and cobalt stays there. Same is 

observed if chromium and cobalt are in the initial site of aluminum. If the chromium and 

cobalt atoms are in any other initial configuration of sites i.e. Ni-Ni or Ni-Al sites, than the 

chromium and cobalt atoms prefer to move to aluminum and nickel sites respectively. This 

behavior was consistent with our study in Chapter 3 about chromium atom favoring 

aluminum site and Chapter 4 about cobalt atom favoring both aluminum and nickel sites. 
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Figure 6.2 Calculated energy to move the chromium and cobalt to final Al-Al, Ni-Al 

and Al-Ni site from the initial Ni-Ni site in (a) 1st, (b) 2nd and (c) 3rd nearest neighbors. 
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Figure 6.3 Calculated energy to move the chromium and cobalt to final Al-Al, Ni-Ni 

and Al-Ni site from the initial Ni-Al site in (a) 1st, (b) 2nd and (c) 3rd nearest neighbors. 
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Figure 6.4 Calculated energy to move the chromium and cobalt to final Ni-Al, Ni-Ni 

and Al-Ni site from the initial Al-Al site in (a) 1st, (b) 2nd and (c) 3rd nearest neighbors. 
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Figure 6.5 Calculated energy to move the chromium and cobalt to final Ni-Al, Ni-Ni 

and Al-Al site from the initial Al-Ni site in (a) 1st, (b) 2nd and (c) 3rd nearest neighbors. 
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6.4 Charge Distribution Analysis around Substitutional Site 

Charge density distribution in the case of quaternary systems has been studied by 

several researchers [19,20]. Charge density distribution in the case of quaternary systems 

can definitely help us in understanding the specific charge transfers associated with each 

alloying element. The bonding charge density of the perfect γ′ Ni3Al system is subtracted 

from system with chromium and cobalt substitution, and then the resulting charge 

distribution can give us directly the effect of alloying additions on the changes in the 

bonding. In our calculations, the charge density differences have been calculated by using, 

 

where ( )( )CrCoAlNiρ 2-YX  is the charge density of the supercell for the chromium 

and cobalt substituted in aluminum sublattice, ( ) ( )( )CrCoAlNiρ 1-Y1-X  is the charge density 

of the supercell for the chromium and cobalt substituted in aluminum and nickel sublattice 

respectively, ( )YX AlNiρ is the charge density of perfect γ′ Ni3Al supercell, and 

( )( )CrCoAlNiρ 2-YXfree , ( ) ( )( )CrCoAlNiρ 1-Y1-Xfree  and ( )YXfree AlNiρ  are the accumulated 

charge density of free atoms at their equilibrium places in chromium and cobalt substituted, 

and perfect γ′ Ni3Al supercell respectively. 

Fig. 6.6 shows the contour plots of chromium and cobalt atoms substituted in first 

nearest neighbors of Al-Al sublattices along different planes. It is observed from the 

contour plots clearly that the charge transfer takes place from the chromium and cobalt to 

the nearest neighbor nickel atoms. A significantly more loss of electrons can be seen at 

chromium than cobalt. The directionality of the charge gain at nickel clearly proves the 

covalence nature of the bond. This strong bonding is result of the Cr-d and Ni-d state, and 

(6.1) ( )( ) ( )( )[ ] ( ) ( )[ ]
( ) ( )( ) ( ) ( )( )[ ] ( ) ( )[ ]YXfreeYX1-Y1-Xfree1-Y1-X

YXfreeYX2YXfree2YX

AlNiρAlNiρCrCoAlNiρCrCoAlNiρΔρ
AlNiρAlNiρCrCoAlNiρCrCoAlNiρΔρ

−−−=

−−−= −−
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Co-d and Ni-d state hybridization. This kind of hybridization leads to a strong covalent like 

bonding formation as studied by several researchers [21,22], which leads to stability of 

alloying addition in the sublattice. The interaction between cobalt and chromium is not 

observed to that extent as they are separated by 3.57Å, so charge transfer instead takes 

place to nickel atoms surrounding them. Due to strong bonding between chromium-nickel 

and cobalt-nickel leads to the stability of this configuration as discussed in the interaction 

energy calculations. 

Contour plot for the charge distribution along different planes for chromium and 

cobalt substitution in aluminum and nickel site respectively has been plotted in Fig. 6.7. 

The charge transfer was observed from chromium to nearest neighbors nickel atoms. Since 

there are no nickel atoms in the nearest neighbors of cobalt atom, the charge transfer was 

observed from cobalt to chromium atom as evident from Fig. 6.7 (a). Chromium forms a 

very strong covalent like bond with nearest neighbor nickel atom due to the hybridization 

of d-d orbitals. Whereas, the charge transfer between cobalt and chromium forms a strong 

bond between them, stabilizing the cobalt in the nickel site. And hence, the interaction 

energy calculations favored Cr-Co substitution in Al-Ni site configuration. 
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Figure 6.6 Charge density distribution of the Cr-Co substitution in the first nearest 

neighbors of Al-Al site along (a) (100) and (b) (01-1) plane. Inset: schematic Fig. showing 

the plane along which the charge distribution has been plotted. 
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(b) 
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Figure 6.7 Charge density distribution of the Cr-Co substitution in the first nearest 

neighbors of Al-Ni site along (a) (100) and (b) (0-11) plane. Inset: schematic figure 

showing the plane along which the charge distribution has been plotted. 
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6.5 Summary 

First principles based Density Functional Theory (DFT) calculations were 

performed to study the interaction between two different alloying additions in the γ′ Ni3Al 

precipitate. The study was done on the quaternary system involving chromium and cobalt 

in 3x3x3 supercell. Our results on interaction energy suggest that the initial configuration 

of chromium and cobalt matters the most. The initial configuration of aluminum-aluminum 

or aluminum-nickel is favored by chromium-cobalt, respectively. All other configurations 

such as nickel-aluminum and nickel-nickel lead to transfer of chromium-cobalt to first 

nearest neighbors of aluminum-nickel configuration. The stability of these configurations 

can be well explained by the charge distribution plots. The strong bonding between 

chromium and nickel due to d-d state hybridization and the charge transfer from cobalt to 

chromium were found to be responsible for the stability of the configurations. 
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CHAPTER 7 

SUMMARY AND FUTURE WORK 

 

First principles based calculations using density functional theory have been 

performed in order to understand the behaviors of key elements like chromium, titanium 

and cobalt substitution in the γ′ Ni3Al. Chromium and titanium were found to prefer the 

aluminum sublattice through anti-site and vacancy formation based formalism, whereas 

cobalt was found to have mixed substitution behavior through anti-site and aluminum 

sublattice through vacancy formation based formalism. The defect formation energies 

calculated by the standard defect formation formalism were found to be unreliable as it can 

be affected by the choice of the reference state. The simulation size was not found to have a 

major effect on the site preference behavior. The effect of increasing the concentration of 

alloying element in ternary systems Ni-Al-Cr and Ni-Al-Co results in Cr and Co staying as 

close as possible to each other respectively, suggesting a potential tendency for segregation 

in the γ′ phase.  

The calculation of interaction energies in the cases of ternary systems and 

quaternary systems give keen insights on the stable configurations. Ni-Al-Cr and Ni-Al-Ti 

ternary systems, involving two chromium and two titanium substitutions respectively, 

results in a stable configuration of first nearest neighbors of Al-Al site. Ni-Al-Co ternary 

system, involving two cobalt substitutions results in two stable geometries, first nearest 

neighbors of Ni-Al or Ni-Ni site. Ni-Al-Cr-Co quaternary system, involving one chromium 

and one cobalt substitution, results in two stable geometries, first nearest neighbors of 
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Al-Al or Al-Ni. The initial position of chromium and cobalt plays a big role in studied 

quaternary system. The geometric and chemical bonding changes due to substitution have 

been explained by understanding the local lattice distortion, change in charge distribution 

and density of states. The charge transfers between the substitutions and the nearest 

neighbors can very well explain the hybridization and hence the strong bonding. This 

strong bonding can explain the strengthening effect of the alloying additions on the γ′ 

phase. 

Significant understanding of the site substitution was gained from this work based 

on the total energy and chemical bonding considerations. How to reach these states, 

however, requires future investigation of kinetics and reaction pathway calculations. For 

example, the anti-site based formalism means that the site substitution takes place without 

creating or annihilating any additional vacancies. The dependence of anti-site based 

substitutional formalism on the vacancy mediation can be found out by doing the kinetics 

related investigations. So the antisite and vacancy formation is not independent or 

exclusive to each other. 

Nickel based superalloys, involve over ten alloying elements. Computationally, it 

would be a huge challenge to understand the effect of one element on the rest of the 

elements. Whereas, the chemical bonding and site preference behavior in ternary and 

quaternary systems, can be well understood from modeling and simulations. This work can 

serve as a base work to study other ternary and quaternary systems like Ni-Al-Mo, 

Ni-Al-Ti-Co and Ni-Al-Cr-Mo etc involving other important elements as well. By studying 

different quaternary systems through ab initio based calculations, we can gain major 
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insights into the alloying chemistries and the effect of an element over other. 

The calculated interaction energies between Cr-Cr, Co-Co, Ti-Ti and Cr-Co can be 

used as an input in large scale simulation tools like Monte Carlo in order to scale up the 

systems. Quinary system, Ni-Al-Cr-Co-Ti can be simulated by using the interaction 

energies available in this work. Tools like Monte Carlo simulations can help us in 

simulating way bigger system sizes than ab initio based tools. After having all different 

combinations of interaction energies, even the microstructure of the superalloy can be 

simulated using ab initio based Monte Carlo simulations.



 

164 
 

 

 

 

 

 

 

 

 

 

APPENDIX 

LIST OF PUBLICATIONS 



 

165 
 

 

[1] M. Chaudhari, A. Singh, P. Gopal, S. Nag, G.B. Viswanathan, J. Tiley, R. Banerjee, 

J. Du, Philosophical Magazine Letters (2012) 1-12. 

[2] M. Chaudhari and J. Du, Journal of Vacuum Science & Technology A (Vacuum, 

Surfaces, and Films), 29 (2011) 031303, 1-7. 

[3] M. Chaudhari, J. Du, J. Tiley, and R. Banerjee, 1st World Congress on Integrated 

Computational Materials Engineering Proceedings (2011) 151-157. 

[4] J. Y. Hwang, A. R. P. Singh, M. Chaudhari, J. Tiley, Y. Zhu, J. Du and R. Banerjee, 

Journal of Physical Chemistry C, 114 (2010) 10424–10429. 

[5] J. Du and M. Chaudhari, 34th International Conference on Advanced Ceramics & 

Composites (ICACC) Proceedings (2010) 1-7. 

[6] M. Chaudhari, J. Du, S. Behera, S. Manandhar, S. Gaddam and J. Kelber, Applied 

Physics Letters, 94 (2009) 204102, 1-3.  

[7] M. Chaudhari and J. Du, Journal of Vacuum Science & Technology A (2012) in 

publication. 

[8] M. Chaudhari, A. Singh, P. Gopal, S. Nag, G.B. Viswanathan, J. Tiley, R. Banerjee, 

J. Du, manuscript in preparation. 


