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Abstract 

 
Superalloys are high-performance materials known for their exceptional tolerance to oxidizing 

environments and ability to withstand high-temperatures. Composed mainly of nickel, iron, or 

cobalt, these alloys play a critical role in a wide range of high-temperature performance 

applications. Notably, nickel-based superalloys (NBSAs) are widely used in the hot-section 

components of gas turbine engines due to their outstanding structural and mechanical properties 

at elevated temperatures. These properties include high mechanical strength, a high melting point, 

relatively low density, excellent thermal and surface stability, and resistance to corrosion and 

oxidation. Despite their success, NBSAs have already reached 90% of nickel’s melting point, 

limiting their application in next-generation gas turbine engines. Therefore, there is an urgent need 

to investigate alternative materials with melting points exceeding that of nickel. The development 

of such materials could significantly enhance engine efficiency while reducing energy 

consumption and greenhouse gas emissions. 

 

Density Functional Theory (DFT) was employed to investigate the structural, magnetic, 

mechanical, and electronic properties of X₃Ru alloys (X = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and 

Zn) in the A15, D0c, and tP16 crystal phases. Among the systems investigated, the A15 Cr3Ru 

alloy emerges as the most thermodynamically favorable compound under equilibrium conditions. 

In addition, it exhibits a combination of outstanding properties, including relatively low density, 

excellent mechanical stability, good ductility, a high bulk modulus, and a superior melting 

temperature exceeding that of the commonly used L12-Ni3Al alloy. These attributes position A15 

Cr3Ru as a strong candidate for high-temperature applications, where resistance to plastic 

deformation and the ability to maintain structural integrity under applied loads are critical. Its 

remarkable compression resistance coupled with relatively low density further supports its 

suitability for lightweight, high-strength applications. 

 

Although alloys such as A15 Ti₃Ru, A15 V₃Ru, A15 Co₃Ru, D0c Co₃Ru, D0c Fe₃Ru, and tP16 

Fe₃Ru are predicted to be thermodynamically unstable, as indicated by their positive heats of 

formation, the results highlight that these systems nevertheless exhibit desirable attributes. Their 

high melting temperatures, ductility, magnetic behavior, elevated bulk moduli, and low densities 
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underscore their potential to meet the performance requirements of advanced engineering 

applications. The observed resistance to compression and structural collapse positions these alloys 

as promising candidates for high-temperature environments, while their magnetic properties 

broaden their applicability to electronics, telecommunications, energy production, and medical 

imaging. These findings demonstrate that, despite inherent instability, the alloys possess key 

functional characteristics that directly address the objectives of this study and reinforce their 

relevance in the search for materials with multifunctional capabilities. 

 

Density of states analysis further confirms the metallic nature of all studied systems, ensuring 

efficient electron transport and reinforcing their suitability for electronic and energy-related 

applications. Importantly, while only A15 Cr₃Ru has been experimentally synthesized to date, the 

theoretical predictions presented here provide a roadmap for future experimental efforts. 

Successful synthesis of these alloys could enable their application as protective coatings or as 

substitutes for nickel-based superalloys in next-generation turbine engines, thereby enhancing 

efficiency, reducing energy consumption, and mitigating greenhouse gas emissions. 

 

Overall, the novelty of this work lies in identifying Ru-based alloys that combine high-temperature 

resilience, mechanical strength, and multifunctional properties, while simultaneously expanding 

the design space beyond conventional nickel-based systems. These insights contribute 

meaningfully to the advancement of high-performance materials and open new avenues for 

engineering applications across aerospace, energy, electronics, and medical technologies. 
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Chapter One 
 

Introduction 

 

1.1 General introduction 

 

The advancement of transportation on both national and global scales is vital as it plays a crucial 

role in driving economic activity, facilitating trade, and enabling the exchange of commodities and 

goods [1]. In the past, people relied on the local markets due to the lack of reliable and safe 

transport. The availability of transportation in our daily life promotes networking, multiculturalism 

and industry development. Additionally, it is crucial for research, job creation and economic 

development both domestically and internationally. A diverse network of transportation services 

such as vehicles, trains, aircraft, boats, ships, and spacecraft enables the movement of people, 

materials, machinery and resources across various regions. For instance, in military operations, 

aircraft are instrumental in transporting essential supplies for workers, medicine and deploying 

weapons. The evolution of different modes of transportation has captured the interest of both 

academic and industrial researchers, as these advancements not only enhance national and global 

income but also elevate the standard of living for populations worldwide [2].  

 

This study contributes to advancements in aerospace transportation, an industry that plays a pivotal 

role in driving scientific and technological progress while serving as a cornerstone of the global 

economy. By enabling more sustainable air travel, reducing operational costs, strengthening 

international trade networks, and expanding employment opportunities, the research bridges 

materials innovation with tangible economic outcomes. The growing demand for air travel driven 

by exports, domestic and international connectivity, and the exchange of knowledge across regions 

has intensified efforts to design new aircraft. Within this context, the development of safe and 

efficient gas turbine engines remains critical to ensuring both traveler and cargo safety, as well as 

environmental protection. Aircraft are subjected to stringent regulations locally and internationally 

aimed at ensuring the safety of travelers and goods as well as protecting the environment. One of 

the critical factors that directly threatens the safety of the aircraft is the inefficiency of its gas 

turbine engine [3]. Consequently, growing attention is being directed toward the development of 
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safe and efficient aircraft gas turbine engines, given their economic and technological significance 

in determining aircraft safety, operating costs, and environmental impact. Worldwide, 

governments, industry, and research institutions are investing extensively in advanced propulsion 

systems, alternative fuels, and optimization strategies to reduce emissions, enhance efficiency, and 

support the sustainable growth of aviation [4].  

 

The novelty and originality of this work lie in its ability to connect advances in materials science 

with tangible economic benefits, thereby positioning aerospace research as a driving force for 

technological innovation and global economic growth. 

 

The efficiency of the gas turbine engines has been compromised over the last few decades due to 

their operation at elevated temperatures. Notably, turbine blades, one of the most critical 

components of the gas turbine, are linked to approximately 40% of engine failures [5]. These 

blades play a vital role in converting thermal energy at high-temperature high-pressure gas into 

mechanical work [6]. However, while operating in such extreme conditions, the gas turbine blades 

are vulnerable to oxidation, corrosion, wear and other forms of damage. Such failures can 

significantly compromise the safety and reliability of turbine engines. Consequently, this study 

seeks to identify and recommend high-temperature metal alloys suitable for coating turbine blades 

of gas turbine engines, thereby enhancing their performance in high-temperature structural 

applications. 

 

1.2 Problem statement 
 

Superalloys are high-performance alloys known for their remarkable tolerance to oxidative 

environments and extreme temperatures. Typically composed of nickel, iron, or cobalt, these alloys 

are critical in various high-temperature structural applications. To date, Nickel-based superalloys 

(NBSAs) are generally used in the hot-section components of gas turbine engines due to their 

desirable mechanical and structural properties, including high mechanical strength, high melting 

temperature, relatively low density, good thermal and surface stability, corrosion and surface 

resistance [7,8].  
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However, despite the accomplishments of NBSAs, 90% of Ni’s melting point has already been 

exploited [8], limiting their use in the next-generation turbine engines. Hence there is a need to 

search for alternative alloy systems which can overcome the melting temperature limitation of Ni. 

Among the materials which have so far been considered for this purpose include Pt, Nb, Cr , Ti 

and Ru [9–13].   

 

Among these, Ruthenium-based alloys (RBAs) stand out as promising alternatives due to their 

exceptional mechanical properties, particularly their remarkable resistance to oxidation and 

corrosion. Notably, the melting point of ruthenium, at 2607.15 K, surpasses those of nickel 

(1816.15 K), platinum (2045.15 K), and titanium (1941.15 K) [14–16]. When ruthenium is alloyed 

with platinum and palladium, it makes wear-resistant contacts and resistors. Additionally, Ru is 

widely utilized as an alloying agent in chemical and electronics industries [17]. It also contributes 

to the microstructural stability of various material systems [18], while simultaneously improving 

the mechanical properties and corrosion resistance of titanium, platinum, and nickel-based 

superalloys, which are critical in jet engine turbine blades [19]. 

 

Although a few previous studies have investigated the properties of Ru-based alloys, there remains 

a significant gap in the literature regarding comprehensive investigations of alloys formed by 

Ruthenium and 3d transition metals. One of the few recent computational studies employed first-

principles approach to investigate the effect of the first row transition metal doping on Cr-Ru alloys 

[20]. The findings demonstrate that the stability of these alloys, particularly Cr-rich alloys, is 

enhanced by the presence of transition metals dopants. Based on these findings and considering 

the remarkable properties of Ru, it is anticipated that transition metal-Ru alloys will exhibit 

properties that could enhance the efficiency and performance of hot section components of the gas 

turbine engine. To date no systematic studies on binary transition metals-Ru alloys have been 

investigated in both computationally and experimentally, indicating a gap that needs to be filled.  

 

To determine the suitability of Ru-based alloys (RBAs) for high-temperature structural 

applications, it is essential to understand their mechanical and physical properties. This 

investigation employs quantum mechanical techniques to analyze the structural, electronic, 
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mechanical, and magnetic properties of Ru-based alloys, specifically X3Ru (X = Sc, Ti, V, Cr, Mn, 

Fe, Co, Ni, Cu, and Zn) across the A15, D0c and tP16 phases. 

 

1.3 Aims and Objectives 
 

The goal of this research is to model the structural, electronic, magnetic and elastic properties of 

A15, D0c and tP16-Ru-based alloys X3Ru (X= Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn) for high-

temperature structural applications, using quantum mechanical techniques. 

 

Specific objectives of the study include the following: 

1. To calculate the heats of formation of A15, tP16 and D0c X3Ru alloys and determine their 

chemical stability. 

2. To determine and analyze the electronic and magnetic properties of A15, tP16 and D0c 

X3Ru alloys. 

3. To calculate and analyze the mechanical properties of A15, tP16 and D0c X3Ru alloys. 

4. To calculate the pressure dependent phase stability of the most stable systems in A15, tP16 

and D0c X3Ru alloys (X = Cr and Mn) alloys as determined from objectives 1, 2 and 3 

above. 

1.4 Thesis Outline 

 

Chapter 1 presents a comprehensive overview of the study, including the problem statement, as 

well as the research aim and objectives.   

 

Chapter 2 provides a literature review that examines previous research in the subject area, with a 

particular emphasis on nickel-based super alloys. Studies on other alloys such as Ni3Al [8] are 

presented, highlighting their benefits and limitations in comparison with conventional NBSAs. 

Additionally, a critical analysis of previous studies in ruthenium-based alloys is provided, 

including discussions of its phase diagrams and key material properties.  

 

Chapter 3 describes the theoretical framework and computational methodology employed in this 

study. It provides the background of quantum mechanical techniques and outlines the Density 
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Functional Theory (DFT) approach, including its approximations and both pseudopotential and 

full-potential methods. 

 

Chapter 4 presents the results of the structural stability, electronic and mechanical properties of 

3d-transition metal ruthenium-based alloys in the A15, D0c and tP16 crystal phases.  

 

Chapter 5 presents the DFT results for the structural stability, electronic and mechanical properties 

of X3Ru (X = Cr, Mn) in the A15, D0c and tP16 phases under both fixed and varying pressure 

conditions.  

 

Chapter 6 finally provides a summary of the key findings and presents the main conclusions drawn 

from the study. 
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Chapter Two 

 

Literature review 

 

2.1 Overview 

 

High-temperature materials have attracted considerable research interest due to their critical role 

in demanding aerospace applications, where components are routinely exposed to extreme thermal, 

mechanical and environmental conditions. Among these materials, nickel-based superalloys 

(NBSAs) have become the cornerstone of  high-temperature structural applications, particularly in 

gas turbine engines due to their desirable properties [21–23]. Nevertheless, despite their 

widespread use,  NBSAs exhibit limitations [14] that motivated the exploration of  alternative alloy 

systems capable of advanced material performance.  

 

This chapter provides a comprehensive overview of the main components and operation of a gas 

turbine engine, with particular emphasis on the high-temperature structural environments 

encountered by critical components. Understanding these operational demands establishes the 

material performance requirements necessary for next-generation turbine technologies. In this 

context, the chapter reviews both experimental and computational investigations of the mechanical 

properties of a range of materials, including Ni-, Pt-, Nb-, Ti-, Cr-, Ru-based alloys, as well as 

refractory high-entropy based alloys, for high-temperature structural applications. Furthermore, 

we discuss the phase diagram of the Cr-Ru alloys which provides the basis of the crystallographic 

phases considered in the current study. Lastly, the chapter will focus on Ru-based alloys, 

highlighting their material properties and implications for high-temperature applications.  

 

2.2 Gas turbine engine 

 

A gas turbine (GT) engine, as illustrated in Figure 2.1, is an internal combustion engine that utilizes 

air for cooling rather than water. The GT unit comprises three key components: a turbine blade 

(TB), a bar, and a combustor air inlet. In the turbine stage, the TB is positioned directly after the 

combustor. The primary role of the combustor is to introduce energy into the combustor system 
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by burning a fuel-air mixture, generating the high-temperature, high-pressure gases required to 

drive the turbine [24]. Gas turbine engines operate in extreme thermal environments, especially in 

the combustion chamber and turbine section, where temperatures can exceed 1773.15 K. To 

survive and perform under these conditions, materials must be resistant to thermal degradation, 

maintain mechanical strength and withstand corrosion and creep. The combustor typically consists 

of a ring of fuel injectors that inject a steady stream of fuel into combustion chambers where it 

mixes with the air. The mixture is burned at temperatures of more than 1366.45 K. The combustion 

produces a high-temperature, high pressure gas stream that enters and expands through the turbine 

section. As illustrated in Figure 2.2, turbine blades (TBs) are designed to harness energy from the 

combustor's high-temperature, high-pressure gas typically features cooling holes to manage heat 

effectively. An important aspect to be considered in the material engineering of a gas turbine 

engine is the turbine entry temperature (TET) [25], defined as the point at which the hot gases 

enter the turbine system. TET is a critical factor governing engine performance and material 

selection and must be carefully considered during turbine design [26]. As the gas stream moves 

through the system, its temperature decreases due to energy extraction and mechanical work [27]. 

In modern aircraft engines, TET can exceed 1800 K during take-off [28]. 

 

Components within turbine engines can endure this extreme temperature due to regular air cooling. 

Over the past 40 years, significant progress has been made in increasing TETs in response to 

growing demands for power and improved fuel efficiency [29,30]. Moreover, turbine components 

have been engineered to function at elevated TETs by modifying the metal surface to tolerate 

higher metal temperatures. This innovation laid the groundwork for the development of thermal 

barrier coatings (TBCs) [31] to protect the turbine blades from temperature materials. TBC 

systems are typically composed of high-melting point materials capable of withstanding oxidation 

and hot corrosion, and as a result protect turbine blades from excessive thermal loads. 

 



 
 

33 
 

 

Figure 2.1: Illustration of the main components of the commercial aircraft turbine engine [30,32].    
  

 

Figure 2.2: Illustration of turbine blade showing holes for cooling [33]. 

 

A typical TBC consists of four distinct layers: the ceramic topcoat (CTC), the thermally generated 

oxide (TGO), bond coat (BC) and the substrate (S). The CTC layer is designed to endure 

temperature fluctuations due to its low thermal conductivity and insulating properties. The TGO, 

which forms during the reaction between the BC and CTC at elevated temperatures, is an oxide 

layer with a thickness ranging from 1 to 10 micrometers. The BC is a metallic layer, typically 75-

150 micrometres, thick play an essential role in bonding the CTC to the substrate, and it is made 

up of materials that have high-melting-point excellent oxidation resistance. Since the turbine 

blades are continuously subjected to oxidation and hot corrosion [34], the TBC system plays a 

critical role in extending the lifespan of a commercial turbine engine. During operation, turbine 
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blades are subjected to various failure mechanisms, including fatigue, creep, corrosion, erosion 

and sulfidation. Failure of turbine blades can severely compromise the safety and reliability of gas 

turbine engines, underscoring the need for advanced materials for high‑temperature applications. 

 

2.3 High-temperature structural materials 

 
In response to the stringent operating conditions often encountered in gas turbine engines, the  

development of high-temperature materials has emerged  as a solution to address failures 

commonly encountered in gas turbine engines [14,27,35]. These materials are designed to endure 

extreme conditions including high-temperatures, high strain and corrosive oxidizing 

environments.  

 

Nickel-based superalloys (NBSAs) are generally used in hot-section components of the gas turbine 

engines due to their excellent combination of properties, including good mechanical strength, high 

melting temperature, relatively low density, thermal and surface stability, and outstanding 

resistance to corrosion and oxidation [14,36]. Among these materials, Ni3Al superalloy has 

attracted attention, and extensive research has been conducted on the system owing to its 

exceptional mechanical properties compared to other NBSAs. Previous studies have demonstrated 

that the strength of Ni3Al is directly proportional to temperature [21], and it exhibits excellent 

ductility at both room and elevated temperature [22,23]. Furthermore, First-principles calculation 

[37] predicted that among the Ni3Al structures cubic L12, tetragonal D022, and hexagonal D019, the 

cubic L12 phase is weakly ferromagnetic, a magnetic moment of 0.71 μB and the most stable which 

agreed with the experimental data [38,39]. Moreover, the electronic property analysis reveals a 

metallic conductivity as well as a link between structural stability and the density of states at the 

Fermi level, N(Ef). Specifically, atomic configurations that are more energetically stable exhibit a 

reduced DOS at the Fermi energy [40]. The temperature-dependent ductility of these alloys is a 

critical factor for the development of next‑generation materials. 

 

Despite significant efforts to enhance temperature capability of NBSAs through  complex alloying 

additions and innovative alloy design methods [41], progress has been limited, with only 373.15 

K temperature gain having been achieved over the last two decades. This limitation has motivated 
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continued exploration of alternative materials capable of operating at high temperatures. 

Consequently, materials such as Pt-, Nb-, Ti-, Cr-based alloys, as well as refractory high entropy 

alloys have been investigated as potential candidates for future high-temperature structural 

applications. Further details on these materials are presented in the following sections. 

 

2.3.1 Pt-based alloys 

 

Platinum-based alloys are earmarked as potential candidates for use in elevated-temperature 

environments, particularly due to their microstructures and chemistry that are similar to those of 

Nickel based Super alloys (NBSAs). In addition, Pt has a higher melting point (2045.15 K) than 

Ni (1816.15 K) and offers improved corrosion resistance compared to NBSAs [42]. Notably, Pt-

based alloys can perform effectively at temperatures of up to 1623.15 K [43–45]. Among the 

Platinum-based alloys, Pt3Al in L12 phase, has been studied experimentally using the arc-melting 

method [45,46] and it has been found to possess outstanding oxidation resistance. First‑principles 

calculations show Pt3Al is metallic, with good electron conductivity. Its electronic structure show 

a sharp DOS peak at the Fermi level (Ef), indicating structural instability that may cause lattice 

softening that affect both phonons and elastic moduli [47,48]. Further research conducted by Hill 

et al [46,49,50] has focused on XPt binary alloys and XRhPt (X = Zr, Hf, Rh) ternary alloys. While 

these alloys demonstrate weaker oxidation resistance, they display remarkably promising 

mechanical properties.  

 

While platinum-based alloys are unlikely to replace NBSAs on account of their higher cost and 

density (platinum's density being 21.5 g/cm³ compared to nickel's 8.9 g/cm³), they hold potential 

for use as coatings in components subjected to extreme temperatures [42,51–53]. Among 

platinum-based materials, Pt-Al alloys stand out as the most effective high-temperature coatings, 

finding applications in the advanced gas turbine engine industry [54–58]. Notably, Pt3Al has a 

melting point of 1829 K, which is significantly higher than that of Ni3Al (1372 K) [59].  

 

Recent theoretical and experimental study by Pan [57] indicated that Pt3Al possesses a tensile 

fracture strength of 449.5 MPa with good deformation resistance. Additionally, cubic Pt3Al 

demonstrates better ductility as opposed to Ni3Al due to the strength of the Pt-Al metallic bond 
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[60]. However, Pt-based alloys are presently hindered by their brittleness, weight and cost with 

low mechanical resistance in high-temperatures [61] limiting their use in high-temperature 

structural applications. [62]. In addition, the L1₂–Pt₃Al phase is known to transform to unstable 

phases at low temperatures [63,64]. Significant debate persists regarding the phases present within 

the Pt₃Al system, and recent work has focused on stabilizing it against unexpected re‑ordering 

[65]. ..Ongoing studies are addressing the above limitations of Pt-based alloys through doping with 

Ru, Pd, Os, Ir, Au, and Rh [66]. Some research groups are also investigating varying 

concentrations in Pt–Y and Pt–Sc alloys to identify mechanisms that could enhance ductility [67]. 

These limitations have prompted investigation into other refractory systems, particularly niobium-

based alloys. 

 

2.3.2 Niobium-based alloys 

 

Niobium possesses a melting point of 2740 K, which is significantly higher than that of nickel 

(1816.15 K) and platinum (2045.15 K) [63,68]. This high melting temperature suggests that NBAs 

could endure extreme thermal environments more effectively than the nickel-based superalloys 

(NBSAs) or platinum-based alloys (PBAs). Although the density of niobium (8.57 g/cm³) is much 

higher than that of Ni (6.84 g/cm³), it is significantly lighter than that of platinum (21.5 g/cm³), 

which positions niobium as a favorable alternative to platinum in terms of weight. Studies on the 

phase diagram of binary Nb-Al using the arc-melting method have revealed the presence of Nb3Al 

(A15 structure, Cr3Si type), Nb2Al (D8b structure, alpha CrFe type) and NbAl3 (D022 structure, 

TiAl3) [69,70]. First‑principles calculations under pressure reveal that Nb₂Al exhibits metallic 

behavior based on density of states results [71]. Similarly, Nb₃Al and Al₃Nb show metallic 

characteristics under pressure, with enhanced covalency arising from increased hybridization 

between Nb‑4d and Al‑3p states [72]. Recent studies on A15‑type Nb₃Al conventional 

superconductors highlight their potential as next‑generation high‑field magnet materials, owing to 

superior superconducting properties and reduced strain sensitivity compared to the industrial 

Nb₃Sn superconductor [73]. However, single-phase Nb3Al and Nb2Al exhibit considerable 

brittleness at room temperature, limiting their use in structural components. As a result, attention 

shifted toward the refractory high-entropy alloys, which aim to overcome these limitations.  

 



 
 

37 
 

Researchers are actively addressing this limitation by developing strategies to overcome brittleness 

while preserving high‑temperature stability [74]. Notably, computational alloy design has 

successfully been used to reduce brittleness and enhance mechanical resistance. 

 

2.3.3 Refractory high entropy alloys 

 

To address the limitations associated with Nb, Pt and Ni-based superalloys discussed above, 

refractory high entropy alloys (RHEAs) based on Mo, Nb, Ta, W, Ti have emerged [75–80] as 

promising alternatives. Pioneering research by Senkov et al. [81] first identified RHEAs as novel 

alloy systems suitable for high-temperature applications. These alloys are characterized by their 

remarkable resistance to wear, erosion, and abrasion, along with the presence of high-strength 

layers. Refractory high-entropy alloys such as NbMoTaW [82] and AlMo0·5NbTa0·5TiZr [80] 

exhibit impressive mechanical properties at high-temperatures. Importantly innovative alloys such 

as Ti50-xAlxVNbMo [83] have been shown to possess not only high strength, good plasticity, but 

also significantly reduced density comparable to typical nickel-based superalloys. However, the 

poor oxidation resistance and relatively low high-temperature strength, along with brittleness, have 

limited the full potential of RHEAs as high-performance structural materials [79]. Other research 

groups have confirmed the limitations highlighted above [84,85].  

 

Beyond conventional HEAs, recent studies have explored ultra-HEAs [86], which offer improved 

ductility, oxidation resistance, and high-temperature stability compared to traditional RHEAs. In 

addition, novel invar-type alloys [87] with tailored thermal expansion and enhanced oxidation 

resistance present promising alternatives to brittle RHEAs. Consequently, more conventional 

lightweight alloy systems, such as titanium-based alloys, continue to be explored for applications 

where weight reduction is critical. Recently researchers are in an attempt to solve the brittle 

problem. 

 

2.3.4 Ti- based alloys 

 

Titanium-based alloys are renowned for their strength and lightweight properties, with a relatively 

low density of 4.5 g/cm3, which is significantly lower than that of Ni (8.9 g/cm3), Pt (21.5 g/cm3) 

and Nb (8.57 g/cm3). In addition, Ti possesses a good fracture toughness and fatigue strength [88], 
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with a melting point of 1941.15 K, which is higher than that of nickel (1816.15 K). Additionally, 

titanium alloys demonstrate superior specific strength and corrosion resistance, remaining 

effective at temperatures up to 1023.15 K—far exceeding the capabilities of steel and aluminum 

alloys. Their exceptional high-temperature resistance and significantly reduced weight, 

approximately half that of most steel alternatives [89–91] make titanium alloys a preferred choice 

in modern aircraft construction.  

 

Titanium-based alloys are commonly employed in the manufacturing of critical aerospace 

components, including frames, engine parts, hydraulic pipes, landing gear, track beams, exhaust 

systems, tail cones, and aircraft pipes. In particular, Ti6Al4V (Ti64) alloy is used in the aerospace 

sector due to its robust mechanical properties, wide processing temperature range, and excellent 

weldability [92]. In specialized applications that demand high-temperature resistance, alloys such 

as Ti-6Al-2Sn-4Zr-2Mo (Ti-6-2-4-2) and Ti-5Al-2Sn-4Mo-2Zr-4Cr (Ti-17) are preferred [92]. 

The IMI 834 (alpha Ti-5Al-2.5Sn and beta Ti-15Mo-2.6Nb-3Al-0.2Si) and Ti-metal 834 are 

special titanium alloys and are currently used in turbine engines as pressure compressors due to 

good creep up to 873.15 K [16]. Despite their advantages, titanium‑based alloys present significant 

challenges in aerospace applications due to machining difficulties, low thermal conductivity, poor 

oxidation resistance and brittleness. Recent research on these Ti‑based alloys [93]  has confirmed 

the limitations of poor oxidation resistance and brittleness discussed above. In addition, some 

research groups have sought to address the limitations of Ti‑based alloys by investigating rolling 

deformation and solution treatment to refine grain structure, reduce anisotropy, and thereby 

improve formability while overcoming processing constraints [94]. This has encouraged further 

exploration of higher-melting point systems, including chromium-based alloys. 

 

2.3.5 Cr based alloys 

 

Chromium based alloys possess remarkable mechanical properties including a high melting point 

of 2136.15 K which surpasses that of Ni (1816.15 K), Pt (2045.15 K), and Ti (1941.15 K). In 

addition, Chromium has a density of 7.15 g/cm3 which is lower than Nb (8.57 g/cm3) and Pt (21.5 

g/cm3). A significant concentration of chromium enhances the corrosion and oxidation resistance 

of platinum and ruthenium coatings. It is well established that Cr is widely used as an alloying 
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agent, especially in industrial applications, due to its ability to form a strong thin protective oxide 

layer (Cr2O3) when exposed to air [16,95].  

 

Cr-based alloys provide lower density, higher thermal conductivity than Ni-based superalloys, 

excellent oxidation resistance, and cost competitiveness [95–97]. Since Cr-based alloy systems 

were first explored in the 1940s, it has been recognized that enhancing their strength and ductility 

is crucial for their practical applications [95,98]. In the 1950s and 1960s, extensive research 

focused on binary additions to chromium. Although pure chromium is generally considered brittle 

at room temperature, its ductility remains a subject of debate, as reported ductile-to-brittle 

transition temperatures (DBTT) range from 177.15 K to 573.15 K, largely influenced by its purity, 

particularly the nitrogen content [98]. It was observed that the DBTT of chromium is also 

influenced by its grain structure and surface conditions [99,100]. Furthermore, solute additions not 

only strengthen chromium but also enhance its ductility. However, their effects are complex, as 

certain elements can reduce the hardness of chromium at low concentrations due to solution 

softening [101,102].  

 

Since research on Cr alloys has been limited since the 1980s, chromium-based alloys for high-

temperature applications continue to face challenges, particularly in terms of high-temperature 

strength, room-temperature ductility, and oxidation resistance above 1173.15 k [97]. Drawing 

inspiration from the γ–γ′ microstructure of face-centred cubic (fcc) Ni-based superalloys, known 

for their outstanding combination of strength, oxidation resistance, and toughness [27], a renewed 

approach to designing Cr alloys has emerged. Recently, a “bcc-superalloy” design strategy has 

been proposed to develop alloys with high strength for several body-centred cubic (bcc) metals 

including Cr [103–105] and other similar metallic systems such as Fe [106,107], W [108], and Ti 

[109].  

 

These alloys consist of an A2-type disordered bcc matrix (known as the β phase) combined with 

ordered-bcc intermetallic precipitates (the β′ phase), such as B2-type (CsCl structure) NiAl or 

TiFe, and L2₁-type AlNi₂Ti. Cr–NiAl alloys align with the bcc-superalloy concept and are 

comparable to the well-established Fe–NiAl ferritic superalloys; however, Cr–NiAl remains an 

emerging class of materials with only limited data available to date. This design is intended to 
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enhance the alloys’ strength and creep resistance while maintaining their current ductility. Creep 

tests demonstrated that the inclusion of the NiAl phase markedly improves the creep resistance of 

Cr compared to unreinforced Cr at 1123.15 K [103].  

 

Recently, Ma et.al [98] investigated the quaternary Cr-superalloys, Cr(Fe)–NiAl, modified through 

Fe additions using CALculation of PHAse Diagram (CALPHAD), a computational technique. It 

was observed that Fe enhances the solubility of Ni and Al, leading to a higher precipitate volume 

fraction, as confirmed by experimental results. Furthermore, the alloys exhibit a high compressive 

yield strength of approximately 320 MPa at 1273.15 K and demonstrate resistance to age softening 

related to the low coarsening rate. Despite their advantages, Cr-based alloys also exhibit certain 

limitations, including a ductile-to-brittle transition temperature (DBTT) above room temperature, 

vulnerability to oxidation at ultra-high-temperatures (T > 1273.15 K), nitrogen embrittlement at 

elevated temperatures, and the inherently weak high-temperature strength of chromium [95,110]. 

The brittleness in these alloys is attributed to the small number of primary dislocations slip systems 

in their crystal structure. Studies have shown that the ambient-temperature brittleness of chromium 

can be significantly reduced by increasing its purity [96,111]. These challenges have stimulated 

growing interest in ruthenium-based alloys, discussed in the next section. 

 

Although several alloy systems including Ni, Pt, Nb, Ti, Cr and refractory high-entropy based 

alloys, as discussed above, demonstrate considerable potential for high-temperature applications, 

various limitations have hindered their full deployment as summarized in Table 2.1. Consequently, 

the  continued search for alternative high-temperature materials to address the challenges posed 

by traditional metal-based alloys, has increasingly shifted attention toward  ruthenium-based alloys 

(RBAs) as a promising alternative [125–128]. Ruthenium-based alloys (RBAs) are presently under 

extensive [125,127] investigation due to their appealing combination of surface and mechanical 

properties, including high melting point, good oxidation and corrosion resistance. Notably, 

Ruthenium enhances the microstructural stability of various material systems [125].  
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2.3.6 Ru-based alloys 

 

Table 2.1: Properties, applications and limitations of the metallic based alloys such as nickel, platinum, 

niobium, titanium and refractory high-entropy alloys.  

Metal-based 

alloys 

Properties Applications Limitations 

Nickel-based 

alloys (NBSAs) 

-Excellent mechanical strength and 

creep resistance 

-good surface and phase stability 

-high oxidation and corrosion 

resistance 

-High melting point (1816.15 K) and 

relatively low density [14,35] 

 

-Chemical processing vessels and heat 

exchanger 

-Space components 

-Blades and vanes in turbine engines 

Nuclear reactors  [14,35] 

-Low melting point in nickel, with 

90% of its melting point already 

exhausted [14] 

Platinum-based 

alloys (PBAs) 

-high melting points (2045.15 K) 

-Thermal stability and thermal shock 

resistance 

-Good corrosion and oxidation 

resistance [112,113] 

 

-Chemical and glass industries 

-Space technology [112] 

-High cost and density in platinum 

element [34,49,51,114,115] 

Niobium-based 

alloys (NBAs) 

High melting point (2750.15 K) 

Good ductility at room temperature 

and a moderate density [116] 

 

-Hot components of gas turbines 

[116,117] 

-Poor oxidation resistance and low 

strength at high-temperature 

conditions above 773.15 K 

[116,118,119]  

 

Refractory high-

entropy alloys 

(RHEAs) 

High strength, good ductility, and 

high toughness [78–80] 

High-temperatures such as aerospace 

and gas-turbine engines [78,80,120] 

 

-Low strength, poor oxidation 

resistance and brittleness at high- 

temperatures [78–80,120] 

Titanium-based 

alloys (TBAs) 

-High strength-to-weight ratios, 

corrosion resistance, and 

biocompatibility [88,92] 

 

-Aerospace, medical implants and 

automotive engineering [88,92] 

-Difficult to machine, resulting in 

lower life expectancy and 

decreased procedure security 

-Low strength under elevated 

temperature [121] 

 

Chromium based 

alloys (CBAs) 

-Lower density, higher thermal 

conductivity than Ni-based 

superalloys. 

-Excellent oxidation resistance, and 

cost competitiveness [98]. 

-Medical implant 

-Heavy machinery components  [98] 

-Pure chromium and chromium-

based alloys are brittle and have 

low ductility at low and high- 

temperatures  

-Poor oxidation resistance above 

1273.15 K [98,122–124] 

-CBAs are structurally unstable 

[98] 
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With a melting point of 2607.15 K, ruthenium surpasses Ni (1816.15 K), Pt (2045.15 K), Ti 

(1941.15 K) and Cr (2180.15 K), positioning Ru-based alloys as strong candidates for high-

temperature structural applications. While niobium a higher melting point (2740.15 K) than that 

of ruthenium, its applicability in high-temperature scenarios is severely limited by  poor oxidation 

resistance and low strength at temperatures above 773.15 K [129,130]. In contrast, ruthenium 

retains superior chemical stability under oxidizing conditions. Furthermore, the density of 

ruthenium lies between that of platinum and lighter metals such as niobium, titanium, and 

chromium, making it a comparatively lighter alternative to platinum while still offering 

comparable thermal resilience. Collectively, these attributes, including high thermal stability, 

favorable oxidation behavior and enhanced microstructural stability, underscore the potential of 

Ru-based alloys as next-generation high-temperature materials. Nevertheless, despite their 

promising properties, the development of RBAs remains relatively underexplored compared to 

conventional superalloys, largely due to cost considerations and limited experimental datasets. 

This gap highlights the importance of theoretical/computational investigations to identify stable 

Ru-based alloy phases with desirable structural, electronic and mechanical properties.  

 

2.3.7 Pt-Ga, Pt-Al, Pt-Cr and Ru-Cr in L12, D0c, D0’c and tP16 phases 

 

Building on the promise of Ru-based alloys discussed in the previous section, it is important to 

examine related platinum group intermetallic, as they provide valuable insight into phase stability 

and structure-property relationships at elevated temperatures. Platinum-group metals (PGMs) 

present the potential to form outstanding alloys that can endure ultra-high-temperatures, at least 

473.15 K above the limits of current Ni-based superalloys. However, unlike Ni3Al, which has a 

stable cubic ground state, the high-temperature cubic phase of Pt3Al undergoes transformations to 

tetragonal structures at lower temperatures [131,132] making the material brittle [133]. The 

crystallographic nature of  these tetragonal phases remains somewhat unclear in the literature 

[131,132], highlighting the complexity of phase stability in Pt-based system. 

 

According to the phase diagram evaluated by McAlister and Kahan [134], the high-temperature 

cubic cP4-Cu₃Au (L1₂) phase transforms on the Pt-rich side into the tetragonal tP16-Pt₃Ga 

structure  [135] at approximately 1563.15 K. In contrast, Mishima, Oya and Suzuki [132] reported 
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a sequence of transformations for  stoichiometric Pt₃Al, from L1₂ phase to the tetragonal tI16-U₃Si 

(D0c) structure at 693.15 K [136], followed by a transformation to the tetragonal tI16-Ir₃Si (D0c′) 

structure [136] at 403.15 K. All the tI16-U₃Si (D0c), tI16-Ir₃Si (D0c′), and tP16-Pt₃Ga structures 

are tetragonal derivatives of the cubic cP4-Cu₃Au (L1₂) structure type. Prototypical Pt-based 

superalloys are prone to forming tetragonal Pt₃Al phases at low temperatures, which negatively 

affect their mechanical properties. 

 

However, the precise crystallography of these phases remains unclear. The assessed Pt–Al phase 

diagram only indicates the presence of the high-temperature cubic cP4-Cu₃Au (L1₂) phase and the 

low-temperature tetragonal tP16-Pt₃Ga phase, while the literature also reports two related 

tetragonal phases, tI16-U₃Si (D0c) and tI16-Ir₃Si (D0c′). This uncertainty may stem from the fact 

that the internal displacement parameters of the D0c, D0c′, and tP16 Pt₃Al phases have not been 

determined from the X-ray diffraction data [132,135]. Consequently, theoretical methods such as 

density functional theory (DFT) have become essential tools for resolving these structural 

uncertainties. 

 

Chauke et al. [60] carried out a detailed investigation of the various L1₂-type Pt₃Al phases using 

first-principles density functional theory (DFT) calculations. The results showed that the tetragonal 

D0c structure tends to transform into the cubic L12 structure because its lowest energy occurs when 

the internal displacement parameter u = 0. Among the remaining three structure types—L12, D0c′, 

and tP16, density functional theory calculations identified the tetragonal tP16 (Pt₃Ga prototype) 

phase as the thermodynamic ground state, owing to its most negative heat of formation. DFT 

phonon dispersion curves revealed that all three satisfy the criteria for mechanical stability based 

on their calculated elastic moduli. However, soft phonon modes appear at the Brillouin-zone 

boundaries, specifically at the R point for the L1₂ and D0c′ structures, indicating dynamical 

instability. In contrast, all phonon modes of the tP16 lattice are stable, consistent with its 

designation as the ground-state phase at absolute zero. Building on these insights and motivated 

by the need to search for new materials capable of replacing or complementing Pt-based alloys, 

chromium-ruthenium based alloys were investigated, and their phase diagram was studied.  
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Figure 2.3: Illustration of Cr-Ru phase diagram 

 

The development and optimization of Ru-based alloys are fundamentally guided by the phase 

diagram of the Cr-Ru system, which provides essential information on phase stability and 

compositional limits. Phase diagrams are graphical representations that illustrate the various 

phases of a substance as a function of temperature and composition, showing the conditions under 

which distinct phases, such as solid, liquid, and gas, exist or coexist [137]. The first experimental 

study of the Cr–Ru binary phase diagram was conducted by Raub and Mahler [138], later extended 

by Greenfield and Beck [139]. These researchers identified the terminal solid solutions bcc (Cr) 

and hcp (Ru), as well as the intermetallic compounds Cr4Ru, Cr3Ru, and Cr2Ru (σ phase), using 

metallography, X-ray diffraction (XRD) and microhardness testing. Using similar techniques, 

Savitskii et al. [140] developed the first phase diagram for the Cr–Ru system, incorporating the 

same phases. Although  Raub and Mahler [138] initially proposed the existence of the Cr4Ru phase, 

subsequent studies by Shurin and Dmitrieva [141], Wopersnow and Raub [142] and Waterstrat 

[143] found no supporting evidence on the existence of this phase In particular, Wopersnow and 

Raub [142] argued that the diffraction pattern previously attributed to Cr4Ru by Raub and Mahler 
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[138] was more likely due to chromium carbide (Cr7C3). No experimental thermodynamic data 

have been reported for the Cr–Ru system. Drawing primarily on the previously mentioned studies, 

Venkatraman and Neumann [144] evaluated the experimental phase diagram of the Cr–Ru binary 

system. Cr3Ru in the A15 phase was reported to exhibit an extremely narrow homogeneity range, 

justifying its treatment as a stoichiometric compound at 31.5 at% Ru. Similarly, the σ phase was 

found to possess a relatively narrow homogeneity range, spanning approximately 32 ± 2 to 36 ± 2 

at% Ru.  

 

Chevalier and Fischer [145] conducted a thermodynamic optimization of the Cr–Ru binary system 

using the CALPHAD (CALculation of PHAse Diagrams) method [146,147], treating both 

intermetallic phases (Cr3Ru and σ) as stoichiometric compounds at 31.5 at% Ru and 33.33 at% 

Ru, respectively. This approach predicted a homogeneity range of approximately 33 to 34.5 at% 

Ru, which is narrower than the experimentally determined range reported by Venkatraman and 

Neumann [144]. The Cr2Ru heat of formation was computed to be -15000 J/mol, confirming its 

thermodynamic stability. In addition, the Néel temperature of chromium can be enhanced by 

increasing the Ru concentration, rising from 311.5 K to 550 K with an addition of approximately 

5% Ru. However, this temperature decreases to 273 K when the Ru content reaches 15% 

[148]. The ternary system results obtained in the present experimental study indicate that the 

extrapolated solubility of Cr in hcp (Ru) within the binary Cr–Ru system ranges from about 41 

at% to 48 at% over the temperature range of 699.8–1473.15 K. These findings highlight the need 

for re-optimization of the Cr–Ru system to better define both the homogeneity range of the σ phase 

and the phase boundary of the hcp (Ru) solid solution. More recently, the A15 Cr3Ru alloy has 

been synthesized experimentally using various techniques [149]. Resistivity measurements 

revealed distinct superconducting transitions at critical temperatures Tc = 2.77 K for the bcc 

structure and Tc=3.37 K for the A15 structure, both phases exhibiting high residual resistivity. 

 

Extensive studies on the Pt3Cr ordered alloy with a Cu3Au-type structure have clarified its ground-

state magnetic properties through tight-binding electronic structure calculations [150]. Spin-

polarized band analyses successfully reproduce experimental trends such as local magnetic 

moments, while the observed ferrimagnetism is attributed to hybridization between Cr 3d and Pt 

5d states. Interest in Pt3Cr remains strong, as A3B-type intermetallics are valued for their diverse 
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mechanical, structural, and magnetic characteristics [151,152]. From the Pt–Cr phase diagram 

[131,153,154], disordered Pt is identified as paramagnetic, whereas Pt3Cr exhibits strong 

magnetization [155]. Pt3Cr is ferromagnetic [156], but its magnetization decreases with increasing 

Cr content, transitioning to antiferromagnetic behavior near 52 at.% Pt [157,158]. Recent 

first‑principles studies on binary Pt–Ru and Pt–Ir alloys [159] revealed positive heats of formation 

for both systems (Pt₁₀₀₋ₓIrₓ and Pt₁₀₀₋ₓRuₓ), indicating the presence of a miscibility gap at low 

temperatures. Experimental investigations on Pt–Ir [160,161] and Pt–Ru [131] subsequently 

confirmed the existence of these miscibility gaps. 

 

Tibane et al. [162] investigated the phase stability of Pt-Cr and Ru-Cr binary alloys in L10, B2, 

L1₂, A15, tP16, D0c, and D0c′ structures using first-principles density functional theory. Their 

results showed that cubic L1₂ Pt3Cr and A15 PtCr3 are the most stable, while L10 PtCr was more 

stable than B2. The magnetic moment of L12 Pt3Cr (2.619 μB) was found to be consistent with 

previous experimental value of L12 Pt3Cr (2.52 μB) [163] and theoretical of L12 Pt3Cr (2.601 μB, 

2.623 μB and 2.61 μB) [164–166] results, validating the reported values for A15 Pt3Cr (0.001 μB), 

D0c Pt3Cr (2.690 μB), DO’c Pt3Cr (2.689 μB), and tP16 Pt3Cr (2.726 μB). The values indicate that 

Pt3Cr in the L1₂, D0c, D0’c, and tP16 structures is magnetic, whereas A15 Pt3Cr is nonmagnetic. 

Furthermore, the spin‑polarized electronic properties of these phases reveal metallic character. 

These phases are promising for high-temperature coatings. In contrast, all Ru-Cr compositions 

exhibited positive heats of formation, indicating thermodynamic instability. All Ru–Cr 

compositions examined in this study exhibit metallic behavior, with no band gap due to the overlap 

between valence and conduction bands. Phonon calculations at 0 GPa revealed soft modes at X, 

Γ, M, and R points for Pt3Cr A15. While Pt3Cr L1₂ and PtCr3 A15 were dynamically stable, RuCr3 

A15 remained dynamically stable but thermodynamically unstable. Phonon density of states 

analysis identified the atomic contributions to soft modes. These findings point to a general 

instability in Ru-Cr alloys, thereby motivating further investigation and forming the basis of this 

present study. Attempts to stabilize the A15 RuCr3 phase under a pressure range of 0-5 GPa were 

unsuccessful, as the structure remained unstable throughout. Subsequently, Mnisi BO et al. [167] 

examined the A15 Ru3Cr and Cr3Ru alloys doped with elements such as Mn, Mo, Pt, Pd, Fe, Co, 

Re, and Zr under zero pressure conditions. These investigations were conducted as part of this 

doctoral research, with the findings subsequently reported in peer-reviewed publication [167]. The 
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results demonstrated that Mn doping enhances the thermodynamic stability of these alloys. To 

date, however, the structural, electronic, and mechanical properties of X3Ru (where X = Sc, Ti, V, 

Cr, Mn, Fe, Ni, Co, Cu, Zn) in the A15, D0c, and tP16 phases have not been comprehensively 

studied under zero and varying pressure conditions. A detailed examination of these alloys is 

essential to identify promising candidate materials for diverse applications, particularly in 

aerospace engineering. 

2.4 Physical and structural properties of 3d transition metal elements 

 

Building on the discussion of Ru-Cr alloy stability and the motivation for exploring X3Ru alloys, 

it is important to examine the intrinsic properties of the constituent alloy elements. The alloying 

behavior and overall performance of Ru-based alloys may strongly be influenced by fundamental 

physical and structural properties of 3d transition metals. This section reviews the key properties 

of these elements. The incorporation  of 3d-transition metals with Ru-based alloys in this study is 

primarily motivated by their favorable mechanical [149] and magnetic attributes, particularly 

evident in Cr, Mn, and Fe. In general, these transition metals possess higher melting points 

compared to the main group metals [162] and exhibit relatively low densities [167], making them 

attractive for high-temperature structural applications.  

 

Notable elements such as Ni, Co, Mn, Cu, Ti, Fe, and V are recognized for their ability to enhance 

the dehydrogenation properties of magnesium hydride [168], improve thermodynamic stability 

[169] and increase room temperature ductility in various materials [170]. The bonding 

characteristics in transition metals are influenced by the contributions of both outermost and inner 

shell electrons [171], resulting in complex electronic interactions that strongly influence their 

structural and mechanical properties. Consequently, when 3d transition metals form alloys, 

nitrides, borides or carbides with other metals or elements, they yield durable materials highly 

sought for a wide range of applications, including high-temperature structural components, 

catalytic, opto-electronic, and spintronics [169,170,172].  
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Table 3.2: Physical properties of the 3d transition metals (Ni, Cu, V, Fe, Cr, Mn, Sc, Ti, Co, Zn and Ru) 

Element Space 

group 

Crystal 

type 

Lattice 

parameter 

(Å) 

Melting 

temperature (Tm) 

Fractional 

coordinates 

Coordination 

number 

Packing 

factor 

Ni Fm-3m FCC 3.52 1816.15 K (0,0,0) 12 0.74  

[14] 

Cu Fm-3m FCC 3.61 1358.15 K (0,0,0) 12 0.74  

[14] 

V Im-3m BCC 3.03 2183.15 K (0,0,0) 8 0.68 

Fe Im-3m BCC 2.87 1811.15 K (0,0,0) 8 0.68 

Cr Im-3m BCC 2.884 2180.15 K (0,0,0) 8 0.68 

Mn Im-3m BCC 2.79 1519.15 K (0,0,0) 8 0.68 

Sc P63/mmc HCP 3.31 1814.15 K (1/3,2/3,1/4) 12 0.74 

Ti P63/mmc HCP 2.95 1941.15 K (1/3,2/3,1/4) 12 0.74 

Co P63/mmc HCP 2.51 1768.15 K (0,0,0), 

(1/3,2/3,1/4) 

12 0.74 

Zn P63/mmc HCP 2.66 693.15 K (1/3,2/3,1/4) 12 0.74 

Ru P63/mmc HCP 2.71 2607.15 K (1/3,2/3,1/4) 12 0.74 

 

Table 2.2 summarizes the physical and structural properties of the 3d transition metals. Table 2.2 

presents the crystallographic and physical parameters of 3d transition metals (Ni, Cu, V, Fe, Cr, 

Mn, Sc, Ti, Co, Zn and Ru), including space group, crystal type, lattice parameters, coordination 

numbers and melting temperatures. These parameters provide essential insight into atomic 

packing, bonding characteristics and thermal stability, all of which play a critical role in 

determining alloy phase stability and performance in high-temperature environments. 

 

2.5 Structural properties of A15, D0c and tP16 crystallographic phases 

 

2.5.1 A15 phase 

 

The A15 phase is characterized as a series of intermetallic compounds that conform to the general 

formula M3G, where M is typically a transition metal and G represents another metallic or 

metalloid element. In the present study, X3Ru (X = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn) alloys 

crystallize in the A15 phase with space group Pm-3N (number 223) and a theoretical lattice 
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parameter of a = b = c = 4.63 Å. The A15 unit cells is illustrated in Figure 2.4, one notable feature 

of A15 crystal structures is the arrangement of transition metal atoms M, which are positioned 

such that they form mutually orthogonal and linear chains that exhibit considerable flexibility 

within the crystal lattice. This configuration contributes to the robustness of A15 structures, which 

are densely packed and are influenced by the dimensions of the unit cell [173]. In the specific case 

of X3Ru systems, Ru atoms occupy the corners and body centre of the cubic lattice, while the X 

atoms are organized in pairs on the faces of the cube, as summarized in Table 2.2. This arrangement 

not only highlights the structural complexity of X3Ru but also underscores the intricate interplay 

between atomic positioning and crystallographic properties inherent in A15 intermetallic. 

 

2.5.2 D0c phase 

 

The X3Ru (X = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn) crystallize in a body centered tetragonal 

D0c structure, as illustrated in Figure 2.4. The phase is characterized by lattice parameters of 

approximately a=b = 5.225 Å and c = 7.418 Å. Within the unit cell, Ru atom occupies the 4a 

crystallographic site, whilst X1 and X2 occupy the 4b and 8h positions as shown in Table 2.3 

below, resulting in a total of 16 atoms (12X and 4Ru) per unit cell. The tetragonal distortion in the 

D0c phase introduces anisotropy in bonding and elastic behavior, which can significantly influence 

mechanical stability and electronic structure. 

 

Figure 2.4: Ball and stick illustration of different crystal structure phases of X-Ru alloys. Green balls 

represent X = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn atoms; Blue balls represent Ru-atoms. 
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2.5.3 tP16 phase 

 

The tP16 (Pt3Ga-type) phase is characterized by a tetragonal crystal structure. The unit cell is 

displayed in Figure 2.4. Similar to the D0c phase in 2.5.2, the unit cell contains a similar number 

of atoms (16) although their spatial arrangement within the crystal lattice differs, as detailed in 

table 2.3. leading to distinct structural and electronic characteristics. The experimental lattice 

parameters for tP16 are approximately a = 5.459 Å and c = 7.806 Å. This structure is associated 

with the prototype (Pt3Ga) and is classified under the space group P4/mbm. The structural 

similarities and differences among the A15, D0c and tP16 phases provide a useful framework for 

evaluating phase stability and structure-property relationships in X3Ru alloys. The structural 

similarities and differences among the A15, D0c, and tP16 phases provide a critical framework for 

evaluating phase stability and structure–property relationships in X₃Ru alloys. In addition, they 

also determine the suitability of these alloys for high‑temperature applications such as gas turbine 

engines. Thus, examining these phases is essential for linking fundamental materials science to 

practical performance outcomes. 

 

2.6 Conclusion 

 

This chapter has presented an overview on the structural, electronic, magnetic, and mechanical 

properties of Ru-based alloys, with particular emphasis on  X3Ru alloys (where X = Sc, Ti, V, Cr, 

Mn, Fe, Co, Ni, Cu, Zn) across various crystallographic phases including A15, D0c, and tP16, 

using density functional theory electronic structure methods. Ruthenium is a chemically inert 

element, which plays a significant role as an alloying agent in the chemical, advanced structural 

and electronic industries. The focus on 3d-transition metals stems from their favorable 

combination of high melting points, moderate densities and versatile bonding properties which are 

essential for materials operating in extreme environments such as gas turbine engines. The research 

aims to explore the potential of these Ru-based binary alloys to exhibit melting temperatures above 

1273.15 K, positioning them as viable alternatives to traditional Ni-based superalloys. Current 

investigations into these transition metal-Ru alloys are limited in literature, highlighting the need 

for detailed studies on their structural, mechanical, and electronic properties. 
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Table 2.3: The atomic positions in the A15, D0c and tP16 X3Ru (X = Sc-Zn). Where “u” is the displacement 

parameter. 

Structure Atoms Locations X Y Z 

A15 X3Ru  Ru 

X 
 

1a 

3a 

0 

0.25 

0 

0 

0 

0.5 

 
 

D0c X3Ru  Ru 

X1 

X2 

4a 

4b 

8h 

0 

0.25 

0.25-u 

0 

0 

0.75-u 

0.25 

0.5 

0.00 

 

tP16 X3Ru  Ru 

X1 

X2 

 

5L 

5M 

5N 

0.00 

0.00 

0.231 

0.50 

0.00 

0.731 

0.258 

0.251 

0.00 

 X3 5O 0.290 0.790 0.50 

 

The outcome of this thesis contributes valuable insight into phase stability and suggests new 

transition metal based –Ru superalloys that surpass the performance of the existing Ni and Pt -

based alloys in high-temperature structural applications. Such advancements could contribute to 

environmentally friendly technologies and improved fuel efficiency. Additionally, the research 

may extend the applicability of these alloys into fields such as spintronics, optics, magneto-

electronics and optoelectronics underscoring their versatility, potential and broader scientific and 

technological relevance of Ru-based alloy development. 
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Chapter Three 

Computational methodology 

 

Quantum mechanical techniques play an important role in studying the properties of many-body 

interacting systems using computational simulations. This approach offers a robust means of 

explaining the properties of material systems with sufficient accuracy, particularly when 

experimental data is lacking. In this chapter, we will outline the first-principles quantum 

mechanical framework used in this study.  

 

3.1 The many-body problem 

 

The electronic structure of matter is described by the non-relativistic Schrödinger equation, which 

governs the behavior of a many-body electronic wave function, 1 2( , ,...., )nr r r . The time-

independent non-relativistic Hamiltonian of such a system consisting of interacting electrons and 

nuclei is given as: 

                                                                                                                                   

     
ele nuc ele nuc ele nuc ele ele nuc nucH T T V V V− − − −= + + + +                                  (3.1) 
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   is the potential energy operators of the nuclei-nuclei interaction  

 

where Ri and ri are the locations of the nuclei and electrons in i, j states. Mi and me relate to the 

mass of both nuclei and electrons, respectively. The electron-nuclei, electron-electron and nuclei-

nuclei interactions defined above arise from Coulomb interactions. 

 

Equation (3.1) can only be solved analytically for a system consisting of a few atoms. However, 

for a very large number of atoms (N~1023) it is intractable to solve; hence, a number of 

approximations are needed to find its exact solution. The first level of approximation is the Born 

and Oppenheimer approximation [174]. This approximation disregards the movement of the 

atomic nuclei when describing the electrons in a molecule. This is due to the significant mass 

difference between the nuclei and electrons, which makes the nuclei appear stationary compared 

to the electrons. The consequence of the Born-Oppenheimer approximation is that the electron 

motion is decoupled from that of heavier ions, setting the kinetic energy operator of the nuclei to 

zero, while the potential energy operator becomes a constant. Thus, the Born and Oppenheimer 

approximation reduces the complexity of equation 3.1 to 

 

   
ele nuc ele ele nuc ele eleH T V V− − −= + +                                                                                         (3.2) 

 

To solve equation 3.2, the last two terms need to be known: ele eleV − and

ele nucV − . Quantum 

mechanical techniques, such as density functional theory and the Hartree-Fock approximation, are 

used to determine the accurate equilibrium energy of a material system composed of electrons and 

nuclei. These methods allow for the calculation of various parameters related to the total energy 

of the system. This is possible if the exact forms of the right-hand side (RHS) terms of equation 

3.2 are known. However, all the terms are known but the exchange correlation energy of interacting 

electrons remains unknown. The density functional theory accounts for the electron exchange 
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correlation (Exc) effect for many interacting particle systems, whilst the Hatree-Fork (HF) 

approach treats the electron exchange accurately but ignores the correlation effects. Hence, the HF 

approximation cannot accurately predict the properties of metallic and magnetic systems. 

Moreover, the long-range Coulomb interaction produces an unreasonable depiction of eigenvalues 

near the Fermi energy in HF.  

 

3.2 Density Functional Theory  

 

The fundamental idea of the Density Functional Theory (DFT) is that any property of a system 

with many interacting particles can be considered a functional of its ground state charge density. 

For a system of interacting electrons, DFT asserts that the total energy ( )E  of the interacting 

electrons in an external potential, ( )extV r , is precisely described as a functional of the system's 

ground state density ( )r [175] given as: 

 

[ ( )]E E r=                                                                                                                                 (3.3) 

 

DFT is established from the Hohenberg-Kohn theory [176], which expresses a balanced 

correspondence among the electron density ( )r of a many-electron interacting system and the 

outer potential 
extV  imposed by the nucleus. Thus, the accurate ground state wave function is 

obtained from the outer potential expression due to a correct ground state electron density. 

Therefore, the minimum energy can be expressed as: 

 

[ ( )] [ ( )] [ ( )] [ ( )]ele HK extE r T r F r V r   = + +                                                                                                (3.4) 

 

where, [ ( )]HKF r  is the universal functional of the electron density due to kinetic energy [ ( )]eleT r  

and potential interactions [ ( )]ele eleV r− . This universal functional is called the Hohenberg-Kohn 

density functional and can be described in terms of the interaction between the electron-exchange 

and correlation and Hartree potential HV due to classical electrostatic interactions [177] as: 
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( ')
[ ( )] [ ( )] ' [ ( )]

'
HK ele xc

r
F r T r dr V r

r r


  = + +

−                                                                                          (3.5) 

  

where, the first term is the kinetic energy of the non-interacting electron system, the second term 

is the Hatree potential 
HV  and the third term is the exchange-correlation potential due to electron-

nuclei interactions. Now the total energy can be written as: 

 

( ')
[ ( )] [ ( )] ' [ ( )] [ ( )]

'
ele xc ext

r
E r T r dr V r V r

r r


   = + + +

−                                                                        (3.6) 

 

where, the last two terms are external potentials that are split into two categories namely: classical 

and non-classical energies due to the nuclei ( )extV r and exchange-correlation effects ( )xcV r . This 

equation (3.6) can be transformed to: 

 

2
2 ( ')

' ( ) ( ) ( ) ( )
2 '

KS i ext xc i i i

e

r
H dr V r V r r r

m r r


  

 
= −  + + + =  − 




                                                  (3.7) 

 

representing the Kohn-Sham energy equation for non-interacting particles. Equation 3.7 

effectively minimizes the difficulty of strong electron-nuclei and electron-electron interactions in 

many-body systems, by mapping them to a single particle moving in an effective potential [176] 

due to the nucleus. This effective potential is not explicitly known yet can be approximated. The 

Kohn-Sham equations transform the many-body interacting particle into a single independent 

particle equation as a functional of an equilibrium charge density, where i  is the single particle 

Kohn-Sham wave function. Therefore, the ground state density can be described as 

 

2

1

( )
N

i

i

r 
=

=                                                                                                                                         (3.8) 

  

whilst the exchange-correlation potential, ( )xcV r is given by the functional derivative of the ground 

state total energy with respect to the ground state charge density: 
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[ ( )]
( )

( )

xc
xc

E r
V r

r

 


=                                                                                                                                             (3.9) 

 

3.3 The Exchange-Correlation Functional  

 

While the density functional theory (DFT) in principle is an accurate theory describing ground 

state interactions in a many-particle system, in practice, approximations are needed to describe the 

electronic exchange correlation term in the Kohn-Sham equation (3.7). Therefore, the 

effectiveness of DFT depends heavily on the accuracy and reliability of the approximations utilized 

to the exchange correlation potential, xcV . Consequently, to provide a numerical solution to the 

Kohn-Sham equations, a number of exchange-correlation functionals have been developed, 

including the local density approximation (LDA), generalized gradient approximation (GGA), and 

other hybrid functionals, as illustrated in Figure 3.1. 

 

 

                    Figure 3.1: Kohn-Sham-DFT equation and its implementation 
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3.3.1 Local Density Approximation  

 

The simplest approximation to the exchange-correlation term in the Kohn-Sham equations is the 

Local Density Approximation (LDA) [178]. LDA assumes the density of a homogeneous electron 

gas with a gradually changing electron density gradient, for the exchange correlation functional, 

expressed as [179]. 

 

[ ] ( ) ( ( ))LDA

xc xcE r r dr   =                                                                                                     (3.10)  

 

where, xc  is the exchange-correlation energy per electron in a homogeneous electron gas (HEG).  

 

For simple materials such as metals or an isolated atom, as well as a wide range of material 

systems, LDA yields reliable results. This is largely due to LDA's effectiveness in approximating 

the exchange and correlation effects for certain material densities, where these effects are typically 

short-ranged. However, one notable limitation of the LDA is its inability to account for 

inhomogeneities in electron density. As a result, it tends to overestimate bonding energies in both 

molecular and solid systems. 

 

For magnetic systems, the total energy of the system is calculated by incorporating spin 

polarization into the exchange correlation term. This gives rise to the local spin density 

approximation (LSDA). Thus equation (3.10) can be written as:  

 

[ ] ( ) ( ( ), ( ))LSDA

xc xcE r r r dr     =                                                                                          (3.11) 

 

where the charge density comprises of spin up  and down   densities: 

 

( ) ( ) ( )r r r   = −                                                                                                                  (3.12) 

 

In a spin-polarized system, the total energy expression from Equation 3.3 is reformulated as a 

functional dependent on both the ground-state spin-up and spin-down electron densities. 
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[ ( ), ( )] ( )E E r r r    =                                                                                                            (3.13) 

 

This modification to the Kohn-Sham equation (Equation 3.7) introduces an additional term 

( )B xcB r that accounts for the ground-state magnetization of the electron system. In this context, 

/ 2B e mc =   denotes the Bohr magneton, and 
xcB  represents the magnetic exchange field 

experienced by an electron. Consequently, the Kohn-Sham equation for spin-polarized systems is 

reformulated to incorporate this magnetization-dependent contribution. 

 

2
2 ( ')

' ( ) ( ) ( ) ( ) ( )
2 '

KS i ext xc B xc i i i

e

r
H dr V r V r B r r r

m r r


   

 
= −  + + + − =  − 




                         (3.14) 

 

where the charge density defined by Equation (3.8) is decomposed into spin-up and spin down 

densities corresponding to different sets of the Kohn-Sham orbitals: 

 

2

1

( )
N

i

i

r 

 
=

=                                                                                                                      (3.15 a) 

2

1

( )
N

i

i

r 

 
=

=                                                                                                                      (3.15 b) 

 

Thus, in a spin-polarized system, the total energy is formulated as a functional of the spin-up and 

spin-down charge densities ( ) ( ) ( )r r r   = − . The resulting spin density arising from spin 

polarization is defined as ( ) 3( ) ( )M r r dr  = + , and the total magnetic moment (M) can be 

derived from this quantity given as:  

 

( ) 3( ) ( )M r r dr  = −                                                                                                          (3.16) 

 

Calculating the properties of a spin-polarized many-body system necessitates a two-dimensional 

spin space, which in turn demands sampling a larger portion of the Brillouin zone. In practical 

terms, spin-polarized calculations are carried out independently for spin-up and spin-down 



 
 

59 
 

components, requiring increased computational effort to achieve convergence, as both the standard 

( ) ( )r r  +  and the spin charge density ( ) ( )r r  − must be converged separately.  

 

Due to the extra degrees of freedom introduced by spin density, spin-polarized Kohn-Sham 

equations can yield multiple metastable self-consistent solutions, each reflecting a different spin 

configuration. Identifying the true ground state and ensuring no possible solutions are overlooked, 

a comprehensive and computationally demanding search is needed [180].  

 

Because the energy differences between metastable spin configurations are often minimal, self-

consistent field (SCF) calculations may converge to a nearby metastable state, potentially 

overlooking other solutions if all spin configurations are not thoroughly explored [181]. To address 

this, the Fixed Spin Moment [182] (FSM) method as a constrained DFT approach can streamline 

the search for the true magnetic ground state. However, verifying whether a given spin 

configuration represents a true local minimum requires follow-up calculations using Unrestricted 

Spin Optimization (USO). Both methods were employed in this work, with various initial spin and 

geometry configurations, to reliably identify the ground state and relevant metastable spin states, 

where a well converged Hubbard U of 2.5 eV was applied for all the studied compounds.  

 

Magnetic ordering in solids arises from a balance between kinetic energy and exchange-correlation 

effects [180]. While parallel spin alignment lowers exchange energy, it increases kinetic energy 

due to valence electron delocalization making most solids non-magnetic. Magnetism emerges only 

when electrons are sufficiently localized, as seen in elemental ferromagnets such as Cobalt and 

Iron [183].  

 

3.3.2 Generalized Gradient Approximation  

 

The Generalized Gradient Approximation (GGA) functional is an improvement over the LDA, by 

taking into account the gradient of the electron density  as well as its magnitude at each point 

r. This functional allows better description of inhomogeneous systems compared to LSDA. 

Consequently, the total energy of the system can be expressed as 
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[ ] ( ) ( ( ), ( ) )GGA

xc xcE r r r dr    =                                                                                          (3.17) 

 

The GGA is derived from the gradient expansion approximation (GEA) based on LSDA. In this 

framework, electrons are accounted for in a homogeneous system. Inclusion of information on the 

electron density spatial variation in GGA results in greater flexibility in describing real materials. 

However, GGA is inadequate in describing the behaviour of low densities as well as describing 

the properties of strongly correlated material systems, such as transition metal oxides and some 

magnetic systems.  

 

3.3.3 Generalized Gradient Approximation with the Hubbard Parameter (GGA + U) 

 

To improve the accuracy of GGA an additional term called the “Hubbard U parameter” is used to 

effectively treat the delocalised and localised orbitals with strong on-site coulomb interactions 

[184]. This necessity arises from the absence of correlation between unpaired d and f electrons in 

such material systems, highlighting the need for electron correlation [185]. To address this 

limitation in GGA, the Hubbard model, along with an onsite term, is incorporated into the 

Hamiltonian of the wave function, as [186,187]: 

 

†

,

i j i j

i j i

H B c c U n n 


 
= +                                                                                                 (3.18) 

 

where B is the hopping term, U is the onsite Coulomb repulsion, ,i j  taken as the nearest 

neighbour lattice site, 
† andi jc c   are construction and the destruction operators for a spin   in the 

ith lattice site respectively. The Hubbard U parameter is usually obtained semi empirically but can 

also be extracted from ab initio calculations. However, both methods do not permit the 

transferability of U across compounds.  

 

While the GGA + U functional has demonstrated to be robust in some strongly correlated systems,  

there are more accurate non-local hybrid functionals available, such as B3YLP [188], HSE03 [189] 

and Sx-LDA [190]. However, these functionals are computationally intensive and as such are 
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typically feasible only for small systems. Therefore, in this study, we employ the GGA+U 

functional due to its balance of accuracy and relatively low computational cost compared to non-

local hybrid functionals.  

 

3.4 The Hartree Potential 

 

There are two primary approaches for solving the Hartree Potential in the Kohn-Sham equation: 

the full potential approach and the pseudopotential approach. The full potential approach treats all 

core and valence electrons equally within the framework of density functional theory (DFT). In 

contrast, the pseudopotential approach considers only the valence electrons [191], effectively 

simplifying the calculations by approximating the influence of the core electrons. In this section, 

we will provide a brief overview of both approaches, placing more emphasis on the 

pseudopotential technique, which has been adopted in this study.   

 

3.4.1 Full potential approach 

 

Full Potential Plane Wave (FP-PW) methods are among the most accurate techniques for solving 

the Kohn-Sham equations. These methods account for all electrons within an atom, including core 

electrons, where the potential and wave functions exhibit significant variation. Consequently, FP-

PW methods can reliably determine material properties that depend on the behaviour core 

electrons, such as core electron polarization and hyperfine interactions. The FP-PW method offers 

several advantages, including a reduction in the number of plane waves needed, accurate 

evaluation of matrix elements, reliable estimation of absolute total energy, and efficient use of 

computational resources. However, despite its successes, FP-PW methods are relatively slow to 

converge in the core region of the atom, achieving high numerical accuracy can prove challenging, 

with the most notable drawback being the basis-set superposition error [192]. This error may be 

estimated but cannot be fully addressed unless a more comprehensive basis is used.  
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3.4.2 Pseudopotential approach 

 

The prepotential approach presents the most effective strategy for reliably describing the rapidly 

varying functions within the core region of atoms. This method typically involves "freezing" the 

core electronic states and reformulating the governing wave function to accommodate the 

smoother pseudo-wave functions of valence electrons, as illustrated in Figure 3.2. In contrast to 

the full potential technique, pseudopotential methods are based on the fact that core states are not 

necessarily essential for the description of chemical bonding, and therefore a good description of 

the valence wave functions inside the core region is not strictly required since core states are highly 

localized and are not involved in chemical bonding. Therefore, if the solution inside some cut-off 

radius between the core and valence region is replaced with a smooth wave function (called pseudo 

wave function), then there will be no loss of information in describing those properties of materials 

(e.g. chemical interaction) which are primarily dependent on the valence electrons. This allows the 

electronic wave function to be expanded using a much smaller number of plane wave basis sets, 

thus minimizing the computational cost, compared to full potential plane wave methods. However 

pseudopotential methods are inefficient in obtaining information that is inherently contained in the 

region near the nucleus (e.g. hyperfine fields and polarization at the core) [193]. Although full 

potential methods have superior accuracy, pseudopotential techniques have become increasingly 

popular and have been found to maintain good accuracy for a wide variety of materials [194]. The 

results reported in this thesis have been obtained using ab initio DFT pseudopotential methods.   

 

3.4.2.1 Norm-conserving Pseudopotentials 

 

The fundamental principle of norm-conserving pseudopotential [195,196] is that the pseudo-

charge densities must match the true charge densities outside the core region in order to satisfy the 

orthogonality condition [195,196]. This requirement is called norm-conservation, and it guarantees 

that the pseudopotential is useful, not only in every energy range, but also in all environments such 

that its eigenvalues do not depart significantly from those used in its construction.  
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Figure 3.2: Schematic delineation of the pseudo-potential model. The dense lines display the all-electron 

wave-function, ψAE(r), and ionic potential, νion 
AE (r), while the dashed lines show the relating pseudo-wave-

function, ψPS(r), given by the pseudo potential, νion
PS (r). All quantities appeared as a function of distance, r, 

from the atomic nucleus [197]. 

 

Typically, the generation of norm-conserving pseudopotential involves creating a node-free 

pseudo-wave function that aligns with the all-electron wave function at core radius, with a 

specified level of continuity, followed by inverting the radial Schrödinger equation. To achieve a 

norm-conserving pseudopotential, four key requirements must be met, which are outlined as 

follows: 

 

(1) The valence pseudo ( )PS

i r  and all electron ( )AE

i r  wave functions should be similar 

outside a given cut-off radius rc. 

(2) The two wave functions must have equal charge enclosed within rc .  

 

2 2

0 0
( ) ( )

c cr r
PS AE

i ir dr r dr =                                                                                     (3.19) 

and can be normalized such that 
2 2

0 0
( ) ( ) 1

c cr r
PS AE

i ir dr r dr = =   hence, this is known as 

the norm conservation. 
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(3) The ( )PS

i r  must be continuous at rc, have zero nodes and its first and second derivatives 

respectively.  

 

(4) The eigenvalues must be equivalent for both valence electron and pseudo-potential. 

 

All these conditions permit freedom when generating a pseudo-wave function and constructing 

pseudo-potentials. The pseudo-potential is constructed based on the radial Schrödinger wave 

function equation as: 

 

2

2 2

1 ( 1)
( ) ( ) * ( ) ( )

2 2

AE AE

H xc l l l

d l l Z
r r r r

dr r r
   

 +
− + − + + = 
 

                                                  (3.20) 

 

where ( ) ( )H xcr and r  are Hartree and exchange-correlation potential at a distance r, and ( )AE

l r  

is the all electron wave function with angular momentum component l. Equation (3.20) should be 

inverted to obtain the ionic pseudo-potential once the pseudo-potential had been generated, giving 

2

, 2 2

( 1) 1
( ) ( ) ( )

2 2 ( )

PS PS PS

ion l l H lPS

l

l l d
r r r

r r dr
   



+
= − − +                                                                (3.21) 

 

However, for each angular momentum component l, there should be a separate pseudo-potential. 

Pseudo-potentials such as (3.22) are called non-local norm conserving pseudo-potential and can 

describe the core ion scattering in a range of surroundings. To find great flexibility in the 

generation of pseudo-potential wave function, equation (3.21) should be relaxed. This scheme 

involves the partitioning of total valence density ρ(r) into hard and soft contribution giving: 

 

2
( ) ( )n i n

n j

r r   
 

= + 
 

                                                                                                (3.22) 

 

where 
i  are projector functions depending on the ionic locations, and the augmentation function 

is given by ( )ijQ r below as: 
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* *( ) ( ) ( ) ( ) ( )ij i j i jQ r r r r r   = −                                                                                                (3.23) 

 

where ( )and ( )i ir r  are the all-electron wave functions and ultra-soft wave functions. The 

orthogonality condition of the wave functions gives: 

 

({ })i I j i jM R  =                                                                                                               (3.24) 

 

where M(RI) depends on the ionic position through i  and it is given by: 

 

,

1 i j i j

i j

M q  = +                                                                                                              (3.25) 

 

 and ( )ij i jq Q r dr=                                                                                                                     (3.26) 

Norm conserving pseudopotentials generally require a large number of plane waves to converge; 

hence they are computationally expensive. In addition, it has been observed that the norm-

conserving pseudo-potential can provide inaccurate descriptions of transition metals [198] due to 

their highly localized valence atomic orbitals. This makes the norm-conserving pseudo-potential 

problematic for representing the pseudo-wave function in a plane wave basis. Transition metals 

require a large basis set to describe the properties accurately. This forces the pseudo-wave function 

to vary quickly due to norm conserving criteria. Since this is not feasible, the only option is to 

increase the core radius, which negatively affect the transferability and quality of the pseudo-

potential. To address the limitations of norm conserving pseudopotential, alternative pseudo-

potentials called "ultra-soft" pseudo-potentials [199] have been developed. 

 

3.4.2.2 Ultrasoft-Pseudopotentials 

 

Ultrasoft Pseudopotentials (USP) [53] relax the norm conservation condition associated with norm 

conserving pseudopotentials. This is achieved by imposing a transformation that redefines the 

problem in terms of a smooth function and an auxiliary function around each core. This approach 

allows calculations to be performed with the lowest possible cut-off energy for the expansion of 
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the plane wave basis set. As a result, it enhances the transferability of the pseudopotentials even 

for large cut-off radius. In general, ultra-soft pseudo-potentials results in a smoother pseudo-

wavefunction compared to norm conserving pseudo-potentials. Thus, it uses fewer plane-waves 

for the calculation of the total energy of the system at equivalent accuracy, yielding  results that 

are comparable to those obtained with full potential methods [200]. For this reason, the ultra-soft 

pseudo-potential are employed throughout this study.  

 

In constructing ultra-soft pseudopotentials, the norm-conservation constraint (Equation 3.19) is 

relaxed, providing greater flexibility in constructing the pseudo-wave functions. In this approach, 

the total valence density ( )n r  is divided into hard and soft contributions as. 

 

2
( ) ( )n i n

n j

n r r  = +                                                                                                        (3.27) 

 

where 
i represents the projector functions that depend on the ionic positions, and the augmentation 

function ( )ijQ r given as: 

 

* *( ) ( ) ( ) ( ) ( )ij i j i jQ r r r r r   = −                                                                                                 (3.28) 

 

where ( )i r are the all-electron wave-functions. The norm-conservation condition ( ( ) 0)ijQ r = is 

not satisfied in the construction of the ultra-soft wave functions, ( )i r . And the orthonormal 

condition takes on a generalized form as: 

 

({ })i I j i jS R  =                                                                                                                   (3.29) 

 

where ( )IS R depends on the ionic positions through i and is expressed as: 

 

1 ij j i

ij

S q  = +                                                                                                                   (3.30) 
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where  ( )ij ijq Q r dr=                                                                                                                   (3.31)

       

3.5 Non-linear core correction in pseudopotential approximations 

 

Pseudopotential approximations typically rely on the assumption that core and valence charge 

densities are sufficiently distinct, allowing the kinetic and exchange-correlation interactions to be 

treated as linear. However, when these densities significantly overlap, this simplification can 

introduce systematic errors in the total energy. This issue becomes more pronounced in spin-

polarized calculations, which involve additional non-linear effects and require explicit treatment 

of the energy’s non-linear dependence on the core charge density. Moreover, in magnetic systems 

particularly those involving transition metals, spin polarization arises from valence orbitals whose 

charge and spin densities intersect with those of the core electrons [201]. Therefore, it is crucial to 

accurately characterize the behaviour of wavefunctions near the core region to properly account 

for the influence of the surrounding environment on the exchange-correlation potential 

experienced by the valence electrons. 

 

In the framework of the pseudopotential approximation, the overall exchange-correlation potential 

depends on the valence and core charge densities, as well as the spin polarization [202]. This 

relationship can be expressed implicitly as follows: 

 

( ) ( ) ( ) ( )
calculatedincluded in thepseudopotential

, , , ,v v v v v v v v

xc xc xc xcV p V p V V        + = + − +
  

                                             (3.32) 

 

were  ( )
( ) ( )

v c

v c
r

r r

  


 

−
=

+
                                                                                                      (3.33) 

 

denotes the spin polarization, while v  and c  represent the valence and core charge densities, 

respectively. Because the exchange-correlation potential depends on spin polarization, it becomes 

a nonlinear function of the total charge density. As a result, in spin-polarized systems, the ionic 

pseudopotential is influenced by the specific valence electron configuration. Consequently, 

incorporating nonlinear core corrections into the exchange-correlation potential is crucial for 
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accurately capturing the magnetic ordering behaviour of spin-polarized materials [201,203,204], 

including those examined in this study. 

 

3.6 Numerical implementation of the Kohn-Sham equations 

 

To solve the Kohn-Sham single particle equation, the electron wave function 
i  for the orbitals 

must be known. However, the wave function depends on the electron density first, which is initially 

unknown. Thus, the Kohn-Sham equations are solved iteratively within a self-consistent field 

(SCF) approach. Initially, a starting charge density 
1( )r  is “guessed” to generate the starting 

wave functions. These wavefunction are then used to build the Kohn-Sham Hamiltonian, from 

which an improved charge density
2( )r  is obtained. This process is repeated, with each iteration 

providing progressively better approximations of the electron density
3...... ( )N r , until self-

consistency is achieved, as illustrated in Figure 3.3 [205]. Consequently, the final quantities of 

interest—such as total energies, forces, stresses, and eigenvalues are extracted from the output file 

of any ab-initio quantum mechanical DFT code. Within the DFT framework, electronic structure 

calculations can simulate various properties of materials, such as structural, electronic, optical, 

phonon and mechanical characteristics, based solely on the assembly of electrons and nuclei, 

requiring no experimental data. 

 

In this thesis, the Cambridge Serial Total Energy Package (CASTEP) software code of the Material 

Studio suite (version 2020) of was used [206,207]. The CASTEP is a plane wave pseudo-potential 

DFT code capable of modelling interfaces, solids, and surfaces across a wide range of materials, 

including alloys, semiconductors, ceramics, metals. CASTEP is widely recognized for its 

effectiveness in addressing challenges in engineering, chemistry, materials science, and solid-state 

physics.  

 



 
 

69 
 

 

Figure 3.3: Schematic representation of the SCF method used in DFT 

 

3.7 Other important aspects in solving the Kohn-Sham equations 

 

To determine the ground state charge density, one must solve the Kohn-Sham equation (Equation 

3.7 and 3.14), which involve an infinite set of single-electron equations. These equations 

incorporate the exchange-correlation potential typically treated within the Local (Spin) Density 

Approximation (L(S)DA) or the Generalized Gradient Approximation (GGA). A common strategy 

for constructing the Kohn-Sham single-particle orbitals 
m  (Equations 3.8 and 3.15) is to represent 

the electronic wave function as a linear combination of basis functions, effectively expanding it 

within a chosen basis set.  
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1

( ) ( )
P

m b

m P P

P

r c r 
=

=                                                                                                                    (3.34) 

 

The wave function 
m  resides in an infinite-dimensional function space, and its solution hinges on 

identifying suitable expansion coefficients 
m

Pc  that represent it in a chosen basis set 
b

P   [208]. 

Once a basis such as plane waves [180] is selected, and given the variational nature of the total 

energy, the expansion coefficients 
m

Pc  become the sole variables in the problem. Solving the self-

consistent Kohn-Sham equations thus involves finding the coefficients for the occupied orbitals 

that minimize the total energy. The standard approach entails optimizing and computing the self-

consistent charge density. For a fixed charge density, the coefficients are iteratively refined using 

matrix-based methods to evaluate the system’s total energy. This procedure effectively transforms 

the single-particle Kohn-Sham Schrödinger equation into a generalized eigenvalue problem. 

 

( )
1

0
P

m

i P

P

H S c
=

− =                                                                                                                          (3.35) 

 

Here, the energy-independent Hamiltonian and overlap matrices are denoted by H  and S , 

respectively. The corresponding equation is solved at each point to perform integration over the 

irreducible wedge of the Brillouin zone (IBZ), which is sampled in three-dimensional k-space 

according to the local point symmetry of the structure under consideration. In practice, it is often 

not feasible to represent the exact occupied Kohn-Sham orbitals using a finite basis set. However, 

an approximate solution that minimizes the total energy can be obtained by employing a basis set 

of sufficiently high quality in conjunction with the self-consistent field (SCF) method, as detailed 

in Section 3.5. The adequacy of a basis set is typically assessed by comparing the total energy 

calculated from the basis set orbitals to the exact Kohn-Sham total energy. Moreover, an effective 

basis set should satisfy several criteria: it should be efficient, requiring a minimal number of 

functions to achieve a desired level of convergence; unbiased, meaning it does not preferentially 

weight certain spatial regions or favor specific solutions; mathematically simple, to facilitate the 

computation of matrix elements; and complete, in the sense that it can be systematically improved 

by adding more functions of the same type [180]. Kohn-Sham orbitals can be represented using 
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any appropriate complete basis set, with several options available. Among the most widely adopted 

are the Linear Combination of Atomic Orbitals (LCAO), Gaussian-type or Slater-type orbitals 

(GTOs or STOs), and plane wave basis sets [209]. 

 

Representing Kohn-Sham orbitals with plane wave basis sets offers several notable benefits over 

alternative basis choices [210]. These include the mathematical simplicity of plane waves, which 

impose no assumptions on the form of the solution, and the elimination of basis set superposition 

error. Plane waves also enable efficient force calculations on atoms. Moreover, Bloch’s theorem 

naturally supports their use in periodic systems. A further computational advantage arises from the 

fact that the kinetic energy operator is diagonal in reciprocal space, while the potential energy 

operator is diagonal in real space allowing efficient transitions between these representations via 

Fast Fourier Transforms (FFT), thereby lowering computational cost [211]. Additionally, because 

plane wave basis sets are non-local, Pulay forces [206] do not emerge during force evaluations on 

ions, enhancing the accuracy and efficiency of such calculations. 

 

A key limitation of the plane wave basis set is its computational inefficiency in full potential 

calculations [180], as accurately capturing atomic wavefunctions near the nucleus requires an 

impractically large number of basis functions. To address this challenge, pseudopotentials 

[212,213] or hybrid basis sets [180] are commonly employed to model atomic wavefunctions 

under steep potential variations. Consequently, the plane wave method for solving the Kohn-Sham 

equations is typically implemented in two ways: either as a full potential calculation or using 

pseudopotentials, depending on whether the plane waves account for the influence of all electrons 

in the atom or only the valence electrons, including semi-core states. The preceding section (3.4.2) 

provides a detailed explanation of both methods.  

 

3.8 Geometry optimization 

 

Geometry optimization is a vital tool in modelling material systems, aimed at refining initial 

geometries alongside physical properties such as lattice parameters and magnetic moments. This 

optimization seeks to identify the ground state energy corresponding to the system’s most stable 

configuration. Accurate geometry optimization is essential as it influences the electronic properties 
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of the system and other properties that depend on the system's total energy. Initially, electronic 

properties are calculated based on a fixed initial geometry, from which forces acting on the atoms 

are derived. The position of the atoms is then iteratively updated through several self-consistent 

field (SCF) until it is reached, subject to a defined convergence tolerance limit.  

 

In optimizing the geometry of a system, local minima are often obtained rather than the global 

minimum, with the resulting minimum being strongly influenced by the chosen initial geometry.  

Therefore, it is important to use as many relevant initial geometries as possible to provide 

maximum assurance of a global minimum being achieved [214,215]. Many geometry optimization 

techniques are based on the principle of finding the minimum of an energy hypersurface as a 

function of its atomic positions [214,215]. Other geometry approximation such as Quasi-

Newtonian mechanics, optimize the total forces acting on a system [206,216], as discussed in the 

subsequent  section. 

 

3.8.1 Quasi-Newtonian geometry optimization 

 

The Quasi-Newtonian geometry optimization algorithm uses the quadratic model of the multi-

dimensional potential surface to obtain a global minimum. The geometry optimization equation 

for the potential energy hypersurface 'E with optimization step s  and the applied force f  is given 

as: 

1
'

2

T TE E f s s Ps= − +                                                                                                               (3.36) 

 

'f f Ps= −                                                                                                                                (3.37) 

 

where P  is the matrix of the second order derivative of the energy (Hessian matrix) or forces due 

to the respective geometries. At the minimum energy, the forces approach zero, and thus  a global 

minimum is achieved (in equation 3.36) [206]. The algorithms applied in optimization are used to 

approximate the hessian matrix (or its inverse depending on the method used) such as the steepest 

descent, damped molecular dynamics or more sophisticated conjugate gradients or BFGS. The 

BFGS (Broyden-Fletcher-Goldfarb-Shanno) [217–220] is the most accurate approach applied in 
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Hessian update methods and has been used in all the calculations reported in this thesis, as 

implemented in the CASTEP [206] code.  

 

In the BFGS approach, the next geometry iteration update for the Hessian matrix (P) minimization 

is given by: 

 

1k k kP P P+ = +                                                                                                                           (3.38) 

 

 for two consecutive iterations, kP is given by  

 

T T

k k k k k k
k T T

k k k k k

d d P s s P
P

s d s s P

 
 = + 

 
                                                                                                         (3.39) 

 

where, the gradient between two consecutive geometries is given by 
1k k kd f f += −  while the most 

common algorithm for optimization step size s is the trust-region or search line method [221]. The 

efficiency of the structure relaxation is critically dependent on both the initial geometry and the 

starting conditions of the hessian estimate. Typically, the initial estimate of the Hessian (P), is 

chosen as a unitary matrix. However, it can experience substantial variation during the 

minimization. In contrast to other geometry optimization  approaches [222], the BFGS exhibits 

favorable behavior  regarding  Hessian estimate. Specifically, the BFGS update tends to converge 

to a stable estimate within a limited number of iterations. This behavior can be attributed to several 

factors, including the implementation of a skip strategy 1k kP P+ = that allows calculations to proceed 

from the current geometric configuration, the use of an appropriately slanted initial Hessian 

estimate, and the incorporation of a damped BFGS update [221,222] to refine the Hessian estimate 

further. These characteristics contribute to the robustness of the BFGS method, facilitating 

efficient convergence toward the local minimum of the energy landscape. Consequently, careful 

consideration of the Hessian initialization and updating strategy is paramount for optimizing the 

overall relaxation process in computational materials science. 
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3.9 Brillouin zone sampling 

 

A commonly used computational approach involves averaging periodic functions of the wave 

vector over the Brillouin zone [223]. These calculations are inherently complex and 

computationally demanding. In principle, they require knowledge of the function’s value at every 

point within the Brillouin zone. However, electronic states are only allowed at discrete points 

determined by the boundary conditions of the bulk solid. According to Bloch’s theorem, an infinite 

number of k-points corresponds to an infinite number of electrons in the system, since only a finite 

number of electronic states are occupied at each k-point. The total electric potential of the material 

can thus be evaluated by summing contributions from the occupied states at each k-point, which 

collectively determines the overall electronic current. 

 

Because the potential and other relevant functions are generally smooth, an integral over an infinite 

number of k-points can be approximated by a summation over a finite and often small set of k-

points. In density functional theory (DFT), this is achieved by sampling a limited number of k-

points to represent the elements of k-space. To minimize computational effort while maintaining 

accuracy, specialized k-point schemes have been developed that use the fewest points necessary 

for a given precision. The most widely adopted is the Monkhorst-Pack method [224], while 

alternative sampling techniques have been proposed by Joannopoulos and Cohen [225], and Chadi 

and Cohen [226]. According to Monkhorst-Pack approach, the k-points are uniformly distributed 

throughout the Brillouin zone as follows: 

 

1 1 2 2 3 3k x y x y x y= + +                                                                                                                  (3.40) 

 

were 1 2 3, andy y y are variables of the inverse lattice of 

 

1
i

i

x
n

=                                                                                                                                         (3.41) 

were 1,........ il n= , here in are the folding parameters indicate how the sampled k-points are 

arranged in rows or columns aligned with the zone-crossing reciprocal lattice vectors, and how 
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they are evenly distributed across the Brillouin zone. The required number of k-points for 

computation depends on the type of material being studied, such as metals, semiconductors, and 

insulators each demand different treatment. Metallic systems typically require significantly more 

k-points, often an order of magnitude higher than semiconductors or insulators, due to the need for 

dense k-space meshes to accurately resolve the Fermi surface. If the sampled k-points fail to yield 

a well-converged total energy, a much finer mesh must be employed to reduce errors and achieve 

reliable convergence. Thus, the key objective of convergence testing is to identify a sufficiently 

dense summation grid to ensure the accuracy of the computational results.  

 

3.10 Computational code 

 

Computational simulations of materials have emerged as a powerful and widely used approach in 

physics, chemistry, and materials science. These simulations help interpret experimental data, 

predict material properties, and guide the development of novel materials within the field. 

 

3.10.1 Material studio 

 

BIOVIA Materials Studio [227] is a comprehensive modeling and simulation platform tailored for 

computational researchers in materials science, physics, and chemistry. It enables prediction and 

analysis of how atomic and molecular structures relate to material properties and behavior. The 

software suite supports a wide range of applications, including studies on catalysts, composites, 

metals, and alloys. Material studio has an analytical and crystallization tool to facilitate the 

investigation, prediction, and modification of crystal structures and growth processes. 

Additionally, it allows for simulations of particle morphology, exploration of polymorphism, 

surface interaction studies, and the design of additives that influence growth. Materials Studio also 

provides capabilities for calculating various properties such as electronic, structural, 

thermodynamic, mechanical, phonon etc. All density functional theory (DFT) computations in this 

study were performed using the CASTEP module integrated within BIOVIA Materials Studio 

(Version 2020). 
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3.10.1. 1 The CASTEP Code 

 

CASTEP [207] is a comprehensive first-principles quantum mechanical software designed for 

electronic structure calculations, offering a wide array of capabilities. Initially developed by Payne 

and collaborators in the late 1980s and early 1990s [228], it rapidly gained popularity as a reliable 

computational tool in this field. Within the framework of density functional theory (DFT), 

CASTEP can simulate various types of materials, including crystalline solids, surfaces, molecules, 

liquids, and amorphous systems. The central quantity in these simulations is the total energy, from 

which numerous other physical properties can be derived. Any material composed of nuclei and 

electrons can be modeled, constrained only by the computational limits of processing speed and 

memory. This method is notably ambitious, as it avoids empirical input and relies solely on 

quantum mechanical principles. Forces are obtained by differentiating the total energy with respect 

to atomic positions, while stresses arise from derivatives with respect to cell parameters. These 

outputs enable full geometry optimization and, when needed, finite-temperature molecular 

dynamics simulations of material systems. 

 

3.11. Accuracy and reliability of DFT calculations 

 

The Density functional theory has achieved notable progress across various scientific domains 

including high-temperature structural application, catalytic processes, electron transport, solar 

energy conversion, and drug design for medicinal applications [229,230]. The effectiveness of 

DFT is fundamentally reliant on the accuracy of the exchange-correlation functional; If this 

functional were precisely known, one could accurately describe the quantum mechanics of any 

system. However, because the exchange-correlation functional must be approximated to calculate 

the ground-state total energy of systems, the applicability of DFT is inherently limited.  

 

DFT demonstrates commendable accuracy in predicting bond lengths of molecular systems, 

typically within 2% compared to experimental data, while vibrational frequencies are often 

overestimated by less than 5%. Nevertheless, the local density approximation (LDA), tends to over 

bind molecules by approximately 1 eV per bond, while the generalized gradient approximation 

(GGA), over binds on the order of 0.3 eV per bond. Hybrid functionals, further reduces this over 
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binding error by about 50%. Under this approach, DFT can estimate ionization energies and 

electron affinity to within approximately 0.2 eV of experimental observations [231].  

 

Other than the inherent limitations arising from the choice of the exchange-correlation functional, 

computational errors can also arise from numerical computations, including the choice of the plane 

wave energy cut-off, and k-point sampling and size of the supercell, often due to computational 

resources constraints [232,233]. In this study, numerical computation errors arising from these 

variables have been minimized by enhancing their level of convergence. To ensure the accuracy 

of the results, a convergence criterion for energy, force displacement, and stress were set at 5.0 × 

10−6 eV per atom, 0.01 eV/Å, and 0.02 GPa, while a temperature smearing width of 0.001 eV was 

set to ensure accuracy of the calculated magnetic moments [234–236]. This level of accuracy is 

essential in magnetic systems, where different magnetic states are often separated by energies on 

the order of meV, necessitating sufficiently converged quantum mechanical total energies to 

reliably discern these small energy differences. Despite these drawbacks, DFT is fundamentally 

robust and proficient in predicting a wide range of electronic and structural properties of material 

systems with good accuracy, compared to experimental data. The accuracy of DFT predictions 

depends on the specific property and other interrelated properties of the material being studied. 

Typically, quantitative discrepancies between DFT and experimental results typically exhibit 

consistent trends across different material systems. Thus, systematic errors for a particular DFT 

technique can often be corrected through experience and comparison with experimental data. For 

instance, when evaluating the formation energies of defects, comparing similar configurations 

while maintaining a constant number of atoms and charge state can result in the approximate 

cancellation of systematic errors and DFT approximations [237–239].  
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Chapter Four 

 

Structural, electronic and mechanical stability of X3Ru in A15, D0c 

and tP16 in crystallographic phases 
 

The Density functional theory (DFT) formulation described in Chapter 3 was applied to investigate 

the properties of X3Ru alloys (where X = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn). These alloys 

were analyzed across various crystallographic phases, specifically A15, D0c and tP16, using the 

Cambridge Serial Total Energy Package (CASTEP) code. This chapter presents the 

thermodynamic, electronic and mechanical stability of each of these alloy systems at zero pressure, 

as well as the computational parameters utilized in the calculations.  

 

Key aspects of the study include the evaluation of the alloy heats of formation, electronic band 

structures, and elastic moduli, which provide insights into the thermodynamic and mechanical 

stability the X₃Ru alloys in A15, D0c and tP16 phases. By quantifying the heats of formation, the 

study establishes whether each X₃Ru alloy is thermodynamically stable under equilibrium 

conditions. This directly informs the feasibility of synthesizing these materials and highlights 

which systems are most promising for practical deployment. Identifying alloys with favorable 

formation energies helps narrow down potential candidates that can overcome the limitations of 

conventional nickel‑based superalloys, which are already operating near their thermal limits.  

 

Band structure and density of states analysis provides insight into the metallic nature and electron 

transport characteristics of the alloys. Efficient electron mobility is critical for maintaining 

conductivity and stability under extreme operating conditions. This aspect not only ensures 

structural integrity at elevated temperatures but also opens new avenues for multifunctional 

applications in electronics, energy systems, and magnetic devices.  

 

The elastic constants and moduli reveal the alloys’ resistance to deformation, compression, and 

structural collapse. These mechanical indicators are essential for determining whether the 

materials can withstand the stress encountered during the operation of turbine engines and other 

high-temperature mechanical systems. High bulk moduli and ductility point to alloys capability of 
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maintaining strength while reducing weight, thereby improving efficiency and performance in 

aerospace applications. Together, these three aspects - heats of formation, electronic band 

structures, and elastic moduli- provide a holistic framework for solving the main problem of the 

study: the urgent need for materials that surpass the performance limits of nickel-based 

superalloys. By integrating thermodynamic, electronic, and mechanical evaluations, they not only 

identify stable candidates such as A15 Cr₃Ru but also uncovers valuable properties in alloys 

predicted to be unstable. This dual perspective expands the design space, offering new insights 

into how Ru-based systems can be tailored for multifunctional roles. 

 

The novelty of the current study also lies in demonstrating that even alloys with inherent 

thermodynamic challenges can exhibit desirable mechanical and electronic properties, thereby 

positioning them as potential candidates for targeted engineering solutions. This comprehensive 

approach advances the understanding of Ru-based alloys and contributes to the broader effort of 

developing materials that combine high-temperature resilience, lightweight character, and 

multifunctionality for aerospace and energy applications. 

 

4.1 Computational parameters  

 

Ab-initio DFT calculations [240,241] were performed to investigate the  structural, electronic and 

mechanical properties of 3d-transition X3Ru alloys in cubic A15, tetragonal D0c and tP16 

crystallographic phases. These calculations were performed using the CASTEP code [206], with 

each alloy modelled from their respective unit cell, as illustrated in Figure 4.1. The interaction 

between the core and valence electrons was described by the Vanderbilt ultrasoft pseudopotential 

[199], with a converged plane wave cut-off of 800 eV, while the electronic exchange correlation 

was described by the Perdew–Burke–Ernzerhof Generalized Gradient Approximation (PBE-GGA) 

functional incorporating the Hubbard parameter (U = 2.5 eV) [242,243]. The value of U in this 

study was chosen to accurately reproduce the experimental lattice parameters and magnetic 

moments of the constituent elements X (X = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn) [234–236].  
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Figure 4.1: Crystal structures of (a) cubic A15, (b) D0c, and (c) tP16 phases of Ru–Cr alloys, with 

corresponding top views shown in (d), (e), and (f). Green spheres represent Ru atoms, while gray spheres 

represent Cr atoms. 

 

To validate the reliability of our computational parameters, Table 4.1 presents a comparison of the 

calculated magnetic moments and lattice parameters with experimental parameters for single 3d-

transition metals. The results indicate that our calculated lattice parameters are in good agreement 

with the experimental values, thereby confirming the robustness of computational models. For 

each system, the single point energy and geometry optimizations were conducted using the 

Broyden-Fletcher-Goldfarb-Shanno (BFGS) technique. To ensure accuracy and reliability of the 

calculated results, the self-consistent field (SCF) convergence criteria on energy, force, atomic 

displacement, and stress were set at 5.0 × 10-6 eV per atom, 0.01 eV Å-1, 0.0005 Å, and 0.02 GPa, 

respectively. Similarly, to ensure an accurate representation of the magnetic properties of these 

systems, the smearing width was set at 0.001 eV. These convergence values have been found to 

yield reliable  results, across  a wide range of material systems [206].  
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Table 4.1: Calculated lattice parameters and magnetic moments of the studied pure 3d-transtion metal 

(X) and ruthenium-add values compared to experimental data where available  

 
Transition metal lattice parameters (Å) Magnetic moments (µB/atom) 

Sc 3.41 

3.31 [244] 

0.95 

Ti 2.99 

2.95 [244] 

2.09 

V 3.03  

3.03 [244] 

0.79 

Cr 2.85 

2.88 [245] 

0.00 

Mn 8.91 

8.91 [244] 

5.00 

4.50 [246] 

Fe 2.88 

2.87 [244] 

2.64 

2.20 [247] 

Co 2.51 

2.51 [244] 

1.68 

1.70 [247] 

Ni 3.53 

3.52 [244] 

1.28 

0.60 [247] 

Cu 3.64 

3.61 [244] 

0.00 

Zn 2.63 0.00 

Ru 2.71 

2.71 [244] 

0.00 

 

In addition to the SCF convergence criteria, the accuracy of DFT results depends on the size of the 

plane-wave cutoff energy and the number of k-points sampled. Figure 4.2 illustrates the plane-

wave cutoff energy convergence showing a converged value of 800 eV, while Figure 4.3 presents 

the Monkhorst-Pack [248] k-points convergence results  with converged values of 15 × 15 × 15, 

15 × 15 × 10 and 15 × 15 × 11 for the A15, D0c and tP16 phases,  respectively. The corresponding 

accuracy from these converged plane-wave cutoff energy and k-points is 0.01 eV and 0.001 eV, 

respectively, confirming the robustness of the computational parameters used in this study.  
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Figure 4.2: The total energy difference versus the plane wave energy cutoff for A15, D0c and tP16 Cr3Ru 

alloys. 

 

Figure 4.3: Total energy difference versus the K-points for A15, D0c and tP16 Cr3Ru alloys.  
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4.2 Thermodynamic stability  
 

The stability of a material is a critical factor in its application and performance, primarily 

describing its resistance to chemical change physical degradation. On the other hand, the 

structural properties of a material are fundamentally characterized by the atomic interaction within 

the unit cell. In this study, the stability of A15, D0c, tP16 X3Ru-based alloys is characterized in 

terms of their heat of formation. First-principles studies have demonstrated that the heat of 

formation can reliably predict alloy stability, hence, examining the heat of formation of alloys in 

their different compositions is an effective approach for assessing thermodynamic stability of 

alloys.  

 

For a given material system, the heat of formation fH is defined as the amount of energy needed 

to form or break chemical bonds, and is calculated as:  

 

 

( ) [ ( ) ( )]x y

f

E A B xE A yE B
H

x y

− + 
 =  

+                                                                                            (4.1) 

 

where, ( )x yE A B , ( )E A and ( )E B are the equilibrium total energies of the alloy system AB and 

that of the individual elemental species A  and B , with atomic concentrations x  and y . Negative 

heat of formation indicates a thermodynamically stable system, while a positive value indicates an 

unstable or metastable system, at equilibrium conditions. 

 

Figure 4.1 illustrates the crystal structures of Ruthenium-based transition metal alloys, X3Ru (X = 

Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn) in A15, D0c and tP16 phases. The A15 phase consists 

of X atoms occupying six equivalent positions in c-site (0.25, 0, 0.5) and Ru atoms that occupy 

bcc positions (0, 0, 0). In contrast, the D0c phase exhibits a body-centered tetragonal structure with 

space group I4/mcm. Within this unit cell, Ru atoms are positioned at Wyckoff site 4a (0, 0, 0.25), 

whereas X atoms are located at 4b (0, 0.5, 0.25) and 8h (0.25, 0.75, 0). Meanwhile, the tP16 phase 

crystallizes in a tetragonal phase belonging to the space group P4/mbm. The Ru atoms occupy 4f 

(0, 0.5, 0.258) positions, while the X atoms are located at X1: 4e (0, 0, 0.251), X2: 4g (0.231, 
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0.731, 0), and X3 :4h (0.29, 0.29, 0.5) sites. Table 4.2, 4.3 and 4.4 present the calculated lattice 

parameters, heat of formation, magnetic moments, density and bond-length (X-Ru) of X3Ru alloys 

in the A15, D0c and tP16 phases. The lattice parameters of these alloys vary systematically with 

the position of the transition‑metal atoms within the 3d series. This indicates that the alloys are not 

arbitrary; rather, they display a consistent pattern that reflects the fundamental physical principles 

governing transition metals across the 3d series. Notably, alloys composed of transition metals 

positioned centrally (Fe) in the series exhibit lower lattice parameters compared to those containing 

early (Sc) or late (Zn) series elements (See Fig. 4.4) for all the studied phases. This result is 

consistent with the trends of atomic radii, bond length and electron densities of transition metal 

atoms across the 3d series. The observed trends in the lattice parameters effectively correlate with 

the bond-lengths, as evidenced by smaller X-Ru bond-lengths (See Fig. 4.4 (e)) being associated 

with reduced lattice parameters for D0c and tP16 phases.  

 

It is important to note that the proposed X₃Ru alloys investigated in this study are relatively new; 

consequently, fundamental data available in the literature remains scarce. To validate the 

computational model, reference is made to the A15 Cr₃Ru phase, which is the only alloy from this 

series that has been experimentally synthesized to date. As shown in Table 4.2, the computed 

lattice parameters for A15 Cr₃Ru (5.59 Å) and A15 Ni₃Ru (4.84 Å) structures are consistent with 

values reported in other theoretical investigations Cr₃Ru (4.613 Å [249], 4.631 Å [162], and 4.623 

Å [167]) and Ni₃Ru (4.57 Å) [249] confirming the accuracy of our results. The slight discrepancies 

between our calculated lattice parameters for Cr₃Ru (5.26 Å) and previously reported theoretical 

data (4.63 Å [162]), as shown in Table 4.2, can largely be attributed to differences in the exchange–

correlation functionals employed. Whereas previous studies primarily utilized the GGA functional, 

our work employs GGA+U with U = 2.5 eV, which accounts for the observed variation. In 

addition, the calculated lattice parameters for D0c and tP16 Cr₃Ru (5.86 Å and 5.82 Å) compare 

reasonably with the reported value of 5.20 Å [162], as presented in Tables 4.3 and 4.4, respectively.  

Further validation of the computational models is demonstrated by the close agreement between 

the calculated lattice parameters of the constituent metals and the corresponding experimental data 

[244], as summarized in Table 4.1. In comparing the studied phases, the lattice parameters of D0c 

and tP16 are generally similar across all cases, except for Ti₃Ru, where D0c (5.82 Å) is larger than 

tP16 (5.40 Å). This can be attributed to atomic size effects and crystal structure dependence. The  
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Ti3Ru anomaly demonstrates that distinctive electronic configurations and bonding arrangements 

can disrupt the general trend, indicating that lattice parameters are governed not only by atomic 

size but also by bonding physics specific to each phase. Overall, the A15 phase consistently 

exhibits the lowest lattice parameters among the studied 3d transition-metal alloys, relative to both 

D0c and tP16 phases. This behavior may be attributed to atomic packing efficiency, bonding 

characteristics, and systematic periodic influences. Despite variations in atomic radii across the 3d 

series, the structural features of the A15 phase consistently enforce smaller lattice parameters. This 

illustrates that crystal structure can supersede atomic size effects, producing a systematic trend 

across different alloys. 

 

Table 4.2: Optimized equilibrium lattice parameter, heat of formation, magnetic moments, density and 

bond-length X-Ru (in Å) of A15-type X3Ru alloys. 

A15  

Alloys    

 Lattice parameter (Å)   Heat of formation 

(eV/atom) 

Magnetic      

moment (µB/atom) 

Density    

(g/cm3) 

 Bond-length 

(X-Ru) in Å 

Sc3Ru 5.51 1.09 0.01 4.48 3.08 

Ti3Ru 5.15 0.88 0.27 5.94 2.88 

V3Ru 5.15 0.79 0.03 6.16 2.88 

Cr3Ru 5.26 

4.623[162]theo 

4.61 [249]theo 

4.62 [250]theo 

4.637 [251]exp 

-0.49  

0.08 [249] 

0.22 4.88 3.13 

Mn3Ru 5.37 -0.64 2.59 5.72 3.00 

Fe3Ru 4.90 1.34 1.58 7.57 2.74 

Co3Ru 4.90 1.41 1.70 7.85 2.74 

Ni3Ru 4.84 

4.57 [249] 

2.11 1.00 8.13 2.70 

Cu3Ru 4.97 1.12 0.40 7.89 2.78 

Zn3Ru 5.24 1.02 0.01 6.86 2.93 
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Table 4.3: Optimized equilibrium lattice parameters, heat of formation, magnetic moments, density and 

bond-length X-Ru (in Å) of D0c-type X3Ru 

D0c 

Structures 

 Lattice parameters 

(Å)        

Heat of 

formation 

(eV/atom) 

Magnetic      

moments 

(µB/atom) 

Density    

(g/cm3) 

 Bond-length (X-

Ru) in Å 

Sc3Ru 6.24 -0.08 0.72 4.54 3.13 

Ti3Ru 5.82 -0.37 1.35 5.86 2.90 

V3Ru 5.74 -0.27 2.19 6.31 2.87 

Cr3Ru 5.86 

5.20 [162] 

-0.51 

0.24 [162] 

2.97 5.94 2.95 

Mn3Ru 5.75 -1.61 3.25 6.57 2.88 

Fe3Ru 5.04 0.11 2.52 8.43 2.74 

Co3Ru 5.20 0.10 1.82 9.31 2.60 

Ni3Ru 5.14 0.92 1.08 9.55 2.57 

Cu3Ru 5.21 0.31 0.00 9.67 2.61 

Zn3Ru 5.36 -0.22 0.00 9.08 2.68 

 

Table 4.4: Optimized equilibrium lattice parameters, heat of formation, magnetic moments, density and 

bond-length X-Ru (in Å) of tP16-type X3Ru 

tP16 

Structures 

 Lattice parameters 

(Å)         

Heat of 

formation 

(eV/atom) 

Magnetic      

moment 

(µB/atom) 

Density    

(g/cm3) 

 Bond-length (X-

Ru) in Å 

Sc3Ru 6.23 -0.18 0.02 4.50 3.11 

Ti3Ru 5.40 -0.41 0.89 6.01 2.70 

V3Ru 5.73 -0.27 2.19 6.34 2.73 

Cr3Ru 5.82 

5.20 [162] 

-0.53 

0.24 [162] 

3.03 6.73 3.02 

Mn3Ru 5.75 -1.61 3.25 6.56 2.88 

Fe3Ru 5.07 0.07  

 

8.65 2.54 

Co3Ru 5.20 0.10 1.82 9.31 2.60 

Ni3Ru 5.15 0.92 1.08 9.55 2.57 

Cu3Ru 5.21 0.31 0.00 9.67 2.68 

Zn3Ru 5.36 -0.23 0.00 9.08 2.68 
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Table 4.5: The atomic radii, atomic radii difference, magnetic moments, electronic configuration and 

number of paired electrons of 3d transition metals from Sc-Zn bonded with central Ru atom [235]. 

Element Atomic 

radii (pm) 

Relative Ru-X 

atomic radii (pm) 

Mag.mom 

/atom 

Relative Ru-X 

magnetic 

moment  

(Ru=0.00µB/atom 

Electronic 

configuration  

No: of unpaired 

spin 

Sc 162 16 0.95 0.95 [Ar] 3d14s2 2 

Ti 147 31 2.09 2.09 [Ar] 3d24s2 1 

V 134 44 0.79 0.79 [Ar] 3d34s2 0 

Cr 128 50 4.93 4.93 [Ar] 3d54s1 2 

Mn 161 17 5.00 5.00 [Ar] 3d54s2 2 

Fe 156 22 2.64 2.64 [Ar] 3d64s2 3 

Co 152 26 1.68 1.68 [Ar] 3d74s2 4 

Ni 159 29 1.28 1.28 [Ar] 3d84s2 5 

Cu 145 33 0.00 0.00 [Ar] 3d104s1 3 

Zn 142 36 0.00 0.00 [Ar] 3d104s2 3 

 

In Table 4.2, we note that the range of heats of formation for the A15 phase extends from −0.64 

eV/atom (Mn₃Ru) up to 2.11 eV/atom (Ni₃Ru), with most of the positive values clustering near 1 

eV/atom. The heats of formation for A15 Mn₃Ru (−0.64 eV/atom) and Cr₃Ru (−0.49 eV/atom) are 

negative, indicating thermodynamic stability. In contrast, Tables 4.3 and 4.4 show that the range 

of heats of formation for the D0c and tP16 phases extends from -1.61 eV/atom (Mn₃Ru), up to 

0.92 eV/atom (Ni₃Ru). It is observed that Mn₃Ru (−1.61 eV/atom), Cr₃Ru (−0.51 eV/atom and 

−0.53 eV/atom), Ti₃Ru (−0.37 eV/atom and −0.41 eV/atom), V₃Ru (−0.27 eV/atom in both 

phases), Zn₃Ru (−0.22 eV/atom and −0.23 eV/atom), and Sc₃Ru (−0.08 eV/atom and −0.18 

eV/atom) in D0c, and tP16 phases exhibit negative heats of formation, indicating thermodynamic 

stability with Mn₃Ru, being the most stable in both phases. Among all studied alloys, Mn₃Ru 

consistently possesses the most stable compound across the three phases, suggesting that these 

alloys can be synthesized under equilibrium experimental conditions. For all positive A15 alloys, 

the heats of formation exceed 0.79 eV/atom, with Ni₃Ru being the most unstable at 2.11 eV/atom. 

In the D0c phase, positive values range from 0.10 eV/atom (Co₃Ru) to 0.92 eV/atom (Ni₃Ru), 

while in the tP16 phase, they extend from 0.07 eV/atom (Fe₃Ru) to 0.31 eV/atom (Ni₃Ru), 

withNi₃Ru consistently emerging as the most thermodynamically unfavorable alloy. In general,  
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alloys with positive heats of formation are unstable under equilibrium conditions, though they may 

still be realized using non‑equilibrium techniques such as ion implantation, rapid quenching or 

thin film deposition [252]. These methods can trap atoms in metastable states by relying on kinetic 

control rather than thermodynamic favorability, thereby enabling the formation of alloys that 

would otherwise be unattainable. 

 

Previous studies [250,253] have further demonstrated that doping these alloys with 3d transition 

metals can lower their heats of formation, thereby enhancing stability. Considering relative 

stability between the three phases, both D0c and tP16 X₃Ru alloys exhibit comparable heats of 

formation (Fig. 4.1(b)), while the A15 phase consistently shows significantly higher formation 

energies. This higher energy is attributed to the relatively larger X–Ru bond length in the A15 

phase compared to D0c and tP16 (Fig. X(e)). Notably, the heats of formation for A15 Cr₃Ru (−0.49 

eV/atom), D0c Cr₃Ru (−0.51 eV/atom), and tP16 Cr₃Ru (−0.53 eV/atom) are closely comparable, 

with the tP16 Cr₃Ru alloy being the most stable. In general, the heats of formation for A15 alloys 

are higher compared to D0c and tP16, with only Mn₃Ru and Cr₃Ru remaining stable in an inverse 

relationship compared to the lattice parameters across all phases. The A15 phase requires greater 

energy for formation compared to D0c and tP16, indicating less favorable bonding interactions 

and reduced stability in most alloys. Only Mn₃Ru and Cr₃Ru exhibit negative heats of formation, 

confirming their true thermodynamic stability. This trend demonstrates that structure and stability 

are not always directly correlated. It also underscores the subtle interplay between geometry 

(lattice parameters) and energetics (heats of formation), emphasizing that both atomic physics and 

crystal chemistry must be considered.  

 

Importantly, a significant correlation is observed between the calculated heats of formation and 

the relative atomic radii of the 3d elements in comparison to ruthenium. Smaller relative atomic 

radii correspond to lower heats of formation, while larger radii lead to higher values, a trend 

explained by crystal strain effects. This indicates that stability is governed by predictable physical 

laws rather than being arbitrary. Consequently, atomic size mismatches generate crystal strain, 

which in turn determines thermodynamic favorability. Furthermore, a strong direct correlation 

exists between the heats of formation of the X₃Ru alloys and their magnetic moments. Alloys with 

higher magnetic moments exhibit greater stability, as shown in Fig. 4.4(b, c).  
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Bond length (or bond distance) refers to the average separation between the nuclei of two atoms 

that are chemically bonded within a molecule. This is an indicator for bond strength, bond order, 

and atomic interactions. It can be determined through experimental techniques such as X-ray 

diffraction, as well as computational approaches like the CASTEP code in Materials Studio. In 

this section, the bond lengths have been calculated using the CASTEP code. In Table 4.2, the bond 

lengths for the A15 phase range from 2.704 Å (Ni₃Ru) to 3.126 Å (Cr₃Ru), with Cr₃Ru showing 

the largest value. This indicates a more relaxed lattice with reduced strain and enhanced bond 

stability. Other compounds with relatively long bond lengths include Sc₃Ru (3.081 Å), Mn₃Ru 

(2.999 Å), Zn₃Ru (2.929 Å), V₃Ru (2.881 Å), and Ti₃Ru (2.880 Å), all suggesting greater bond 

stability. By contrast, Cu₃Ru (2.779 Å), Fe₃Ru (2.741 Å), Co₃Ru (2.738 Å), and Ni₃Ru (2.704 Å) 

exhibit shorter bond lengths, reflecting weaker bonding. The order of increasing bond length is: 

Cr₃Ru > Sc₃Ru > Mn₃Ru > Zn₃Ru > V₃Ru > Ti₃Ru > Cu₃Ru > Fe₃Ru > Co₃Ru > Ni₃Ru. Generally, 

longer atomic separations reduce orbital overlap, but in solid‑state systems they can also minimize 

repulsion and promote more stable crystal arrangements. In comparison, Table 4.3 shows that the 

bond-lengths for the D0c phase extend from 2.574 Å (Ni₃Ru) to 3.126 Å (Sc₃Ru), with Sc₃Ru 

being the highest. Other compounds with relatively large bond-lengths include Cr₃Ru (2.945 Å), 

Ti₃Ru (2.901 Å), Mn₃Ru (2.876 Å), and V₃Ru (2.869 Å). These values similarly indicate stronger, 

more stable bonds. Conversely, compounds such as Fe₃Ru (2.737 Å), Zn₃Ru (2.678 Å), Cu₃Ru 

(2.607 Å), Co₃Ru (2.597 Å), and Ni₃Ru (2.574 Å) exhibit shorter bond-lengths, suggesting weaker 

bonding. The order of increasing bond-length is Sc₃Ru > Cr₃Ru > Ti₃Ru > Mn₃Ru > V₃Ru > Fe₃Ru 

> Zn₃Ru > Cu₃Ru > Co₃Ru > Ni₃Ru. This suggests that longer bond lengths typically correspond 

to reduced lattice strain and enhanced bond stability. Table 4.4 shows that the bond lengths in the 

tP16 phase range from 2.535 Å (Fe₃Ru) to 3.114 Å (Sc₃Ru), with Sc₃Ru exhibiting the largest 

value. Other compounds with relatively high bond lengths include Cr₃Ru (3.022 Å), Mn₃Ru (2.874 

Å), V₃Ru (2.730 Å), and Ti₃Ru (2.699 Å). These longer bond lengths suggest stronger and more 

stable bonds. In contrast, compounds such as Zn₃Ru (2.679 Å), Cu₃Ru (2.607 Å), Co₃Ru (2.598 

Å), Ni₃Ru (2.574 Å), and Fe₃Ru (2.535 Å) display shorter bond lengths, indicating weaker bond 

strength and stability. The order of increasing bond length is: Sc₃Ru > Cr₃Ru > Mn₃Ru > V₃Ru > 

Ti₃Ru > Zn₃Ru > Cu₃Ru > Co₃Ru > Ni₃Ru > Fe₃Ru. Longer bond lengths are generally associated 

with reduced lattice strain and improved bond stability. 
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Figure 4.4: Calculated (a) lattice parameters (Å), (b) heat of formation (eV/atom), (c) magnetic moments 

(µB/atom), (d) density (g/cm3) and (e) bond-length (Å) for A15, D0c and tP16 X3Ru (X = Sc, Ti, V, Cr, Mn, 

Fe, Co, Ni, Cu and Zn) compounds.  

 

Across the D0c and tP16 phases, Sc₃Ru (thermodynamically stable) consistently exhibits the 

highest bond length, implying the strongest and most stable bonding. By contrast, in the A15 phase, 

Cr₃Ru possesses the largest bond length, reflecting the greatest bond stability in that structure. 

Furthermore, the bond lengths of Co₃Ru, Ni₃Ru, Cu₃Ru, and Zn₃Ru are longer in the A15 phase 

compared to their closely comparable values in the D0c and tP16 phases. This highlights the 

influence of crystal symmetry and coordination environment on bond distances. Overall, a clear 

correlation is observed between bond length and lattice parameters: for Sc₃Ru, Co₃Ru, Ni₃Ru, 
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Cu₃Ru, and Zn₃Ru in the D0c and tP16 phases, the bond lengths are closely aligned (Fig. 4.4(e)), 

and this trend is consistently reflected in the lattice parameters (Fig. 4.4(a)). This is due to the unit 

cell dimensions being directly determined by the average bond distances.  

 

Therefore, it is concluded that variations in bond length directly translate into variations in lattice 

parameters, demonstrating that atomic‑scale electronic structure and bonding govern the overall 

dimensions and stability of the crystal in the A15, D0c, and tP16 phases. 

 

4.3 Density 

 

The use of material in lightweight applications, particularly in the aviation industry, is significantly 

influenced by its density. Density serves as key indicator of a material’s weight and plays a crucial 

role, especially in the rotating components of aircraft wings and turbine blades. Within the DFT 

framework, density is calculated as  

 

0

*

*

cal WM N

Vol A


 
=  
                                                                                                                                 (4.2) 

 

where Vol is the volume of the unit cell,
WM is the average molecular weight of the elements in 

the unit cell, N is the total number of atoms and 
0A  is the Avogadro’s number (6.022 × 1023). 

Tables 4.2, 4.3 and 4.4 provide the calculated densities for each of the X3Ru alloys in the A15, 

D0c and tP16 phases, while Figure 4.4 (d) illustrates the density trends across the 3d transition 

series.  

 

In Table 4.2, the densities of the A15 phase range from 4.48 g/cm³ (Sc₃Ru) to 8.13 g/cm³ (Ni₃Ru). 

The thermodynamically stable Mn₃Ru (5.72 g/cm³) and Cr₃Ru (4.88 g/cm³) alloys, as well as the 

unstable Sc₃Ru (4.48 g/cm³), all exhibit densities lower than that of the commonly used L1₂ Ni₃Al 

(6.14 g/cm³) [53], which is favored for lightweight high-temperature applications. Alloys with 

densities exceeding Ni₃Al, including V₃Ru (6.16 g/cm³), Fe₃Ru (7.57 g/cm³), Co₃Ru (7.85 g/cm³), 

and Ni₃Ru (8.13 g/cm³), are unsuitable for such applications due to their weight. The order of 
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decreasing density is: Ni₃Ru > Cu₃Ru > Co₃Ru > Fe₃Ru > Zn₃Ru > V₃Ru > Ti₃Ru > Mn₃Ru > 

Cr₃Ru > Sc₃Ru. Heavier transition metals such as Ni, Co, and Fe contribute greater atomic mass, 

while the compact packing of the A15 lattice reduces unit cell volume, resulting in higher densities. 

In contrast, lighter elements such as Sc, Cr, and Mn yield lower atomic mass and larger lattice 

spacing, producing reduced densities. As expected, X₃Ru alloys with smaller lattice parameters 

exhibit higher densities, with values increasing from Sc to Cu across the 3d series. This trend can 

be explained by the corresponding X–Ru bond lengths. 

 

In Table 4.3, the densities of the D0c phase range from 4.54 g/cm³ (Sc₃Ru) to 9.67 g/cm³ (Ni₃Ru). 

The thermodynamically stable alloys Sc₃Ru (4.54 g/cm³), Ti₃Ru (5.84 g/cm³), and Cr₃Ru (4.88 

g/cm³) all exhibit densities lower than L1₂ Ni₃Al (6.14 g/cm³) [53], which is widely used in 

lightweight high-temperature applications. By contrast, alloys such as V₃Ru (6.31 g/cm³), Mn₃Ru 

(6.57 g/cm³), Fe₃Ru (8.43 g/cm³), Co₃Ru (9.13 g/cm³), Ni₃Ru (9.55 g/cm³), and Cu₃Ru (9.67 g/cm³) 

exceed the density of Ni₃Al and are unsuitable for lightweight applications due to their weight. 

The order of decreasing density is: Cu₃Ru > Ni₃Ru > Co₃Ru > Fe₃Ru > Mn₃Ru > V₃Ru > Ti₃Ru > 

Cr₃Ru > Sc₃Ru. 

 

In Table 4.4, the tP16 phase shows densities ranging from 4.50 g/cm³ (Sc₃Ru) to 9.67 g/cm³ 

(Cu₃Ru). Stable alloys such as Sc₃Ru (4.50 g/cm³) and Ti₃Ru (6.01 g/cm³) are slightly less dense 

than Ni₃Al, making them promising candidates for lightweight high-temperature structural 

applications. Conversely, alloys including V₃Ru (6.34 g/cm³), Mn₃Ru (6.56 g/cm³), Fe₃Ru (8.65 

g/cm³), Co₃Ru (9.31 g/cm³), Ni₃Ru (9.55 g/cm³), Cu₃Ru (9.67 g/cm³), Zn₃Ru (9.08 g/cm³), and 

Cr₃Ru (6.73 g/cm³) all exceed the density of Ni₃Al and are therefore unsuitable for such 

applications. The order of decreasing density is: Cu₃Ru > Ni₃Ru > Co₃Ru > Fe₃Ru > Zn₃Ru > 

Cr₃Ru > Mn₃Ru > V₃Ru > Ti₃Ru > Sc₃Ru. 

 

The differences in density among these alloys in A15, D0c and tP16 phases stem directly from 

atomic mass and crystal packing, illustrating how microscopic electronic and structural 

characteristics scale up to determine their suitability for lightweight high-temperature structural 

applications.  
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Figure 4.4 (d) the densities for all the compounds in A15, D0c and tP16 phases indicate that Sc3Ru, 

Ti3Ru, V3Ru, Cr3Ru and Mn3Ru possess the lowest densities compared to Fe3Ru, Co3Ru, Ni3Ru, 

Cu3Ru and Zn3Ru alloys. The stable Sc3Ru, Ti3Ru in D0c and tP16 phases have the lowest densities 

whilst, the unstable Sc3Ru, Ti3Ru in A15 phase also indicates the lowest densities. Despite having 

the lowest density values, the stable Sc₃Ru and Ti₃Ru alloys demonstrate that stability is influenced 

not only by density but also by bonding interactions and electronic structure. In addition, these two 

structures in D0c and tP16 phases have the highest lattice parameters compared to other 

compounds, reinforcing the principle that larger atomic spacing lowers density. 

 

4.4 Electronic and magnetic properties 

 

The electronic properties of solids are fundamental to understanding their behavior and 

applications, as they define the allowed energy levels that electrons may occupy. One of the 

important concepts in the solid-state physics of metals is the Fermi level, which significantly 

influences the stability of materials. In metallic substances, the absence of a bandgap means the 

Fermi level lies within partially filled bands, allowing strong overlap of electronic states and 

resulting in metallic conductivity. In contrast, semiconductors and insulators exhibit a distinct 

bandgap, preventing overlaps between the valence and conduction bands.  

 

In this Section, we focus on the electronic and magnetic properties of binary transition metal-Ru-

based alloy X3Ru through the analysis of the density of states. To ensure accurate and reliable 

density of states plots, in addition to the computational parameters outlined in Section 4.1, the 

accuracy of the interpolation integration method was set to fine accuracy level. This approach 

allows capturing detailed electronic characteristics that are vital for predicting material behavior 

and potential applications. 

 

Magnetic moments serve as key parameters for determining whether a material is magnetic. A 

material with a magnetic moment below 0.3 μB is classified as non-magnetic, whereas values above 

0.3 μB indicate magnetic behavior. Moreover, the magnitude of the magnetic moment can be 

explained and supported by the material’s electronic properties, such as its density of states. In 

Table 4.2, the magnetic moments (μB) for the A15 phase range from 0.01 μB (Sc₃Ru and Zn₃Ru) 



 
 

94 
 

to 2.59 μB (Mn₃Ru), with Mn₃Ru exhibiting the largest value. Other compounds with relatively 

high magnetic moments (μB) include Fe₃Ru (1.58 μB), Co₃Ru (1.70 μB) and Ni₃Ru (1.00 μB). These 

magnetic moments suggest that these compounds are magnetic. By contrast, compounds such as 

Ti₃Ru (0.27 μB), V₃Ru (0.03 μB), Cr₃Ru (0.22 μB), Cu₃Ru (0.40 μB) and Zn3Ru (0.01 μB) display 

low magnetic moments, indicative of non-magnetic behavior. The order of increasing magnetic 

moments is: Zn₃Ru = Sc₃Ru < Cu₃Ru < Cr₃Ru < V₃Ru < Ti₃Ru < Ni₃Ru < Fe₃Ru < Co₃Ru < Mn₃Ru. 

These observations indicate that the magnetic properties of these alloys reflect the fundamental 

principles of electron spin alignment in transition metals, with Mn₃Ru standing out as the most 

magnetic due to its electronic configuration and strong exchange interactions. Table 4.3 shows that 

the magnetic moments (μB) for the D0c phase extend from 0.00 μB (Cu₃Ru and Zn₃Ru) to 3.25 μB 

(Mn₃Ru), with Mn₃Ru exhibiting the highest value, reflecting maximum unpaired spin alignment 

and favorable orbital overlap with Ru. Other compounds with relatively large magnetic moments 

(μB) include Cr₃Ru (2.97 μB), Fe₃Ru (2.52 μB), V₃Ru (2.19 μB), Co₃Ru (1.82 μB), 1.35 μB (Ti₃Ru) 

and 1.00 μB. These values similarly indicate magnetic character. This is because they possess 

strong magnetism due to partially filled d‑orbitals that maximize spin polarization. Conversely, 

compounds such as Cu₃Ru (0.00 μB), Zn₃Ru (0.00 μB) and Sc₃Ru (0.70 μB), exhibit smaller 

magnetic moments, suggesting non-magnetic signature. These alloys either possess fully filled 

d‑orbitals (Cu, Zn) or nearly empty ones (Sc), leaving few or no unpaired electrons. Because 

exchange interactions are weak, the spins cancel out, resulting in non‑magnetic behavior. The 

order of increasing magnetic moments is: Cu₃Ru = Zn₃Ru < Sc₃Ru < Ti₃Ru < Ni₃Ru < Co₃Ru < 

V₃Ru < Fe₃Ru < Cr₃Ru < Mn₃Ru. These observations indicate that the magnetic behavior of these 

alloys arises from fundamental electron configurations and spin physics. Mn₃Ru stands out as the 

most magnetic due to its high number of unpaired d‑electrons and strong exchange interactions, 

whereas Cu₃Ru and Zn₃Ru remain non‑magnetic because their d‑orbitals are fully filled. Table 4.4 

shows that the magnetic moments (μB) in the tP16 phase range from 0.00 μB, (Cu₃Ru and Zn₃Ru) 

to 3.25 μB (Mn₃Ru), with Mn₃Ru exhibiting the largest value. Other compounds with relatively 

magnetic moments include Cr₃Ru (3.03 μB), V₃Ru (2.19 μB), Co₃Ru (1.82 μB), Ni₃Ru (1.08 μB) and 

0.89 μB (Ti₃Ru). These magnetic moments suggest magnetic behavior in these materials. In 

contrast, compounds such as Zn₃Ru (0.00 μB), Cu₃Ru (0.00 μB) and Sc₃Ru (0.02 μB), display lowest 

magnetic moments, indicating weak to non-magnetic moments. The order of increasing magnetic 

moments is: Zn₃Ru = Cu₃Ru < Sc₃Ru < Fe3Ru < Ti₃Ru < Ni₃Ru < Co₃Ru < V₃Ru < Cr₃Ru < Mn₃Ru. 
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Across all studied structures in the A15, D0c, and tP16 phases, Mn₃Ru exhibits the highest 

magnetic moment, identifying it as the most magnetic material, whereas Zn₃Ru shows the lowest 

value, indicating the least magnetic character. These observations indicate that the magnetic 

character of these alloys reflects fundamental electron configurations and spin physics. Mn₃Ru 

emerges as the strongest magnetic case due to its numerous unpaired d‑electrons and robust 

exchange interactions, while Zn₃Ru remains the weakest because of its fully filled d‑orbitals. As 

illustrated in Figure 4.4(c), the magnetic moments increase from Sc₃Ru, reach a maximum at 

Mn₃Ru, and then decrease toward Zn₃Ru. Furthermore, Mn₃Ru is also the most thermodynamically 

favorable, as evidenced by its lowest heat of formation across all phases (Fig. 4.4(b)). This 

indicates that the electronic configuration of Mn₃Ru supports both strong spin alignment, which 

gives rise to magnetism, and favorable bonding interactions, which enhance stability. This suggests 

that, within the studied phases, greater thermodynamic stability is associated with stronger 

magnetic behavior. This observation indicates that stable bonding environments enhance magnetic 

order, whereas unstable ones tend to weaken or suppress it. Magnetic compounds in the A15, D0c, 

and tP16 phases demonstrate potential for spintronic applications, particularly in spin‑injection, as 

their electronic structures suggest they can sustain spin‑polarized currents. Among them, Mn₃Ru 

is especially promising due to its combination of high stability and strong magnetism, although 

practical integration into devices such as USB drives and external hard drives remains an area of 

ongoing research. 

 

4.4.1 Spin polarization and magnetization 

 

Figure 4.5, 4.6 and 4.7 presents the spin-polarized total density of states (DOS) of X3Ru (X = Sc, 

Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn) alloys across the A15, D0c and tP16 phases, respectively. 

The spin-polarized partial DOS showing the contribution from each constituent element is also 

presented in each of the figures. A significant behavior is the contrasting spin polarization across 

different alloy compositions and phases. For the D0c phase, we note that Zn3Ru possesses 

symmetric spin up and spin down bands while in the tP16 phase, the symmetry of the spin-up and 

spin-down bands, is evident in Sc3Ru, Cu3Ru, and Zn3Ru. This symmetric balance of the spin up 

and spin down bands leads to a cancelation of the magnetic moment associated with electronic 
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spin, thus explaining the zero calculated magnetic moments in these systems (Given in Table 4.4 

and 4.5).  

 

In contrast, the total density of states for the A15 phase in Ti3Ru, V3Ru, Cr3Ru, Mn3Ru, Fe3Ru, 

Co3Ru, Ni3Ru and Cu3Ru, Sc3Ru and Zn3Ru exhibits spin asymmetry. Similarly, the density of 

states for the D0c phase in Sc3Ru, Ti3Ru, V3Ru, Cr3Ru, Mn3Ru, Fe3Ru, Ni3Ru, Co3Ru as well as 

in the tP16 phase for V3Ru, Cr3Ru, Mn3Ru, Fe3Ru, Ni3Ru, Ti3Ru and Co3Ru also shows 

asymmetric characteristics. These asymmetric density of states in the spin up and down bands 

account for the non-zero calculated magnetic moments reported in Tables 4.3, 4.4 and 4.5. As a 

result, these alloys demonstrate strong magnetic properties, making them promising candidates for 

spintronic applications, spin filters and spin injection technologies.  

 

 

 



 
 

97 
 

 

Figure 4.5 (a): Spin polarized total density of states (DOS) and partial density of states (PDOS) of binary A15 3d-X3Ru transition metal (X = Sc, 

Ti, V, Cr and Mn) calculated from GGA functional. Fermi energy is set to zero in each compound. 
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Figure 4.5 (b): Spin polarized total density of states (DOS) and partial density of states (PDOS) of binary A15 3d-X3Ru transition (X = Fe, Co, Ni, 

Cu and Zn calculated from GGA functional. Fermi energy is set to zero in each compound. 
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Figure 4.6 (a): Spin polarized total density of states (DOS) and partial density of states (PDOS) of binary D0c 3d-X3Ru transition metal (X = Sc, 

Ti, V, Cr and Mn) calculated from GGA functional. Fermi energy is set to zero in each compound.  
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Figure 4.6 (b): Spin polarized total density of states (DOS) and partial density of states (PDOS) of binary D0c 3d-X3Ru transition metal (X = Fe, 

Co, Ni, Cu and Zn) calculated from GGA functional. Fermi energy is set to zero in each compound. The arrows represent the spin up and down 

DOS. All the alloys have the same vertical scale except Zn3Ru.
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Figure 4.7 (a): Spin polarized total density of states (DOS) and partial density of states (PDOS) of binary tP16 3d-X3Ru transition metal (X = Sc, 

Ti, V, Cr and Mn) calculated from GGA functional. Fermi energy is set to zero in each compound.  
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Figure 4.7 (b): Spin polarized total density of states (DOS) and partial density of states (PDOS) of binary tP16 3d-X3Ru transition metal (X = Fe, 

Co, Ni, Cu and Zn) calculated from GGA functional. Fermi energy is set to zero in each compound. All the alloys have the same vertical scale 

except Zn3Ru. 
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4.4.2 Metallic characteristics and conductivity  

 

In the A15 phase, the total density of states (TDOS) plots for X₃Ru alloys, with X = Sc, Ti, V, Cr, 

and Mn, demonstrate a clear overlap between the valence and conduction bands at the Fermi level. 

This overlap is a strong indication of metallic behavior, which correlates with enhanced electrical 

conductivity in these alloys. In contrast, alloys with X = Fe, Co, Ni, Cu, and Zn show significantly 

weaker metallic characteristics. This reduction in metallic behavior can be attributed to a 

diminished density of states in the conduction region of the spin-up bands.  

 

In the D0c phase, the TDOS plots for X3Ru alloys with X = Sc, Ti, V, Cr, Fe, Co, and Ni again 

reveal a robust overlap between the valence and conduction bands at EF, attributed to their high 

density of states. Like the A15 phase, this overlap suggests that these alloys act as effective metallic 

conductors. However, distinct differences arise in the behavior of alloys such as Mn3Ru, Cu3Ru, 

and Zn3Ru which exhibit a considerably weaker metallic nature, linked to a reduced number of 

states in the spin-up conduction bands. As a result, these alloys also present lower electrical 

conductivity in comparison. In the tP16 phase, the TDOS profiles for Sc3Ru, Ti3Ru, and V3Ru 

illustrate a pronounced overlap between the valence and conduction bands at Ef, further signifying 

metallic behavior and enhanced electrical conductivity. Conversely, alloys with X = Cr, Mn, Fe, 

Co, Ni, Cu, and Zn exhibit weaker metallic characteristics. This reduced conductivity is a 

consequence of the diminished number of available in the spin-up conduction bands, leading to 

lower overall electrical conduction. 

 

Across the three phases, it is observed that there is a significant leftward shift of electronic states 

from the conduction band to the valence band along the 3d series from Sc3Ru to Zn3Ru alloys. 

This observed shift can be correlated with thermal excitation, a phenomenon where lattice 

vibrations provide sufficient energy to promote electrons to higher energy bands. As a result, the 

robust metallic character of these alloys transitions to a more subdued metallic nature throughout 

the series. 

 

In summary, the analysis of TDOS across different alloy phases highlights the significant influence 

of electronic structure on the metallic behavior and electrical conductivity of X3Ru alloys. Alloys 
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with a more substantial overlap between the valence and conduction bands generally exhibit 

stronger metallic characteristics, while those with constrained states in the conduction bands 

present diminished electrical conductivity. Future research could focus on modifying the 

composition and structure of these alloys to enhance their electrical properties. 

 

4.4.3 Hybridization and bonding characteristics 

 

In the A15 phase, it is observed that the density of states at the Fermi energy level is reduced in 

the Cr3Ru, Mn3Ru, Zn3Ru, Cu3Ru, Ni3Ru, Co3Ru, and Fe3Ru alloys. Similarly, in the D0c phase, 

the density of states at the Fermi energy level is lower in the Mn3Ru, Cu3Ru, and Zn3Ru alloys. In 

the tP16 phase, a decreased density of states at the Fermi level is noted for the Cr3Ru, Mn3Ru, and 

Zn₃Ru alloys. This phenomenon suggests covalent bonding characteristics within these alloys 

[254,255]. The observed low density of states around the Fermi energy level can be attributed to 

strong hybridization between the X-d orbitals and Ru-d orbitals, resulting in the separation of 

bonding states from the antibonding states. It is crucial to highlight that the alloys exhibiting a 

lower density of states at the Fermi level are associated with a lower heat of formation, indicating 

a greater thermodynamic stability. Therefore, it can be concluded that the stability of the X-Ru 

alloys is strongly correlated with the magnitude and position of the DOS at the Fermi energy N(Ef) 

[256–258]. Specifically, a lower N(Ef) is indicative of a more stable phase, underscoring the 

importance of electronic structure in determining the thermodynamic properties of these materials. 

 

4.5 Mechanical properties 

 

Mechanical properties encompass the macroscopic characteristics of materials that enable them to 

withstand deformation and fracture under external forces. They describe how materials behave and 

respond when subjected to various loads and stresses. These properties play a crucial role in 

determining a material's suitability for specific engineering applications. The mechanical behavior 

of a solid is influenced by its elastic properties. Elastic constants play a crucial role in various 

practical applications related to the mechanical properties of materials, including microcracks, 

stress and strain. Mechanical properties quantify the resistance of crystals to external stress or 



 
 

105 
 

strain. This resistance is evaluated by applying a minimal strain to the unit cell, allowing 

determination of the  total energy difference [259,260]. The elastic strain (U) is calculated as  

 

6 6

0

1

2
i j i j i j

E
U C e e

V


=                                                                                                                                   (4.3) 

 

where E is the change is total energy change of the deformed unit cell relative to the initial cell, 

V0 is the unstrained volume, i jC (i,j = 1 to 6) are the elastic constants and 
ie  or je  corresponds to 

the strain. In this study, the stress-strain method based on Hook’s law was used to calculate the 

elasticity and the elastic stiffness tensors, expressed as [261]  

 

{ } [ ]{ }i j ij ijC =                                                                                                                                            (4.4)  

where { }i j and { }ij are the stress and strain tensors respectively. 

 

In this study, we specifically use independent elastic constants ijC  to describe the mechanical 

resistance of X3Ru alloys in the A15, D0c and tP16 phases under applied external stresses. Elastic 

constants serve as the basis for analyzing the mechanical properties of these alloys including bulk 

modulus, shear modulus, Young’s modulus, bulk to shear ratio, Poisson’s ratio, Vickers hardness, 

anisotropic factors and melting temperatures. These parameters are crucial for evaluating the 

suitability of materials for high-temperature structural applications.  

 

4.5.1 Elastic constants 
 

Elastic constants are fundamental physical properties that characterize how a material reacts to 

external forces and deformation. Accurate calculations of these constants are vital for a thorough 

understanding of solid mechanics. Different crystal structures exhibit distinct configurations of 

independent elastic constants; for example, cubic, tetragonal, orthorhombic, and monoclinic 

crystals are characterized by their own respective sets of constants: (C11, C12, C44) for cubic; and 

(C11, C12, C33, C44, C66) for tetragonal systems. This study focuses specifically on the cubic and 
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tetragonal elastic constants, which are pertinent to the crystal structures of A15, D0c, and tP16 

X3Ru alloys.  

 

The crystal structure of A15 X3Ru is cubic, as illustrated in Figure 4.1. For cubic systems to exhibit 

mechanical stability, they must satisfy the following conditions, known as Born-Huang conditions 

[262,263]. 

 

44 11 12 11 12 0;   ;   2  0C C C C C  +                                                                                                               (4.5) 

 

For tetragonal D0c and tP16 X3Ru alloys, the criteria for mechanical stability criteria at zero 

temperature and pressure are defined by the following set of equations [264]: 
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   

+ + + 

                                                                                                              (4.6) 

 

Table 4.6 presents the calculated elastic constants of transition metal cubic A15 X3Ru alloys. 

Among these, only the elastic constants of Cr3Ru and Sc3Ru satisfies the Born-Huang criteria given 

in equation 4.5, whereas the rest of the other structures do not, which is attributed to 44 0C   and 

12 0C  . For cubic systems, the elastic constant 11C  defines the linear compression resistance of a 

material [265], while, 44C  reflects the degree of shear resistance in the (100) plane and which 

affects the hardness of solid materials indirectly [266].  

 

The elastic constant 11C  ranges from 78 GPa for Sc3Ru to 1328 GPa for Fe3Ru. In contrast, the 

elastic constant 44C ranges from −621 GPa for V3Ru to 137 GPa for Fe3Ru. In this context, Ti3Ru 

demonstrates the highest compressibility resistance evidenced by its significant 11C value of 1061 

GPa [267]. The order of increasing elastic constant 11C is as follows: Sc3Ru < Zn3Ru < Ni3Ru < 

Mn3Ru < Cu3Ru < V3Ru < Cr3Ru < Co3Ru < Ti3Ru < Fe3Ru. Additionally, Fe3Ru exhibits a higher 

44C  value of 137 GPa, suggesting a stronger capability to withstand shear distortion in (100) plane. 
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The order of increasing elastic constant 44C is as follows: V3Ru < Co3Ru < Ni3Ru < Cu3Ru < Ti3Ru 

< Zn3Ru < Mn3Ru < Cr3Ru < Sc3Ru < Fe3Ru.  

  

Tables 4.7 and 4.8 present the calculated elastic constants of tetragonal D0c and tP16 X3Ru alloys. 

In the D0c phase, it is found that the elastic constants of V3Ru, Cr3Ru, Mn3Ru, Co3Ru, Ni3Ru, 

Cu3Ru, and Zn3Ru satisfy the Bohr-Huang mechanical stability criteria given in equation 4.6 

whilst, Sc3Ru, Ti3Ru and Fe3Ru does not due to 44 0C  and 66 0C  . Furthermore, the tP16 X3Ru 

(X = V, Cr, Mn, Co, Ni, Cu and Zn) alloys demonstrate mechanical stability, indicating that these 

alloys can withstand mechanical stress without transitioning to unstable phases. An alloy’s ability 

to withstand mechanical stress without collapsing is governed by its elastic constants, which are 

determined by atomic bonding and electronic structure. Alloys that satisfy the Bohr–Huang 

criteria are mechanically stable, whereas those that fail are unstable. This highlights how 

quantum-level bonding interactions manifest as macroscopic mechanical resilience. 

 

For tetragonal structures, the elastic constants C11 and C33 describe the linear compression 

resistance along the x and z directions under applied stress [265]. The elastic constants C11 and 

C33 range is as follows: for C11: 78 GPa (Cr3Ru) to 352 GPa and (Fe3Ru) whilst for C33: the range 

starts from 55 GPa (Cr3Ru) to 282 GPa (Ni3Ru). In this context, the D0c alloys of V3Ru, Mn3Ru, 

Fe3Ru, Co3Ru, Ni3Ru, Cu3Ru and Zn3Ru exhibit the largest C11 and C13 elastic constants, 

indicating that they are incompressible under uniaxial stress along x and z directions. whereas 

Sc3Ru, Ti3Ru and Cr3Ru alloys exhibit the lowest C11 and C13 elastic constants. Notably, C11 is 

found to be larger than C33 for all the studied compounds, signifying that the incompressibility 

along the x-axis in these alloys is superior to that along the z-axis.  

 

The order of increasing elastic constant C11 is: Cr3Ru < Sc3Ru < Ti3Ru < Mn3Ru < V3Ru < Zn3Ru 

< Cu3Ru < Ni3Ru < Co3Ru < Fe3Ru whereas for C33: Cr3Ru < Sc3Ru < Ti3Ru < Mn3Ru < V3Ru 

< Cu3Ru < Zn3Ru < Co3Ru < Fe3Ru < Ni3Ru. Table 4.8 presents the elastic constants for the tP16 

X₃Ru alloys. In the tP16 phase, the elastic constant C11 ranges from 52 GPa for Cr₃Ru to 361 GPa 

for Fe₃Ru, while C33 starts from 5 GPa for Cr₃Ru to 286 GPa for Ni₃Ru. The calculated C11 and 

C33 values for all alloys surpass those of other elastic constants, indicating strong resistance to 

compression under uniaxial stress along the x and z-axis.  
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Table 4.6: Computed elastic constants (Cij), average elastic moduli of bulk modulus B, shear modulus G 

and Young’s modulus E in Voigt, Reuss and Hill approximation for A15 X3Ru compounds. All elastic 

constants and modulus are in GPa.  

A15 

structure 

C11  

(GPa) 

C12 

 GPa 

C44  

GPa 

BH GPa  GH GPa  EH  

GPa 

Sc3Ru 78 104 33 95 -33 -113 

Ti3Ru 1061 74 -34 403 58 167 

V3Ru 242 95 -621 144 -60 -209 

Cr3Ru 336 245 4 275 14 40 

Mn3Ru 145 48 -4 80 5 14 

Fe3Ru 1328 -922 137 1060 209 672 

Co3Ru 765 120 -340 335 -991 -220000 

Ni3Ru 91 102 -163 98 -57 -210 

Cu3Ru 156 54 -43 88 -85 -374 

Zn3Ru 79 40 -19 53 -47 -198 

 

Similar to the D0c phase, we observe that C11 significantly exceeds C33 across all  tP16 structures, 

further reinforcing their high resistance to compression along the x-axis  [265]. The order of 

increasing elastic constant C11 is: Cr3Ru < Sc3Ru < Ti3Ru < Mn3Ru < V3Ru < Zn3Ru < Cu3Ru < 

Co3Ru < Ni3Ru < Fe3Ru whereas for C33: Cr3Ru < Sc3Ru < Mn3Ru < V3Ru < Ti3Ru < Zn3Ru < 

Cu3Ru < Fe3Ru < Co3Ru < Ni3Ru. Elastic constants quantify how strongly atomic bonds resist 

compression along specific directions. Larger values indicate stronger, less compressible bonds. 

Since C11 consistently exceeds C33 across all alloys, these tetragonal structures are stiffer along 

the x‑axis than the z‑axis, revealing how anisotropic bonding at the microscopic level translates 

into macroscopic mechanical behavior. 

 

The elastic rigidity of a material is described by the combination of the elastic constants C11, C12 

and C33. When 11 12 33C C C+  the materials are said to be elastically rigid in (001) plane.  Notably, all 

the D0c and tP16 X3Ru alloys are elastically rigid, with the exception of D0c Cr3Ru, consistent 

with previous observations [268]. However, for cubic phase, it is not possible to define the elastic 

rigidity of these systems and this attributes to C11 = C33 elastic constants [197]. In tetragonal 

systems, the elastic constants C44 and C66 quantify a material’s hardiness and resistance to 

tangential shear deformation along the  (100) and (001) planes, respectively [269]. The present 
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calculations indicate that shearing in the [100](010) plane is easier than in the  [100](001) plane 

[270]. Generally, we note that C44 is greater than C66 in both D0c and tP16-X3Ru alloys except for 

Cr3Ru in tP16 phase, indicating that the shear [100](001) plane is difficult than in the [100](010) 

plane.  

 

From Table 4.7, it is evident that the D0c Ni3Ru and Co3Ru alloys exhibit the highest C44 elastic 

constants of 113 GPa and 112 GPa, respectively. Whilst -5 GPa (Ti3Ru) alloy has the lowest value. 

The order of increasing elastic constant C44 is: Fe3Ru < Ti3Ru < Sc3Ru < Cr3Ru < Co3Ru < Mn3Ru 

< Cu3Ru < Zn3Ru < V3Ru < Ni3Ru. For the elastic constant C66, Ni3Ru (56 GPa) and V3Ru (53 

GPa) possess the highest C66 values whereas, Ti3Ru (-8 GPa) and Fe3Ru (-52 GPa) alloys have the 

least values. The order of increasing elastic constant C66 is: Fe3Ru < Ti3Ru < Sc3Ru < Cr3Ru < 

Mn3Ru < Cu3Ru < Co3Ru < V3Ru < Zn3Ru < Ni3Ru. 

 

In the tP16 phase, Ti3Ru and Co3Ru alloys demonstrate the highest C44 elastic constants of 155 

GPa and 131 GPa, respectively whilst, Cr3Ru (-3 GPa) and Sc3Ru (38 GPa) have the least values. 

The order of increasing elastic constant C44 is: Cr3Ru < Sc3Ru < Fe3Ru < V3Ru < Mn3Ru < Zn3Ru 

< Cu3Ru < Ni3Ru < Co3Ru < Ti3Ru. For the elastic constant C66, Ni3Ru (63 GPa) and Zn3Ru (53 

GPa) possess the highest C66 values whereas, Fe3Ru (-42 GPa) and Ti3Ru (4 GPa) alloys have the 

least values. On the other hand, Ni3Ru and Zn3Ru have the highest C66 elastic constant in both D0c 

and tP16 phases, indicating that these alloys may possess high hardness characteristics. The order 

of increasing elastic constant C66 is: Fe3Ru < Ti3Ru < Sc3Ru < Cr3Ru < Mn3Ru < Cu3Ru < Co3Ru 

< V3Ru < Zn3Ru < Ni3Ru. Elastic constants provide a direct measure of how atomic bonds resist 

compression and shear along different directions. Higher values reflect stronger, less compressible 

bonds. The consistent observation that C44 exceeds C66 in these tetragonal alloys indicates they are 

more resistant to shear in one plane than another, showing how microscopic bonding anisotropy 

translates into macroscopic rigidity and directional hardness. 

 

4.5.2 Bulk, Shear and Young’s moduli  
 

The bulk modulus, shear modulus, and Young's modulus are three fundamental measures of a 

material's elasticity, each describing different types of deformation behavior under applied forces. 

An understanding of these moduli not only aids in material selection for engineering applications 
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but also facilitates the design of structures and components that can effectively withstand the forces 

they encounter in real-world scenarios. This section presents a discussion of the results obtained 

in this study regarding the bulk modulus, shear modulus, and Young's modulus of X3Ru alloys in 

the A15, D0c, and tP16 crystallographic phases. 

 

4.5.2.1 Bulk modulus 

 

The Bulk modulus reflects a material’s response to uniform compression, reflecting its capacity to 

resist changes in volume under applied pressure.  For cubic A15 crystal structures, B is defined as   
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with BR, B = BH and BV being the Bulk modulus for Reuss, Voigt and Hill approximations 

[271,272].  

 

Table 4.7: Computed elastic constants (Cij), Shear moduli (C'), average elastic moduli of bulk modulus B, 

shear modulus G and Young’s modulus E in Voigt, Reuss and Hill approximation for D0c X3Ru 

compounds. All elastic constants and moduli are reported in GPa. 

D0c C11  

GPa 

C12  

GPa 

C13  

GPa 

C33  

GPa 

C44  

GPa 

C66  

GPa 

BH  

GPa 

GH  

GPa 

EH  

GPa 

Sc3Ru 96 34 69 61 34 -7 66 1 3 

Ti3Ru 111 86 104 69 -5 -8 98 -7 -21 

V3Ru 200 30 62 147 92 53 95 70 169 

Cr3Ru 78 -36 16 55 55 0.8 22 20 46 

Mn3Ru 175 17 77 130 78 27 91 50 126 

Fe3Ru 353 40 113 272 37 -52 168 73 192 

Co3Ru 340 82 181 230 112 25 200 64 174 

Ni3Ru 326 111 167 282 113 56 203 84 222 

Cu3Ru 258 91 171 195 94 29 175 45 125 

Zn3Ru 256 73 120 219 92 37 151 67 176 
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For tetragonal D0c and tP16 X3Ru alloys, the Bulk modulus in Voigt (V), Reuss (R) and Hill (H) 

approximations [271,272] is defined as follows.  

 

H V RB B B= +                                                                                                                                        (4.9) 
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and the Reuss bounds are: 
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=                                                                                                                                                     (4.11) 

where   

 

11 12 33 132 4M C C C C= + + −                                                                                                                          (4.12) 

 

In Tables 4.6-4.8, we present the calculated bulk (B) modulus, shear (G) modulus, and Young’s 

modulus for the A15, D0c and tP16 X3Ru alloys (X = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn). 

In the A15 phase, the calculated values of the bulk modulus vary significantly, ranging from 53 

GPa for Zn3Ru to 1060 GPa of Fe3Ru. The trend observed in the moduli is: Zn3Ru < Mn3Ru < 

Cu3Ru < Sc3Ru < Ni3Ru < V3Ru < Cr3Ru < Co3Ru < Ti3Ru < Fe3Ru, notably with each alloy 

exhibiting a positive bulk modulus. 

 

While most of the calculated bulk modulus fall within the range of 0 - 403 GPa, Fe3Ru exhibits 

the highest bulk modulus (1060 GPa) which exceeds the typical range. This exceptional value can 

be explained in terms of its unique elastic constants (see Table 4.6) discussed above. The elevated 

bulk modulus of Fe3Ru indicates its superior ability to resist fracture compared to other A15-X3Ru 

alloys, highlighting its potential for applications requiring high structural integrity. The resistance 

of these alloys to uniform compression is governed by the strength of their atomic bonding. The 

exceptionally high bulk modulus of Fe₃Ru reflects strong interatomic forces, whereas the much 

lower values in alloys such as Zn₃Ru indicate weaker bonding. 
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Table 4.8: Computed elastic constants (Cij), average elastic moduli of bulk modulus B, shear modulus G 

and Young’s modulus E in Voigt, Reuss and Hill approximation for tP16 X3Ru compounds. All elastic 

constants and moduli are reported in GPa 

tP16 

Structure 

C11  

GPa 

C12  

GPa 

C13  

GPa 

C33  

GPa 

C44  

GPa 

C66  

GPa 

BH  

GPa 

GH  

GPa 

EH  

GPa 

Sc3Ru 120 65 62 95 38 8 79 23 63 

Ti3Ru 172 77 92 162 155 4 114 47 83 

V3Ru 193 24 74 154 59 48 98 56 141 

Cr3Ru 52 36 53 5 -3 16 45 -7 -21 

Mn3Ru 191 29 84 131 78 25 101 50 128 

Fe3Ru 361 78 141 238 39 -42 186 72 191 

Co3Ru 331 69 170 270 131 36 194 81 213 

Ni3Ru 337 115 166 286 117 63 206 90 235 

Cu3Ru 262 87 154 192 95 29 167 54 146 

Zn3Ru 248 68 122 178 89 53 144 64 168 

 

This illustrates how bonding interactions manifest as macroscopic mechanical stiffness and 

stability. In the D0c phase, the bulk modulus values vary significantly, ranging from 22 GPa for 

Cr3Ru to 203 GPa for Ni3Ru. Overall, the bulk modulus follows this increasing order: Cr3Ru < 

Sc3Ru < Mn3Ru < V3Ru < Ti3Ru < Zn3Ru < Fe3Ru < Cu3Ru < Co3Ru < Ni3Ru, with each of these 

alloys exhibiting a positive bulk modulus. Similarly, in the tP16 phase, the bulk modulus values 

range from 45 GPa for Cr3Ru to 206 GPa for Ni3Ru, with the sequence of increasing bulk modulus 

as follows: Cr3Ru < Sc3Ru < V3Ru < Mn3Ru < Ti3Ru < Zn3Ru < Cu3Ru < Fe3Ru < Co3Ru < Ni3Ru. 

The capacity of these alloys to resist uniform compression is determined by the strength of their 

atomic bonding. Alloys with higher bulk moduli, such as Fe3Ru and Ni3Ru, possess stronger 

interatomic forces and are less compressible, whereas alloys with lower values, like Cr3Ru and 

Zn3Ru, are more easily compressed. This underscores how bonding interactions directly manifest 

macroscopic mechanical stiffness and stability. 

 

It is noteworthy that the trends and magnitudes of the calculated bulk modulus in both the D0c and 

tP16 phases are closely aligned (see Fig. 4.14), which can be attributed to their similar 

crystallographic structures. Our calculated bulk modulus for A15, D0c and tP16 phases are 

comparable to the widely used L12-Ni3Al alloy (173.9 GPa) [273]. Among the alloys which have 



 
 

113 
 

been considered in the current study, D0c Ni3Ru (203 GPa) exhibits the highest bulk modulus, 

indicating that it possesses the greatest resistance to fracture within the D0c-X3Ru alloy family. 

The resistance of these alloys to uniform compression is shaped by both atomic bonding strength 

and crystal structure. The close alignment of bulk moduli in the D0c and tP16 phases reflects their 

structural similarity, while the exceptionally high modulus of Ni₃Ru highlights its superior bonding 

strength and fracture resistance. This demonstrates how bonding interactions directly manifest as 

macroscopic mechanical stiffness and durability.  

 

4.5.2.2 Shear modulus 

 

The shear modulus (G) describes a material's response to shear stress, which leads to angular 

distortion without a change in volume. The shear modulus determines a material's stiffness. For 

cubic A15 structures, G can be expressed as: 
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where the GR and GV are the Reuss and Voigt bounds [271,272], 
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For tetragonal systems D0c and tP16 systems, shear modulus is calculated as: 
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The evaluation of shear modulus across different phases of Ru-based alloys reveals significant 

variations, emphasizing their mechanical properties and potential applications. In the A15 phase, 

the calculated shear modulus values range from -991 GPa for Co3Ru to 209 GPa for Fe3Ru. 

Generally, the shear modulus trends for different alloys can be summarized as follows: Co3Ru < 

Cu3Ru < V3Ru < Ni3Ru > Zn3Ru > Sc3Ru < Mn3Ru < Cr3Ru < Ti3Ru < Fe3Ru. The shear modulus 

for most of these alloys is positive; however, Sc3Ru, Co3Ru, Ni3Ru, Cu3Ru and Zn3Ru exhibit 

negative values. The presence of a significantly negative shear modulus in Co3Ru (-991 GPa) is 

particularly noteworthy, as it is linked to its anomalous elastic constant C44 (see Table 4.6). In 

contrast, Fe3Ru (209 GPa) demonstrates the highest shear modulus within this phase, suggesting 

it possesses the greatest resistance to shear stress among the studied A15-X₃Ru alloys. The shear 

modulus reflects how atomic bonds resist shape deformation. Positive values indicate stable, rigid 

bonding, while negative values signal lattice instability. The exceptionally high shear modulus of 

Fe₃Ru demonstrates strong resistance to shear stress, whereas the large negative value in Co₃Ru 

reveals structural weakness. This highlights how bonding interactions directly manifest as 

mechanical stability or instability under shear.  

 

In the D0c phase, the shear modulus values range from -7 GPa for Ti3Ru to 84 GPa for Ni3Ru, 

which follows the order: Ti3Ru < Sc3Ru < Cr3Ru < Cu3Ru < Mn3Ru < Co3Ru < Zn3Ru < V3Ru < 

Fe3Ru < Ni3Ru. Like the A15 phase, the D0c also exhibits negative shear modulus, further 

reflecting the instability associated with certain alloys, particularly Ti3Ru. In the tP16 phase, shear 

modulus values again demonstrate variability, ranging from -7 GPa for Cr3Ru to 90 GPa for Ni3Ru, 

with the following trend: Cr3Ru < Sc3Ru < Ti3Ru < Mn3Ru < Cu3Ru < V3Ru < Zn3Ru < Fe3Ru < 

Co3Ru < Ni3Ru. The negative shear modulus in these alloys indicate potential instability associated 

with phase transitions, aligned with concepts from Landau theory [274], which postulates that 

negative elastic moduli may arise due to strain energy functions that exhibit two local minima. 

While these alloys demonstrate instability, the application of sufficient constraints can stabilize 

materials with negative elastic moduli.  

 

Moreover, the calculated shear modulus values for the A15, D0c, and tP16 phases are comparable 

to the well-characterized L12-Ni3Al alloy, which has a shear modulus of 77.8 GPa [275]. Among 

the D0c and tP16 phases, Ni₃Ru (84 GPa and 90 GPa) consistently shows the highest shear 
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modulus, reinforcing its superior resistance to shear stress and identifying it as a candidate for 

applications requiring enhanced mechanical stability. In conclusion, the trends in shear modulus 

across the various phases of Ru-based alloys highlight both their mechanical characteristics and 

the influence of phase stability. The presence of negative shear modulus values in several alloys 

indicates underlying instability, which could have implications for the design and utilization of 

these materials in practical applications. Further investigation into the stabilization of these alloys 

and their performance in applied settings could provide deeper insights into their mechanical 

behavior and potential applications in advanced materials science. 

 

4.5.2.2 Young’s modulus 

 

Young's modulus represents the tensile elasticity of a material, indicating its ability to deform 

linearly under axial tensile or compressive forces. Specifically, Young’s modulus [276] describes 

the material's response to strain due to uniaxial stress. Higher values of Young’s modulus signify 

a stiffer material, making it crucial parameter in assessing a material’s stiffness. Unlike the Bulk 

modulus and shear modulus, Young’s modulus is independent of the type of crystal structure of a 

material. It is Mathematically expressed as:   
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,                                                                                                                                    (4.18)  

 

where B and G are the Bulk and Shear moduli, respectively. Table 4.6-4.8 shows the calculated 

Young’s moduli (E) for A15, D0c and tP16-X3Ru (X = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn) 

alloys. The analysis of the calculated Young’s moduli for A15, D0c and tP16 X3Ru alloys reveals 

important trends in the mechanical properties of these materials. In the A15 phase, the Young’s 

modulus values exhibit a considerable range, from -220000 GPa for Co3Ru to 672 GPa for Fe3Ru. 

Generally, the observed trend of increasing Young’s moduli is: Co3Ru < Cu3Ru < Ni3Ru < V3Ru 

< Zn3Ru < Sc3Ru < Mn3Ru < Cr3Ru < Ti3Ru < Fe3Ru. The significant stiffness of Fe3Ru, indicated 

by its higher Young’s modulus, suggests that it is one of the strongest materials within this phase, 

while Co3Ru is identified as the least stiff. This relationship between stiffness and strength implies 

that higher values of Young's modulus correlate positively with increased material strength. 
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Notably, the negative Young’s modulus values for Cu3Ru, Co3Ru, Ni3Ru and Zn3Ru can be 

explained in terms of its elastic constants (detailed in Table 4.6). The negative Young’s modulus 

signal a potential instability associated with phase transitions, similar to the phenomena observed 

in ferro-elastic phase transformation [277]. According to Landau theory [274], this negative elastic 

modulus arises when two local minima are established in the strain energy function. However, it 

is possible to stabilize solids by exhibiting negative elastic moduli through sufficient constraint. 

In the D0c phase, Young’s modulus ranges from -21 GPa for Ti3Ru to 222 GPa for Ni3Ru, 

following the trend: Ti3Ru < Sc3Ru < Cr3Ru < Cu3Ru < Mn3Ru < V3Ru < Co3Ru < Zn3Ru < Fe3Ru 

< Ni3Ru. In the tP16 phase Young’s modulus ranges from -21 GPa for Cr3Ru to 235 GPa for 

Ni3Ru, following the trend: Cr3Ru < Sc3Ru < Ti3Ru < Mn3Ru < V3Ru < Cu3Ru < Zn3Ru < Fe3Ru 

< Co3Ru < Ni3Ru. Ni3Ru again stands out with the highest stiffness in the D0c and tP16 phases, 

reinforcing its position as a significant material in this analysis.   

 

The Young's modulus values obtained for the A15, D0c, and tP16 phases show strong agreement 

with those of the widely used L12-Ni3Al alloy, which has a Young's modulus of 203.1 GPa [275]. 

Upon comparing the bulk modulus, shear modulus and Young’s modulus for all the A15-X3Ru 

alloys, Fe3Ru consistently outperforms other alloys in terms of these properties. In contrast, within 

the D0c-X3Ru alloys, the Ni3Ru system exhibits superior performance, characterized by the 

highest values in bulk, shear, and Young's moduli. This superior performance reflects its enhanced 

ability to withstand compression, resist shear distortion, and maintain overall stiffness. In the tP16-

X3Ru series, Ni3Ru’s exceptional shear modulus and Young's modulus further illustrate its 

resistance to shear distortion and overall stiffness among the tested alloys. These outstanding 

mechanical properties highlight the potential applicability of these materials in high-temperature 

structural applications.     

 

In conclusion, the careful examination of the calculated Young's moduli reveals critical  insights 

into the mechanical stability and strength of various metal alloys. Such information is vital for 

future innovations in materials science and engineering, particularly in contexts where structural 

integrity under varying conditions is paramount.  
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4.5.2.3 Bulk to Shear ratio   

 

The ratio of the bulk modulus to the shear modulus (BH/GH) of materials serves as a predictive tool 

for their ductility or brittleness. This ratio reflects the balance between two competing processes: 

plasticity and fracture. When plasticity is more dominant, the material tends to be ductile; 

conversely, when fracture prevails, the material tends to be brittle [278]. Ductility is defined as the 

capacity of a material to undergo plastic deformation prior to failure. This property is crucial in 

material engineering, particularly for components that require flexibility and resilience under 

stress. In contrast, brittle materials pose significant risks in structural applications due to their 

tendency to fracture suddenly under stress or defects [240]. Among the various models which have 

been developed to predict material ductility, the bulk-to-shear ratio (BH/GH) proposed by Pugh 

[278], is widely used.   

 

According to this criterion, a critical threshold value of approximately 1.75 separates ductile from 

brittle behavior. Specifically, if B/G > 1.75, the material is considered ductile; if it is less than or 

equal to this value, the material is deemed brittle. The Pugh criterion provides a straightforward 

and quantifiable method for assessing the performance characteristics of materials, particularly in 

design contexts where failure risks must be minimized.  

 

The Pugh’s ratio has been widely used  in assessment of the  bulk-to-shear ratio  for a wide range 

of materials, including cubic [240,241,250,279–283], hexagonal [284–287], orthorhombic [288–

291] and tetragonal [234,236,292,293] systems. While alternative models such as Cauchy pressure 

Cp = C12 – C44 [294] and Poisson’s ratio [295,296] also evaluate ductility and brittleness, the Pugh 

criteria remains a prominent indicator of ductility across a broad spectrum of materials. These 

parameters such as Cauchy pressure and Poisson’s ratio have limitations. One often-overlooked 

factor is geometry, particularly the influence of size and the nature of dislocations, which plays a 

critical role. Size-dependent effects are evident in indentation experiments, where hardness 

increases markedly as the indentation depth decreases [42]. 
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Table 4.9: The calculated B/G ratio, melting temperature (Tm) in kelvin, crystal anisotropy (AU) and 

hardness (HV) for A15 phase. UND = undefined due to the negative square root in GH/BH (equation 4.13), 

indicating instability associated with a phase change in these structures.   

A15 

structure 

BH/GH Tm ±300 K AU HV 

Sc3Ru -2.9 1013.98 -5.90 UND 

Ti3Ru 7.0 6823.51 -19.76 -0.77 

V3Ru -2.4 1983.22 -12.69 UND 

Cr3Ru 19.6 2538.76 11.27 -2.7 

Mn3Ru 16.0 1409.95 -16.46 -2.8 

Fe3Ru 5.1 7295.48 0.05 3.81 

Co3Ru -0.3 5074.15 -85.78 UND 

Ni3Ru -1.7 1090.81 33.03 UND 

Cu3Ru -1.0 1474.96 -4.84 UND 

Zn3Ru -1.1 1019.89 -4.80 UND 

 

Table 4.10: The calculated B/G ratio, melting temperature (Tm) in kelvin, crystal anisotropy (AU) and 

hardness (HV) for D0c phase. UND = undefined due to the negative square root in GH/BH (equation 4.13), 

indicating instability associated with a phase change in these structures.  

D0c 

Structure 

BH/GH Tm ±300 K AU HV 

Sc3Ru 66.2 732.18 -10.64 -3.00 

Ti3Ru -14.1 789.00 -2.997 UND 

V3Ru 1.4 1175.82 0.47 13.80 

Cr3Ru 1.1 1309.04 44.98 7.32 

Mn3Ru 1.8 1073.28 1.69 6.79 

Fe3Ru 2.3 1821.44 -2.24 6.28 

Co3Ru 3.1 1717.64 3.40 3.01 

Ni3Ru 2.4 1756.23 0.60 6.51 

Cu3Ru 3.9 1422.20 5.77 0.79 

Zn3Ru 2.2 1450.94 0.62 6.05 
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Table 4.11: The calculated B/G ratio, Cauchy pressure (C12-C44), Poisson's ratio (υ), Shear moduli (C'), melting 

temperature (Tm) in kelvin, crystal anisotropy (AU) and hardness (HV) for tP16 phase. UND = undefined due to the 

negative square root in GH/BH (equation 4.13), indicating instability associated with a phase change in these structures.  

tP16 Structure BH/GH Tm ±300 K AU HV 

Sc3Ru 3.4 858.60 1.86 0.0 

Ti3Ru 2.5 1114.49 22.53 3.6 

V3Ru 1.8 1163.46 0.35 8.35 

Cr3Ru -6.9 516.68 -4.80 UND 

Mn3Ru 2.0 1122.71 1.77 5.6 

Fe3Ru 2.6 1794.87 -2.53 5.0 

Co3Ru 2.4 1602.33 1.99 6.4 

Ni3Ru 2.3 1795.19 0.49 7.5 

Cu3Ru 3.1 1428.89 2.68 2.4 

Zn3Ru 2.2 1363.19 1.01 5.9 

 

Because the elastic properties remain unchanged, conventional criteria such as the Pugh ratio or 

Cauchy pressure cannot adequately account for these phenomena [297]. The limitations of 

Poisson’s ratio in material alloys arise primarily from the assumption that the material behaves 

isotropically and remains linearly elastic. In practice, Poisson’s ratio often deviates from these 

assumptions, particularly within the plastic deformation region. Experimental studies have 

demonstrated that Poisson’s ratio can vary significantly near the yield stress, underscoring the need 

for more refined material models [298–302]. In this thesis, the Pugh criteria has been specifically 

applied to analyse the bulk-to-shear modulus ratio (B/G) of the X3Ru alloys. The computed bulk 

to shear ratio results for the A15, D0c and tP16 X3Ru alloys are presented in Tables 4.9-4.11. We 

note that in A15 phase, the alloys Ti3Ru (7.0), Cr3Ru (19.6), Mn3Ru (16.0) and Fe3Ru (5.1) exhibit 

ductile behavior. 

 

Similarly, in the D0c and tP16 phases, Sc3Ru (66.2 and 3.4) Mn3Ru (1.8 and 3.4), Fe3Ru (2.3 and 

2.6), Co3Ru (3.1 and 2.4), Ni3Ru (2.4 and 2.3), Cu3Ru (3.9 and 3.1), and Zn3Ru (both = 2.2) alloys 

display ductility according to the Pugh criteria whilst, other compounds in A15, D0c and tP16 

phases are brittle due to B/G < 1.75. Our calculated ductility values (B/G >1.75) for the A15, D0c 

and tP16 phases are comparable to the currently used L12-Ni3Al alloy (2.235) [275]. In the A15 

phase, Ti3Ru, Cr3Ru, Mn3Ru and Fe3Ru exhibit the highest bulk to shear ratios, In D0c phase, 
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Sc3Ru and Cu3Ru alloys exhibit the highest B/G ratio, while in the tP16 phase, Sc3Ru leads with 

the highest B/G ratio. The order of increasing B/G ratios of compounds in A15 phase are as 

follows: Sc3Ru < V3Ru < Ni3Ru < Zn3Ru < Cu3Ru < Co3Ru < Fe3Ru < Ti3Ru < Mn3Ru < Cr3Ru 

whilst for D0c phase the B/G ratios are: Ti3Ru < Cr3Ru < V3Ru < Mn3Ru < Zn3Ru < Fe3Ru < 

Ni3Ru < Co3Ru < Cu3Ru < Sc3Ru and for tP16 B/G ratios are : Cr3Ru < V3Ru < Mn3Ru < Zn3Ru 

< Ni3Ru < Co3Ru < Ti3Ru < Fe3Ru < Cu3Ru < Sc3Ru. These findings suggest that this material 

can endure significant plastic deformation before fracturing. The B/G ratio serves as a key measure 

of how alloys respond to applied stress. High ratios signify ductile behavior, allowing the material 

to undergo substantial plastic deformation before fracture, while low ratios indicate brittleness. 

This demonstrates how atomic-scale bonding interactions and crystal symmetry directly manifest 

as macroscopic mechanical resilience or fragility.   

 

4.5.2.4 Vickers hardness test  

 

The Vickers hardness test is a crucial technique for quantifying the hardness of engineering 

materials, especially those intended for high-temperature applications. This property is vital since 

it affects a material's resistance to deformation under stress, which is particularly important in 

demanding environments. For engineering materials to perform effectively at elevated 

temperatures, they must possess a sufficient level of hardness, a measure of resistance to localized 

plastic deformation caused by mechanical indentation or abrasion. Since hardness is not a 

fundamental property, its value can be influenced by various factors, including tensile strength, 

yield strength, modulus of elasticity, temperature, pressure and porosity.  

 

Experimentally, hardness is tested by pressing an indenter into the sample surface and measuring 

the dimensions of the resulting indentation [303]. In materials science, materials with Vickers 

hardness above 40 GPa are classified as superhard [304,305]. Diamond, with a Vickers hardness 

of 95 GPa, is the hardest known material and possesses the highest shear and Young's moduli. 

However, its application is limited due to its chemical reactivity with ferrous materials and 

susceptibility to oxidation.   
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In recent decades, extensive research has focused on developing new and inert superhard materials 

for both scientific exploration and practical applications in industries, such as wear-resistant 

coatings, abrasives, and cutting and polishing tools [306–308]. While there has been significant 

progress in the experimental synthesis of boron based [309] or carbide based [309–312] or nitride 

based [311] superhard compounds [307,313–316], these materials lack certain fundamental 

properties such as high‑temperature phase stability, oxidation resistance, and sufficient fracture 

toughness. which limits their use in high-temperature structural applications [317,318].   

 

Designing hard materials based on atomic arrangements within crystal structures requires reliable 

models for hardness quantification [319]. The commonly used model is the Vickers hardness test 

due to its accuracy and reliability in comparison with experimental data across a wide range of 

materials [303]. In this thesis we use the Vickers hardness test predicted by Chen et.al [320] to 

calculate the hardness of A15, D0c, tP16 X3Ru alloys, using equation 4.13:  

 

2 0.5852( ) 3VH K G= −                                                                                                                 (4.19)   

 

where K is ratio of the shear to bulk moduli (G/B)    

 

The calculated Vickers hardness (Hv) values of the A15, D0c and tP16-X3Ru alloys are given in 

Tables 4.9-4.11. In the A15 phase, Fe3Ru is predicted to be the hardest alloy with a Vickers 

hardness of 3.81 GPa. In the D0c phase, V3Ru has the highest Vickers hardness of 13.80 GPa 

while, in the tP16 phase V3Ru again is predicted to be the hardest alloy with the Vickers hardness 

of 8.35 GPa. Notably, the calculated hardness for certain alloys specifically A15 Sc3Ru, V3Ru, 

Co3Ru, Ni3Ru, Cu3Ru, and Zn3Ru, along with D0c Ti3Ru and tP16 Cr3Ru is undefined. The 

undefined Vickers hardness arises from to the negative square root in GH/BH, indicating instability 

associated with phase change in these structures. Our hardness results are consistent with other 

experimental and theoretical data for materials like MgO, ZnTe, InP, LiF, and CrN [303]. 

However, we also note that our hardness values across the three phases are relatively small, 

compared to more established materials, such as L12-Ni3Al, which exhibits a  hardness of 54 GPa 

[321]. This disparity might present limitations where hardness is a critical factor, such as in wear-

resistant coatings. Hardness represents how effectively atomic bonds resist localized deformation. 
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The relatively low hardness values of Ru-based alloys indicate weaker resistance compared to 

Ni₃Al, meaning that although they remain mechanically stable, they are less suitable for 

wear-resistant applications. This underscores how bonding strength directly manifests 

macroscopic hardness and practical material performance limits.   

 

4.5.2.5 Elastic anisotropy  

 

The exploration of elastic anisotropy in crystalline materials offers vital insights into their 

mechanical properties, particularly in understanding stress distribution under various loading 

conditions. The elastic response of single crystals typically reflects anisotropic behavior, meaning 

that the material exhibits different stiffness or deformation characteristics depending on the 

crystallographic direction of the applied stress.  

 

Elastic anisotropy quantifies how the material’s elastic properties, such as Bulk modulus and shear 

modulus, vary with crystalline orientation. The index proposed by Ranganathan et al. [322] allows 

for a nuanced description of elastic anisotropy,  given as:   

 

( ) ( )5 / / 6U

V R V RA G G B B= + −  ≥ 0,                                                                                                      (4.20)  

 

where AU = 0 indicates isotropic material. The Ranganathan  anisotropy criteria is applicable to a 

wide arrange of material systems, as opposed to the Zener [323] anisotropy index and Chung-

Buessem [324] empirical anisotropy index, which are primarily applicable to cubic material 

systems. In this thesis, the index AU for cubic and tetragonal crystals are calculated using 

Ranganathan et al [322], formalism.  

 

Tables 4.9-4.11 presents the elastic anisotropy values for A15-X3Ru alloys, highlighting 

significant variations among different compositions. Ni3Ru exhibits the highest elastic anisotropy 

value of 33.03, indicating pronounced directional dependence of its elastic properties. In contrast, 

Co3Ru shows the lowest elastic anisotropy value of -85.78. In the D0c phase, Cr3Ru stands out 

with an elastic anisotropy value of 44.98, representing the highest anisotropic response in this 

phase. Conversely, Sc3Ru has the lowest elastic anisotropy of -10.64. In the tP16 phase, Cr3Ru 
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again is the demonstrates significant anisotropy, showcasing the lowest elastic anisotropy of -4.80. 

Ti3Ru, on the other hand, possesses the highest elastic anisotropy in this phase with a value of 

22.53. The order of increasing elastic anisotropy index of compounds in A15 phase are as follows: 

Co3Ru < Ti3Ru < Mn3Ru < V3Ru < Sc3Ru < Co3Ru < Zn3Ru < Fe3Ru < Cr3Ru < Ni3Ru, whilst for 

D0c phase the increasing elastic anisotropy index: Sc3Ru < Ti3Ru < Fe3Ru < V3Ru < Ni3Ru < 

Zn3Ru < Mn3Ru < Co3Ru < Cu3Ru < Cr3Ru and for tP16 phase: Cr3Ru < Fe3Ru < V3Ru < Ni3Ru 

< Zn3Ru < Mn3Ru < Sc3Ru < Co3Ru < Cu3Ru < Ti3Ru. Elastic anisotropy reflects how the strength 

of atomic bonding varies with direction in a crystal. High values indicate a strong directional-

dependence of mechanical properties, whereas negative values point to instability. This 

demonstrates how microscopic bonding geometry and crystal symmetry directly manifest as 

macroscopic mechanical behavior that depends on direction.   

 

Notably, all examined systems possess anisotropy factors (AU) deviating from one, underscoring 

their anisotropic nature. This characteristic renders them susceptible to stress and the formation of 

micro-cracks under mechanical loading. The observed trends align closely with previous findings 

reported in the L12-Ni3Al phase [321], suggesting similar underlying mechanisms governing 

elastic anisotropy across these alloy systems.  

 

4.5.2.6 Melting point temperatures  

 

The melting point of a substance is the temperature at which it changes from a solid to a liquid. 

This phase change occurs when the vapor pressures of the solid and liquid phases become equal, 

establishing the specific melting point where both phases coexist in equilibrium. Generally, 

materials with strong atomic bonding exhibit higher melting points. Consequently, the melting 

temperature (Tm) serves as a critical indicator of atomic strength in intermetallic compounds, 

particulary in the context of high-temperature structural applications. Additionally, the melting 

point is influenced by the  free energies of both the liquid and solid  phases [325].   

 

For most substances, the melting and freezing points are nearly identical - mercury is a notable 

example - but some materials, like agar, display distinct temperatures for solid-liquid transitions 

during heating and cooling. In contrast to boiling points,  melting points are  largely unaffected by 
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pressure, as the volume difference between the solid and liquid phases is minimal during the 

transition [197].   

 

Pure substances typically possess a higher melting point than alloys or impure materials. The 

presence of impurities lowers the melting point and can widen the temperature range over which 

melting occurs. Indeed in our previous study on Mo, Mn and Fe doped A15 Cr3Ru and Ru3Cr 

alloys [250], the results showed that Mn and Fe lower the melting temperature of these alloys, 

whereas Mo doping increases their melting temperature.   

 

While pure metals have a single, distinct melting point, alloys are characterized by a solidus 

temperature (the point at which melting begins) and a liquidus temperature (the point at which the 

material is fully molten). Among elements, tungsten boasts the highest melting point at 3683.15 

K, while tantalum hafnium carbide (Ta4HfC5), a refractory compound, has an even higher melting 

point of 4488.15 K [197]. Table 4.10 presents a comparison of the melting points of elemental 3d 

transition metals alongside commonly used binary alloys Ni3Al and Nb3Al. In selecting a suitable 

alloy for high-temperature structural applications, the relationship between melting point 

temperature and the mechanical properties is crucial. A pioneering study by Fine et.al [326] 

established an empirical relation between the elastic constants and the melting temperature across 

a wide range of materials. This research indicated that the melting temperature follows a linear 

relationship with its elastic constants [326,327], reinforcing the notion that materials with higher 

melting points typically possess robust mechanical properties.  

 

For cubic compounds, the melting point temperature can be defined as:  
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While for D0c and tP16 tetragonal systems, the melting point temperature is given as:  
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Table 4.12: Melting temperatures (K) for elemental 3d-transition metals and commonly used alloys for high-

temperature structural applications provided for reference.   

 
3d-transition metals and commonly used binary alloys Melting temperatures (Tm)Exp 

Sc 1814 K [328] 

Ti 1943 K [328] 

V 2190 K [328] 

Cr 2133 K [328] 

Mn 1517 K [328] 

Fe 1422 K [328] 

Co 1768 K [328] 

Ni 1726 K [328] 

Cu 1357 K [328] 

Zn 692 K [328] 

Ru 2607 K [197] 

Ni3Al 1691 K [53,197] 

Nb3Al 2333 K  [329] 

 

where Cij represents the elastic constants of the material. These relations imply that changes in the 

elastic constants directly influence the melting temperature of alloys, underscoring the significance 

of these parameters in the design and selection of materials for demanding engineering 

applications. Equation (4.22) is also applicable to hexagonal and tetragonal intermetallic. 

However, elemental metals in groups 3b and 4b, along with the lanthanides and actinides, deviate 

from this correlation.   

 

Tables 4.9-4.11 present the calculated melting temperatures of the various X3Ru alloys in the A15, 

D0c and tP16 X3Ru phases. A comparative analysis of the melting temperature across the three 

phases is illustrated in Figure 4.8 while Figure 4.9 illustrates trends across the 3d series. In the A15 

phase, the melting temperatures range from 1013.98 K (Sc3Ru) to 7295.48 K (Fe3Ru) with Fe3Ru 

having the highest melting temperature. The calculated melting temperatures (Tm) for Fe3Ru 

(7295.48 K), Ti3Ru (6823.51 K), V3Ru (1983.22 K), Cr3Ru (2538.76 K), and Co3Ru (5074.15 K) 

compare favorably or exceed those of the widely alloys like Ni3Al (1691 K) [53] and Nb3Al (2333 

K) [330]. The order of increasing melting temperature in A15 phase is as follows: Sc3Ru < Zn3Ru 

< Ni3Ru < Mn3Ru < Cu3Ru < V3Ru < Cr3Ru < Co3Ru < Ti3Ru < Fe3Ru. In the D0c phase, the 



 
 

126 
 

melting temperatures range from 732.18 K (Sc3Ru) to 1821.44 K (Fe3Ru) with Fe3Ru having the 

highest melting temperature. The calculated Tm values for Fe3Ru (1821.44 K), Co3Ru (1717.64 

K), and Ni3Ru (1756.23 K) meet or surpass these benchmarks. In the tP16 phase, the melting 

temperature ranged from 516.68 K (Cr3Ru) to 1795.19 K (Ni3Ru) with Ni3Ru having the highest 

melting temperature. Fe3Ru (1794.87 K) and Ni3Ru (1795.19 K) exhibit comparable or higher Tm 

values than Ni3Al and Nb3Al. The order of increasing melting temperature in tP16 phase is as 

follows: Cr3Ru < Sc3Ru < Ti3Ru < Mn3Ru < V3Ru < Zn3Ru < Cu3Ru < Co3Ru < Fe3Ru < Ni3Ru. 

A clear trend in the melting temperature is observed from Mn₃Ru to Zn₃Ru across both the D0c 

and tP16 phases. Melting temperature is a direct indicator of atomic bond strength and lattice 

stability. Alloys with very high Tₘ, such as Fe₃Ru and Ni₃Ru, possess exceptionally strong 

interatomic forces, making them thermally robust compared to benchmark alloys like Ni₃Al. In 

contrast, lower Tₘ values in alloys such as Sc₃Ru or Cr₃Ru reflect weaker bonding. This highlights 

how bond energies and crystal symmetry give rise to macroscopic thermal stability. Among all the 

studied phases, Fe₃Ru stands out with the highest melting temperature as shown in figure 4.9. 

However, for these identified alloys to be deemed suitable for high-temperature structural 

applications, additional factors such as thermodynamic stability and mechanical stability, as 

discussed in Sections 4.2 and 4.5, must be considered. A summary of these parameters for each 

alloy is provided below.  

 

  

Figure 4.8: Calculated melting temperatures (Tm) of (a) A15, (b) D0c and (c) tP16 X3Ru structures. The 

brown dotted line represents Ni3Al (1691 K) whilst the green dotted line represents Nb3Al (2333 K).   
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4.5.2.6.1 A15 Ti3Ru  

 

The calculated value of the heat of formation for A15 Ti3Ru alloy is 0.88 eV/atom, indicating 

thermodynamic instability under equilibrium conditions. However, as addressed in section 4.2, 

stability can be achieved through non-equilibrium techniques or via doping. Alongside its high-

melting temperature (6823.51 K), A15 Ti3Ru possesses remarkable properties, including a high 

ductility (7.0), a high bulk modulus (403 GPa), and a low density (6.01 g/cm3) as discussed in the 

preceding sections.  These characteristics render the alloy a strong candidate for high-temperature 

applications, as it can endure significant plastic deformation before fracture. Its high ductility 

allows it to withstand considerable loads and stress without failing, thereby enhancing its reliability 

in extreme conditions. Furthermore, the alloy's excellent compression resistance, combined with 

its lightweight nature, positions it as an ideal candidate for applications that demand both strength 

and reduced mass.  

 

4.5.2.6.3 A15 Cr3Ru  

 

In contrast, the calculated heat of formation for the A15 Cr3Ru alloy is -0.49 eV/atom, indicating 

that the system is thermodynamically stable under equilibrium conditions, thus making 

experimental synthesis feasible. In addition to its high melting temperature (2538.76 K), Cr3Ru 

boasts high ductility (19.6), a high bulk modulus (275 GPa), low density (4.88 g/cm3), and 

excellent mechanical stability (Cij > 0).   

 

These properties make this alloy particularly suitable for high-temperature environments, as it can 

endure significant plastic deformation before fracture and resist structural failure. Its high ductility 

allows it to undergo significant plastic deformation without breaking, contributing to its excellent 

performance characteristics. Furthermore, the alloy's exceptional compressive resistance coupled 

with its low-density positions as an ideal candidate for lightweight, high- strength applications.  
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Figure 4.9: Calculated trends in melting temperatures (Tm) of (a) A15, (b) D0c and (c) tP16 X3Ru 

structures. The red dotted line represents Ni3Al (1691 K) whilst the green dotted line represents Nb3Al 

(2333 K).   

 

Reducing the weight of turbine rotating components is crucial for decreasing engine energy 

consumption and minimizing greenhouse gas emissions, further underscoring the significance of 

the Cr3Ru alloy in advanced engineering applications.  

 

4.5.2.6.4 A15 and D0c Co3Ru  

 

The calculated heat of formation values for A15 and D0c Co3Ru alloy are 1.41 eV/atom and 0.10 

eV/atom, respectively, indicating that these systems are thermodynamically unstable under 

equilibrium conditions. Beyond their elevated melting temperatures (5074.15 K and 1717.64 K 

respectively) both alloys exhibit remarkable physical and magnetic properties. The A15 Co3Ru 

boasts a high bulk modulus (335 GPa) and magnetic moment (1.70 μB), while the D0c Co3Ru alloy 

features a bulk modulus of 200 GPa, excellent mechanical stability (Cij > 0), and a magnetic 

moment (1.82 μB) comparable to the widely used L12-Ni3Al alloy. These characteristics make both 
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alloys highly suitable for high-temperature environments, as they provide outstanding resistance 

to compression and structural failure under applied loads. Furthermore, their magnetic properties 

broaden their applicability in fields such as electronics, telecommunications, energy production, 

and medical imaging.  

 

4.5.2.6.5 D0c Fe3Ru and tP16 Fe3Ru  

 

The calculated heat of formation values for the D0c Fe3Ru and tP16 Fe3Ru alloys are 0.11 eV/atom 

and 0.07 eV/atom, respectively, indicating that these alloys are thermodynamically unstable under 

equilibrium conditions. However, they can be stabilized under non-equilibrium conditions. Both 

alloys are characterized by high melting temperatures (1821.44 K and 1794.87 K respectively) and 

exhibit unique magnetic and mechanical properties. Notably, D0c Fe3Ru possesses a magnetic 

moment of 2.52 μB, while tP16 Fe3Ru features a high bulk modulus (186 GPa), ductility (2.6), and 

a magnetic moment of 0.95 μB, surpassing the commonly used L1₂-Ni3Al alloy. These properties 

make both alloys well-suited for high-temperature environments, with tP16 Fe3Ru offering 

exceptional compression resistance for high-strength applications. Furthermore, their magnetic 

properties make them ideal for use in electronics, telecommunications, energy production, and 

medical imaging.   
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Chapter Five 

 

Pressure dependent structural stability, electronic and mechanical 

stability of X3Ru (X = Cr, Mn) in A15, D0c and tP16 

crystallographic phases  
 

To date, the influence of pressure on the properties of transition metal – Ru based alloys has not 

been investigated, either theoretically or experimentally. External parameters such as temperature, 

pressure, strain, and electric or magnetic fields can profoundly alter material properties. Among 

these, pressure is a critical thermodynamic variable that modifies properties by reshaping 

microscopic structures, interatomic electrostatic interactions, electronic orbitals, and chemical 

bonding [331–335]. Over the past decades, pressure has proven to be a powerful tool for 

discovering materials that remain unattainable under standard conditions. [336–346].  

 

While significant experimental and limited theoretical work has been devoted to Ru-based alloys, 

there remains a lack of systematic investigations into pressure dependent structural, electronic, 

mechanical, and magnetic properties. This gap is critical, as understanding these properties is 

essential for advancing the design of alloys capable of withstanding extreme environments. In 

Chapter Four, we demonstrated that Mn₃Ru in the A15, D0c, and tP16 phases is 

thermodynamically and mechanically stable, metallic, and exhibits strong magnetism compared to 

all other X₃Ru (X = Sc–Zn) systems. Importantly, Mn₃Ru can be synthesized experimentally, 

positioning it as a promising candidate for high-temperature applications. In addition, Mn₃Ru 

shows potential for high-temperature structural applications due to its superior stability and 

magnetism.  

 

In this section, we advance our analysis by presenting the structural, electronic, and elastic 

properties of Mn₃Ru and Cr₃Ru in the A15, D0c, and tP16 phases under applied pressure, using 

the practical hypothesis established in Chapter Three. While Mn₃Ru has been demonstrated to 

exhibit potential for high-temperature structural applications due to its superior stability and 

magnetism, Cr₃Ru has already been synthesized experimentally. By systematically examining the 

behavior of Mn₃Ru and Cr₃Ru under pressure, we aim to uncover the underlying mechanisms and 
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properties of these materials under varying external pressure conditions. Specifically, the 

structural, electronic, and mechanical properties of Mn₃Ru and Cr₃Ru are examined, by applying 

incremental hydrostatic pressures of 1, 5, 10, 15, 20, 50, 100, 150, 200, 250, and 300 GPa 

simultaneously along the x, y, and z directions within the respective crystal systems, in addition to 

the computational details outlined in Chapter 4.  

 

Pressure, as a thermodynamic variable, can significantly alter microscopic structures, interatomic 

interactions, and bonding characteristics, thereby offering a pathway to tune alloy properties. The 

outcomes of this study do not only provide a deeper understanding of how Ru-based alloys respond 

to external stimuli but also establish design principles for tailoring their performance. 

 

5.1 Brief literature on related alloys under pressure 

 

Recent studies have increasingly focused on the structural, electronic, and mechanical properties 

of various intermetallic alloys under pressure. For instance, Chen et al. [347] investigated the 

thermodynamic, elastic and electronic properties of Al3V and Al3Nb intermetallic alloys using 

DFT techniques, revealing that pressure enhances their elastic constants, bulk, shear, and Young’s 

modulus. Similarly, Durukan’s [348] studied the mechanical, vibration and optical properties of 

IrAl intermetallic compound in the B2 phase and demonstrated that pressure reduces the lattice 

parameter while increasing their elastic constants and maintaining mechanical stability. These 

findings align with previous research on Ni3X (X = Al, Ga and Ge) and Pt3Al alloys by Chen et al. 

[347]  and Liu et al. [349] respectively, which also highlighted the significance of pressure in 

altering the properties of intermetallic alloys. To date, systematic studies on the structural, 

electronic, mechanical, and magnetic properties of the proposed Ru-based alloys under pressure 

remain limited literature. This gap highlights the need for further investigation in this area. 

 

5.2 Structural stability of Cr₃Ru and Mn₃Ru under pressure 

 

The calculated lattice constants, volumes, heats of formation, magnetic moments, densities, and 

bond lengths of the A15, D0c, and tP16 Cr₃Ru and Mn₃Ru alloys under varying pressure conditions 

are presented in Tables 5.1-5.6. A trend of decreasing lattice constants with decreasing bond‑length 
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and increasing density under applied pressures from 1 GPa to 300 GPa across the D0c and tP16 

phases is observed, which reflects how external pressure modifies interatomic interactions. 

Applying pressure forces atoms closer together, which increases electron cloud overlapping and 

strengthens short‑range repulsive interactions. To balance these repulsive forces with the attractive 

bonding interactions, the system minimizes its free energy by contracting the lattice, leading to 

shorter bond‑lengths and reduced lattice constants. The simultaneous increase in density is a direct 

consequence of this compression, as the same number of atoms occupy a smaller volume. The 

clear correlation observed between lattice constants, bond‑length, and density from 10 GPa to 300 

GPa across A15 phase highlights the regime where compression dominates the interatomic 

balance, driving the alloys toward more compact and energetically favorable configurations. In 

essence, pressure induces a restructuring of atomic spacing and electronic interactions, which 

drives the system toward denser atomic packing and directly influences the stability of different 

phases. At zero pressure, the calculated heat of formation for Mn₃Ru in the A15 phase is negative 

(–0.64 eV/atom), which signifies that the alloy is thermodynamically stable under equilibrium 

conditions and can be synthesized through conventional equilibrium methods such as slow cooling 

or annealing. 
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Figure 5.1: The calculated lattice constants and density of A15, D0c and tP16 X3Ru (X = Cr and Mn) at 

different pressures. The half-square graphs represent the lattice constants, and the full-squares graphs are 

for density respectively. 
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In contrast, A15 Cr₃Ru exhibits a positive heat of formation (0.22 eV/atom), as shown in Table 5.1 

and 5.2 indicating thermodynamic instability under equilibrium conditions; however, this does not 

preclude its formation, as metastable phases can be realized through non-equilibrium synthesis 

routes such as rapid quenching, ion implantation, or thin‑film deposition. When pressure is applied, 

A15 Mn₃Ru undergoes a transition from stability to instability, as its heat of formation shifts from 

negative to increasingly positive values, reflecting the destabilizing effect of compression on Mn–

Ru bonding interactions. For A15 Cr₃Ru, pressure further increases the already positive heat of 

formation, amplifying its instability. Therefore, pressure modifies the electronic and bonding 

environment in these alloys, reducing their energetic favorability. This means A15 Mn₃Ru is best 

synthesized at ambient conditions, while A15 Cr₃Ru requires kinetic control via non-equilibrium 

techniques, and high‑pressure synthesis is generally unfavorable for stabilizing alloy in the A15 

phase. 

 

In the D0c phase, Mn₃Ru shows a strongly negative heat of formation (–1.61 eV/atom) at zero 

pressure, confirming its thermodynamic stability under equilibrium conditions, while D0c Cr₃Ru 

has a slightly positive heat of formation (0.13 eV/atom), as shown in Table 5.3 and 5.4 indicating 

instability at ambient conditions. When pressure is applied, D0c Mn₃Ru remains stable but its 

stability gradually decreases, reflecting the weakening of Mn–Ru bonding interactions under 

compression. In contrast, Cr₃Ru undergoes a notable transformation: although unstable at zero 

pressure, it becomes thermodynamically stable at higher pressures, with negative heats of 

formation observed at 20 GPa (–0.85 eV/atom), 50 GPa (–0.27 eV/atom), and 100 GPa (–0.29 

eV/atom). This behavior highlights the pressure-induced stabilization, where compression 

modifies electronic structure and atomic bonding, favoring alloy formation in Cr–Ru that is 

otherwise unfavorable at ambient conditions. Therefore, D0c Mn₃Ru can be synthesized under 

equilibrium conditions at ambient pressure, but its stability diminishes under high pressure, 

making compression less suitable for synthesis. D0c Cr₃Ru, however, requires non‑equilibrium 

methods at ambient conditions but becomes accessible to equilibrium synthesis at sufficiently high 

pressures, where pressure stabilizes the alloy in the D0c phase. Thus, pressure acts as a tuning 

parameter: destabilizing Mn₃Ru while enabling the stabilization and equilibrium synthesis of 

Cr₃Ru. 
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Table 5.4: The calculated lattice constants, heat of formation, magnetic moment, density, and bond-length 

of A15, Mn3Ru at different pressures.  

Pressure (GPa) A15 

Mn3Ru (a) 

Lattice 

constants               

(Å)         

Heat of 

formation 

(eV/atom) 

Magnetic  

Moment 

(µB/atom) 

 

Density 
3/g cm =  

Bond length  

of Mn-Ru 

(Å) 

 

0 5.37 -0.64 3.88 5.72 2.999 

1.0 5.05 0.95 1.16 6.87 2.822 

5 4.99 1.23 1.14 7.12 2.788 

10 5.11 1.22 0.56 6.60 2.859 

15 5.04 0.84 0.53 6.91 2.816 

20 4.96 0.87 2.58 7.24 2.772 

50 4.71 0.92 2.40 8.23 2.635 

100 4.43 0.89 0.49 10.19 2.474 

150 4.23 1.24 0.49 11.63 2.367 

200 4.12 1.62 1.03 12.58 2.306 

250 4.07 1.51 0.93 13.11 2.300 

300 4.01 1.60 1.01 13.69 2.296 

 

Table 5.2: The calculated lattice constants, heat of formation, magnetic moment, density, and bond-length 

of A15, Cr3Ru at different pressures.  

A15 Cr3Ru  

GPa 

Lattice 

constants               

(Å) 

 

Heat of 

formation 

(eV/atom) 

Magnetic  

Moment 

(µB/atom) 

 

Density 
3/g cm =  

Bond length  

of Cr-Ru (Å) 

0 5.59 0.22 4.19 4.88 3.126 

1.0 5.48 0.81 0.96 5.19 3.063 

5 5.23 1.13 3.26 5.95 2.926 

10 5.15 1.12 3.23 6.25 2.879 

15 5.08 1.11 3.21 6.50 2.841 

20 5.03 1.09 3.19 6.72 2.811 

50 4.78 0.72 3.08 7.80 2.674 

100 4.26 1.62 0.00 11.04 2.382 

150 4.17 1.60 0.13 11.81 2.329 

200 4.09 1.63 0.01 12.46 2.287 

250 4.03 1.61 0.00 13.06 2.252 

300 3.97 1.61 0.00 13.60 2.222 
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Table 5.3: The calculated lattice constants, heat of formation, magnetic moment, density, and bond-length 

of D0c, Mn3Ru structure at different pressures. 

Mn3Ru 

Pressure (GPa)  

          

Lattice 

constants               

a = (Å)         

Heat of 

formation 

(eV/atom) 

Magnetic  

Moment 

(µB/atom) 

 

Density 
3/g cm =  

Bond length  

of Mn-Ru 

(Å) 

0 5.75 -1.61 3.25 6.57 2.876 

1.0 5.73 -0.11 3.24 6.64 2.863 

5 5.65 -0.04 3.22 6.90 2.826 

10 5.56 -0.04 3.21 7.24 2.782 

15 5.50 -0.04 3.21 7.62 2.749 

20 5.43 -0.05 3.19 7.76 2.716 

50 5.20 -0.06 2.95 8.90 2.602 

100 4.88 -0.48 0.40 10.94 2.439 

150 4.74 -0.31 0.26 11.92 2.372 

200 4.64 -0.19 0.19 12.70 2.320 

250 4.55 -0.12 0.15 13.35 2.277 

300 4.49 -0.06 0.10 13.90 2.244 

 

Table 5.4: The calculated lattice constants, heat of formation, magnetic moment, density, and bond-length 

of D0c, Cr3Ru at different pressures. 

Cr3Ru P 

(GPa) 

Lattice 

constants               

a = (Å)      

Heat of 

formation 

(eV/atom) 

Magnetic  

Moment 

(µB/atom) 

 

Density 
3/g cm =  

Bond length  

of Cr-Ru 

(Å) 

0 5.86 0.13 2.97 5.94 2.945 

1.0 5.83 0.13 2.96 6.01 2.913 

5 5.72 0.13 2.96 6.46 2.858 

10 5.63 0.11 2.95 6.77 2.816 

15 5.56 0.10 2.94 7.03 2.779 

20 5.50 -0.85 2.93 7.23 2.749 

50 5.17 -0.27 2.40 8.73 2.586 

100 5.48 -0.29 0.52 10.48 2.741 

150 4.68 0.28 0.00 11.80 2.338 

200 4.59 0.30 0.00 12.49 2.296 

250 4.51 0.33 0.00 13.11 2.257 

300 4.45 0.36 0.00 13.68 2.224 

 

In the tP16 phase, Mn₃Ru exhibits a strongly negative heat of formation (–1.61 eV/atom) at zero 

pressure, confirming its thermodynamic stability under equilibrium conditions, while tP16 Cr₃Ru 

shows a slightly positive heat of formation (0.11 eV/atom), as shown in Table 5.5 and 5.6 
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indicating instability at ambient conditions. Under pressure, tP16 Mn₃Ru remains stable but its 

stability gradually decreases, reflecting the weakening of Mn–Ru bonding interactions as 

compression alters atomic distances and electronic overlap. In contrast, tP16 Cr₃Ru undergoes a 

significant transformation: although unstable at zero pressure, it becomes thermodynamically 

stable at specific pressures, with negative heats of formation observed at 1 GPa (–0.17 eV/atom), 

20 GPa (–0.85 eV/atom), and 50 GPa (–0.74 eV/atom). This pressure‑induced stabilization 

highlights the electronic structure modification under compression, where bonding interactions 

that are unfavorable at ambient conditions become energetically favorable at certain pressure 

ranges. This implies that Mn₃Ru can be synthesized under equilibrium conditions at ambient 

pressure, but its stability diminishes under high compression, making pressure less advantageous 

for synthesis.  

 

Table 5.5: The calculated lattice constants, heat of formation, magnetic moment, density and bond-length 

of tP16, Mn3Ru at different pressures. 

System  

Mn3Ru tP16 

Pressure (GPa) 

          

Lattice 

constants               

a = (Å)         

Heat of 

formation 

(eV/atom) 

Magnetic  

Moment 

(µB/atom) 

 

Density 
3/g cm =  

Bond length  

of Mn-Ru (Å) 

0 5.75 -1.61 3.25 6.56 2.874 

1.0 5.73 -0.11 3.24 6.64 2.856 

5 5.65 -0.04 3.22 6.91 2.827 

10 5.57 -0.04 3.21 7.24 2.784 

15 5.49 -0.04 3.21 7.52 2.747 

20 5.44 -0.05 3.18 7.76 2.718 

50 5.14 -0.26 0.93 9.23 2.569 

100 4.88 -0.47 0.39 10.95 2.438 

150 4.74 -0.31 0.26 11.92 2.371 

200 4.59 -0.19 0.19 12.49 2.296 

250 4.55 -0.12 0.14 13.35 2.277 

300 4.49 -0.06 0.10 13.90 2.243 
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Table 5.6: The calculated lattice constants, heat of formation, magnetic moment, density and bond-length 

of tP16, Cr3Ru at different pressures. 

System 

Cr3Ru tP16 

Lattice 

constants               

(a = Å)         

Heat of 

formation 

(eV/atom) 

Magnetic  

Moment 

(µB/atom) 

 

Density 
3/g cm =  

Bond length  

of Cr-Ru (Å) 

0 6.04 0.11 0.68 6.42 3.022 

1.0 6.07 -0.17 0.69 6.54 3.034 

5 5.78 0.10 2.92 6.25 2.890 

10 5.63 0.11 2.94 6.72 2.814 

15 5.56 0.10 3.92 7.03 2.779 

20 5.50 -0.85 2.93 7.27 2.749 

50 5.80 -0.74 0.60 9.07 2.900 

100 4.79 0.26 0.00 11.01 2.394 

150 4.68 0.28 0.00 11.81 2.338 

200 4.59 0.30 0.00 12.49 2.296 

250 4.52 0.33 0.00 13.11 2.259 

300 4.45 0.36 0.00 13.68 2.225 

      

tP16 Cr₃Ru, however, which is metastable at ambient conditions, becomes accessible to 

equilibrium synthesis at selected high‑pressure ranges where stability is enhanced. Thus, pressure 

acts as a critical tuning parameter: reducing the stability of Mn₃Ru while enabling the stabilization 

and equilibrium synthesis of Cr₃Ru in the tP16 phase. Comparing the formation energies of the 

A15, D0c, and tP16 phases for Mn₃Ru and Cr₃Ru alloys (Figure 5.1) reveal clear trends in their 

relative thermodynamic stability. At zero pressure, Mn₃Ru consistently shows negative heats of 

formation across all phases (A15: –0.64 eV/atom, D0c: –1.61 eV/atom, tP16: –1.61 eV/atom), 

confirming that it is thermodynamically stable under equilibrium conditions. Among these, the 

D0c and tP16 phases are the most stable, with significantly lower formation energies compared to 

the A15 phase, suggesting that Mn₃Ru favors these structures energetically. Cr₃Ru, on the other 

hand, exhibits positive heats of formation at zero pressure in all phases (A15: +0.22 eV/atom, D0c: 

+0.13 eV/atom, tP16: +0.11 eV/atom), indicating thermodynamic instability under ambient 

equilibrium conditions. However, under applied pressure, Cr₃Ru shows pressure‑induced 

stabilization: in the D0c phase, stability emerges at 20–100 GPa, while in the tP16 phase, stability 

is achieved at relatively lower pressures (1 GPa, 20 GPa, and 50 GPa). This demonstrates that 
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pressure modifies the electronic structure and bonding interactions in Cr–Ru, enabling phases that 

are unstable at ambient conditions to become energetically favorable. 

 

5.2.1 Induced magnetic moments 
 

The magnetic moment trends in Mn₃Ru and Cr₃Ru alloys in the A15 phase reflect how pressure 

modifies the electronic structure and spin polarization of the system. At zero pressure, Mn₃Ru has 

a relatively large magnetic moment (3.88 μB), while Cr₃Ru shows a smaller but finite moment 

(0.68 μB), as shown in Table 5.1, 5.2  and Figure 5.2 both indicating magnetic behavior. Under 

compression, Mn₃Ru’s magnetic moment decreases steadily, which can be understood as pressure 

enhancing orbital overlap and bandwidth, thereby delocalizing electrons and reducing spin 

polarization.  

 

In A15 Cr₃Ru, however, magnetization is initially enhanced at low to moderate pressures (1–20 

GPa), suggesting that compression improves exchange interactions and stabilizes spin alignment 

in this regime. At very high pressures (100–300 GPa), Cr₃Ru loses its magnetization completely, 

reflecting a transition to a non‑magnetic state as electron delocalization dominates and exchange 

splitting collapses. 
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Figure 5.2: Calculated heat of formation as a function of pressure for A15, D0c and tP16 X3Ru (X = Cr 

and Mn) under pressure. 
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In the D0c phase, Mn₃Ru and Cr₃Ru both exhibit magnetic behavior at zero pressure, with 

magnetic moments of 3.25 μB and 2.97 μB respectively. Under compression, D0c Mn₃Ru retains 

its magnetization up to moderate pressures, but from 100 GPa to 300 GPa its magnetic moment 

decreases sharply, reflecting the pressure‑induced delocalization of electrons and the weakening 

of exchange interactions that sustain magnetism (as shown in Figure 5.1). D0c Cr₃Ru, on the other 

hand, maintains magnetization across lower and intermediate pressures (1–100 GPa), suggesting 

that compression initially enhances exchange coupling and stabilizes spin alignment. However, at 

very high pressures (150–300 GPa), Cr₃Ru loses its magnetization completely, indicating a 

collapse of spin polarization as band broadening dominates and the exchange splitting vanishes. 

 

In the tP16 phase, Mn₃Ru and Cr₃Ru both exhibit magnetic behavior at zero pressure, with 

magnetic moments of 3.25 μB and 0.68 μB respectively. Under compression, Mn₃Ru retains its 

magnetization up to moderate pressures but begins to decrease sharply from 50 GPa to 300 GPa. 

This trend reflects the pressure‑induced band broadening: as atoms are forced closer together, 

electron orbitals overlap more strongly, leading to delocalization of electrons and a reduction in 

exchange splitting, which weakens spin polarization and suppresses magnetism.  
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Figure 5.5: Calculated magnetic moments as a function of pressure for A15, D0c and tP16 X3Ru (X = Cr 

and Mn) under pressure. 
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Cr₃Ru, on the other hand, shows an initial increase in magnetization at low pressures (1–20 GPa), 

suggesting that moderate compression enhances exchange interactions and stabilizes spin 

alignment. However, at 50 GPa the magnetization begins to decrease, and from 100 GPa to 300 

GPa it vanishes completely, indicating a collapse of magnetic order as pressure overwhelms 

exchange interactions and drives the system into a non‑magnetic state (Figure 5.3). When 

comparing the magnetic moment trends of Mn₃Ru and Cr₃Ru across the A15, D0c, and tP16 

phases, several clear observations emerge. At zero pressure, Mn₃Ru consistently exhibits higher 

magnetic moments (A15: 3.88 μB, D0c: 3.25 μB, tP16: 3.25 μB) compared to Cr₃Ru (A15: 0.68 μB, 

D0c: 2.97 μB, tP16: 0.68 μB), indicating that Mn₃Ru is intrinsically more magnetic and most 

thermodynamically stable across phases. Among the phases, the A15 Mn₃Ru shows the strongest 

magnetization at ambient conditions, while Cr₃Ru displays phase‑dependent magnetism, with 

relatively higher values in the D0c phase but weaker in A15 and tP16. Under pressure, Mn₃Ru 

generally retains magnetization but experiences a gradual suppression at higher pressures 

(especially beyond 50–100 GPa), reflecting pressure‑induced electron delocalization and reduced 

exchange splitting. Cr₃Ru, by contrast, shows a tunable response: magnetization is enhanced at 

low to moderate pressures in some phases (A15 and tP16), maintained in D0c up to ~100 GPa, but 

collapses completely at very high pressures (150–300 GPa), indicating a transition to a 

non‑magnetic state. 

 

5.2.2 Density 

 

From Table 5.1- 5.6, Analyzing the pressure dependent densities of Mn₃Ru and Cr₃Ru across the 

three phases (A15, D0c, and tP16) reveals clear differences in structural compactness and 

implications for lightweight applications.  

• A15 phase: Mn₃Ru (5.72 g/cm³) and Cr₃Ru (4.88 g/cm³) both have lower densities 

compared to Ni₃Al (6.14 g/cm³), suggesting potential for lightweight applications at 

ambient pressure. Cr₃Ru in A15 is the lightest among all cases.  

• D0c phase: Mn₃Ru (6.57 g/cm³) and Cr₃Ru (5.94 g/cm³) show higher densities than in A15, 

with Mn₃Ru exceeding Ni₃Al. This indicates that D0c Mn₃Ru is relatively heavy and less 

suitable for lightweight design, while Cr₃Ru remains lighter but denser than its A15 

counterpart. 
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• tP16 phase: Mn₃Ru (6.56 g/cm³) and Cr₃Ru (6.42 g/cm³) both approach or exceed Ni₃Al’s 

density, meaning these phases are not advantageous for lightweight applications. However, 

under applied pressure, the densities of Mn₃Ru and Cr₃Ru alloys increase significantly (as 

shown in Figure 5.1). 

These results are due to pressure‑induced lattice contraction: as external pressure forces atoms 

closer together, bond lengths decrease, lattice constants shrink, and the same number of atoms 

occupy a smaller volume, thereby increasing density. This densification reflects the balance 

between repulsive and attractive interatomic forces being shifted toward more compact atomic 

packing under compression. In summary, Cr₃Ru (A15) is the lightest phase and the best candidate 

for lightweight applications, but its thermodynamic instability at zero pressure poses a challenge 

for synthesis. Mn₃Ru is more stable but heavier, limiting its lightweight potential. 

 

5.3 Electronic and magnetic properties 

 

Electronic and magnetic properties under pressure are important because they reveal how atomic 

spacing and electron behavior respond to external stress. Pressure alters orbital overlap and band 

structure, often leading to band broadening, changes in conductivity, or even metal–insulator 

transitions. At the same time, magnetism driven by spin polarization and exchange interactions 

can be enhanced at moderate compression or suppressed entirely at very high pressures as electrons 

become more delocalized. These pressure‑dependent changes provide insight into phase stability, 

guide synthesis strategies, and enable the design of materials with tunable functionalities, such as 

switchable conductivity or controllable magnetism, which are valuable for advanced structural, 

electronic, and spintronic applications. This section examines the electronic and magnetic 

properties of the most stable Mn₃Ru and Cr₃Ru alloys in the A15, D0c, and tP16 phases under 

pressure through an analysis of the density of states. To ensure accurate and reliable density of 

states plots, in addition to the computational parameters outlined in Section 4.1 will also be used 

in this section,  
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5.3.1 Spin polarization and magnetization 

 

Figures 4-9 present the spin‑polarized total density of states (DOS) for X₃Ru (X = Cr, Mn) alloys 

across the A15, D0c, and tP16 phases, respectively. In the D0c and tP16 phases of Mn₃Ru, the 

TDOS at low pressures (0–50 GPa) shows asymmetry between spin‑up and spin‑down bands, with 

the Fermi level intersecting only one spin channel. This indicates nearly 100% spin polarization at 

Fermi energy, a hallmark of half‑metallic behavior. In the A15 phase, Mn₃Ru also exhibits 

asymmetric bands at both low and high pressures, maintaining strong spin polarization. For Cr₃Ru, 

the D0c phase displays similar asymmetry at low pressures (0–100 GPa), while in the tP16 and 

A15 phases, asymmetry is observed within the 0–50 GPa range, again suggesting nearly full spin 

polarization. 

 

In the Mn₃Ru D0c phase, the TDOS profiles from 100–300 GPa show symmetric spin‑up and 

spin‑down bands, while in the tP16 phase this symmetric behavior emerges from 150–300 GPa. 

Such symmetry between spin channels eliminates the imbalance that drives magnetization, leading 

to cancellation of the net magnetic moment associated with electronic spin. This explains the zero 

magnetic moments calculated in these systems (Tables 5.1–5.6). In conclusion, alloys that exhibit 

asymmetric spin‑up and spin‑down bands possess the highest magnetic moments because the 

imbalance at the Fermi level drives strong spin polarization. This pronounced spin asymmetry 

translates into robust magnetic properties, making such systems highly attractive for spintronic 

applications, particularly as spin filters and spin injection materials where nearly 100% 

spin‑polarized currents are required. 

 

5.3.2 Metallic characteristics and conductivity  

 

In the A15 phase, the TDOS analysis shows that Mn₃Ru is half‑metallic at zero pressure, with the 

Fermi level crossing bands in only one spin channel while the other remains semiconducting. 

Under pressure, additional states appear at the Fermi level, driving a transition from half‑metallic 

to metallic behavior, except at 20 GPa and 50 GPa where half‑metallicity persists. The decrease in 

states between –0.5 eV and 0 at 100–300 GPa compared to 1–50 GPa reflects pressure‑induced 

band broadening and electron delocalization, which weakens spin polarization. In Cr₃Ru, the 
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TDOS indicates metallic character at zero pressure, with pressure further enhancing metallic 

conductivity due to stronger overlap of valence and conduction bands at the Fermi level. At high 

pressures (100–300 GPa), the reduction of states in the valence region and increase in the 

conduction region highlight the redistribution of electronic states, consistent with pressure‑driven 

band restructuring. 

 

In the D0c phase, the TDOS plots for Mn₃Ru alloys at zero and varying pressures reveal a strong 

overlap between valence and conduction bands at the Fermi level, producing a high density of 

states that underpins metallic conductivity. This behavior is consistent with the metallic character 

observed in A15 Mn₃Ru and Cr₃Ru (except at 0, 20, and 50 GPa), where band overlap ensures 

charge carriers are readily available. The observed reduction of states in the valence region (–0.5 

eV to 0 eV) at high pressures (100–300 GPa) compared to lower pressures (0–50 GPa) reflects 

pressure‑induced band broadening and electron redistribution. 

 

In the tP16 phase, the TDOS profiles for Mn₃Ru at zero and varying pressures show a pronounced 

overlap between valence and conduction bands at the Fermi level, confirming metallic behavior 

and enhanced conductivity similar to the D0c phase. The reduction of states in the valence region 

(–0.5 eV to 0 eV) at high pressures (100–300 GPa) compared to lower pressures (0–50 GPa) 

reflects pressure‑induced band broadening and electron redistribution. For Cr₃Ru, the TDOS 

indicates half‑metallicity at zero pressure, with the Fermi level crossing bands in only one spin 

channel. Under pressure, the states at the Fermi level increase up to 20 GPa, enhancing 

conductivity, revert to half‑metallicity at 50 GPa, and then transition to full metallic behavior from 

100–300 GPa. The reduction of states in the valence region (–0.5 eV to 0 eV) at high pressures 

(100–300 GPa) for both compounds compared to lower pressures (0–50 GPa) reflects 

pressure‑induced band broadening and electron redistribution. 

 

Across the A15, D0c, and tP16 phases, Mn₃Ru and Cr₃Ru exhibit distinct TDOS behaviors that 

highlight the influence of crystal structure and pressure on electronic properties. In the A15 phase, 

Mn₃Ru is half-metallic at zero pressure but transitions to metallic under compression, while Cr₃Ru 

is metallic throughout, with conductivity enhanced by increasing states at the Fermi level. In the 

D0c phase, both Mn₃Ru and Cr₃Ru display strong metallic character at all pressures due to 



 
 

144 
 

pronounced overlap of valence and conduction bands, though high pressures redistribute states and 

reduce valence contributions. In the tP16 phase, Mn₃Ru remains metallic across all pressures, with 

conductivity strengthened by compression, whereas Cr₃Ru is half-metallic at zero pressure, 

becomes more conductive up to 20 GPa, reverts to half-metallicity at 50 GPa, and finally 

transitions to metallic behavior at 100–300 GPa. Overall, Mn₃Ru demonstrates robust metallic 

conduction with limited half-metallicity, while Cr₃Ru shows tunable electronic character, 

switching between half-metallic and metallic states depending on pressure. This comparison 

underscores Mn₃Ru’s stability as a metallic conductor and Cr₃Ru’s versatility for 

pressure-controlled spin-dependent transport, making the latter particularly promising for 

functional applications such as spintronics. 

 

In summary, the comparison of Mn₃Ru and Cr₃Ru across the A15, D0c, and tP16 phases under 

pressure highlights distinct electronic and magnetic behaviors shaped by crystal structure and 

compression. Mn₃Ru generally exhibits robust metallic conduction, with half‑metallicity 

appearing only in the A15 phase at ambient conditions and gradually collapsing under pressure as 

band broadening reduces spin polarization. In contrast, Cr₃Ru shows more tunable properties: 

metallic in A15 and D0c phases but switching between half‑metallic and metallic states in the tP16 

phase depending on pressure, reflecting the delicate balance between exchange interactions and 

electron delocalization. The D0c phase for both alloys is consistently metallic, while the tP16 

phase demonstrates the strongest pressure‑driven transitions, especially for Cr₃Ru. Overall, Mn₃Ru 

offers stability and reliable metallic conductivity, making it suitable for high‑temperature 

structural applications, whereas Cr₃Ru provides pressure‑controlled spin‑dependent transport, 

which could be exploited in functional devices such as spintronics or adaptive conductors. This 

comparative analysis underscores how phase selection and pressure conditions critically determine 

the electronic and magnetic performance of these alloys. 

 

5.3.3 Hybridization and bonding characteristics 

 

Mn₃Ru and Cr₃Ru alloys across the A15, D0c, and tP16 phases under zero and varying pressures. 

In the A15 phase, the density of states (DOS) at the Fermi level is relatively low at zero pressure 

but increases under compression, reflecting enhanced metallicity. In the D0c phase, Mn₃Ru, 
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Cu₃Ru, and Zn₃Ru alloys show lower DOS at EF, while in the tP16 phase, Cr₃Ru, Mn₃Ru, and 

Zn₃Ru also exhibit reduced DOS at EF. This reduction is linked to strong hybridization between 

Mn/Cr d‑orbitals and Ru d‑orbitals, which separates bonding from antibonding states and lowers 

the available states at EF. The correlation between low DOS at EF and lower heats of formation 

(e.g., Mn₃Ru in A15: –0.64 eV/atom; D0c: –1.61 eV/atom; tP16: –1.61 eV/atom at zero pressure) 

confirms greater thermodynamic stability. Thus, alloys with reduced N(Ef) are more stable, as 

fewer electronic states at the Fermi level minimize instability from electron–electron interactions. 



 
 

146 
 

 

 

Figure 5.6: Projected spin polarized density of states for A15 Mn3Ru structures under 0-300 GPa. The Fermi level at 0 eV is represented 

by a vertical dashed line. 
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Figure 7.5: Projected spin polarized density of states for A15 Cr3Ru structures under 0-300 GPa. The Fermi level at 0 eV is 

represented by a vertical dashed.
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Figure 5.8: Projected spin polarized density of states for D0c Mn3Ru structures. The Fermi level at 0 eV is represented by a vertical 

dashed line. 
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Figure 5.9: Projected spin polarized density of states for D0c Cr3Ru structures. The Fermi level at 0 eV is represented by a vertical 

dashed line. 
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Figure 5.10: Projected spin polarized density of states for tP16 Mn3Ru structures under pressure (0-300 GPa). The Fermi level at 0 eV 

is represented by a vertical dashed line. 
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Figure 5.11: Projected spin polarized density of states for tP16 Cr3Ru structures under pressure (0-300 GPa). The Fermi level at 0 eV 

is represented by a vertical dashed line. 
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5.4 Mechanical properties  

 

For D0c and tP16 tetragonal and A15 cubic crystals subjected to pressure, the conditions for 

mechanical stability [350] are established as similar to those described in chapter 4. The elastic 

constants (Cij) calculated for the A15, D0c, and tP16 phases of Mn₃Ru and Cr₃Ru alloys under 

fixed and varying pressure conditions are summarized in Tables 5.6–5.11. For Mn₃Ru in A15 

phase at 0 GPa, C₁₁, C₁₂, and C₄₄ are 145 GPa, 48 GPa, and –4 GPa, respectively. This 

compound is mechanically unstable due to negative value of C₄₄, as the lattice cannot resist 

shear deformation. This instability arises from insufficient restoring forces, allowing shear 

distortions to occur spontaneously. Between 1 GPa and 50 GPa, the structure remains 

mechanically unstable due to negative values of C₁₂ and C₄₄. However, at higher pressures 

(100–300 GPa), all elastic constants become positive, fulfilling the mechanical stability criteria 

outlined in Chapter 4 (Equation 4.5). Thus, Mn₃Ru transitions from mechanically unstable at 

low pressures to mechanically stable at high pressures.  

 

For Cr₃Ru in the A15 phase at 0 GPa, the elastic constants C₁₁, C₁₂, and C₄₄ are 336 GPa, 245 

GPa, and 4 GPa, respectively. All values are positive and satisfy the Born mechanical stability 

criteria (Equation 4.5) for cubic systems, indicating that the structure is mechanically stable at 

ambient pressure. However, between 1 GPa and 50 GPa, the structure becomes mechanically 

unstable due to negative values of C₁₂ and C₄₄, which reflect the lattice’s inability to resist shear 

and certain strain modes. At higher pressures (100–300 GPa), all elastic constants return to 

positive values, fulfilling the mechanical stability criteria and restoring structural stability. 

 

For Mn₃Ru in the D0c phase at 0 GPa, the elastic constants C₁₁, C₁₂, C₄₄, C₆₆, and C₃₃ are 175 

GPa, 17 GPa, 78 GPa, 27 GPa, and 130 GPa, respectively. These values satisfy the Born 

stability criteria, confirming that the structure is mechanically stable at ambient pressure. The 

alloy remains stable under moderate pressures (1–20 GPa) and again at very high pressures 

(150–300 GPa). However, in the intermediate pressure range of 50–100 GPa, several elastic 

constants become negative, indicating mechanical instability as outlined in Chapter 4 (Equation 

4.6). This instability arises because negative elastic constants reflect the lattice’s inability to 

resist shear or certain strain modes, meaning the restoring forces against deformation are 

insufficient. At higher pressures, compression strengthens interatomic bonding and orbital 

overlap, restoring positive elastic constants and stabilizing the lattice.  
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Table 5.7: The calculated elastic constants for A15 Mn3Ru. All the elastic constants are in GPa under 

zero and varying pressure conditions. 

Mn3Ru Pressure C11 C12 C44 

0 145 48 -4 

1 5 -245 -29 

5 93 -492 19 

10 177 -63 -236 

15 280 121 -570 

20 184 -3.9 -621 

50 261 49 -706 

100 1241 1146 48 

150 1231 432 76 

200 1494 550 72 

250 1946 833 96 

300 2297 1012 85 

 
Table 5.8: The calculated elastic constants for A15 Cr3Ru. All the elastic constants are in GPa under 

zero and varying pressure conditions. 

Cr3Ru pressure C11 C12 C44 

0 336 245 4 

1 148 51 -7 

5 108 36 -11 

10 143 50 -7 

15 177 61 -7 

20 -47 283 -14 

50 400 150 -287 

100 1018 479 116 

150 1285 621 114 

200 1527 738 152 

250 1732 878 134 

300 1933 1000 117 

 

Thus, Mn₃Ru in the D0c phase is mechanically stable at zero, low, and very high pressures, but 

undergoes instability in the intermediate pressure range due to weakened resistance to shear 

deformation. For Cr₃Ru in the D0c phase at 0 GPa, the elastic constants C₁₁, C₁₂, C₄₄, C₆₆, and 

C₃₃ are 78 GPa, –36 GPa, 55 GPa, 0.8 GPa, and 55 GPa, respectively. The negative value of 

C₁₂ indicates mechanical instability, as the lattice cannot adequately resist strain along certain 

directions. This instability arises because the restoring forces against deformation are 

insufficient, allowing distortions to occur spontaneously.  
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Table 5.9: The calculated elastic constants for D0c Mn3Ru. All the elastic constants are in GPa under 

zero and varying pressure. 

Mn3Ru C11 C12 C13 C33 C44 C66 

0 175 17 77 130 78 27 

1 194 29 86 139 81 27 

5 203 26 99 150  90 24 

10 251 44 131 182 102 23 

15 270 69 155 155 99 11 

20 273 55 143 160 108 14 

50 276 23 240 107 128 -46 

100 2148 1600 1640 1295 293 -255 

150 2403 1526 1556 918 408 108 

200 1486 410 786 1239 496 723 

250 1748 461 951 1510 596 217 

300 2103 657 1182 1733 672 257 

 

Table 5.10: The calculated elastic constants for D0c Cr3Ru. All the elastic constants are in GPa under 

zero and varying pressure conditions. 

Cr3Ru C11 C12 C13 C33 C44 C66 

0 78 -36 16 55 55 0.8 

1 116 -6 42 61 56 -8 

5 199 51 94 131 74 32 

10 235 68 126 146 84 31 

15 221 28 86 231 95 27 

20 275 71 147 219 109 45 

50 428 80 193 361 176 57 

100 535 371 366 694 196 232 

150 1196 494 747 974 353 85 

200 1387 620 884 1085 427 85 

250 1542 771 1036 1271 406 127 

300 1731 877 1197 1304 481 108 

 

However, under applied pressures between 5 GPa and 300 GPa, all elastic constants become 

positive, satisfying the Born mechanical stability criteria (Equation 4.5) for tetragonal systems 

and confirming mechanical stability. Interestingly, at 1 GPa the structure remains unstable, 

reflecting a transitional regime where pressure is not yet sufficient to suppress shear 

instabilities. For Mn₃Ru in the tP16 phase at 0 GPa, the elastic constants C₁₁, C₁₂, C₄₄, C₆₆, and 

C₃₃ are 191 GPa, 29 GPa, 78 GPa, 25 GPa, and 131 GPa, respectively. These values satisfy the 

Born stability criteria, confirming mechanical stability at ambient pressure. 
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Table 5.11: The calculated elastic constants for tP16 Mn3Ru. All the elastic constants are in GPa under 

zero and varying pressure conditions. All the elastic constants are in GPa. 

Mn3Ru C11 C12 C13 C33 C44 C66 

0 191 29 84 131 78 25 

1 196 32 89 139 83 26 

5 234 58 117 146 92 25 

10 267 67 149 160 103 22 

15 266 64 157 131 106 11 

20 285 67 166 175 113 11 

50 309 -0.72 154 181 164 10 

100 -3213 -3789 -3066 -3554 305 -194 

150 1216 325 595 978 408 110 

200 1498 402 778 1440 502 -20 

250 2290 1025 1397 1087 587 -9 

300 2100 641 1204 3081 677 221 

 

Table 5.12: The calculated elastic constants for tP16 Cr3Ru under zero and varying pressure conditions. 

All the elastic constants are in GPa. 

Cr3Ru C11 C12 C13 C33 C44 C66 

0 52 36 53 5 -4 16 

1 75 36 123 116 90 68 

5 223 91 23 131 50 29 

10 196 33 80 127 72 37 

15 249 57 109 200 97 42 

20 268 65 125 215 101 41 

50 94 261 146 25 157 186 

100 953 377 587 751 282 69 

150 1171 471 742 988 327 44 

200 1365 639 883 1081 402 102 

250 1606 699 1049 1270 445 96 

300 1804 799 1204 1381 509 172 

 

The alloy remains stable under moderate pressures (1–20 GPa) and again at very high pressures 

(150 and 300 GPa). However, in the intermediate pressure ranges of 50, 100, and 200–250 

GPa, several elastic constants become negative, indicating mechanical instability as outlined 

in Chapter 4 (Equation 4.6). This instability occurs because negative elastic constants signify 

the lattice’s inability to resist shear or certain strain modes, meaning the restoring forces against 

deformation are insufficient. At higher pressures, compression enhances interatomic bonding 

and orbital overlap, restoring positive elastic constants and stabilizing the lattice. Thus, Mn₃Ru 

in the tP16 phase is mechanically stable at zero, low, and very high pressures, but undergoes 

instability in the intermediate pressure range due to weakened shear resistance. 
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For Cr₃Ru in the tP16 phase at 0 GPa, the elastic constants C₁₁, C₁₂, C₄₄, C₆₆, and C₃₃ are 52 

GPa, –36 GPa, -4 GPa, 16 GPa, and 5 GPa, respectively. The negative value of C44 indicates 

mechanical instability, as the lattice cannot adequately resist strain along certain directions. 

This instability arises because the restoring forces against deformation are insufficient, 

allowing distortions to occur spontaneously. However, under all applied pressures elastic 

constants become positive, satisfying the Born mechanical stability criteria (Equation 4.5) for 

tetragonal systems and confirming mechanical stability. Interestingly, at 1 GPa the structure 

remains unstable, reflecting a transitional regime where pressure is not yet sufficient to 

suppress shear instabilities. 

 

Across the A15, D0c, and tP16 phases (Figure 5.10), Mn₃Ru and Cr₃Ru alloys display distinct 

pressure‑dependent mechanical stability. For Mn₃Ru, the A15 phase is unstable at ambient and 

low pressures due to negative shear constants but becomes stable at high pressures (100–300 

GPa) as compression strengthens bonding. In the D0c and tP16 phases, Mn₃Ru is stable at zero 

and low pressures, loses stability in intermediate ranges where negative elastic constants 

emerge, and regains stability under extreme compression, reflecting a non‑monotonic response 

to pressure. In contrast, Cr₃Ru shows instability in the A15 phase at 0 GPa and at 1 GPa due to 

negative C₁₂ but stabilizes consistently from 5–300 GPa as pressure enhances orbital overlap 

and lattice stiffness. For Cr₃Ru in D0c and tP16 phases, instability dominates at low pressures, 

while stability is restored at higher pressures.  

 

Overall, Mn₃Ru exhibits alternating stable and unstable regimes depending on pressure, 

whereas Cr₃Ru tends to stabilize more reliably under compression. This highlights the critical 

role of pressure in tuning interatomic bonding and shear resistance, directly governing the 

mechanical resilience of these alloys. 

 

5.4.1 Bulk, Shear and Young’s moduli  

 

The bulk modulus, shear modulus, and Young’s modulus are fundamental indicators of a 

material’s elastic behavior, each describing its response to different types of deformation under 

applied forces. Understanding these moduli is essential not only for selecting suitable materials 

in engineering applications but also for designing structures capable of withstanding real‑world 

mechanical stresses. 
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Figure 5.12: Pressure dependences of the elastic constants for A15, D0c and tP16 X3Ru (X= Mn and 

Cr) structures. 

 

In this section, the results for the bulk, shear, and Young’s moduli of Mn₃Ru and Cr₃Ru alloys 

in the A15, D0c, and tP16 crystallographic phases under varying pressures are discussed. 

 

5.4.1.1 Bulk modulus 

 

The bulk modulus describes a material’s resistance to uniform compression, indicating its 

ability to withstand changes in volume under applied pressure. For the cubic A15 phase and 

the tetragonal D0c and tP16 phases, the definitions of the bulk modulus are provided in 

Chapter 4. In Table 5.11-5.16, we present the calculated bulk (B) modulus, shear (G) modulus, 

and Young’s modulus, the bulk to shear modulus ratio, Poisson’s ratio, Cauchy pressure (C12-

C44), melting temperature and elastic anisotropy for the A15, D0c and Mn3Ru and Cr3Ru 

alloys under zero and varying pressure conditions. In the A15 phase, Mn₃Ru and Cr₃Ru exhibit 

different bulk modulus behaviors under pressure. For A15 Mn₃Ru, the bulk modulus at zero 

pressure is 80 GPa, reflecting moderate resistance to compression. With increasing pressure, 
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the modulus generally rises at 15 GPa, 50 GPa, and in the range of 100–300 GPa, reaching its 

maximum at 300 GPa. However, at 10 GPa and 20 GPa, the modulus decreases, indicating a 

temporary softening of the lattice due to weakened restoring forces. This non‑monotonic trend 

highlights how pressure modifies interatomic bonding: intermediate pressures reduce stability, 

while higher compression enhances orbital overlap and restores stiffness (as shown in Figure 

5.11). In contrast, Cr₃Ru in the A15 phase has a bulk modulus of 275 GPa at zero pressure, 

showing a stiff and incompressible lattice at ambient conditions. Under low pressures (1–20 

GPa), the modulus decreases, reflecting lattice softening, but at higher pressures (100–300 

GPa) it increases steadily, reaching its maximum at 300 GPa. This continuous strengthening 

arises from enhanced Cr–Ru orbital overlap and bonding under compression. Thus, Mn₃Ru 

demonstrates a pressure‑dependent softening effect before stabilizing at high pressures, 

whereas Cr₃Ru shows a smoother stiffening response, evolving from a softened state at low 

pressures to maximum incompressibility under extreme compression.  

 

In the D0c phase, Mn₃Ru and Cr₃Ru exhibit different compressibility behaviors under 

pressure. For Mn₃Ru, the bulk modulus at zero pressure is 91 GPa, indicating moderate 

resistance to uniform compression. With increasing pressure, the modulus rises and reaches 

its maximum value at 150 GPa, reflecting the strengthening of interatomic bonding as atoms 

are forced closer together, which enhances orbital overlap and increases the lattice’s resistance 

to volume change. 

 

Table 5.13: The calculated bulk modulus (B), shear modulus (G), Young modulus (E) in Voigt, Reuss 

and Hill approximations, Poisson ratio, for A15 Mn3Ru. All the elastic moduli are in GPa, The melting 

temperature (K) and universal elastic anisotropy under zero and varying pressure conditions.  

Mn3Ru BH GH EH BH/GH ʋ Tm (K) AU 

0 80 5 14 16.0 0.48 1410 -17.14 

1 -162 12 -35 -3.8 0.46 583 -8.89 

5 -297 79 261 -3.8 0.65 1103 15.33 

10 17 584 143 0.03 -0.89 1599 -6.37 

15 174 -29 -93 -6.0 0.59 2208 -12.15 

20 59 -16 -51 -3.7 0.64 1640 -11.51 

50 120 -19 -62 -6.3 0.59 2096 -11.57 

100 1178 48 142 25 0.48 7887 -1.00 

150 698 159 444 4.4 0.39 7828 3.12 

200 865 171 480 5.01 0.41 9383 4.64 

250 1204 211 599 5.71 0.42 12054 4.80 

300 1441 219 625 6.58 0.43 14128 6.85 
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Table 5.14: The calculated bulk modulus (B), shear modulus (G), Young modulus (E) in Hill 

approximation, Poisson ratio, Cauchy pressure (C12-C44), melting temperature (K) and universal elastic 

anisotropy for A15 Cr3Ru. The under zero and varying pressure conditions.  

Cr3Ru BH GH EH B/G ʋ Tm (K) AU 

0 275 14 40 19.64 0.48 2539 11.50 

1 83 63 63 4.37 0.50 1428 -10.45 

5 60 -8 -25 -51.9 0.56 1191 -8.67 

10 51 1 3 85.26 0.49 1398 10.50 

15 99 3 9 33 0.49 1599 -12.26 

20 173 -49 -161 -3.53 0.66 275 11.62 

50 233 390 751 0.60 0.82 2917 -7.68 

100 659 164 454 4.02 0.39 6569 -0.11 

150 842 178 499 4.73 0.40 8147 0.48 

200 1001 225 628 4.45 0.40 9578 0.19 

250 1163 218 617 5.33 0.41 10789 1.80 

300 1311 212 604 6.18 0.42 11977 2.67 

 

In contrast, D0c Cr₃Ru has a bulk modulus of only 22 GPa at zero pressure, showing that the 

lattice is relatively soft and easily compressible under ambient conditions. Under compression, 

however, the bulk modulus increases steadily, reaching its maximum at 300 GPa (as shown in 

Figure 5.11). This trend highlights how pressure progressively strengthens Cr–Ru bonding, 

transforming the lattice from weakly incompressible at ambient conditions into a highly robust 

and stiff structure under extreme compression. 

 

Table 5.15: The calculated bulk modulus (B), shear modulus (G), Young modulus (E) in Hill 

approximation and Poisson ratio all the elastic moduli are in GPa. We also calculate the melting 

temperature (K) and universal elastic anisotropy for D0c Mn3Ru under zero and varying pressure 

conditions.  

Mn3Ru BH GH EH BH/GH ʋ Tm (K) AU 

0 91 50 126 1.8 0.27 1074 0.63 

1 104 52 134 2.0 0.28 1145 0.82 

5 111 52 136 2.13 0.30 1188 1.50 

10 144 57 150 2.53 0.33 1380 3.46 

15 158 39 108 4.05 0.39 1397 16.07 

20 153 49 133 3.12 0.35 1413 7.51 

50 186 -193 -889 -0.21 1.30 1343 -5.12 

100 2030 -140 430 -14.5 0.54 8741 -6.71 

150 2180 428 1206 5.01 0.41 8940 -3.24 

200 907 451 1161 2.01 0.29 6671 -3.80 

250 1078 410 1091 2.63 0.33 7863 1.34 

300 1330 461 1240 2.9 0.34 9263 1.31 
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Table 5.16: The calculated bulk modulus (B), shear modulus (G), Young modulus (E) in Hill 

approximation and Poisson ratio all the elastic moduli are in GPa. We also calculate the melting 

temperature (K) and universal elastic anisotropy for D0c Cr3Ru under zero and varying pressure 

conditions.  

Cr3Ru BH GH EH B/G ʋ C12-C44 Tm (K) AU 

0 22 20 46 1.10 0.14 -91 671 41.34 

1 50 162 233 0.31 -0.28 -62 794 -4.39 

5 112 49 129 2.23 0.31 -23 1148 1.40 

10 139 48 129 2.90 0.34 -16 1278 2.99 

15 118 67 168 1.76 0.26 -67 1364 1.48 

20 166 71 186 2.34 0.31 -38 1508 1.45 

50 238 118 305 2.02 0.29 -96 2180 1.29 

100 438 158 423 2.77 0.34 175 3000 0.76 

150 816 210 579 3.89 0.38 141 5403 2.40 

200 959 231 642 4.15 0.39 193 6143 2.13 

250 1116 249 696 4.48 0.40 365 6887 1.88 

300 1253 241 679 5.20 0.41 396 7503 4.35 

 

Thus, D0c Mn₃Ru demonstrates moderate stiffness with peak incompressibility at intermediate 

pressures, while D0c Cr₃Ru comes from a soft lattice to maximum incompressibility under very 

high pressures. In the tP16 phase, Mn₃Ru and Cr₃Ru exhibit distinct compressibility behaviors 

under pressure. For tP16 Mn₃Ru, the bulk modulus at zero pressure is 101 GPa, indicating 

moderate resistance to uniform compression. With increasing pressure, the modulus generally 

rises but shows a noticeable decrease at 100 GPa, reflecting a temporary softening of the lattice. 

Beyond this point, it increases again, reaching its maximum value at 300 GPa (as shown in 

Figure 5.11). This non‑monotonic trend highlights how intermediate pressures weaken 

restoring forces against volume change, while extreme compression enhances orbital overlap 

and strengthens bonding, making the lattice highly incompressible. In contrast, Cr₃Ru in the 

tP16 phase has a bulk modulus of 44 GPa at zero pressure, showing that the lattice is relatively 

soft and easily compressible under ambient conditions. Under compression, however, the 

modulus rises steadily without intermediate softening, reaching its maximum at 300 GPa. This 

behavior reflects a continuous strengthening of Cr–Ru bonding as atoms are forced closer 

together, progressively increasing resistance to compression. Thus, tP16 Mn₃Ru demonstrates 

a pressure‑dependent softening effect before stabilizing at high pressures, whereas tP16 Cr₃Ru 

shows a smoother and more consistent stiffening response under compression. Overall, Mn₃Ru 

exhibits pressure-dependent softening effects in intermediate ranges before stabilizing at high 

compression, whereas Cr₃Ru shows a more consistent and gradual stiffening trend, evolving 

from relatively soft at ambient conditions to highly incompressible under extreme pressure. 
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5.4.1.2 Shear modulus 

 

In the A15 phase of Mn₃Ru, the shear modulus at zero pressure is 5 GPa, indicating very low 

resistance to shear deformation. Under compression, the modulus generally increases, except 

in the range of 15–50 GPa where a reduction occurs. The maximum shear modulus is observed 

at 10 GPa, reflecting a temporary strengthening of the lattice against shear forces. This 

non-monotonic behavior arises because pressure modifies interatomic bonding: at low 

pressures, enhanced orbital overlap between Mn and Ru atoms momentarily increases shear 

resistance, while at intermediate pressures weakened restoring forces reduce stiffness. At 

higher pressures, bonding interactions strengthen again, leading to an overall increase in shear 

modulus (as shown in Figure 5.11). In contrast, Cr₃Ru in the A15 phase has a shear modulus 

of 14 GPa at zero pressure, showing relatively low resistance to shear deformation compared 

to its bulk modulus. Under compression, the shear modulus generally increases, except at 5 

GPa and 20 GPa where reductions occur, indicating temporary lattice softening. The maximum 

shear modulus is obtained at 50 GPa, reflecting peak resistance to shear forces. Physically, this 

trend highlights how pressure alters Cr–Ru bonding: at low pressures, weakened restoring 

forces reduce stiffness, while at moderate pressures enhanced orbital overlap strengthens 

bonding interactions, producing maximum shear resistance. Overall, Mn₃Ru exhibits a highly 

sensitive, non-monotonic shear response under pressure, whereas Cr₃Ru shows a more stable 

stiffening trend with localized instabilities, both reflecting the complex interplay between 

bonding and lattice stability in the A15 phase. 

 

In the D0c phase of Mn₃Ru, the shear modulus at zero pressure is 50 GPa, indicating relatively 

weak resistance to shear deformation. With compression, the modulus generally increases, 

though a reduction occurs between 15–100 GPa, suggesting temporary lattice softening. The 

maximum shear modulus is reached at 300 GPa, reflecting the strongest resistance to shear 

forces. This non‑monotonic behavior arises because pressure modifies interatomic bonding: at 

intermediate pressures, weakened restoring forces reduce shear stiffness, while at higher 

compression enhanced orbital overlap between Mn and Ru atoms strengthens bonding 

interactions, leading to maximum shear resistance. In contrast, Cr₃Ru in the D0c phase begins 

with a shear modulus of 20 GPa at zero pressure, also indicating weak shear resistance relative 

to its bulk modulus. Under compression, however, the modulus rises steadily without 

intermediate softening, reaching its maximum at 249 GPa. This continuous increase reflects 

the progressive strengthening of Cr–Ru bonding as atoms are forced closer together, enhancing 
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orbital overlap and making the lattice increasingly resistant to shear deformation. Overall, 

Mn₃Ru exhibits a non‑monotonic shear response with instability at moderate pressures before 

stiffening at extreme compression, whereas Cr₃Ru shows a general increase in monotonic 

stiffening trend, both highlighting the distinct pressure‑dependent bonding characteristics of 

these alloys in the D0c phase. In the tP16 phase of Mn₃Ru, the shear modulus at zero pressure 

is 50 GPa, indicating relatively weak resistance to shear deformation. With compression, the 

modulus generally increases from 50–300 GPa, though a reduction occurs in the low‑pressure 

range of 1–20 GPa. The maximum shear modulus is reached at 100 GPa, reflecting the 

strongest resistance to shear forces. This non‑monotonic behavior arises because pressure 

modifies interatomic bonding: at low pressures, weakened restoring forces reduce shear 

stiffness, while at higher compression enhanced orbital overlap between Mn and Ru atoms 

strengthens bonding interactions, leading to maximum shear resistance. In contrast, Cr₃Ru in 

the tP16 phase begins with a negative shear modulus of –7 GPa at zero pressure, indicating 

mechanical instability and a tendency toward shear deformation.  

  

Table 5.17: The calculated bulk modulus (B), shear modulus (G), Young modulus (E) in Voigt, Reuss 

and Hill approximations, Poisson ratio for tP16 X3Ru (X = Cr and Mn). All the elastic moduli are in 

GPa, The melting temperature (K) and universal elastic anisotropy. 

Mn3Ru BH GH EH B/G ʋ Tm (K) AU 

0 101 50 128 2.02 0.29 1124 1.79 

1 16 52 133 2.04 0.29 1151 1.81 

5 132 51 137 2.57 0.33 1275 2.88 

10 157 48 130 3.28 0.36 1395 7.16 

15 163 -24 -74 -6.94 0.58 1349 -7.85 

20 171 44 142 3.89 0.38 1472 14.45 

50 156 61 163 2.56 0.33 1553 17.97 

100 -3305 1600 5724 -2.07 0.79 15324 -4.87 

150 716 271 723 2.64 0.33 5469 1.75 

200 921 119 341 7.73 0.44 7008 -13.46 

250 2267 160 468 14.2 0.47 8855 -53.62 

300 1422 537 1432 2.65 0.33 11276 1.34 

Cr3Ru BH GH EH B/G ʋ Tm (K) AU 

0 44 -7 -20 -6.9 0.58 518 -4.77 

1 104 68 168 1.53 0.23 753 -2.48 

5 89 52 129 1.72 0.26 1220 0.86 

10 10 53 135 1.90 0.28 1133 -0.44 

15 139 70 180 1.99 0.28 1401 0.51 

20 154 72 186 2.14 0.30 1481 1.00 

50 168 -87 -317 -1.93 0.82 674 -6.75 

100 640 167 461 3.83 0.38 4340 2.52 

150 803 177 494 4.54 0.40 5349 4.47 

200 958 230 639 4.17 0.39 6071 2.43 

250 1119 250 697 4.17 0.40 7077 3.16 

300 1267 289 805 4.38 0.39 7838 3.11 
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Figure 5.13: Dependences of elastic moduli on the pressures for A15, D0c and tP15 X3Ru (X = Mn 

and Cr) structures. 

 

Under compression, the modulus rises into positive values between 1–20 GPa, drops again to 

more negative values at 50 GPa, and then increases monotonically from 100–300 GPa (as 

shown in Figure 5.11). This progression reflects the stabilization of the lattice under sufficient 

compression, where enhanced Cr–Ru orbital overlap strengthens bonding and transforms the 

structure from unstable at ambient conditions into a mechanically robust phase under extreme 

pressure. Overall, Mn₃Ru shows a non‑monotonic but stabilizing shear response, while Cr₃Ru 

transitions from instability to robustness, highlighting distinct pressure‑dependent bonding 

characteristics in the tP16 phase.  

 

5.4.1.3 Young’s modulus 

 

In the A15 phase of Mn₃Ru, the modulus is 14 GPa at zero pressure, reflecting weak stiffness. 

Under pressure, it increases irregularly at 5–10 GPa, drops to negative values between 15–50 

GPa (indicating instability), and then rises monotonically from 100–300 GPa, reaching its 
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maximum at 300 GPa. In contrast, Cr₃Ru in the A15 phase begins at 40 GPa and increases 

across most pressure ranges, except for reductions at 5 GPa and 20 GPa, with peak stiffness 

achieved at 200 GPa.  

 

In the D0c phase, Mn₃Ru exhibits a higher initial modulus of 126 GPa but shows instability 

with negative values at 15 GPa and 50 GPa before recovering and reaching its maximum at 

300 GPa. D0c Cr₃Ru in the same phase starts at 46 GPa and increases steadily under 

compression, attaining its maximum at 250 GPa.  

 

In the tP16 phase, Mn₃Ru begins at 128 GPa, with a generally increasing trend except for a 

drop to negative values at 15 GPa and reaches its maximum at 300 GPa. Cr₃Ru, however, starts 

with a negative modulus of –20 GPa at zero pressure, indicating mechanical instability, but 

under compression the modulus becomes positive and increases steadily, reaching its 

maximum at 300 GPa.  

 

Overall, Mn₃Ru phases display non‑monotonic behavior with temporary instabilities at 

intermediate pressures before stiffening under extreme compression, whereas Cr₃Ru phases 

show more stable and progressive increases, with the tP16 phase transitioning from instability 

at ambient conditions to robustness at high pressure (as shown in Figure 5.11). 

 

5.4.2 Ductility 

 

Pressure plays a significant role in influencing ductility, as both bulk and shear moduli are 

pressure‑dependent. In the A15 phase of Mn₃Ru, the ratio is 16 at zero pressure, confirming 

ductility. Under compression, the ratio decreases across most pressures except at 100 GPa, 

where it rises sharply to 25, marking the highest ductility. In contrast, Cr₃Ru in the A15 phase 

begins with a ratio of 19.64, also ductile, but shows irregular behavior under pressure: it 

increases significantly at 10–15 GPa (peaking at 85.26 at 10 GPa), while at 5 GPa it drops to –

51.9, indicating instability. Thus, ductility in Cr₃Ru is enhanced in the 10–20 GPa range, 

whereas Mn₃Ru shows maximum ductility at 100 GPa. In the D0c phase, Mn₃Ru starts with a 

ratio of 1.8, just above the ductile threshold, and generally increases under pressure except 

between 50–100 GPa where it becomes negative, indicating brittleness. The highest ductility 

is observed at 150 GPa. Cr₃Ru in the same phase begins with a ratio of 1.1, suggesting 
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brittleness at ambient conditions, but increases steadily under compression (except at 1 GPa), 

indicating enhanced ductility at higher pressures. In the tP16 phase, Mn₃Ru has an initial ratio 

of 2.02, confirming ductility, and increases across most pressures except at 15 GPa where it 

drops negative. The maximum ductility is observed at 200 GPa with a ratio of 14.2. Cr₃Ru, 

however, begins with a negative ratio of –6.9, indicating instability, but transitions to positive 

values under compression, except at 50 GPa. This transition suggests a brittle‑to‑ductile shift 

under pressure, with maximum ductility achieved at 300 GPa. Overall, Mn₃Ru phases exhibit 

ductile behavior with non‑monotonic variations and enhanced ductility at specific pressures, 

while Cr₃Ru phases show instability at low pressures but progressively transition to ductile 

behavior under high compression, highlighting the critical role of pressure in governing the 

ductile–brittle response of these alloys. 

 

5.4.3 Poisson’s ratio 

 

Poisson’s ratio (ν) provides insight into a material’s ductility, with values greater than 0.3 

generally indicating ductile behavior. In the A15 phase of Mn₃Ru, Poisson’s ratio is above 0.3 

at zero pressure, confirming ductility in agreement with the B/G ratio results. Under 

compression, ν increases at 5, 15, 20, and 50 GPa (0.65, 0.59, 0.64, and 0.59 respectively), with 

the highest value observed at 15 GPa, while other pressures yield lower ratios. For Cr₃Ru in 

the A15 phase, Poisson’s ratio is 0.48 at zero pressure, also indicating ductility. Under pressure, 

ν generally increases across 1–20 GPa and at 50 GPa, with the maximum value at 50 GPa, 

showing enhanced ductility consistent with the B/G ratio. In the D0c phase, Mn₃Ru exhibits a 

Poisson’s ratio below 0.3 at zero pressure, suggesting brittleness and contradicting the B/G 

ratio. Under compression, ν increases across most pressures except at 5 GPa, with the highest 

value at 150 GPa, indicating enhanced ductility at higher compression. Cr₃Ru in the D0c phase 

also begins with ν < 0.3, confirming brittleness, but under pressure the ratio increases steadily 

(except at 1 GPa), reaching 0.41 at 300 GPa, consistent with the ductility predicted by B/G. In 

the tP16 phase, Mn₃Ru starts with ν < 0.3, indicating brittleness, but under compression the 

ratio increases generally (except at 1 GPa), with the highest value at 100 GPa, showing 

enhanced ductility in agreement with B/G. Cr₃Ru in the tP16 phase begins with a ductile value 

of 0.58 at zero pressure. Under compression, ν increases at 50 GPa to 0.82, while other 

pressures show decreases, with the rise at 50 GPa reflecting enhanced ductility. Overall, Mn₃Ru 

phases show pressure‑dependent transitions from brittle to ductile behavior, with ductility 
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enhanced at specific pressures, while Cr₃Ru phases generally maintain ductility or change from 

brittle to ductile under compression, confirming the strong correlation between Poisson’s ratio 

and the B/G criterion.  

 

5.4.4 Elastic anisotropy 

 

Investigating elastic anisotropy in crystalline materials provides essential understanding of 

their mechanical behavior, particularly in how stress is distributed under different loading 

conditions. This section examines the effect of pressure on the elastic anisotropy of the A15, 

D0c, and tP16 phases of Cr₃Ru and Mn₃Ru alloys. Pressure serves as a tuning parameter for 

elastic anisotropy, influencing whether a crystal becomes more directionally stiff or unstable. 

As a result, pressure is a critical factor in predicting the mechanical reliability of these alloys 

and their phases when subjected to extreme environments. The elastic anisotropy equations are 

described in chapter 4 by Ranganathan et al [322].  

 

Tables 5.11–5.16 present the elastic anisotropy values for the A15, D0c, and tP16 phases of 

X₃Ru (X = Mn and Cr) alloys under pressure. In the A15 phase, Mn₃Ru exhibits an anisotropy 

value of –17.14 at zero pressure, deviating from 0 and 1 and thus confirming anisotropy. Under 

compression, the values generally increase, with the highest anisotropy observed at 5 GPa 

(15.33), indicating pronounced directional dependence of its elastic properties. Cr₃Ru in the 

same phase begins with an anisotropy value of 11.50 at zero pressure, also anisotropic, and 

shows an increase only at 20 GPa, where the maximum value is obtained, while other pressures 

yield a general decrease. In the D0c phase, Mn₃Ru has an initial anisotropy value of 0.63, 

increasing between 1–20 GPa and again from 250–300 GPa, with the highest value at 10 GPa 

(16.07). At other pressures, the values decrease, reaching a minimum of –6.71. Cr₃Ru in the 

D0c phase starts with a high anisotropy of 41.34 at zero pressure, but generally decreases under 

compression, reaching a minimum of –4.39, while the maximum anisotropy is recorded at 

44.98. In the tP16 phase, Mn₃Ru begins with an anisotropy value of 1.79, confirming 

anisotropy, and shows increases between 1–10 GPa and 20–50 GPa, with the highest value at 

50 GPa, while other pressures yield decreases, including a minimum of –53.62 at 250 GPa. 

Cr₃Ru in the tP16 phase starts with –4.77 at zero pressure, also anisotropic, and under 

compression generally increases, except at 50 GPa (–6.75), with the highest anisotropy 

observed at 150 GPa (4.47). Overall, both Mn₃Ru and Cr₃Ru alloys exhibit strong 
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pressure‑dependent elastic anisotropy across all phases, with values deviating significantly 

from isotropy and highlighting the directional sensitivity of their mechanical responses under 

compression. 

 

5.4.5 Melting point temperature 

 

To further understand the properties of X3Ru alloys, we investigated the melting temperatures 

of Cr3Ru alloy under varying pressure conditions, motivated by experimental observations 

documented in references [251,351]. Figure 5.12 shows the variation in melting temperatures 

of the A15, D0c, and tP16 Cr3Ru and Mn3Ru alloys under pressure. This section analyzes the 

effect of pressure on the melting temperature of the A15, D0c, and tP16 phases of Cr₃Ru and 

Mn₃Ru alloys. At elevated pressures ranging from 150–300 GPa, the melting temperature of 

these alloys exhibits a linear increase, reflecting enhanced thermal stability under compression. 

A similar trend is observed in Mn₃Ru, where the melting temperature rises linearly between 

250–300 GPa. Interestingly, the tP16 phase of Mn₃Ru displays anomalous behavior, with the 

highest melting temperature recorded at 100 GPa, suggesting a pressure‑induced stabilization 

unique to this phase (as shown in Table 5.18). Notably, the D0c Cr3Ru alloy exhibits a 

consistent rise in melting temperature across both low and high-pressure regimes, 

distinguishing it from the A15 and tP16 Cr3Ru alloy phases (as shown in Table 5.19). Under 

extreme pressures, atomic bonds strengthen and the crystal lattice becomes more stable, 

requiring greater thermal energy to melt. The observed linear rise in melting temperature 

reflects how bonding interactions respond to compression, manifesting as macroscopic thermal 

robustness in high-pressure conditions. These findings imply that external pressure plays a 

significant role in modulating the melting temperatures of these alloy systems. This pressure-

dependent behavior indicates the potential for optimizing the thermal performance of Cr3Ru 

and Mn3Ru alloys in high-temperature applications. Furthermore, the observed trend is 

consistent with results from previous studies [352], affirming the influence of pressure on phase 

stability and melting characteristics in metal alloys. Overall, our results suggest that the 

manipulation of pressure could be a viable strategy for enhancing the operational capabilities 

of these materials in advanced technological applications. 
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Table 5.18: The calculated melting temperature Tm under low- and high-pressure conditions for 

Mn3Ru in A15, D0c and tP16 phases.  

Mn3Ru A15 Phase Tm (K) D0c phase Tm (K) tP16 phase Tm (K) 

0 1410 1074 1124 

1 583 1145 1151 

5 1103 1188 1275 

10 1599 1380 1395 

15 2208 1397 1349 

20 1640 1413 1472 

50 2096 1343 1553 

100 7887 8741 15324 

150 7828 8940 5469 

200 9383 6671 7008 

250 12054 7863 8855 

300 14128 9263 11276 

 

Table 5.19: The calculated melting temperature Tm under low- and high-pressure conditions for 

Mn3Ru in A15, D0c and tP16 phases.  

Cr3Ru A15 Phase Tm (K) D0c phase Tm (K) tP16 phase Tm (K) 

0 2539 671 518 

1 1428 794 753 

5 1191 1148 1220 

10 1398 1278 1133 

15 1599 1364 1401 

20 275 1508 1481 

50 2917 2180 674 

100 6569 3000 4340 

150 8147 5403 5349 

200 9578 6143 6071 

250 10789 6887 7077 

300 11977 7503 7838 
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Figure 5.12: The calculated melting temperature Tm under low- and high-pressure conditions for 

Mn3Ru and Cr3Ru in A15, D0c and tP16 phases. The brown dotted line represents Ni3Al (1691 K) 

whilst the green dotted line represents Nb3Al (2333 K). 

 

In summary, the contributions and insights of this study are diverse and impactful. Pressure-

induced phase transitions may improve structural stability, thereby enhance ductility and 

reduce brittleness directly addressing one of the major limitations of Ru-based alloys. 

Electronic properties are expected to undergo significant changes, as pressure alters orbital 

overlapping and bonding, which could result in improved conductivity or the emergence of 

novel magnetic states. The elastic and mechanical response under compression highlights how 

strengthened interatomic interactions can boost mechanical resistance at elevated temperatures, 

broadening the applicability of these alloys in extreme environments. Moreover, the magnetic 

behavior, particularly in Mn₃Ru, can be tuned through pressure, creating opportunities for 

multifunctional applications that combine mechanical robustness with magnetic performance. 

Collectively, these aspects provide a pathway to overcome existing challenges while offering 

new insights into the advancement of Ru-based materials for high-temperature structural and 

functional applications.  
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Chapter Six 

 

6.1 Summary and Conclusion 

 

In this thesis, we investigate the structural, electronic and mechanical properties of X3Ru alloys 

(X=Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn) in their A15, D0c and tP16 phases, using the 

first-principles density functional theory techniques. The limitations of this method have been 

highlighted in the methodology section. Notably, this is the first comprehensive investigation 

of these structures, revealing crucial insights into their potential for high- temperature structural 

applications.  

 

In the A15 X3Ru alloys, the calculated heat of formation for Mn3Ru and Cr3Ru are negative, 

indicating thermodynamic stability. Similarly, in the D0c and tP16 phases, the alloys Sc3Ru, 

Ti3Ru, V3Ru, Mn3Ru, and Zn3Ru also exhibit negative heat of formation. These results suggest 

that these alloys can be synthesized under experimental equilibrium conditions, making them 

promising candidates for practical applications. In contrast, the remaining systems, which 

exhibit positive heat of formation, are deemed thermodynamically unstable under equilibrium 

conditions, although they may be stabilized through non-equilibrium conditions or doping, 

offering opportunities to develop metastable phases with unique properties.  

 

In the A15 phase, the density of the Mn3Ru alloy is slightly lower than that of the L1₂-Ni3Al 

alloy which is commonly used in high-temperature structural applications. This trend is also 

observed in the D0c phase, where Sc3Ru and Ti3Ru, have lower densities than L1₂-Ni3Al. 

Likewise in the tP16 phase, Sc3Ru and Ti3Ru likewise maintain lower densities compared to 

L1₂-Ni3Al. These properties position them as promising candidates for high-temperature, 

lightweight structural applications, such as components in gas turbine engines where 

minimizing weight while maintaining mechanical strength and thermal resistance is critical. In 

essence, these alloys offer the potential to improve fuel efficiency, performance, and durability 

in aerospace and energy systems by serving as next‑generation high‑temperature structural 

materials. 

 

In all the X3Ru phases, the electronic states are concentrated around the Fermi energy (Ef) level, 

with no bandgap separating the valence and conduction bands. This characteristic confirms 
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their metallic nature, enabling a seamless transition of electrons from the valence band to the 

conduction band, resulting in excellent electrical conductivity. These observations make these 

alloys suitable for applications where efficient electron transport is critical, such as in electronic 

devices, conductive coatings, and high‑temperature structural components that require both 

mechanical strength and reliable electrical performance. 

 

Mechanical properties play a crucial role in the design and engineering of high-temperature 

structural materials. In this study, we analyzed the elastic constants, elastic moduli, bulk-to-

shear ratios, Vickers hardness, and melting temperatures of the A15, D0c, and tP16 X3Ru 

alloys. Our analysis reveals that in the A15 phase, the Cr3Ru and Sc3Ru alloys are mechanically 

stable. In the D0c phase, most structures are mechanically stable except for the Sc3Ru, Ti3Ru, 

and Cr3Ru alloys. Similarly, in the tP16 phase, all structures are mechanically stable except for 

Cr3Ru and Fe3Ru alloys, highlighting the varying mechanical stability across different phases 

of X3Ru alloys. These findings provide a phase‑dependent framework for identifying alloys 

that exhibit both thermodynamic stability and mechanical strength, thereby guiding 

experimental synthesis and supporting their application in advanced structural materials. 

 

The bulk-to-shear ratio (B/G) analysis indicates ductile behavior in the A15 phase for Ti3Ru, 

Cr3Ru, Mn3Ru, and Fe3Ru. In the D0c and tP16 phases, Sc3Ru, Mn3Ru, Fe3Ru, Co3Ru, Ni3Ru, 

Cu3Ru, and Zn3Ru also demonstrate ductility with B/G values exceeding the threshold value 

of 1.75. The B/G ratios obtained for the A15, D0c, and tP16 phases closely match those of the 

widely used L1₂-Ni3Al alloy, indicating that these ductile alloys can endure significant plastic 

deformation before failure, making them suitable for applications where strength and toughness 

are required such as gas turbine engines and advanced aerospace systems. 

 

The Vickers hardness analysis shows that in the A15 phase, Fe3Ru is the hardest alloy, with a 

hardness index of 3.81 GPa. In the D0c phase, V3Ru exhibits the highest Vickers hardness at 

13.80 GPa, while in the tP16 phase, V3Ru remains the hardest alloy with a hardness of 8.35 

GPa. These high Vickers hardness values indicate their potential for use in applications 

requiring wear resistance, durability, and mechanical strength under extreme conditions. 

 

Regarding the melting temperatures, In the A15 phase, the calculated melting temperatures 

(Tm) for Ti3Ru (6823.51 K), V3Ru (1983.22 K), Cr3Ru (2538.76 K), and Co3Ru (5074.15 K) 

compare favorably or  exceed those of the widely alloys like  Ni3Al (1691 K) [53] and Nb3Al 
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(2333 K) [330]. In the D0c phase, the calculated Tm values for Fe3Ru (1821.44 K), Co3Ru 

(1717.64 K), and Ni3Ru (1756.23 K) meet or surpass these benchmarks. For the tP16 phase, 

Fe3Ru (1794.87 K) and Ni3Ru (1795.19 K) exhibit comparable or higher Tm values than Ni3Al 

and Nb3Al. In addition to the high melting temperatures of these alloys, they also possess a 

range of other favorable properties including thermodynamic stability, and mechanical 

stability, positioning them as promising materials for future use in gas turbine engines, 

aerospace systems, and advanced energy technologies and other high-performance structural 

applications where heat resistance and mechanical integrity are paramount.  

 

The effect of pressure in this study is examined on selected cases - Cr₃Ru and Mn₃Ru alloys in 

the A15, D0c, and tP16 phases. The findings demonstrate that pressure significantly influences 

their thermodynamic, electronic, and mechanical stability. Specifically, Mn₃Ru, which is 

inherently stable and magnetic under ambient conditions, progressively losing both stability 

and magnetization under compression, highlighting the limitations of high‑pressure synthesis 

for this alloy. In contrast, Cr₃Ru, unstable at equilibrium, undergoes pressure‑induced 

stabilization in the D0c and tP16 phases, establishing pressure as a critical parameter for 

enabling equilibrium synthesis of otherwise metastable systems. The observed trends including 

lattice contraction, increased density, band broadening, and suppression of magnetization 

provide a coherent framework for understanding how external thermodynamic factors reshape 

alloy behavior.  

 

Overall, this study addresses the persistent challenges of brittleness and instability in Ru‑based 

alloys by establishing clear design principles for tailoring their structural, electronic, and 

magnetic properties under extreme conditions. The integration of theoretical modeling with 

practical synthesis considerations highlights how computational approaches can guide alloy 

optimization, advance the methodology of computational alloy design and provide a foundation 

for developing materials capable of withstanding demanding environments. 

 

The novelty of this research lies in identifying Ru‑based alloys with remarkable 

high‑temperature durability, mechanical strength, and multifunctional performance, while 

simultaneously expanding the design space beyond conventional Ni‑based systems. These 

discoveries significantly enhance the development of advanced materials and open new 

opportunities for engineering applications across aerospace, energy, electronics, and medical 

technologies. 
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6.2 Limitations and recommendations of the study 
 

This study is limited to the calculation of structural, mechanical, and electronic properties at 

zero Kelvin, along with the effects of pressure using standard density functional theory 

electronic structure methods. The study does not examine the behavior of X₃Ru alloys under 

dynamic conditions such as elevated temperatures and stresses induced by rotation, which are 

more realistic for simulating their practical applications. Furthermore, the phase stability of 

X₃Ru alloys at elevated temperatures including Gibbs free energies, thermal expansion 

coefficients, thermal conductivity, oxidation, and corrosion properties has not been addressed 

here and will be explored in future research. As artificial intelligence becomes increasingly 

integrated into scientific studies, we recommend employing additional resources such as 

machine learning as an alternative approach to identify promising materials, which can then be 

investigated further using first‑principles methods. Finally, all the calculations presented in this 

study are purely computational, with no accompanying experimental validation, leaving an 

important gap that remains to be addressed. 
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Appendix 

 

 

Figure 4.11: The spin-polarized partial density of states (PDOS) of Ru in all A15-type 3d–X₃Ru 

transition compounds (X = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn) was calculated using the GGA 

functional. The Fermi energy for each compound is set to zero. Additionally, the y-axis of the Ru PDOS 

has been magnified to better visualize the contributions from the deep s, p, and d states. 
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Figure 4.12: The spin-polarized partial density of states (PDOS) of Ru in all D0c-type 3d–X₃Ru 

transition compounds (X = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn) were calculated using the GGA 

functional. The Fermi energy for each compound is set to zero. Additionally, the y-axis of the Ru PDOS 

has been magnified to better visualize the contributions from the deep s, p, and d states. 
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Figure 4.13: The spin-polarized partial density of states (PDOS) of Ru in all tP16-type 3d–X₃Ru 

transition compounds (X = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn) was calculated using the GGA 

functional. The Fermi energy for each compound is set to zero. Additionally, the y-axis of the Ru PDOS 

has been magnified to better visualize the contributions from the deep s, p, and d states. 
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Table 5.20: Summary of the computational parameters used in this study for A15, D0c and 

tP16 X3Ru (X = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn) alloys 

Parameters Value/Setting Reason 

Exchange–correlation 

functional 

Generalized gradient 

approximation +Hubbard U 

(GGA+U= 2.5 eV) 

For accurate on-site 

description of correlated 3d-

transition metals.  

Pseudopotentials Ultrasoft-pseudopotential For accurate treatment of 

core–valence interactions 

Plane–wave cutoff energy 800 eV for all phases  Converged with an accuracy 

of 0.01 eV 

k‑point mesh 15 × 15 × 15 for A15, 15 × 15 

×10 for D0c and 15 × 15 × 11 

for tP16 phases  

Fully converged with the 

accuracy of 0.001 eV.  

Electronic convergence 

criterion on energy, 

forces, atomic 

displacement and stress.  

5.0 × 10-6 eV per atom for all 

phases, 0.01 eV Å-1, 0.0005 Å, 

and 0.02 GPa. 

Ensures reliable and accurate 

total energy calculations 

interpolation integration 

method 

Set to “Fine”.  For accurate calculation of  

density of states (DOS) 

Spin polarization  Enabled Accounts for magnetic 

contributions 

Software package CASTEP 2020 Version used for 

reproducibility 

Smearing width Set to 0.001 eV Accurate for metallic 

systems 
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