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Abstract 

 

It is desired to improve the thermal efficiency of gas turbine engines to decrease the global 

problem of CO2 emissions, thus reducing global warming. To improve the thermal efficiency 

of the gas turbine engine, it is essential to increase the operating temperature of the gas turbine 

engines. This induces high thermal stresses on the turbine engine components. To overcome 

this problem, an alternative material is required to sustain the high thermal loads during the 

service. Refractory multi-principal element alloys (RMPEAs) represent a dynamic class of 

alloys with considerable potential for high-temperature gas turbine engine applications. 

Notably, the MoNbTaW alloy has expanded the realm of high-temperature applications, 

surpassing Ni-based superalloys. Despite its impressive compressive strength at 1000 °C (548 

MPa), its high density of 13.62 g/cc hinders its applicability for aerospace applications, which 

demand materials with high strength and low weight.   

In a bid to enhance strength and reduce overall density, the current work introduced Ti to the 

MoNbTaW alloy. The MoNbTaTiW alloy is manufactured via ball milling and spark plasma 

sintering. It appears that Ti and Fe (from processing media) are responsible for the multi-phase 

structure realized as well as the extraordinarily high absolute hardness of 13.89 GPa at 500 g 

load. These values are the highest reported so far in the family of MoNbTaW alloys. A 

comprehensive analysis on strengthening mechanisms responsible for the extraordinarily high 

hardness observed in this alloy indicates that solid solution strengthening and grain boundary 

(Hall-Petch) strengthening are the dominant factors while lattice frictional stress and Taylor 

hardening also contribute to some extent. The hardness data of this alloy was observed to 

follow the Meyer hardening power law with an index of 1.82 suggesting the presence of 

indentation size effect. The strain gradient plasticity of this multi-phase RHEA was explained 

based on the considerations of GNDs that exists owing to the multi-phase structure with 

different crystal structures (BCC, FCC1, FCC2), by using the Nix-Gao model. The depth 

independent hardness of 11.80 GPa and a characteristic length scale of 1.07 μm were realized 

from the analysis.  

Further, to understand the phase transformations and their stabilities, binary (MoTa and MoNb) 

and ternary (MoTaTi and MoNbTi) RMPEAs were also manufactured. Binary (MoTa) and 

ternary (MoTaTi) based concentrated refractory alloys are synthesized using ball milling and 

spark plasma sintering. A single BCC phase which was observed after high energy ball milling 

has transformed to multiple phases after sintering. An extremely high hardness in the range 16 
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-10 GPa was measured in the load range 25 g - 500 g and with a very distinct indentation size 

effect. The indentation size effect observed in the MoTa and MoTaTi alloys is explained using 

the classic Nix-Gao model and validated using the Meyer power law. Depth-independent 

hardness is evaluated from the Nix-Gao plot for MoTa alloy is 9.32 GPa with a characteristic 

length scale of 1.03 μm. For MoTaTi alloy, depth-independent hardness is 9.92 GPa with a 

characteristic length scale of 1.20 μm.  

Binary (MoNb) and ternary (MoNbTi) based concentrated refractory alloys are also 

synthesized using ball milling and spark plasma sintering. Multiple phases are observed after 

sintering the single-phase MoNb (Fe) and MoNbTi (Fe) milled powders. Ti and Fe (from 

milling media) are involved in the phase transformations in both MoNb (Fe) and MoNbTi (Fe) 

alloys. The density of the MoNbTi (Fe) alloy (7.67 g/cc ) is very low compared to the various 

commercial Niobium alloys like C-103 (8.85 g/cc), C-129Y (9.5 g/cc), and C3009 (10.1 g/cc). 

Extremely high hardness was observed in both the MoNb (Fe) and MoNbTi (Fe) alloys. 

Hardness at 500 g load for the MoNb (Fe) alloy is 11.08 ± 0.23 GPa and MoNbTi (Fe) alloy is 

11.13 ± 0.23 GPa. 

Equiatomic MoNb and MoNbTi alloys are synthesized by arc melting to understand the length 

scale effects on the microstructure and mechanical properties. Exposure to high temperature 

for considerably longer duration (24 h at 1673 K) did not alter the beneficial effect of grain 

refinement imparted by Ti addition. Ti addition resulted in a significant grain refinement (from 

115 μm to 34 μm) of MoNb alloy. The addition of Ti significantly reduces the overall density 

without effecting the hardness of MoNbTi alloy (MoNb - 4.06 ± 0.01 GPa, MoNbTi - 4.10 ± 

0.01 GPa). MoNbTi also showed an exceptionally high "density-normalized" hardness when 

compared to various high-entropy alloys of similar family.  

The MoNb and MoNbTi alloy systems manufactured via arc melting have indicated a 

propensity for chemical segregation that in turn influences the mechanical properties. In this 

regard, recent advances in high speed nanoindentation mapping have demonstrated the ability 

to accurately measure mechanical properties at the micrometer length scale. Here a quantitative 

link between the local chemistry measured via energy dispersive spectroscopy (EDS) and 

nanoindentation mapping for as-cast and heat treated equiatomic MoNb and MoNbTi alloys. 

An excellent correlation between chemical composition and hardness is observed. This 

correlation provides a simple framework to study the effect of chemical segregation on the 

local mechanical properties of multi-principal element alloys, which can be gainfully used to 

tailor the microstructure and properties of these alloys. 
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Analyzing flow stress across binary, ternary, quaternary, and quinary alloys revealed that 

ternary alloys surpassed several quaternary and quinary counterparts. Importantly, this 

approach not only improves alloy performance but also reduces manufacturing costs by 

involving fewer elements, rendering the alloys cost-effective. Thus, the current investigations 

have introduced novel refractory alloy systems for gas turbine engine applications. 
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Chapter 1 

1. Introduction 

 

1.1. Background 

Gas turbine engine works on the principle of the Brayton cycle [1]. The ideal Brayton cycle 

undergoes four reversible processes, as shown in the TS (Temperature- Entropy) and PV 

(Pressure-Volume) plots of  Fig. 1.1 : 

 

 

Fig. 1.1 TS and PV plots of the ideal Brayton cycle [1] 

 

From 1-2, adiabatic compression of the air  

From 2-3, Constant pressure fuel combustion 

From 3-4, Adiabatic expansion of the air  

From 4-1, Constant pressure cooling of the air 

The thermal efficiency of the ideal Brayton cycle is as shown in equation (1.1)   

ɳ 
𝑡ℎ𝑒𝑟𝑚𝑎𝑙

= 1 −  
𝑇1

𝑇2
……………………...…..…(1.1) 

Equation (1.1) states that if the T2 temperature of the cycle, i.e., if the exit temperature of the 

compressor increases, the thermal efficiency of the gas turbine engine increases. This increase 

in T2 temperature increases the T3 temperature, which is the inlet temperature of the turbine. 

This increment of T3 temperature leads to high thermal stresses on the turbine components. 

Therefore, the materials used should have high-temperature strength. As a result, the journey 

of material development started from pure metal to 6th-generation nickel-based superalloys [2–

4]. The present-day commercially available turbine engine components are made up of Ni-

based superalloys, which are, in general, single crystalline [2]. The primary strength of the Ni-
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based superalloys is achieved by the solid solution strengthening of the ƴ matrix phase and 

precipitation strengthening of the ordered ƴ’ particles [5]. As on today, Ni-base superalloys 

(IN718) are used in gas turbine engines at operating temperatures close to 800 oC. Material 

development w. r. t. Ni-base superalloys, for use in gas turbines, has been hitting the theoretical 

limit in terms of operating temperatures as they melt around 1200-1300 oC [4]. Therefore new 

alloys with high melting points, enhanced mechanical properties (both at room temperature and 

elevated temperatures), good high temperature oxidation properties have to be looked for by 

the scientific community. 

In 2004, a new class of alloy systems was introduced called high-entropy alloys (HEAs) / multi-

principal element alloys (CCAs) / complex concentrated alloys (CCAs) [6]. These HEAs 

showed extraordinary properties like good corrosion resistance, high strength, and high fracture 

toughness with single phases, which was not initially expected [7–11]. Initially, it is desired to 

achieve a single-phase (Body Centered Cubic (BCC), Face Centered Cubic (FCC), and 

Hexagonal Close-Packed (HCP)) alloy with high strength [7,12–17]. Recently, the concept of 

HEAs has been extended to multi-phase and non-equiatomic concentrations with excellent 

mechanical properties [13,15–24]. This showed an opportunity to move away from the center 

of the compositional space to design various alloys with excellent mechanical properties 

[19,20,25–28].   

Refractory metals in the concept of HEAs expand the application potential of HEAs to 

aerospace applications such as turbine engine components. This class of alloys is named 

refractory high-entropy alloys (RHEAs). The most significant and first alloy developed in this 

class of RHEAs is MoNbTaW RHEA [14]. This has a high room temperature compressive 

strength of 1211 MPa and high density [14]. Although it has good compressive strength, its 

high density is not beneficial for aerospace applications.  

Therefore, the materials proposed for high-temperature aerospace applications need to have 

both high strength and low density (i.e., high specific strength). This background of necessity 

for high specific strength high-temperature materials motivated to manufacture refractory 

multi-principal element alloys (RMPEAs) for high-temperature aerospace applications. 

Different manufacturing routes are adopted to understand the effect of microstructure on the 

strength of the alloy. 
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1.2. Objectives and scope 

Based on the above introduction, it is evident that the RHEA (MoNbTaW) developed by 

Senkov et al. has good strength, but its density is very high. To improve the strength of the 

alloy further and to reduce the density, in this work, Ti is added to the MoNbTaW alloy. 

Further, different binaries and ternaries are chosen from the base alloy (MoNbTaTiW) to 

understand the phase transformations and their stabilities.  Based on this motivation, the 

objectives of this Ph.D. thesis are as follows: 

(i) To manufacture RMPEAs with high “density-normalized” hardness. 

(ii) To understand the micro- and nanomechanical behaviour of RMPEAs. 

(iii) To understand the length scale effects on the microstructure and mechanical properties. 

(iv) Correlation of local mechanical properties and local chemical segregation using high-speed 

nanoindentation. 

(v) Estimation of “density-normalized” flow stress of various RMPEAs. 

The tasks followed to achieve the objectives are as follows: 

• Design and development of MoNbTaTiW, MoTa, MoNb, MoTaTi, and MoNbTi 

RMPEAs using the MA+SPS route. 

• Understanding of strengthening mechanisms for the MoNbTaTiW RMPEA. 

• Study on indentation size effect using classic Nix-Gao model for various alloys. 

• Development of MoNb and MoNbTi MPEAs via melting and casting route and their 

structural and nanomechanical characterization. 

• Understanding the origins of strengthening mechanisms in these alloys.  

 

1.3. Thesis outline 

The outline of the thesis is as follows:  

Chapter 1: Introduction discusses the background of the various class of HEAs/MPEAs/CCAs, 

the necessity of high strength to weight alloys for aerospace applications, different types of 

processing routes used in this work, and the objectives and scope of this work.  

Chapter 2: Literature review discusses the history of HEAs, the definition of HEAs, the core 

effects of the HEAs, phase prediction of HEAs, mechanical properties, indentation size effect, 

and strengthening mechanisms of HEAs.  
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Chapter 3: Experimental procedure discusses materials used, different processing routes, 

structural and mechanical characterization techniques like XRD, FESEM, Vickers indentation, 

nanoindentation, and heat treatments.   

Chapter 4: Results and Discussion has sub-sections from 4.1 to 4.5 

4.1 Presents the work that is already published with the following details: Deekshith G. Kalali, 

Sairam Antharam, Mohsin Hasan, P. Sai Karthik, P. Sudharshan Phani, K. Bhanu 

Sankara Rao, Koteswararao V. Rajulapati, “On the origins of ultra-high hardness and 

strain gradient plasticity in multi-phase nanocrystalline MoNbTaTiW based 

refractory high-entropy alloy," Materials Science and Engineering: A. 812 (2021) 

141098.  

4.2 Presents the work that is already published with the following details: Deekshith G. 

Kalali, P. Sai Karthik, K. Bhanu Sankara Rao, Koteswararao V. Rajulapati, “Ultra-

hard, multi-phase nanocrystalline MoTa and MoTaTi based concentrated refractory 

alloys," Materials Letters. 324 (2022) 132768. 

4.3 Discuss the results and discussion on the “Low-dense, multi-phase nanocrystalline MoNb 

(Fe) and MoNbTi (Fe) based multi-principal element alloys” processed via ball milling and 

spark plasma sintering. This work will be submitted for journal publication soon. 

4.4 Presents the work that is already published with the following details:  Deekshith G. 

Kalali, Harita Seekala, P. Sudharshan Phani, K. Bhanu Sankara Rao, Koteswararao V. 

Rajulapati, “High speed nanoindentation aided correlative study between local 

mechanical properties and chemical segregation in equiatomic MoNb and MoNbTi 

alloys,” Journal of Materials Research. 38 (2023) 2919-2929. 

4.5 Presents the work that is already published with the following details: Deekshith G. Kalali, 

Anjali Kanchi, P. Sudharshan Phani, K. Bhanu Sankara Rao, S.V.S. Narayana Murty, 

Koteswararao V. Rajulapati, “Role of Ti on the microstructure and mechanical 

properties of MoNbTi medium-entropy alloy,” International Journal of Refractory 

Metals and Hard Materials. 118 (2024) 106487. 

Chapter 5: This chapter discusses the conclusions and future scope of the work. 

https://www.sciencedirect.com/science/article/abs/pii/S0167577X22011211#!
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Appendix: This section shows the Vertical sections of phase diagrams and phase fraction plots 

drawn using the ThermoCalc TCHEA6 database with respect to various alloys developed in 

this work. 
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Chapter 2 

2. Literature review 

 

2.1. History of high-entropy alloys 

The name High-entropy alloys (HEAs) was coined by Prof. Jien Wei Yeh in 2004 [1]. Later 

these HEAs are also named as multi-principal element alloys (MPEAs) / Complex concentrated 

alloys (CCAs) [2]. In 2004, Prof. Brian Cantor published a similar work but named the studied 

material system as multi-component alloys [3]. It is expected that any invention will have some 

ancient roots; similarly, for this new class of alloys in the 18th century, German scientist Franz 

Karl Achard synthesized alloys with 11 elements (Fe, Cu, Pb, Bi, Sb, Zn, Ag, Co, Sn, As and 

Pt) in different combinations [4]. Efforts of Achard were not recognized as his complete results 

were in French. Later in 1966, Prof. C.S. Smith published a book mentioning the efforts of 

Achard [4]. 

 

2.2. Definition of high-entropy alloys 

Since its inception, there has been a debate on the basic definition of HEAs. One set of 

researchers believed that entropy should be considered in defining the alloys, whereas another 

set of researchers said that composition should be considered while defining HEAs. Still, most 

of the research community believes that achieving a single phase instead of secondary 

phases/compounds is the primary criterion for obtaining high-strength HEAs. Three definitions 

are primarily in the discussion of the HEA community.  

Prof. Jien Wei Yeh suggested a definition based on the composition chosen to fabricate the 

alloy. HEAs are those alloys designed with no bias between the five or more principal elements 

with an atomic percent ranging from 5 to 35 % [1]. In this primary definition of HEAs, there 

is no importance for entropy such that there is vast space to design these HEAs in the phase 

diagrams [5]. 

It is evident that based on equation (2.1) if the Gibbs energy of the alloy system is minimized, 

a thermodynamic equilibrium alloy system can be achieved. As a result, HEAs can also be 

defined based on the entropy value [5]. 

G = H - TS ………………………………….………...……(2.1) 

Changes in Gibbs free energy of mixing can be written as: 

∆Gmix = ∆H mix- T∆Smix…………….…...…………………(2.2) 
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∆Gmix: Enthalpy of mixing 

∆Smix: Entropy of mixing 

The configurational entropy of an equiatomic alloy with n-elements can be derived as equation 

(2.3) based on the Boltzmann hypothesis. 

∆Smix = Rln(n) …………………...………………..………(2.3) 

R (gas constant): 8.314 J/mol K 

n: number of elements 

 

 

Fig. 2.1 Entropy of mixing for equiatomic alloys for different numbers of elements 

 

In Fig. 2.1, it is shown that the entropy of mixing increases with the number of elements in 

equiatomic alloys which helps form a solid solution. The entropy of mixing value at 5 elements 

is considered a lower limit where the enthalpy of mixing will be counterbalanced, and Gibbs 

free energy will be minimized. 

Equation 2.3 is used to classify the alloys based on the entropy of the equiatomic alloys, and it 

is as follows [6]: 

Low Entropy Alloys: ∆Sconf  ≤  0.69R 

Medium Entropy Alloys: 0.69R ≤ ∆Sconf ≤ 1.61R 
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High Entropy Alloys: ∆Sconf ≥ 1.61R 

Although the above classification is for alloys with equiatomic proportions, various non-

equiatomic alloys also show extraordinary mechanical properties. Yeh suggested an equation 

to evaluate the configurational entropy for non-equiatomic systems, as shown in equation (2.4) 

[7]. 

∆Sconf = -R ∑ cilnci
n
i=1 …………...………….….…………..(2.4) 

ci: Atomic percent of the ith element 

R: Gas constant 

For an equiatomic alloy, the lower limit value for the entropy of mixing is 1.61R, where the 

enthalpy of the mixing counterbalances. As a result, for the non-equiatomic alloys, 1.5R (higher 

than the 1.39R corresponding to equiatomic quaternary alloy) was chosen as the lower limit 

nearer to 1.61R. Now the classification for the non-equiatomic alloys is as follows: 

Low Entropy Alloys: ∆Sconf ≤ 1R 

Medium Entropy Alloys: 1R ≤ ∆Sconf ≤ 1.5R 

High Entropy Alloys: ∆Sconf ≥ 1.5R 

Now from the above classifications, it is evident that alloys with 5 or more elements are 

considered High-entropy alloys, alloys with 3 or 4 elements are considered Medium Entropy 

Alloys, and alloys with 1 or 2 elements are considered Low Entropy Alloys. 

 

2.3. Four core effects 

In physical metallurgy, performance of any material will depend on the crystal structure, 

microstructure, processing route, and its properties, as illustrated in Fig. 2.2. Crystal structure 

and microstructure mainly depends on the composition of the material and processing route. 

Crystal structure and microstructure will decide the properties and influences the material's 

performance. Specifically to HEAs, the properties will be decided based on its four core effects 

in the below sections [5,8].  
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Fig. 2.2 Schematic representation showing the material's performance depends on the crystal 

structure, microstructure, properties, and processing route. 

 

2.3.1. High-entropy effect 

A higher configurational entropy with 5 or more elements may favour solid-solution phases 

instead of intermetallic phases, and this is known as a high-entropy effect [9]. It was expected 

earlier, before 2004, that more number of elements in an alloy might result in multi-phase 

structure and intermetallic phases; But surprisingly, these alloys mainly resulted in a single-

phase due to high configurational entropy and minimized the Gibbs free energy [5]. 

 

2.3.2. Sluggish diffusion effect 

Most of the HEAs research community believes that the diffusion process in the HEAs is 

slower than the various conventional alloys [8,10–12]. In HEAs, different sites have different 

local energies due to elements with different physical properties being located. This results in 

different types of bonding in the local sites. In conventional alloys, when the atoms jump from 

the high-energy site to the lower-energy site, there will be no variation in local atomic 
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configuration. The local atomic configuration will vary in the HEAs, and the atoms diffusivity 

is expected to be slower. It is also not a surprise in the HEAs that if atoms jump from a high-

energy site to a lower-energy site, there is a chance of atoms rebounding to their original higher-

energy site [8]. High concentrations and rebounding phenomenon may make the diffusion 

process sluggish in these HEAs. This sluggish diffusion also helps to hinder phase 

transformations.  

Sluggish diffusion helps in the improvement of high-temperature mechanical properties like 

high temperature strength and creep resistance [8]. Hindrances in the diffusion of atoms are 

increased due to undulations of lattice potential energy. This results in the increment of 

activation energy in HEAs, which is why there is sluggish diffusion in HEAs [11]. However, 

the recent experimental investigations using tracer diffusion suggest that diffusion is not as 

sluggish as expected [13]. 

 

2.3.3. Lattice distortion effect 

HEAs are prone to lattice distortion due to elements present of different atomic radii, which 

was explained in the schematic shown in Fig. 2.3. Specifically, BCC HEAs are more severely 

distorted [14–19]. In traditional alloys, the lattice sites will be occupied by principal elements, 

whereas in HEAs, elements with different atomic radii will occupy different sizes randomly. 

This random distribution of different size elements in different sites increases the lattice 

distortion in the alloy. This lattice distortion increment hinders the dislocation movement, 

thereby increasing the contribution of solid solution strengthening [14–19]. Single FCC phase 

HEAs show low strength compared to the BCC HEAs, but the strength of FCC HEAs will be 

higher than the conventional alloys with a single FCC phase due to severe lattice distortion 

[16,20]. In general, the intensity of XRD peaks in HEAs has a reduction, which was explained 

by Yeh et al. that lattice distortion and thermal effect are the reasons for the reduction of XRD 

intensity [21]. 
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Fig. 2.3 Comparison of (a) pure metal lattice structure (b) severe distorted lattice structure of 

HEA. 

 

2.3.4. Cocktail effect 

Cocktail effect explains that the properties and microstructure of the alloy are the combinations 

of different elements present in the alloy [6]. Thus, it explains the reason for enhanced 

properties in these novel HEAs concepts. Although the term cocktail is not a technical term, it 

explains the reason for superior properties in HEAs in a descriptive manner [22]. Prof. 

Ranganathan also explains how an unexpected discovery of the new alloy design opens the 

space for superior properties for the materials community [5]. 

 

2.4.  Phase prediction of HEAs 

Before starting any experimental investigations, some theoretical calculations are necessary to 

minimize experimental errors and/or time scales of preparation. In physical metallurgy, the 

design of the alloy is critical to forecast the outcomes of the alloy development. The design 

includes whether the alloy forms a solid solution, the number of phases, etc. Specifically to 

HEAs, alloys consist of amorphous alloys, solid solution phases, and intermetallics. Especially 

solid solution phases are desirable to achieve extraordinary properties. As HEAs are 

concentrated alloys without a clue which solute and solvent elements are, it is difficult to 

predict the phases. Different methods to predict the phases are semi-empirical parameters 

[23,24] and computational methods. In the following sections, semi-empirical parameters and 

computational methods will be discussed. 
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2.4.1. Semi empirical parameters 

Semi empirical parameters are designed mainly based on the Hume-Rothery rules. Here in this 

section, phase prediction based on the semi empirical parameters for HEAs will be discussed. 

In all the phase prediction models, few are parameter-based, and the remaining are free energy-

based models [25]. Semi empirical parameters are like enthalpy of mixing (∆H mix), Omega 

parameter (Ω), the difference in atomic radius (δ) [8,23,26], and valence electron concentration 

(VEC) [9,12,27,28]. The procedure to calculate the parameters is discussed below. 

The entropy of mixing value will be maximum for an equiatomic alloy. Therefore, HEAs show 

higher mixing entropy than conventional alloys. Comparison of (∆H mix) and (∆S mix) can 

decide the formation of the solid solution phase [27]. In different phases, the magnitude of 

(∆H mix) and (∆S mix) will overlap for HEAs.  Atomic size mismatch of participating elements 

can improve the accuracy of phase prediction [29,30]. The difference in the atomic size 

enhances the lattice distortion in HEAs, thereby incrementing the strain energy. The atomic 

size difference in HEAs is very high; free energy will be increased, and the solid solution phase 

will be destabilized. Due to high lattice distortion, atoms favour order topologically, minimize 

energy, and lead to the formation of intermetallics [5,31]. Phase transformation will slow due 

to high activation energy from severe lattice distortion. This slow phase transformation leads 

to the formation of precipitates of nano size, amorphous phase, and elemental segregation. The 

atomic size difference is as follows: 

δ = √∑ ci (1-
ri

r̅
)

2
n
i=1 …………………………………….…(2.5) 

r̅ = ∑ ciri
n
i=1  (is the average atomic radius) 

ci: Atomic percent of the ith element 

ri: atomic radius of the ith element 

The term ∆H mix and δ decides whether the alloy forms a solid solution phase. If the atomic 

size difference δ ≤ 6.6, the alloy forms a solid solution phase.  

∆H mix = ∑ Ωijci
n
i=1, i≠j cj ………………………………..…(2.6) 

Ωij = 4∆HAB
mix …………………………………………...….(2.7) 

ci: Atomic percent of the ith element 

cj: Atomic percent of the jth element 

∆HAB
mix: Enthalpy of mixing of binary pairs 

With respect to ∆H mix if the ∆H mix value falls in the below-mentioned range, then the alloys 

form a solid solution phase. 
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-11.6 kJ/mol ≤ ∆H mix ≤ 3.2 kJ/mol 

Zhang et al. introduced a new parameter (Ω) having a parameters ∆H mix, ∆S mix, and T m. 

Zhang reported that the alloys form a solid solution phase if the Ω parameter falls in the range 

mentioned below. 

Ω ≥ 1.1  

Ω = 
Tm∆Smix

|∆Hmix|
 …………………………………………...……(2.8) 

Tm: Melting temperature of the alloy 

∆Smix = -R ∑ cilnci

n

i=1

 

ci: Atomic percent of the ith element 

R: Gas constant 

∆Hmix: Shown in equation 2.6 

Above mentioned parameters decide whether the alloy forms a solid solution, intermetallic or 

amorphous phase. To know the crystal structure of the alloy, Battezzati et al. [32] and Guo et 

al. [5,31] suggested a parameter valence electron concentration (VEC). The range of VEC 

decides the crystal structure of the alloy, whether it is a FCC, BCC, or HCP. The range of the 

VEC is mentioned below and formulae to evaluate the VEC. 

VEC ≥ 8.0 (Single FCC phase) 

VEC ≤ 6.87 (Single BCC phase) 

VEC ≈ 2.80 (Single HCP phase) 

VEC = ∑ ci
n
i=1 (VEC)i……………………………...………(2.9) 

All the above mentioned semi empirical parameters can be used together to predict the phase 

and phase type of an alloy desired to manufacture. But the highest possible efficacy of the semi 

empirical parameters is only 72 % which is relatively low to depend only on these semi 

empirical parameters. Thus, these semi empirical parameters can only be used as a 

complementary method to other techniques for designing new alloys.  

 

2.4.2. CALPHAD methods 

Compared to the semi empirical parameters, it is known that CALPHAD calculations give the 

best phase prediction [5]. This is because CALPHAD involves so many thermodynamics 

databases generated using experimental outcomes. CALPHAD was unsuccessful for HEAs in 

the initial stages due to insufficient databases. Recently thermodynamic databases were 
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established for these novel HEAs. Thermo-Calc started its journey from the TCHEA1 database 

to now at the TCHEA6 database. Recently, CALPHAD was mainly used for various HEAs to 

understand the phase diagram and phase fraction plots before synthesizing the alloy. 

 

2.5.  Taxonomy of high-entropy alloys 

High-entropy alloys are classified into many varieties based on the type of elements used, as 

shown in Fig. 2.4. From its inception in 2004, many different alloys were developed with vast 

compositional space. A wide variety of elements are used in developing HEAs, like transition 

metals, metalloids, alkaline earth metals, and non-metals [9]. Generally, based on the elements 

chosen from the periodic table, those are called that family of alloys. Various families of alloys 

are refractory HEAs, 3d transition alloys, light metal HEAs, precious metal HEAs, lanthanide 

transition HEAs, interstitial compound HEAs, and brass and bronze HEAs [9]. Among the 

mentioned HEAs above, the two most famous alloy families are the Cantor group (3d transition 

alloys) [3] and the Senkov group (refractory metals) [33]. In the present work, the alloy 

development is mainly focused on employing refractory metals, leading to the manufacturing 

of various refractory multi-principal element alloys.  

 

 

Fig. 2.4 Classification of HEAs based on composition, phase type, and elements used. 
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2.6.  Expansion of high-entropy alloys field 

 

 

Fig. 2.5 Schematic showing the size of compositional space of different high-entropy alloys 

field 

 

It is well known that after 2004 the research on high-entropy alloys had good attention in the 

scientific community [1,3]. Initially, these alloys are aimed only for the single phase because 

it is against the earlier (the year 2004) expectation of multi-phase structure and intermetallics. 

It is also that only equiatomic alloys were the attention with a single phase. Later researchers 

started developing non-equiatomic alloys with exceptional mechanical properties. With the 

advancement of the alloy design strategy, this high-entropy alloy field expanded to a large 

compositional space different from the initial high-entropy alloy definition, shown in Fig. 2.5. 

Many reports also aimed at the multi-phase structure in these alloys to improve the mechanical 

properties further, and composition concentration may be equiatomic or nonequiatomic. As a 

result, the initial definition of high-entropy alloys is unsuitable for the changes in new alloy 

designs. Therefore, they named them multi-principal element alloys (MPEAs) and complex 

concentrated alloys (CCAs). The new titles, like MPEAs and CCAs, have no restrictions on 

the number of participating elements and entropy value [34]. 
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2.7.  Refractory multi-principal element alloys 

In 2010 refractory high-entropy alloys were introduced by Senkov et al. [33]. MoNbTaW was 

the first refractory HEA developed by the Senkov group with excellent mechanical properties. 

Later, many RHEAs/RMPEAs are developed with various refractory elements like  Mo, Nb, 

Ta, Ti, W, Zr, Hf, V, and Cr. Generally, elements with melting points greater than the Fe 

melting point are called as high melting point elements [35]. These RMPEAs are mainly aimed 

for high-temperature applications. All the above are transition elements with high melting 

points, electrical resistance, and mechanical strength [35]. Till 2010 studies on these RMPEAs 

were not focused. Recently many researchers and this work also focused on the RMPEAs. In 

early 2004 the focus was only on the 3d transition elements to develop MPEAs. 

 

2.7.1. Fundamental properties of refractory elements 

This section will discuss all the properties of the refractory elements used in this work. 

Properties like density, atomic weight, melting point, crystal structure, lattice constant, Young's 

modulus, and atomic radius are shown in Table 2.1. In this work, the lowest melting point 

element used is Ti, whereas the highest melting point used is W. Similarly, the Lowest density 

element used is Ti and whereas W is the highest density element. The elements mentioned in 

Table 2.1 is used in various RMPEAs to achieve a high-strength material at high temperatures. 

Many reports suggested that these RMPEAs have great potential for aerospace applications 

[36–38]. 

 

Table 2.1 Physical properties of the most used refractory elements in the development of 

RMPEAs 

Element Crystal 

structure 

@ 298 

K 

Atomic 

radius, 

(Å) 

Atomic 

weight, 

(g/mol) 

Melting 

temperature 

(K) 

Density 

(g/cc) 

Lattice 

parameter 

(Å) 

Youngs’s 

modulus 

(GPa) 

Mo BCC 1.36 95.95 2896 10.22 3.14 329 

Nb BCC 1.43 92.90 2750 8.57 3.30 105 

Ta BCC 1.43 180.95 3290 16.65 3.30 186 

Ti HCP 1.462 47.86 1941 4.51 2.95, 4.68 116 

W BCC 1.37 183.84 3695 19.25 3.16 411 
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2.7.2. Applications of refractory multi-principal element alloys  

MoNbTaW is the first refractory alloy developed in 2010 by Senkov et al. [33]. This alloy 

exhibited extraordinary mechanical properties, as shown in Fig. 2.6, with the only concern 

being high density [33].  

 

 

 

Fig. 2.6 Compressive strength of the equiatomic MoNbTaW alloy (a) room temperature and 

(b) elevated temperatures [39].  

 

These RMPEAs, by the name itself, say that alloys are made up of refractory elements with 

high melting points. RMPEAs have great potential applications in aerospace and defence, 

where material undergoes extreme environments [40]. Most reports envisaged these alloys 

could be used as a structural material at high temperatures with extraordinary strength. These 
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alloys also exhibited good corrosion resistance that can be used in chemical industries for heat 

exchangers and gas turbine engines operating on the ground [36]. The recent interest in low-

density RMPEAs is that these alloys can replace the superalloys of gas turbine engines in flight 

vehicles.  In one most recognized RMPEA, MoNbTaW has good high-temperature strength, 

yet this alloy has a drawback of high density. This hinders its usage for flight vehicle 

applications. Few researchers explored the possibility of decreasing the overall density by 

altering the composition of the alloy using another low-density element addition. D G Kalali 

et al. developed a high-strength, low-density alloy MoNbTaTiW based on the MoNbTaW alloy 

where Ti has been added [41]. Nuclear power plants also require these high-strength materials 

to sustain high temperatures. Vanadium was focused on developing HEAs for nuclear 

applications [42]. Two such alloys, VCrMnTi and VCrMn are developed and investigated due 

to low activation elements [42]. Both alloys resulted in a single BCC phase favorable for fusion 

reactor applications. Some other RMPEAs have also shown some favorable conditions for 

nuclear applications [43–45]. Few limited room temperatures applications like WC-based drill 

bits and medical applications are not explored effectively [46,47]. 

 

2.7.3. Mechanical properties of refractory multi-principal element alloys 

Since the inception of high-entropy alloys in 2004, the primary interest of these alloys has been 

extraordinary mechanical properties [1,3]. From 2010 RMPEAs showed extraordinary high-

temperature mechanical properties [33]. RMPEAs have a good scope of application in flight 

vehicle parts operating at high temperatures. The Interest of research on RMPEAs has 

increased globally, and the focus of the present study is also on RMPEAs. Senkov et al. 

introduced two novel RMPEAs, MoNbTaW and MoNbTaVW, with extraordinary mechanical 

properties [39]. Two are the BCC alloys with a microhardness value of 4.45 GPa and 5.25 GPa 

for the MoNbTaW and MoNbTaVW alloys, respectively [39]. Hardness increment in the 

MoNbTaVW is due to the element V with smaller atomic radii enhancing the lattice strain in 

the lattice. Solid solution strengthening was also enhanced due to variations in atomic radius 

and elastic modulus between the participating elements after the addition of V. High-

temperature compressive strengths are also evaluated from room temperature to 1600 oC. At 

1600 oC the compressive yield strength of the MoNbTaW is 405 MPa, whereas the compressive 

yield strength of the MoNbTaVW is 477 MPa. The compressive yield strength decreases from 

room temperature to 1600 oC, but the strength at 1600 oC is high compared to various 

conventional or superalloys as shown in  Fig. 2.7.  
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Fig. 2.7 Compressive yield strength of the MoNbTaW and MoNbTaVW at different 

temperatures compared with Haynes 230 and Inconel 718 superalloys [39]. 

 

After 2011, several alloys based on MoNbTaW were discussed in the literature. One such 

quaternary alloy is MoNbTaV which showed excellent mechanical properties superior to 

MoNbTaW alloy [48]. The yield strength of the MoNbTaV (1.5 GPa) is more than the yield 

strength of the MoNbTaW (1 GPa). Microhardness of both the alloys is 4.94 GPa and 4.45 GPa 

for the MoNbTaV and MoNbTaW, respectively. Ti is also added to the MoNbTaW alloy to 

improve the plastic strain of the MoNbTaW alloy, which was very low (1.5 %). Now the 

compressive yield strength of the MoNbTaTiW alloys resulted in 1455 MPa, which was far 

higher than the MoNbTaW alloy (996 MPa). In most RMPEAs, the strengthening is contributed 

to solid solution strengthening due to lattice distortion. Since 2010 many studies based on the 

MoNbTaW alloy have been discussed in the literature with superior mechanical properties [49–

54]. Some review papers also discussed the mechanical properties of the various RMPEAs 

[35,55,56]. 

Dasari et al. [57] developed two alloys, Al0.5NbTa0.8Ti1.5V0.2Zr and Al0.5Mo0.5NbTa0.5TiZr, that 

imitate the microstructure of Ni-based superalloys, with a matrix phase of ordered BCC 

consisting of a disordered BCC precipitate as shown in Fig. 2.8. The spinodal decomposition 

of phases is explained using the free energy diagrams. This spinodal decomposition has an 

implication on the mechanical properties. 
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Fig. 2.8 High-angle annular dark-field scanning transmission electron microscopy micrograph 

of Al0.5NbTa0.8Ti1.5V0.2Zr alloy showing the BCC + B2 checkered pattern similar to Ni-based 

superalloy [57]. 

Couzinié et al. [58] discussed the high-temperature (600 oC) deformation mechanisms in a 

Al0.5NbTa0.8Ti1.5V0.2Zr alloy with BCC+B2 microstructure. The compressive yield strength of 

the alloy at 600 oC is 1186 MPa after a true strain of 0.047. The compressive yield strength of 

the Al0.5NbTa0.8Ti1.5V0.2Zr alloy is far better than the alloys with single BCC phase such as 

MoNbTaW (561 MPa) and MoNbTaVW (862 MPa). 

 

2.8.  Indentation size effect in refractory multi-principal element alloys 

Understanding the mechanical behaviour of novel materials is essential to step further into 

application. It is always curious to understand the length-scale mechanical properties as 

microstructural features always influence mechanical properties. It is well known that the 

mechanical properties of micro/macro size features are well addressed in the literature. It is 

clear that the strength of the material changes when the feature size is less than 100 nm.  From 

the well-known Hall-Petch effect, it is clear that if the microstructural feature is in the nm 

regime, the strength of the material increases when compared to the counterpart material with 

a micron regime feature size. It is known that the increment in the strength will be seen when 

the indented volume is very low, and the deformation happens under limited defects.   
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Fig. 2.9 Schematic showing (a) Variation of hardness with the increase in indentation depth 

(Normal ISE, Conventional plasticity, and Reverse ISE) (b) Hardness is the ratio of indentation 

load and projected area (c) Berkovich indenter with a half angle of 65.3o. 

 

While performing the indentation, a size-dependent phenomenon can be observed with a 

decrease in indentation load, and the hardness will be increased. This phenomenon is called as 

indentation size effect [59]. This is often observed while using self-similar indenters like cones 

and pyramids [60–62], where hardness is the ratio of applied load to the projected contact area. 

In some instances, hardness decrement is also observed with the decrease in the indentation 

load, and it is termed reverse ISE, shown in Fig. 2.9 [63–66]. 

Chen and Hendrickson [65] performed indentation studies on the high-purity Ag. In this study, 

it is observed that Vickers hardness is increased with the indentation depth, whereas deceased 
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at the smaller depths. Hardness is evaluated using the measurement of the plastic residual 

contact that appeared after indentation using the geometrically self-similar diamond indenter 

(centreline to face angle is 68º) [65–68]. It is known that from the conventional plasticity 

theory, there should not be any variation in the hardness with the indentation depth [66]. 

Initially, it was presumed that the reason for the ISE during indentation was sample surface 

preparation problems like hard surface oxides, surface roughness, and tip blunt of the indenter 

instead of actual material effect [69]. To understand the actual reasons for the ISE, indentation 

experiments are conducted on various noble metals for which a proper sample surface is 

maintained. These studies show that the actual reason for ISE is more fundamental than surface 

roughness problems [69]. Some researchers reported that the limited number of dislocations 

participating in the deformation during small load indentation is the reason for ISE  [64,66]. 

After the entry of nanoindentation instruments in the research community, research interest in 

understanding the ISE was started again in the 1990s. Most of the research on ISE was 

established from 1950 to the 1970s [61,70–75]. The indent residue impression will be measured 

using imaging techniques in the Vickers hardness to estimate the hardness of the material. In 

the nanoindentation, the indent impression is measured from the indentation load (P) - 

indentation depth (h) curves obtained from the nanoindentation experiments. This 

nanoindentation technique helped researchers to estimate the hardness of small volumes of the 

order of a few nm [74]. MacElhaney et al. showed a procedure to obtain the ISE data from the 

indentation experiments [76]. MacElhaney et al. performed the experiments with a Berkovich 

indenter (Shown in Fig. 2.9.) on single crystal Cu (1 1 1). Berkovich indenter and Vickers 

indenter have the same area-to-depth relationship. This resulted in using Berkovich indenter in 

nanoindentation experiments which avoids the damage of chisel edge tip defect. This edge tip 

defect will destroy the geometric self-similarity at smaller depths.  

Among the various fundamental reasons, strain gradient plasticity theory well explains the ISE 

[77]. Strain gradient plasticity has been reported in various conventional dilute materials, 

including single crystals, polycrystalline materials, solid solutions, etc. [78,79], and was 

explained by the model proposed by Nix and Gao [80]. Recently ISE is also explained in a few 

MPEAs based on the strain gradient plasticity theory [81,82]. According to the Nix-Gao model 

[80], the characteristic nature of depth-dependent hardness can be written as 

H

H0
= √1+ 

h*

h
………………………………………………(2.10) 

H0=3√3αGb√ρSSD……………………………………….(2.11) 
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h* = (
81

2
) bα2tan2θ (

G

H0
)

2

…………………………...……(2.12) 

Where H is hardness at a given depth (h), H0 is a depth-independent hardness that arises only 

from statistically stored dislocations; h* is the length scale that characterizes the depth 

dependence of hardness and is influenced by the shape of the indenter, shear modulus (G) and 

H0. As H0 is influenced by the density of statistically stored dislocations (ρSSD), h* can’t be 

considered as a constant, and α is a constant of 0.5. 

 

2.9.  Strengthening mechanisms in refractory multi-principal element alloys 

Mechanical properties of the materials can be tailored with the help of various strengthening 

contributions involved in the materials. Literature suggests that strengthening mechanisms of 

the conventional materials can be used/extrapolated to the MPEAs.  

• Reduction of grain size[83,84]. 

• Inducing the short-range order clusters into the matrix of the material [85,86]. 

• Distribution of nano precipitates into the matrix of the material [18,87,88]. 

• Enhancement of the dislocation density [89]. 

• Improving the nano twins density [90–92].  

All the above techniques will enhance the following strengthening contributions to enhance the 

strength of the material. Major strengthening contributions like frictional stress, Hall-Petch 

strengthening, Taylor hardening, and Solid solution strengthening will be discussed in detail. 

 

2.9.1. Frictional stress 

Strengthening contribution from the frictional stress is arises from the inherent resistance 

offered by the lattice to the mobile dislocations. In these novel MPEAs, the everchanging 

chemical nature at the atomic scale is expected to offer enhanced resistance to mobile 

dislocations in comparison to the lattice of pure metals. The data for the frictional stress of the 

individual elements is well addressed in the literature [93], whereas frictional stress for the 

novel MPEAs is not available in the literature. In the present work, the frictional stress of the 

various alloys is calculated using the rule of mixtures procedure, a similar procedure followed 

elsewhere [41,94,95]. Frictional stress (σo) is calculated using equation 2.13. 

σ0= Σ (ci × σo
i )…………………………………………..(2.13) 

ci: Atomic percent of the ith element 

σo
i : Frictional stress of the ith element at room temperature 
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2.9.2. Hall-Petch strengthening 

Hall-Petch strengthening/Grain boundary strengthening significantly contributes to the 

strength of the alloy among various strengthening contributions. E.O Hall and  N.J Petch, two 

pioneers in the field, deduced a theory of Hall-Petch strengthening that how the strength of the 

alloy varies with change in the grain size [96–100]. Hall-Petch strengthening states that the 

volume fraction of grain boundaries will be high in the alloy if the grain size is small, enabling 

them to act as a barrier to the dislocation movement as shown in Fig. 2.10. Random orientation 

of atoms in the grain boundaries hinders the movement of dislocation and thereby increases the 

strength of the material, which can be seen in equation 2.14. Extensive experimental 

investigations over several decades on wide variety of metals and alloys resulted in the pictorial 

representation of influence of grain size on yield strength as shown in Fig. 2.11. From the 

microcrystalline regime to an average of grain size 100 nm, the Hall-Petch type of behaviour 

was observed, whereas between the grain sizes 100 nm to 10 nm, strength enhancement was 

seen with decrement in grain size but with a different Hall-Petch slope at grain sizes of around 

10 nm and below a negative Hall-Petch slope was observed in such metals and alloys indicating 

negative Hall-Petch behaviour.  

σy = σo + 
k

√d
 ……………………………………………..(2.14) 

σy: Yield strength of the alloy 

σo: Frictional stress of the alloy 

k: Hall-Petch constant  

d: Grain size of the alloy 
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Fig. 2.10 Schematic showing (a) coarse grain size and (b) finer grain size. In fig 2.9 (b) it is 

clear that at finer grain size the number of obstacles in the form of grain boundaries will be 

more for the mobile dislocations that leads to strength enhancement.  

 

 

Fig. 2.11 Schematic representation of yield strength of the alloy as a function of grain size. 

 

Dislocations pileup near the grain boundaries and develop stress on the dislocation near the 

grain boundary, which influences the easy movement of the dislocation to the next grain in the 

large grain-size alloys. The dislocation pileup in the alloy with smaller grains will be minimal; 

therefore, the grain boundary hinders dislocation movement to the adjacent grain.  

Liu et al. fabricated ultra-fine MoNbTaTiV RMPEA using mechanical alloying with 

subsequent Spark Plasma Sintering to take advantage of grain boundary and solid solution 

strengthening [101]. MoNbTaTiV alloy sintered at a temperature of 1600 oC and achieved two 

phases with average grain sizes of 0.58 μm and 0.18 μm. The microhardness is exceptionally 

high, with a value of 524 HV. Qing Liu et al. reported that high strength is attributed to Hall-

Petch and Solid Solution Strengthening. Opting for the powder metallurgy route is always 

desirable to achieve the alloy with finer microstructural features.  

Pan et al. fabricated MoNbTaW and Mo23Nb23Ta23W23Ti8 RMPEAs using the MA+SPS route 

[102]. After sintering the alloys, they achieved a grain size of less than 1 μm. The 

microhardness of the MoNbTaW alloy using the MA+SPS route is 7.78 GPa, which is much 

higher than the similar alloy developed using the melting and casting route [49]. This indicates 
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how the grain size influences the strength of the alloy. In the present thesis work, one of the 

significant contributions is from the Hall-Petch strengthening. 

 

2.9.3. Taylor hardening 

Taylor hardening is also known as strain hardening and dislocation hardening. Taylor 

hardening contributes to overall strengthening when dislocation-dislocation interactions take 

place during the deformation of the alloys. Taylor hardening can be estimated using equation 

2.15 mentioned below. 

∆σSH = MαGb√ρSSD……………………………...………(2.15) 

    M: Taylor factor (=3.06 for both BCC and FCC alloys) 

    α: Correction factor is taken as 0.3 

    G: Shear modulus (=
E

2 (1+ϑ
) 

    E: Elastic modulus 

    ϑ: Poissons ratio 

    b: Burgers vector (|b|=
a

2
√3 for BCC and |b|=

a

2
√2 for FCC) 

    ρSSD: Statistically stored dislocations (ρSSD = 2√3
ε

Db
) 

    ε: Lattice microstrain 

    D: Grain size of the alloy 

Duan et al. fabricated a MoNbTaTiVZr RMPEA using vacuum arc melting and subsequent 

high-pressure torsion (HPT) at room temperature [103]. The corresponding alloy resulted in a 

dual-phase (BCC + BCC) structure, one with Zr rich and another with Zr depleted. In general 

HPT process is used for grain refinement and increasing the dislocation density. In the 

MoNbTaTiVZr RMPEA, no new phases are observed after the HPT, but the grain refinement 

has happened, and an increment in the dislocation density is observed. Thus increment in the 

dislocation density is directly proportional to Taylor hardening, and the alloy showed excellent 

hardness with enough contribution of Taylor hardening.  

Wu et al. fabricated a novel Hf25Nb25Ti25Zr25 RMPEA using a vacuum arc melting route [104]. 

After XRD analysis in the as-cast and heat treatment conditions, a single BCC phase was 

observed. There was no change in the crystal structure after the homogenization. Interestingly, 

the yield strength and ultimate tensile strength of the alloy are much higher than most of the 

FCC HEAs. A TEM study has been performed after preparing the electron transparent region 

using ion milling to understand the mechanism in detail. During the tensile deformation process 



 

29 

 

Chapter 2 Literature review 

in the alloy mentioned above, dislocation multiplication (Taylor hardening) helped in the 

improvement of the plasticity in the alloy. 

 

2.9.4. Solid solution strengthening  

 

 

Fig. 2.12 Atoms in the multi-principal element alloy are distributed randomly, increasing the 

lattice distortion and hindering the movement of the dislocations, thereby enhancing the solid 

solution strengthening of the alloy. 

 

Fig. 2.12. shows that in the MPEA, atoms are randomly distributed in the lattice, which imparts 

the lattice distortion and increases the strength of the alloy. In conventional alloys, the solute 

atoms increase the lattice distortion to some extent which increases the strength of the alloy. In 

MPEAs, the concentration of different elements is high, so it is impossible to define solute and 

solvent in the composition. Solid solution strengthening has been expected to be the 

predominant contribution in these MPEAs because these are highly concentrated solid 

solutions. The differences in the atomic radii and shear moduli values of the respective 

individual elements are believed to contribute to the overall solid solution strengthening of the 

MPEAs. Methodology for the theoretical calculation of SSS was initially offered by Labusch 

[105,106], and the same was utilized for several MPEAs [52,107], If an alloy has ‘n’ elements, 

there will be a strengthening contribution from each element for the SSS. SSS of the ith element 

is given by 
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∆σi=AGfi

4

3ci

2

3………………………………………..……(2.16)

 ci: Atomic percent of the ith element  

A: Material constant with a value of 0.04 [108] 

fi: Mismatch parameter of the ith element 

fi= √δGi
2 +α2δri

2 ………………………………………..….(2.17) 

δri: Atomic size mismatch parameter of the ith element 

δGi: Atomic modulus mismatch parameter of the ith element 

α: 9, interaction force between the screw and edge dislocations 

with the solute atom 

For BCC, δri= 
9

8
ΣCjδrij , the ith atom will have 8 nearest neighboring atoms in a BCC lattice, 

therefore the fraction 
9

8
 is considered. For FCC, δri= 

13

12
ΣCjδrij , the ith atom will have 12 

neighboring atoms in a FCC lattice, therefore the fraction 
13

12
 is considered. 

Similarly, atomic modulus mismatch was also calculated using the below formulae 

For BCC, δGi= 
9

8
ΣCjδGij;  For FCC, δGi= 

13

12
ΣCjδGij 

Atomic radii mismatch and atomic modulus mismatch for various binaries can be calculated 

by using the following formulae: 

                            δrij= 
2×(ri- rj)

(ri+ rj)
;                                    δGij= 

2×(Gi- Gj)

(Gi+ Gj)
 

riis the atomic radius of the respective element. Giis shear modulus of the respective element. 

Using Gypen and Deruyttere approach [109], the SSS of the corresponding can be calculated 

using the below formulae mentioned in the  

∆σsss= (Σ∆σi

3

2)

2

3

…………………………………….……(2.18)

       

Liu et al. fabricated a novel NbTaHfZrTi RMPEA with a single BCC phase, which exhibited 

a moderate yield strength [110]. To further enhance the strength of the alloy using the concept 

of solid solution strengthening, authors added Fe (smaller atomic radii compared to other 

participating elements) into the alloy, which enhanced the yield strength up to 970 MPa 

(approx.). This didn't show any effect on the strain of the alloy, which is 17.5 % (approx.). But 

due to the addition of Fe, after some aging treatment, new brittle Hf2Fe precipitates are formed, 

which shows an effect on the ductility of the alloy. 
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Wang et al. fabricated a series of novel lightweight Zr1.2V0.8NbTixAly (TixAly) RMPEAs [111]. 

In this series of alloys, authors modified the concentration of the Ti and Al of the alloy 

mentioned above to suppress the B2 and C14 precipitates. Among various alloys, Ti3.6Al0.6 

alloy showed specific yield strength of 40 % more than the other developed series of alloys. 

Wang et al. reported that this high strength in the alloy is due to solid solution strengthening 

resulting from the lattice distortion in the alloy and short-range chemical ordering. 

 

2.9.5. Twin boundary strengthening  

Twinning results in the formation of the twin boundaries within the crystal, forming another 

crystal within the primary crystal [112]. Different types of twin formation are possible, such as 

during the growth of the crystal, due to the mechanical loading and due to the annealing 

treatments to the material [112,113]. Twin boundaries that separate the primary crystal can 

hinder the dislocation motion and thus help in the improvement of the strength of the material, 

as shown in Fig. 2.13  

 

 

 

Fig. 2.13 Schematic to show how dislocations are hindered at twin boundaries 

 

2.9.6. Precipitation strengthening  

Precipitate formation in the matrix hinders the dislocation motion [114]. During the dislocation 

movement through the precipitate, it may bypass the precipitate by forming the loop or cutting 

it. Dislocation shears the precipitate when the size of the precipitate is small, thus providing 
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strengthening. If the size of the precipitate is above a certain size, dislocation forms a looping 

around the precipitate instead of shearing. Orowan stress, the stress required to move the 

dislocation between the precipitates separated by a distance ‘L’ is given by equation (2.19)   

𝜏𝑜  =  
𝐺𝑏

𝐿
 ………………………………………...(2.19) 

 

G: Shear modulus 

b: Burgers vector 

L: Precipitate spacing 

 

Fig. 2.14  Schematic of precipitation hardening mechanism [114] 

 

2.9.7. Dispersion strengthening  

In the dispersion strengthening mechanism, metallic material is added to the matrix as a 

dispersoids to strengthen the matrix material [114]. Unlike other strengthening mechanisms, 

the advantage of dispersion strengthening is that the dispersoids material can be chosen to have 

high-temperature strength. Thus, the strength achieved due to dispersion strengthening can be 

maintained even at high temperatures. The mechanism of dislocation interaction with 

dispersoids is similar to precipitation strengthening as shown in Fig. 2.14. 
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Chapter 3 

3. Experimental details 

 

 

 

Fig. 3.1 Flow chart of the experimental procedures adapted in the current investigation 

 

3.1.  Materials used 

In the present work, Mo, Nb, Ta, Ti, W, and Fe elemental powders and/or granules with purity 

>99.5 % are used to manufacture various alloys in two different processing routes via MA+SPS 

and melting and casting. The physical properties of the respective elements are shown in Table 

3.1. 
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Table 3.1 Physical properties of elements used in this work to fabricate various RMPEAs 

Element Mo Nb Ta Ti W Fe 

Atomic 

number 

42 41 73 22 74 26 

Crystal 

structure 

(@ 298 K) 

BCC BCC BCC HCP BCC BCC 

Atomic 

radius, (Å) 

1.36 1.43 1.43 1.46 1.37 1.24 

Atomic 

weight, 

(g/mol) 

95.95 92.90 180.95 47.86 183.84 55.84 

Melting 

temperature 

(K) 

2896 2750 3290 1941 3695 1811 

Density 

(g/cc) 

10.22 8.57 16.65 4.51 19.25 7.87 

Lattice 

parameter 

(Å) 

3.14 3.30 3.30 2.95, 4.68 3.16 2.86 

Youngs’s 

modulus 

(GPa) 

329 105 186 116 411 211 

 

 

3.2.  Processing of refractory multi-principal element alloys with finer 

microstructural features 

Processing of the nanocrystalline (1 nm to 100 nm) RMPEAs has a significant advantage of 

high strength and homogeneous microstructure compared to coarse-grained counterparts [1]. 

Researchers like Gleiter and Koch have contributed significantly to the understanding and 

advancement of the science of nanostructured materials [2,3]. It is well understood and well 

documented that refined microstructural features (matrix grain size and/or second phase 

dimensions) would contribute enhancement to the hardness/strength of structural engineering 
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materials. Therefore, this aspect is also explored and RMPEAs with refined microstructural 

features are developed in the present study and associated strengthening characteristics are 

studied. In the present work, all the nanocrystalline RMPEAs are synthesized via the MA+SPS 

route, which is a top-down approach. In further sections, experimental details with respect to 

mechanical alloying and spark plasma sintering will be discussed.  

 

3.2.1. Mechanical alloying 

In the most available literature, mechanical alloying (top-down approach) is the primary 

technique for synthesizing nanocrystalline MPEAs [4,5]. The ball milling facility will 

generally form an alloy with ‘n’ number of elements. The initial elemental powder particle size 

will be in microns. After continuous milling for hours, the milled powder crystallite size will 

be reduced to the nanoscale. In this work, the milling process is undergone in an argon 

atmosphere to avoid contaminating the elemental powder with the surrounding atmosphere. 

Milling was stopped after sufficient reduction of the crystallite size was observed. The milling 

parameters used in this work are shown in Table 3.2 and the schematic of the ball milling 

process is shown in Fig. 3.2. In the high-energy ball milling facility, two vials are loaded with 

equal weight, and the movement of these vials will be in ‘∞’ shape. The velocity of each vial 

is in the order of 5 m/s, the clamp speed motion is 1200 rpm, and the length of the vial is 5 cm 

[6]. For every one-hour run of the mill, a break of 20 mins is given to cool down the motor in 

the mill. Samples of minimal quantity are collected every 5 h to perform the XRD and 

understand the phase formation and crystallite size. 

 

Table 3.2 Parameters used during mechanical alloying in the high-energy ball mill 

Type of mill High-energy ball mill 

Make SPEX 8000D shaker mill 

Milling media Hardened steel 

Milling condition Dry 

Milling temperature Room temperature 

Milling atmosphere Argon 

Ball-to-powder ratio 5:1 
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Fig. 3.2 Schematic of the milling process in the high-energy ball mill. (a) Metal powder and 

metal balls in the milling vial (b) metal powder is fracturing in between the two metal balls 

hitting with high velocity. 

 

3.2.2. Spark plasma sintering 

Among the various types of sintering techniques for powder material, spark plasma sintering 

(SPS) is the technique with a fast heating rate. In this process, both uniaxial pressure and DC 

pulsed current are applied simultaneously. Due to the high heating rate, the required 

temperature to form a neck between the particles will reach in a few minutes, and simultaneous 

pressure helps in the formation of dense material. There will not be enough time for grain 

growth in this process due to fast operation. Therefore, the crystallite size will be slightly 

increased/maintained after SPS [7–9]. In Table 3.3, the SPS parameters used in the present 

work are mentioned, and the schematic of the SPS equipment is shown in Fig. 3.3. 
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Table 3.3 Parameters used during spark plasma sintering to sinter the milled powders in this 

work 

Type of Press Spark plasma sintering 

Make (Available at ARCI Hyderabad) DR SINTER 1050 apparatus 

(SPS Syntex Inc., Tokyo, Japan) 

Uniaxial pressure applied 80 MPa 

Sintering temperature for MoNbTaTiW and 

MoNb alloys 

1473 K 

Sintering temperature for MoNbTi alloy 1273 K 

Sintering temperature for MoTa alloy 1573 K 

Sintering temperature for MoTaTi alloy 1373 K 

Heating rate for all the alloys 7.21 K/s 

Holding time for all the alloys 15 min 

Sintering atmosphere Argon 

Die material Graphite (die, punches, and foil 0.2 mm 

thick) 
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Fig. 3.3 Schematic of the spark plasma sintering equipment used in this work 

 

3.3.  Processing of refractory multi-principal element alloys with coarser 

microstructural features 

Manufacturing of MPEAs using conventional melting and casting routes results in alloys with 

micron-level grain sizes. The alloys prepared through the powder metallurgy route are often 

thermodynamically unstable. Given the supply of some amount of energy, they tend to 

transform into other stable configurations with the minimum possible amount of free energy.  

It has been a practice for several centuries to develop new materials that possess equilibrium 

microstructures using melting and casting [10]. In the current study, arc melting has been used 

to develop these novel RMPEAs by adapting the following process parameters as outlined in 

Table 3.4. Due to the concentration of all the participating elements being high during 

solidification after melting; there will be elemental segregation in the melting and casting route. 

Although several melting and casting routes are available to fabricate the alloys with micron-

scale grain sizes,  vacuum arc melting is used to manufacture the alloy in this work.  

 

Table 3.4  Parameters used during vacuum arc melting in this work 

Vacuum 10-6 mbar 

Getter Titanium 

Number of times inert gas purging 4 

Number of times remelting 5 

 

3.3.1. Vacuum arc melting 

Vacuum arc melting (VAM) is the most used processing technique to manufacture various 

MPEAs with coarse grains [11–18]. In this work, melting is performed using the melting unit 

supplied by Mansha Vacuum Technologies Pvt ltd. A schematic of the melting unit is shown 

in Fig. 3.4. In the melting process, the copper hearth inside the chamber is cleaned thoroughly 

without any foreign particles/dust. Then a Ti getter is placed in one cavity of the Cu hearth, 

which will be melted before the melting of the actual alloy to absorb traces of oxygen, if any. 

After loading the Ti getter, the raw material is loaded, which needs to be melted. Now the 

chamber is evacuated until the pressure reaches to the negative pressure of 10-6 mbar. After the 

appropriate vacuum is reached, the raw material is melted using the Tungsten electrode for 

which power is supplied using the TIG transformer. This melting process is performed 5 to 6 
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times by flipping the melt, such that melting has happened homogeneously without any 

elemental segregation. 

 

 

Fig. 3.4 Schematic of the Vacuum arc melting system used in this work 

 

3.4.  Structural and mechanical characterization 

The sintered sample surface will have graphite foil used between the punch and the milled 

powder during the sintering process. The graphite layer needs to be removed for further density 

measurements. After removing the graphite layer on the sintered samples, the density of both 

sintered and cast samples must be measured. Density measurement is conducted using the 

Archimedes principle, which works based on the principle of Buyoncy force. The initial weight 

of the sample is called as dry weight and is designated as (WD), then the sample is to be soaked 

in the distilled water for 24 h, and the soaked weight will be designated as (WS). Now the 

suspended weight is measured using the Archimedes density measuring kit and designated as 

(WSU). Now the density of the alloy is calculated using the formulae mentioned in equation 

3.1. and relative density is calculated using equation 3.2.  

Density (ρ) = 
WD

WS - WSU
……………………………………...(3.1) 

Relative density (ρ %) = Density (ρ) × 
1

Theoretical density
 × 100…………………........... (3.2) 

Now all the samples are metallographically polished with emery papers of grit size 800 to 2000. 

Subsequently, the samples were polished with 0.3 μm Alumina and 0.05 μm Alumina, 

respectively. Finally, vibratory polishing in a 0.04 μm colloidal silica suspension was 
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performed using an automatic vibratory polishing machine (SAPHIR VIBRO-ATM) for 18 h 

for all the samples. 

 

3.4.1. X-ray diffraction 

In this work, the alloys manufactured are novel alloy systems without any prior information on 

their crystal structure and lattice constants. To understand the crystal structure, lattice constant, 

and crystallite size, X-ray analysis is performed using the BRUKER D8 ADVANCE machine. 

The copper target produces Monochromatic wavelength X-rays from the cathode ray tube 

(CRT). These X-rays are incident onto the sample whose structural characterization needs to 

be performed.  X-rays generated from the CRT are filtered using Nickel filters where the Kβ 

radiation is stripped, and only Kα radiations (λ = 1.54 Å) are allowed to fall on the sample. If 

Bragg’s law mentioned in equation 3.3 satisfies, constructive interference will be produced. A 

Schematic of the X-rays interaction with the atomic planes is shown in Fig. 3.5. Parameters 

used for the experiment are shown in Table 3.5. 

nλ = 2d sin θ………………………………………...…….(3.3) 

λ: Wavelength of the X-rays 

d: Interplanar spacing 

θ: Diffraction angle 

 

 



 

52 

 

Chapter 3 Experimental details 

Fig. 3.5 Principle of the X-ray diffraction. 

 

Table 3.5 Parameters used for the XRD analysis 

Parameter Value 

Scan range (2θ) 20o to 120o 

Step size 0.02o 

Scan speed 1 s/step 

Wavelength 1.54 Å 

 

The detector receives the diffracted X-rays, plotted as a X-ray diffractogram. From the X-ray 

diffractogram, 2θ values are noted, and the d-spacing values are calculated using equation 3.3.  

Each reflection in the diffractogram is indexed with Miller indices using analytical or 

mathematical methods for indexing [19]. For the cubic crystal systems, equation 3.4 is used to 

calculate the lattice parameter. Nelson-Riley extrapolation function is sued to estimate the 

precise lattice parameter, shown in equation 3.5. Error in the measurements of lattice parameter 

is possible as we proceed with the higher-angle reflections as the term sin θ involved in the 

calculations, and also error percentage will increase with an increase in θ. The Nelson-Riley 

function results in a straight line, and by extrapolating to Y-axis, its intercept gives the precise 

lattice parameter. 

1

d
2  = 

h
2
 + k

2
 + l

2

a2
…………………………………………….(3.4) 

cos2θ

sin θ
 +

cos2θ

θ
………………………………………...….…..(3.5) 

    a: Lattice parameter 

In the RMPEAs processed through the milling route, there will be a reduction in the crystallite 

size with an increase in milling time, and peak broadening happens with the decrease in the 

crystallite size. To estimate the crystallite size, Scherrer formulae is used shown in equation 

3.6.  

L = 
kλ

β cosθ
 …………………………………………….…...(3.6) 

    L: Crystallite size 

    k: Shape factor (0.94 for cubic structures) 

    β: Full-width half maximum 



 

53 

 

Chapter 3 Experimental details 

Peak broadening will also have an effect of instrumental effect, which needs to be subtracted 

from the observed peak width, as shown in equation 3.7. 

β = √β
o

2
+β

i

2
………………………………………..………. (3.7) 

β
o
: Observed peak width 

β
i
: Instrumental broadening peak width 

β
i
 is 0.045o for the XRD machine used in this work. Using the Stokes-Wilson formulae, the 

lattice strain (ε ) in the alloy is calculated, which is shown in equation 3.8. 

ε = 
β

4 tanθ
………………………………………...………..(3.8) 

 

3.4.2. Field emission scanning electron microscopy 

 

 

Fig. 3.6 Schematic of the electron beam interaction volume with the sample in the FESEM 

investigation. 

 

FEI Nova NanoSEM 450 Field Emission Scanning Electron Microscope (FESEM) 

incorporated with energy dispersive spectroscopy (EDS) and Electron Back Scattered 
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Diffraction (EBSD) detectors were used for the microstructural characterization and chemical 

analysis. The Field emission gun liberates a high-energy electron beam using a tungsten 

filament which interacts with the sample surface and produces inelastic and elastic scattered 

electrons. Once the primary beam interacts with the sample surface, both backscattered and 

secondary electrons (BSE and SE) are generated. Inelastic scattering of the electrons will give 

the morphological information of the sample surface. Elastic scattering of electrons will give 

the Z-contrast information of the sample. Other X-rays, like Characteristic, continuous, and 

Fluorescent will generate along with other electrons like Auger electrons, shown in Fig. 3.6. 

BSE microstructures will have a phase contrast based on the atomic number difference in the 

elements. A single-phase material will have only one phase such that no contrast is observed, 

whereas, in multi-phase material, there will be a contrast between the phases. Due to inelastic 

scattering, secondary electrons are produced, which are useful in obtaining the sample surface 

morphological information. The parameters used in this work to obtain the microstructures are 

15-20 keV voltage and 6 mm to 10 mm working distance. 

 

3.4.3. Vickers indentation 

Resistance to plastic deformation is known as hardness [20]. In various length scales, hardness 

can be measured. Vickers indentation is a technique to measure the hardness on a micron scale. 

In Vickers hardness, the indenter used is a diamond pyramid indenter with an included angle 

of 136o of the opposite faces of the pyramid. This geometrically self-similar indenter is shown 

in Fig. 3.7, indenting the sample. Vickers indentation is a load-dependent indentation technique 

where higher loads will have a higher area of contact. Vickers hardness will result in the 

hardness value in HV, and the formulae to evaluate the HV is shown in equation 3.9. 

HV = 
1.854 × P

d2
………………………………..…………..(3.9) 

    P: Applied load on the sample 

    d: Average diagonal length of the indentation 

the diagonal length of the indentation is measured using the microscope attached to the machine 

(Tinius Olsen, which was used in this work). If the indentation is performed below 1 kg, then 

the indentation is known as microindentation. If the applied load ranges between 1 kg to 120 

kg, the indentation is called macroindentation. In this work, indentation is performed from the 

load range 25 g to 10 kg with a dwell time of 15 s, and an average of 10 indents is considered 

as the hardness value and the average of 10 indents, under given set of experimental conditions, 
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is considered as the hardness value and associated standard deviation is reported as the error 

bar. 

 

Fig. 3.7 Schematic of the Vickers indentation using a diamond indenter  

 

3.4.4. Nanoindentation 

Nanoindentation is also popularly known as depth-sensing indentation. Like Vickers 

indentation, this is also performed by applying the load on the sample using an indenter. In the 

Vickers hardness, the diagonal length is measured using the microscope. In contrast, in the 

nanoindentation, the contact area is measured using the analysis developed by Oliver and Pharr 

[21]. The method developed by Oliver and Pharr is based on the work reported by Doerner and 

Nix [21,22]. In the Oliver and Pharr method, the contact area is measured using the slope of 

the load (P) - displacement (h) unloading curve, shown in equation 3.10. 

S = 
dP

dh
 = 

2

√π
Er√Ac……………………………..….… (3.10) 

    S: Stiffness 

    Er: Reduced modulus 

    Ac: Contact area 
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The effects of indentation with a non-rigid indenter are accounted using the reduced modulus. 

To estimate the elastic modulus of the material, equation 3.11. will be used. 

1

Er
 = 

(1-ϑ
2
)

E
 + 

(1-ϑi
2
)

Ei
…………………………………....…(3.11) 

    ϑ: Poissons ratio of the material 

    E: Elastic modulus of the material 

    ϑi: Elastic modulus of the indenter 

    Ei: Elastic modulus of the indenter 

To estimate the hardness of the material, equation 3.12 is used  

H = 
P

AC
………………………………………………...…(3.12) 

Ac = ∑ cn
8
n=0 (hc)2-n……………………………………...(3.13) 

The cn coefficients are estimated by fitting the area function at different indentation depths on 

the test material, mostly silica, whose elastic modulus is known. hc is the contact depth under 

load during nanoindentation.  In this work, iMicro® nanoindenter from Nanomechanics Inc. 

(now KLA, Oak Ridge, TN, USA) was used for high-speed nanoindentation testing, schematic 

shown in Fig. 3.8. A diamond Berkovich tip was used for all the indentation tests. The area 

function and load frame stiffness calibration were performed as per the procedure detailed 

elsewhere [23]. A highspeed nanoindentation technique (Nanoblitz3D®), wherein each indent 

takes less than one second to perform [24], was used to obtain hardness and elastic modulus 

maps. 
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Fig. 3.8 Schematic showing the indents on the sample after high-speed nanoindentation 

 

3.5.  Heat treatment 

 

Fig. 3.9 Schematic of the tubular furnace used for the heat treatments in this work 

 

Since the time given for solidification during arc melting was less, the as-cast samples are heat 

treated at different temperatures and for longer durations, so the required interdiffusion among 

the participating elements will happen, resulting in equilibrium microstructures. In this work, 
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the alloys fabricated are refractory alloys that are prone to oxidize at high temperatures. To 

avoid oxidation, heat treatments are performed in a tubular vacuum furnace of the capacity of 

running up to the maximum temperature of 1600 oC in the vacuum for up to 48 h, a schematic 

of the tubular furnace is shown in Fig. 3.9. This furnace has rotary and diffusion pumps to 

perform the heat treatments in the ultra-high vacuum of 10-6 mbar. First, the sample is to be 

loaded in an alumina crucible, and then the crucible is to be loaded into the furnace. Then the 

alumina tube is to be evacuated using the vacuum pumps until the pressure reaches 10-6 mbar. 

Then the furnace is to be switched on based on the heat treatment cycle.  
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Chapter 4 

4. Results and Discussion 

 

4.1.  Ultra high hardness and strain gradient plasticity in multi-phase 

nanocrystalline MoNbTaTiW based refractory high-entropy alloy 

 

4.1.1. Introduction 

Increasing the configurational entropy of a material system by adding number of elements and 

choosing the composition with no-bias towards any specific element has revolutionized the 

science of alloy development [1-4]. This also led to the realization of unprecedented 

mechanical properties in various alloy systems [3,5]. Although near-infinitesimal alloy 

compositions can be thought of by resorting to several permutations and combinations of the 

elements present in the periodic table with sound scientific/technological considerations [6,7], 

the ones based on refractory elements hold much promise in terms of realizing high temperature 

materials which can withstand high service temperatures and mechanical stresses than the 

existing materials [8]. Among refractory high-entropy alloys (RHEAs), MoNbTaW and alloys 

thereof have received much attention and the observed promising mechanical properties are 

well documented [9,10]. Majority of these investigations were performed on the samples 

prepared by melting and casting route. In order to realize the probable exceptional strength 

values, structural/microstructural refinement should be adapted [7] and multi-phase structure 

(combination of phases with different crystal structures) is always desirable to achieve both 

high strength and acceptable levels of plasticity [11] for structural engineering applications. In 

addition, to decrease the density of these alloys, alloying element (s) should judiciously be 

selected. In view of all these factors, Ti is chosen and added in equiatomic proportion to 

MoNbTaW composition so that its overall density is reduced and the presence of Ti is also 

expected to assist in retaining the high temperature properties of MoNbTaW alloy system. A 

combination of mechanical alloying and spark plasma sintering (SPS) was adapted to fabricate 

a multi-phase, nanocrystalline complex solid solutions. Depth dependence of hardness was 

widely studied in conventional crystalline materials [12]. However, this aspect has not been 

reported in recently developed high-entropy alloys. Motivated by all these factors, sintered bulk 

sample was characterized using Vickers microindentation to understand the bulk plastic 

deformation characteristics. In this paper, our efforts are presented on the origins of various 
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strengthening contributions, indentation size effect vis-à-vis the observed 

structural/microstructural features in this multi-phase concentrated alloy system.  

 

4.1.2. Experimental procedure 

Mechanical alloying (MA) was performed in SPEX 8000D shaker mill at room temperature 

using hardened steel milling media. The elemental raw powders (-325 mesh size mixed in 

nominally equiatomic composition) were of purity greater than 99.5% and stearic acid was 

used as process controlling agent during milling under high purity Argon atmosphere. X-ray 

diffraction (XRD) was done using BRUKER D8 ADVANCE equipment Cu Kα radiation 

(λ=1.5418 Å) in the scan range (2Ɵ) between 200 to 1200 with a step size 0.020 and scan time 

1sec/step. Scanning electron microscopy and elemental analysis was done using a Field 

emission scanning electron microscope (FEI Nova NanoSEM 450) incorporated with energy 

dispersive spectroscopy (EDS). The milled powders were converted into bulk objects by spark 

plasma sintering (SPS) Dr. SINTER 1050 apparatus (SPS Syntex Inc., Tokyo, Japan) at 1473 

K at a heating rate of 7.21 K/s, holding time of 15 min and uniaxial pressure of 80 MPa. Thus 

obtained disc was metallographically polished for subsequent characterization and density 

measurements (The Archimedes principle method). Phase fractions of the microstructure are 

calculated using ImageJ analysis. Crystallite size was estimated from broadened X-ray peaks 

using the Scherrer method after accounting for instrumental broadening and lattice microstrain 

was obtained using the Stokes-Wilson formula. Microhardness measurements (Tinius Olsen) 

were done on the alloy, after careful sample preparation, at various loads in the range 25-500 

g and a dwell time of 15 sec. At a given test condition, a total of 10 indentations were made 

and the average as well as corresponding standard deviation are reported. Nanoindentation was 

performed using Hysitron TI-950 nanoindenter with a peak load of 8000 μN, loading rate 1000 

μN/s, and holding time of 30 s with a spacing of 5 μm between the two consecutive indents. 
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4.1.3. Results and discussion 

Structural evolution 

 

Fig. 4.1 X-ray diffractograms of 1 h milled, 30 h milled and sintered MoNbTaTiW alloy. 

Milling for 30 h resulted in a single phase BCC phase complex solid solution; upon sintering 

at 1473 K, this BCC has decomposed into a new BCC phase and two different FCC phases 

(FCC1, FCC2). A minor presence of TiO2 is also noticed. 

 

Fig. 4.1. shows X-ray diffractograms, depicting the structural variations in MoNbTaTiW alloy 

at the beginning of the milling (1h), after 30 h of milling and sintering at 1473 K subsequent 

to 30 h of milling. After 1 h of milling, it is evident that all the elements are present in their 

elemental form. After 30 h of milling, complete alloying has happened leading to the formation 

of a single phase BCC complex concentrated alloy. The interplanar spacings (d) of this phase 

are measured to be 2.14 Å, 1.46 Å, 1.20 Å, 1.04 Å, 0.92 Å for (110), (200), (211), (220), (310) 

reflections, respectively, with a crystallite size of 3 nm, microstrain of 0.029 and a lattice 

parameter of 2.91 ± 0.02 Å.  After sintering, it appears that as-milled BCC phase has 

decomposed into a new BCC phase and two FCC phases. The crystallite size of new phases 
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was estimated to be 22 nm, 25 nm and 22 nm for BCC, FCC1 and FCC2 phases respectively. 

The lattice microstrain was found to be 0.0031, 0.0031 and 0.0036 for BCC, FCC1 and FCC2 

phases respectively with the lattice parameters of 3.17 Å, 5.58 Å and 4.38 Å in the same order 

as mentioned above. Fig. 4.2. presents BSE-SEM image of the sintered sample containing 

various phases as evidenced in Fig. 4.1. Primarily three types of contrast (grey, dark and bright) 

can be seen from Fig. 4.2. Phase quantification was done using X-ray data (Fig. 4.1) and SEM 

data (Fig. 4.2). There is a very close agreement among the estimations done (Table 4.1) on the 

phase fractions from these two methods and the average is considered for rest of the discussion 

in this paper. The average phase fractions are 47.52 %, 16.16 %, 36.36 % for grey phase (BCC), 

dark (FCC1) and bright (FCC2) respectively. X-ray data was derived from Fig. 4.1 and ImageJ 

analysis was done on BSE-SEM image shown in Fig. 4.3. 

 

 

Fig. 4.2 BSE image of sintered sample showing the contrast from three different phases (Grey, 

dark and bright). By considering the phase fractions from both X-ray analysis and BSE-SEM 

analysis, Grey phase, dark phase and bright phase are confirmed as BCC, FCC1 and FCC2 

respectively. 
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Fig. 4.3 BSE-SEM image of the alloy showing the presence of three different phases in 

different contrasts (grey, dark and bright) (a); location of grey phase (BCC) shown in red color 

in (b); location of dark phase (FCC1) shown in yellow color in (c); location of bright phase 
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(FCC2) shown in pink color (d). It is clear that the microstructural length scale (particle size) 

of the individual phases is within the sub-micron range. 

Table 4.1 Amount of different phases estimated from X-ray diffractograms and BSE-SEM 

images 

Phase Phase percentage 

 (From XRD) 

Phase percentage  

(From BSE-SEM) 

Average phase 

percentage from 

XRD and BSE-

SEM analyses 

BCC (Grey) 47.30 47.75 47.52 

FCC1 (Dark) 16.83 15.49 16.16 

FCC2 (Bright) 35.86 36.76 36.31 

 

EDS analysis in SEM was done to understand the composition of the individual phases (Fig. 

4.4); FCC1 is Ti-rich whereas BCC and FCC2 phases have nearly equiatomic presence of the 

elements. Resolving of individual composition of BCC and FCC2 phases was beyond the 

capability of EDS, therefore based on spot analysis at multiple locations, we accord similar 

compositional details to BCC and FCC1 phases for all practical reasons. Incidentally, it is also 

observed that Fe has entered from the milling media. It is fortuitous that Fe is also BCC, 

contributing to further solid solution strengthening of this alloy, although it was not 

intentionally added. 
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Fig. 4.4 Bar chart showing the elemental composition (at. %) in various phases observed in this 

alloy. This data was obtained using spot analysis in SEM-EDS. Nominal compositions was 

also shown for comparison purposes. 

 

Using rule of mixtures, melting point (TM) of this alloy is calculated to be 2914 K. SPS was 

done at 1473 K and it corresponds to a homologous temperature of 0.5. Normally one would 

expect that the as-milled BCC phase should be retained after SPS as was seen in other studies 

on the similar alloy system [13]. But it is to be noted that Ti (TM=1941 K) and unintentionally 

present Fe (TM=1811 K) are the low melting elements in this alloy in comparison to rest of the 

elements. The chosen SPS temperature of 1473 K corresponds to a homologous temperature 

of 0.76 in case of Ti and 0.81 in case of Fe. As a result, it is plausible to envisage interdiffusion 

of Ti and Fe atoms out of the complex BCC solid solution lattice which was obtained after 30 

h of milling (Fig. 4.1). Further, as milled complex concentrated BCC phase has an extremely 

finer crystallite size of 3 nm with the presence of all the alloying elements including Fe. At this 

length scale (grain size being in nm range), volume fraction of interfaces such as grain 

boundaries, triple junctions, quadruple junctions would be significantly high fostering the 

interdiffusion of Ti and Fe at that high homologous temperature. As a result, the as-milled BCC 

lattice was made unstable leading to the formation of a different BCC phase and two other FCC 

(FCC1, FCC2) phases with lattice constants different from the parent milled phases. Therefore, 



 

68 

 

Chapter 4 Results and Discussion 

it is not unreasonable to imagine that Ti, Fe as well as finer grain size are responsible for the 

decomposition of as-milled BCC phase. The density of SPS sample was measured (using the 

Archimedes principle method) to be 10.14 g/cc and no pores were observed in the sample 

during SEM investigations indicating that full-density is achieved in this alloy.  

Mechanical properties 

Vickers microhardness measurements were made on the sintered sample at various loads and 

the corresponding data is presented in Fig. 4.5. It is very encouraging to observe very high 

values of hardness in the range 18.87-13.89 GPa, which are currently the highest reported 

values in this alloy. It is clear that as the load (indentation depth) increases, hardness decreases 

suggesting a very distinguishable indentation size effect (ISE). The pronounced ISE observed 

at low loads is exhausted at higher loads, as expected, and reaches a lower limiting value of 

13.89 GPa.  There is a pronounced hardness decrement at low loads (25-50 g) and it was getting 

saturated with the further increase in load. 

 

 

Fig. 4.5 Variation of microhardness at different indentation loads in multi-phase MoNbTaTiW-

Fe alloy. A high hardness of 18.87 GPa was observed at 25 g load and a pronounced indentation 

size effect can be seen as the load is increased to 500 g. 
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The average indent diagonal lengths are 4.9 µm, 7.4 µm, 11.17 µm, 16.0 µm, 19.8 µm, 25.63 

µm at indentation loads of 25 g, 50 g, 100 g, 200 g, 300 g, 500 g respectively. The 

microstructural length scale (particle size) of individual phases is in submicron range (Fig. 4.2) 

and the grain size is in the range 22-25 nm (Table 4.2). Hence, even at the lowest load (diagonal 

length of 4.9 µm), the indent impression and thereby the associated plastic zone encompasses 

multiple grains and /or phases. This implies that the indentation response is a composite 

response of all the constituents. Further, no cracks were observed during indentation studies, 

suggesting that the alloy exhibits reasonable levels of plasticity. In spite of the multi-phase/ 

multi-grain response at low loads, wherein, numerous defects are expected to be present in the 

highly stressed zone near the indenter tip to facilitate deformation, it is interesting to note that 

the alloy exhibits ISE. 

 

Table 4.2 Grain size and Hall-Petch strengthening contributions of various phases 

Phase Grain size (nm) Hall-Petch Constant 

(KHP) (MPa√m),  

∆σHP (MPa) 

BCC 22 0.27 1820 

FCC1 25 0.27 1710 

FCC2 22 0.27 1820 

 

The obtained lower limit of hardness of 13.89 GPa at 500 g load was normalized by the density 

(10.14 g/cc) and a comparison was made with several MoNbTaW based alloys reported in the 

literature (Fig. 4.6). It is highly fascinating to see that the present alloy clearly possesses a very 

high “density-normalized” hardness among various investigations in this family of RHEA 

alloys. This extremely high hardness can result from finer grains size and resultant high fraction 

of strain hardening arising out of dislocation-grain boundaries interactions, solid solution 

strengthening, lattice frictional stress, composite strengthening from multiple phases present. 

The details of the various strengthening mechanisms are presented in the following section. 
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Fig. 4.6 Compilation of hardness data of similar alloys (processed by melting + casting, Powder 

metallurgy) from the literature [13-21]; hardness values are normalized with the densities of 

corresponding alloys. It is clear that the present alloy shows an exceptional absolute hardness 

(Fig. 4.5) and “density-normalized” hardness (indicated with an arrow). 

 

Strengthening mechanisms 

To begin, the hardness of 13.89 GPa obtained at an indentation load of 500 g (Fig. 4.5) is 

considered to explore the origins of strengthening in this alloy. Later the contribution from ISE 

will be presented. Using the Tabor’s formula for metallic materials, we can write  σflow=
H

C
; 

Where σflow is flow stress and C is the constraint factor which was observed to be around 3 for 

different materials [22]; flow stress of this alloy, therefore, assumes a value of 4.63 GPa. The 

structural (Fig. 4.1) and microstructural (Fig. 4.2 & Fig. 4.3) investigations on the present alloy 

reveal that it consists of three concentrated solid solution phases (BCC, FCC1, FCC2) with 

finer grain sizes (22 nm, 25 nm, 22 nm). Therefore it is proposed that the observed ultra-high 

flow stress could be originating from frictional stress offered by individual lattices, strain 

hardening arising from intersection of dislocations in these three different phases, Hall-Petch 

strengthening from the finer grain sizes of the individual phases and solid solution 

strengthening effects in all the three phases. Based on that, the following superposition among 

different plausible (independent and additive) strengthening contributions has been considered: 
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σflow =  { fBCC x (σo + ΔσSH + ΔσHP + ΔσSSS)BCC +   

fFCC1 x (σo + ΔσSH + ΔσHP + ΔσSSS)FCC1 +  

fFCC2 x (σo + ΔσSH + ΔσHP + ΔσSSS)FCC2 }………………………………………………...…(4.1) 

Where σ0 is the lattice frictional stress, ∆σSH is dislocations hardening /strain hardening/Taylor 

hardening, ∆σHP is the Hall-Petch strengthening, ΔσSSS is the contribution from solid solution 

strengthening. The symbol ‘f’ represents the corresponding phase fraction of a phase. 

Frictional stress (σ0) of a given phase is calculated by, σ0= Σ (Ci × σ0
i ); where Ci is the 

concentration of ith  element constituting the phase and σ0
i  is the lattice fractional stress of the 

given element at room temperature reported in the literature [23]. Using this approximation, 

the room temperature frictional stresses of BCC, FCC1, FCC2 phases are calculated as 282 

MPa, 289 MPa, 282 MPa respectively. It is to be mentioned that compositions of the individual 

elements of the present alloy including Fe in a given phase are taken from the EDS analysis 

presented in Fig. 4.4. 

Taylor hardening, or strain hardening can be estimated using the equation 4.2. 

∆σSH=M α G b √ρSSD
…………………………..…...……….(4.2)                                              

M is the Taylor factor (=3.06 for both fcc and bcc materials) [24], α is a correction factor (taken 

as 0.3 [25]). Elastic modulus of this alloy was measured, using nanoindentation, to be 217 GPa. 

Assuming elastic isotropy, shear modulus G was calculated, using G =  
E

2(1+υ)
 ; υ is the 

Poisson’s ratio (≈ 0.33), to be 82 GPa. Statistically stored dislocation density, ρSSD = 2√3
ε

Db
; ε 

is lattice microstrain; D is the grain size and b is the magnitude of the Burgers vector. From X-

ray analysis (Fig. 4.1), grain size, lattice parameter and lattice microstrain were calculated for 

all the three phases. By making use of these values, magnitude of the Burgers vectors of 

individual phases and corresponding densities of statistically stored dislocations are calculated. 

Using this approach, contributions arising out of strain hardening due to intersection of 

dislocations in various phases are calculated and are shown in the Table 4.3. 
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Table 4.3 Lattice parameter, lattice microstrain, Burgers vector, dislocation density and strain 

hardening contributions of BCC, FCC1, FCC2 phases. 

Phase 

Parameter 

Lattice 

parameter, a 

(nm) 

Lattice 

microstrain 

(ε) 

Magnitude of 

Burgers 

Vector (|b|), 

nm; 

(|b|) = (
a

2
) √3, 

for BCC; 

(
a

2
) √2, for 

FCC) 

 

ρSSD (
1

m2) ∆σSH (MPa) 

BCC 0.317 0.0031 0.274 1.7 x 1015  866 

FCC1 0.558 0.0031 0.394 1.1 x 1015  974 

FCC2 0.438 0.0036 0.31 1.8 x 1015 993 

 

The dependence of flow stress on grain size follows the Hall-Petch equation and the 

corresponding strengthening contribution can be calculated by 

 ∆σHP= KHP d-0.5……………………………...……..……..(4.3) 

Hall-Petch constants (KHP) are not reported for this alloy in the literature. However, Hall-Petch 

constant of 0.27 MPa√m, for the grain size range 26.9-205 µm, was reported for another 

equiatomic RHEA HfNbTaZrTi [26]. Since it is a nearest RHEA to the present alloy, similar 

Hall-Petch constants are considered for all the phases of the current alloy system with the 

assumption that same Hall-Petch constant is also valid from nano to micro range of grain sizes, 

as reported in the case of CoCrFeMnNi [27]. It is to be noted that Hall-Petch constant for a 

given conventional crystalline material will be usually smaller if the average grain size is in 

nm range [28]. However, in view of the non-availability of grain size dependent Hall-Petch 

slope for HEAs in general and the present RHEA in particular, it is assumed that the Hall-Petch 

constant reported in ref. [26] is considered for the nm range grain sizes also in the present study. 

As a result, the obtained grain size contributions of different phases towards strengthening are 

given in Table 4.2. 

Solid solution strengthening (SSS) has been expected to be the predominant contribution due 

to the fact these are highly concentrated solid solutions. The differences in the atomic radii and 

shear moduli values of the respective individual elements are believed to contribute to overall 
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solid solution strengthening of the HEAs. Methodology for the theoretical calculation of SSS 

was initially offered by Labush [29,30], and the same was utilized for the several HEAs [31,32]. 

If there are ‘n’ elements in an alloy, there will be strengthening contribution from each element 

for the SSS.  

SSS of the ith element is given by 

∆σi = AGfi

4

3Ci

2

3…………………………………...……..….(4.4)  

Ci − atomic percent of the ith element (obtained from the EDS analysis of the respective phases 

using spot analysis in the present study), A is a material constant with the value of 0.04 [33], 

and fi is the mismatch parameter can be obtained from the below formula,  fi =  √δGi
2 + α2δri

2 ; 

δri is atomic size mismatch parameter,  δGi is atomic modulus mismatch of the respective ith 

element and α (= 9) is the interaction force between the screw and edge dislocations with the 

solute atom [33].  Since it is a multi-phase and heavily concentrated alloy in the present study, 

δri and δGi are calculated by considering the corresponding crystal structures. 

For BCC, δri =  
9

8
ΣCjδrij , the ith atom will have 8 nearest neighbouring atoms in a BCC lattice, 

therefore the fraction 
9

8
 is considered. For FCC, δri =  

13

12
ΣCjδrij , the ith atom will have 12 

neighbouring atoms in a FCC lattice, therefore the fraction 
13

12
 is considered. 

Similarly, atomic modulus mismatch was also calculated using the below formulae 

For BCC, δGi =  
9

8
ΣCjδGij;  For FCC, δGi =  

13

12
ΣCjδGij 

In the present work, the material system consists of one BCC and two FCC phases. The 

composition of the individual elements in the respective phases was analyzed by EDS (Fig. 

4.4) and these details are considered presented in this section. Although the present authors 

intend to manufacture only MoNbTaTiW alloy, unwanted introduction of Fe by the processing 

route (Fig. 4.4) was not ignored and the corresponding composition of Fe was also considered 

in all the estimations. Therefore, Fe is also used as the 6th element in the SSS calculations. 

Atomic radii mismatch and atomic modulus mismatch for various binaries can be calculated 

by using the following formulae: 

                            δrij =  
2×(ri− rj)

(ri+ rj)
;                                    δGij =  

2×(Gi− Gj)

(Gi+ Gj)
 

riis the atomic radius of the respective element. Giis shear modulus of the respective elements, 

and all these calculates are shown in Table 4.4. Using Gypen and Deruyttere approach [34], 
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the SSS of the corresponding phase of the present multi-phase alloy is calculated using equation 

4.5 given below and the corresponding details are shown in Table 4.5. 

 

Table 4.4 Atomic radius and shear modulus (G) of various participating elements in the present 

alloy system, taken from ref. [35] 

Element Atomic radius, Å Shear modulus (G), GPa 

Mo 1.363 123 

Nb 1.429 59.5 

Ta 1.430 64.7 

Ti 1.462 37.3 

W 1.367 152 

Fe 1.241 80.4 
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Table 4.5 Calculated various parameters and quantities used in estimating the SSS contribution 

 

 

 

 

 

Phase 

 

 

 

 

Eleme

nt 

 

 

 

 

 

δri 

 

 

 

 

 

δGi 

 

 

 

 

 

fi 

 

Shear 

modulus 

of alloy 

(G), 

GPa 

 

 

 

 

 

Ci 

 

 

 

 

 

∆σi 

 

 

 

 

∆σsss, 

MPa 

 

 

 BCC 

Mo -0.008621 0.417203 0.4243569  

 

82 

0.152 0.297905  

 

2120 

Nb 0.0445322 -0.35216 0.5335239 0.138 0.379023 

Ta 0.0453183 -0.26418 0.4859455 0.184 0.405386 

Ti 0.0701811 -0.81705 1.0327252 0.123 0.846818 

W -0.005327 0.631805 0.6336212 0.222 0.654458 

Fe -0.11394 -0.033 1.025993 0.181 1.086056 

 

 

FCC 1 

Mo -0.04191 0.617878 0.723909  

 

      82 

 

0.102 0.465428  

 

1750 

Nb 0.0092955 -0.09959 0.1300624 0.051 0.029725 

Ta 0.010053 -0.0148 0.0916793 0.274 0.057201 

Ti 0.0340176 -0.56125 0.6393201 0.364 0.920943 

W -0.038737 0.809358 0.8812529 0.178 0.876909 

Fe -0.143257 0.204435 1.3054229 0.031 0.461796 

 

 

FCC 2 

Mo -0.008302 0.401751 0.40864        

 

      82 

 

0.152 0.283285  

 

2000 

Nb 0.0428828 -0.33912 0.5137638 0.138 0.360422 

Ta 0.0436398 -0.25439 0.4679475 0.184 0.385492 

Ti 0.0675818 -0.78679 0.9944761 0.123 0.805261 

W -0.00513 0.608404 0.6101537 0.222 0.622341 

Fe -0.10972 -0.03177 0.9879932 0.181 1.032757 

 

 

∆σsss =  (Σ∆σ
i

3

2)

2

3

 ………………………………...….……(4.5) 

The summary of various strengthening mechanisms that could be operating in various phases 

of this alloy are shown in Fig. 4.7. Now upon substituting these numbers from Fig. 4.7 and 

phase fractions from Table 4.1 in Eq. (4.1), we get σflow as 5040 MPa and this value corresponds 
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to a constraint factor of 2.74 for this RHEA, which is in good agreement with that for various 

metallic materials [36,37] including HEAs [37]. 

 

 

Fig. 4.7 Summary of various strengthening mechanisms operating among the various phases 

of the present alloy system. 

 

It is clear that solid solution strengthening and Hall-Petch strengthening are the dominant 

mechanisms in all the phases with minor contributions from Taylor hardening and lattice 

frictional stress. Also, it may be noted that in spite of the multiple strengthening mechanism 

operating in this complex alloy at different length scales, a linear superposition of the individual 

strengthening contributions given by Eq. (4.1), can accurately explain the experimental 

observations of high hardness obtained in the present alloy system.    

 

Indentation size effect  

It is clear from Fig. 4.5 that this multi-phase RHEA exhibits indentation size effect. Hardness 

behavior of various materials evaluated by Vickers microindentation was analyzed using the 

Meyer power law: P = A (y)n; Where P is the indentation load, A is a constant, y = average 

diagonal length of the residual indent, n is constant called as Meyer index that indicates 
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indentation size effect. For various materials this n value was found to be in the range 1.5-2.0 

[38,39]. If n=2, the hardness is observed to be independent of load and if n < 2, then the material 

exhibits indentation size effect. For the hardness data obtained in the case of present alloy, a 

plot of log (P) and log (y) was made and is shown in Fig. 4.8. It is evident that Meyer power 

law is well followed by the present RHEA with n = 1.82 which suggests that indentation size 

exists in the present alloy.  

 

 

Fig. 4.8 Validation of the Vickers hardness data of the present alloy by Meyer power law. Here 

P is indentation load, y is average diagonal length. The analysis yields a Meyer index of 1.82 

suggesting the presence of indentation size effect. 

 

Here P is indentation load, y is average diagonal length. The analysis yields a Meyer index of 

1.82 suggesting the presence of indentation size effect. The interplay between the size of the 

microstructural features and the deformed zone during indentation that scales with indentation 

depth, is important in understanding the depth dependence of hardness and this aspect has not 

received much attention in HEAs yet. As local structural/microstructural/chemical 

environment dictates the deformation behavior at finer length scales, details of deformed 

volume are very critical in probing the reasons for strain gradient plasticity. It has to be stressed 
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here that, the structural/microstructural conditions of the present alloy beneath the indenter are 

quite complex. The deformed volume consists of multiple phases (BCC, FCC1, FCC2) with 

different crystal structures. These complex solid solution phases (BCC, FCC1 and FCC2), 

although contain all the alloying elements, differ in composition of the respective elements. 

Further the grain size is observed to be around 22-25 nm.  

In the current alloy, post indentation recovery at room temperature is ruled out as the multi-

phases are composed of high melting elements such as Mo, Nb, Ta, Ti, W and Fe. As a result 

room temperature may not be sufficient enough to provide enough activation energy for 

recovery in this system. This alloy contains multiple chemically inhomogeneous phases (BCC, 

FCC1, FCC2) at smaller length scales, although BCC and FCC2 were accorded identical 

composition owing to the practical reasons (Fig. 4.4). Based on the fact that all the phases 

contain all the participating elements (Fig. 4.4), comparable grain sizes (Table 4.2) and similar 

observed lattice microstrains (Table 4.3), it is assumed that these features are not influential in 

the indentation size effect observed. It shows that multi-phase structure was plastically 

deformed by looking at the microstructural length scales of individual phases vs Vickers 

diagonal lengths as mentioned above. As the deformed volume appears to contain all the three 

phases at all loads, chemical inhomogeneity existing among various phases of this complex 

multi-phase solid solution may not be the reason behind the indentation size effect.  

Strain gradient plasticity has been reported in a variety of conventional dilute materials 

including single crystals, polycrystalline materials, solid solutions etc. [40, 41] and was 

explained by the model proposed by Nix and Gao [12]. According to the Nix-Gao model [12], 

the characteristic nature of depth-dependent hardness can be written as 

H

H0
=  √1 + 

h∗

h
……………………………………..…… (4.6)  

H0 = 3√3αGb√ρSSD…………………………..…………..(4.7) 

h* = (
81

2
) bα2tan2θ (

G

H0
)

2

………………………...………..(4.8) 

Where H is hardness at a given depth (h), H0 is depth independent hardness that arises only 

from statistically stored dislocations; h* is length scale that characterizes the depth dependence 

of hardness and is influenced by shape of the indenter, shear modulus (G) and H0. As H0 is 

influenced by density of statistically stored dislocations (ρSSD), h* can’t be considered as a 

constant. 
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Fig. 4.9 Validation of the experimentally measured hardness data with the Nix-Gao model on 

strain gradient plasticity during indentation using self-symmetrical indenters [12]. In this case 

Vickers square based diamond pyramid indenter was used. 

 

 

Indentation depth for Vickers indentation is given by, h = l / {2 √2 tan (θ/2)}. From geometrical 

considerations for Vickers pyramidal indenter with square base, θ is 136o, tan (θ/2) = 2.47 and 

h = l / (6.98); l is average of two diagonal lengths. A plot was made with square of the hardness 

(H2) on Y-axis, reciprocal of indentation depth (1/h) on X-axis and is shown in Fig. 4.9 and the 

data fits very well to a linear approximation following the Nix-Gao model on strain gradient 

plasticity involving GNDs [12]. Depth-independent hardness, characteristic length scale are 

calculated from this plot to be 11.80 GPa, 1.07 µm respectively. Storage volume i.e., density 

of GNDs present in the characteristic length scale (h*) can be calculated using: 

 ρGNDs =  (
3

2|b|h∗
) × tan2θ;        Where |b| =  √|b|BCC

2 + |b|FCC1
2 + |b|FCC2

2 ;  

|b| for this multi-phase alloy is calculated to be 1.58 nm, h* is 1.07 µm (Fig. 4.9) and θ is the 

angle between surface of the equivalent conical indenter and the plane of the sample surface 

and that is 70.3° for Vickers indenter. Therefore density of GNDs is calculated to be 6.9 x 1015 

m-2.  It should be mentioned here that the phase fraction of BCC phase is about 0.47 and the 
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FCC phases (FCC1, FCC2) account for a fraction of 0.53 in this alloy. The length scale of the 

Vickers indent vis-avis the microstructural length scales of different phases of this alloy is 

shown in Fig. 4.10 (a). The generation of GNDs in this three phase RHEA is schematically 

represented in Fig. 4.10 (b). 

 

 

Fig. 4.10 (a) SEM topography image of the residual indent performed at 500 g load, which 

shows that deformation volume includes all the three different phases (BCC, FCC1, FCC2) of 

the alloy. (b) Schematic illustration of the probable processes that occur beneath the indenter 

in this multi-phase RHEA. 

 

At room temperature, work hardening is more in solid solutions compared to elemental metals. 

Work hardening effects are furthermore when the material consists of a two-phase structure 

[25]. In this case it is a multi-phase structure and each phase is a concentrated solid solution in 

itself. Therefore it gave rise to pronounced work hardening effects at smaller loads. This is also 

supported by the observation that the solid solution strengthening is the major dominant 

mechanism in each individual phase (Fig. 4.7). Flow stress of individual phases are calculated 

as 5108 MPa, 4723 MPa, 5095 MPa for BCC, FCC1, FCC2 phases respectively (Fig. 4.7). It 

is clear that all the phases have comparable flow stress values with BCC being the relatively 

stronger (harder) phase. As BCC and FCC (FCC1, FCC2) phases seem to contain all the 

participating elements of this alloy, although in different proportions, chemical inhomogeneity 

existing among different phases is not considered as an influential factor here towards 

indentation size effect. Strain hardening in FCC based systems would be higher owing to the 

presence of more number of slip systems. But the slip characteristics of BCC based systems 
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would be complex at room temperature due to the operation of limited number of slip systems, 

often requiring thermal energy to activate more number of slip systems. Therefore in the 

present system, it is considered that FCC (FCC1, FCC2) phases could be accommodating more 

plastic strain whereas BCC phase is not expected to be strain accommodating. In order for the 

plastic deformation of this multi-phase alloy to be compatible and homogeneous especially at 

smaller loads (deformation volumes), it is expected back stress would develop at the interface 

of BCC/FCC phases and that would increase the hardness at small deformed volumes as 

observed in Fig. 4.5. This back stress would diminish as the deformed volume at higher 

indentation loads would have enough FCC phase fraction to account for the homogeneous 

plastic deformation. Therefore based on the above mentioned analysis and discussion, it is 

reasonable to state that the generation of GNDs in various phases of this RHEA during the 

initial stages of Vickers indentation coupled with the back stress exerted by the inter-phase 

boundaries (FCC/BCC) is probably be the reason for the observed strain gradient plasticity.  

 

4.1.4. Summary 

Fully dense multi-phase nanocrystalline MoNbTaTiW complex concentrated alloy was 

prepared using ball milling followed by SPS. Single phase BCC structure obtained after milling 

for 30 h has transformed to a new BCC and two FCC (FCC1, FCC2) phases with different 

lattice constants. Some amount of Fe has also entered the alloy from the milling media. It 

appears that very fine nanocrystalline structure coupled with the presence of relatively low 

melting elements such as Ti and Fe aids the phase decomposition during SPS. BCC phase 

fraction is about 47% and the remaining fraction constitutes FCC1 and FCC2 phases. 

Exceptionally high hardness in the range 18.87-13.89 GPa was observed in this multi-phase 

alloy which is the highest reported till now in the family of alloys based on MoNbTaW 

composition. “Density-normalized” hardness is also remarkably high for this alloy making as 

an attractive candidate material for structural applications. Detailed analysis on probable 

strengthening mechanisms suggest that solid solution strengthening and Hall-Petch 

strengthening are the major strengthening mechanisms in this alloy. The hardness data of this 

alloy was observed to follow the Meyer hardening power law with an index of 1.82 suggesting 

the presence of indentation size effect. The strain gradient plasticity of this multi-phase RHEA 

was explained based on the considerations of GNDs that exists owing to the multi-phase 

structure with different crystal structures (BCC, FCC1, FCC2), by using the Nix-Gao model 

by incorporating the structural/microstructural features arising out of multi-phase structure in 
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this alloy. The plastic incompatibility is expected to arise from the different slip characteristics 

of BCC and FCC phases at room temperature at smaller indentation loads, leading to the 

generation of back stress at interphase (BCC/FCC) boundaries. The depth-independent 

hardness of 11.8 GPa and the characteristic length scale of 1.07 µm were obtained in the 

analysis. 
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4.2.  Ultra-hard, multi-phase nanocrystalline MoTa and MoTaTi based 

multi-principal element alloys 

 

4.2.1. Introduction 

Refractory multi-principal element alloys (RMPEAs) have received a tremendous interest 

recently owing to their potential towards replacing the existing Ni-based superalloys and other 

high temperature structural materials. MoNbTaW based MPEAs are being envisaged for future 

high temperature applications [1]. Although this class of alloys provide high strength and high 

temperature stability, they suffer from larger densities owing to the presence of elements such 

as Ta. High absolute and high “density-normalized” hardness were reported in Ti-containing 

multi-phase MoNbTaW alloy prepared by ball milling (BM) and spark plasma sintering (SPS) 

[2]. Therefore to better understand the phase formation, phase stability, two element (MoTa) 

and three element (MoTaTi) strategies are adapted; further Ti was chosen to reduce the overall 

density of the alloy. Thus, proposed alloys are prepared by BM and SPS. Iron has entered the 

alloys as a contaminant, and it is also considered as another alloying element (although 

unintentionally added). Vickers indentation has revealed an extremely high hardness as well as 

highly significant “density-normalized” hardness in these new alloys aimed for high 

temperature applications. 

 

4.2.2. Experimental procedure 

Elemental powders Mo, Ta, and Ti were procured from Alfa Aesar with purity greater than 

99.95 % with a -325 mesh size. MoTa and MoTaTi compositions weighed 10 g each and were 

milled for a total duration of 30 h in SPEX 8000D shaker mill and stopped at 30 h after 

achieving a saturated nanocrystalline grain structure structure. Ball to powder ratio is 

maintained at 5:1. The powders milled for 30 h of both the compositions are sintered using the 

Dr. SINTER 1050  apparatus with a heating rate of 7.21 K/s, uniaxial pressure of 80 MPa, and 

holding time of 15 min. The adapted sintering temperatures of 1573 K and 1373 K for MoTa 

and MoTaTi alloys correspond to more than 0.5Tm of the respective alloys, considering the 

rule of mixtures while estimating the melting temperatures. The density of the sintered sample 

is measured using the Archimedes principle method. X-ray diffraction (XRD) is performed on 

milled powders at an interval of 5 h up to 30 h using BRUKER D8 ADVANCE equipment (Cu 

Kα radiation, λ=1.5419 Å; 2Ɵ between 20o
 to 120o; scan time 1 sec/step; step size 0.02o). 

Microstructural features and elemental information are obtained using a field emission 
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scanning electron microscope (FEI Nova NanoSEM 450) incorporated with energy dispersive 

spectroscopy (EDS) detector. Vickers hardness measurements are performed using Tinius 

Olsen equipment with load 0.25-9.81 N and dwell time of 15 s. 

 

4.2.3. Results and discussion 

 

Fig. 4.11 (a) X-ray diffractograms of MoTa alloy at 1 h, 30 h of ball milling and after SPS (b) 

X-ray diffractograms of MoTaTi alloy at 1 h, 30 h and after SPS. 

 

30 h ball milled powder for both the alloys MoTa and MoTaTi reveals a single BCC phase 

crystal structure from Fig. 4.11 with lattice parameters of 3.22 Å and 3.24 Å for MoTa and 

MoTaTi alloys respectively. Milling for 30 h resulted in the decrement of crystallite size up to 

4 nm and 3 nm for MoTa and MoTaTi alloys, respectively. Lattice strain evaluated using the 

Stokes-Wilson method showed a value of 0.018 and 0.025 for MoTa and MoTaTi alloys 

respectively. 

MoTa and MoTaTi alloys are sintered into a 15x5 mm2 disks using SPS. XRD from Fig. 4.11 

shows that the single BCC phase of both the alloys resulted in a multi-phase structure after 

sintering. It is evident from the literature that milling in the hardened steel milling media results 

in unintended Fe addition into the alloy [2,3]. Here in the MoTa alloy, the 1573 K SPS 

temperature corresponds to a homologous temperature of 0.87 for Fe, leading to the 

interdiffusion of Fe in the alloy, resulting in BCC, FCC1, and FCC2 phases compared to the 

single BCC phase of the as-milled condition. Similarly, 1373 K SPS temperature for MoTaTi 

alloy corresponds to a homologous temperature of 0.76 for Fe and 0.71 for Ti, leading to the 

interdiffusion of Fe and Ti from the as-milled alloy after sintering and resulting in BCC and 

FCC phases. In the MoTa alloy corresponding lattice parameters of the respective phases are  
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aBCC = 3.16 Å, aFCC1 = 4.03 Å and aFCC2 = 3.81 Å and a minor fraction of  FeMo and FeTa 

compounds are also observed (Fig. 4.11). In the MoTaTi  alloy BCC phase has a lattice 

parameter of 3.19 Å, and the FCC phase has a lattice parameter of 4.24 Å. The final crystallite 

size after sintering in the MoTa alloy for the respective phases is like for BCC – 30 nm, FCC1 

– 24 nm, and FCC2 – 26 nm. In the MoTaTi alloy BCC phase has a crystallite size of 21 nm, 

and the FCC phase has a crystallite size of 36 nm. 

 

Fig. 4.12 (a) FESEM-BSE microstructure of MoTa (Fe) alloy; (b) Colour contrast 

microstructure of MoTa (Fe) alloy, obtained from (a) using ImageJ, that shows three different 

phases (red, blue, green) formed after sintering; (c) FESEM-BSE microstructure of MoTaTi 

(Fe) alloy; (d) Colour contrast microstructure of MoTaTi (Fe) alloy, obtained from (c) using 

ImageJ, that shows two different phases (green, blue).   

 

FESEM microstructures of the respective MoTa (Fe) and MoTaTi (Fe) alloys are shown in Fig. 

4.12. Three phase contrast (red, blue and green) is observed from the MoTa (Fe) alloy (Fig. 

4.12 a&b). EDS analysis of the MoTa alloy shows that the alloy has a Fe of 7.3 % along with 

48.9 % Mo and 43.8 % of Ta, although the Mo and Ta have an actual nominal composition of 

50 % each. Two phase contrast (green and blue) is observed from the MoTaTi alloy, as shown 

in Fig. 4.12 (c&d). EDS analysis of the MoTaTi alloy shows that the alloy has a Fe of 4 % 
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along with 32.5 % Mo, 31.3 % of Ta, and 32.2% of Ti. The actual nominal composition of Mo, 

Ta, and Ti in the MoTaTi alloys is 33.33 % each. Clear presence of Fe (entered during 

processing) is observed in both the alloys from the XRD analysis and EDS analysis. 

 

Fig. 4.13 (a) Variation microhardness in MoTa (Fe) and MoTaTi (Fe) alloys with load upto 

9.81 N. A pronounced indentation size effect (ISE) was observed for both the alloys. (b) 

Observed ISE clearly follows the Nix-Gao model proposed considering the geometrically 

necessary dislocations and multi-phase structure [2]. (c) “Density-normalized” hardness of 

various tantalum containing alloys manufactured using the powder metallurgy route compared 

with the values obtained in the present work (shown with upward arrows). 

 

From Fig. 4.13 (a), it is evident that, for MoTa (Fe) alloy, the hardness is varied from 14.11 ± 

0.21 GPa to 10.34 ± 0.18 GPa in the load range of 0.25 to 9.81 N. In the MoTaTi alloy, hardness 

varies from 15.99 ± 0.24 GPa to 11.31 ± 0.19 GPa in the load range of 0.25 to 9.81 N. In both 

the alloys, hardness decreased with an increase in the load, which infers an apparent indentation 

size . The absolute hardness values for both the alloys are extremely high compared to other 

RHEAs or RMPEAs [4,5]. To understand about the depth independent hardness and 
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corresponding depth up to which ISE persists Nix-Gao plots [2,6] are generated for both the 

alloys and shown in Fig. 4.13 (b). Depth independent hardness is evaluated from the Nix-Gao 

plot for MoTa alloy is 9.32 GPa with a characteristic length scale of 1.03 μm. For MoTaTi 

alloy, depth independent hardness is 9.92 GPa with a characteristic length scale of 1.20 μm. 

These are highly significant numbers suggesting the potential of these alloys for high strength 

applications. 

The hardness of both the alloys is normalized with densities of 12.70 g/cc and 10.03 g/cc for 

MoTa and MoTaTi alloys respectively and compared with the “density-normalized” hardness 

of similar family of alloys reported in the literature (Fig. 4.13 (c)). MoTa and MoTaTi alloys 

showed an exceptional “density-normalized” hardness (shown with arrows) compared to other 

alloys. The major drawback with tantalum containing RMPEAs [1] is their high density, 

coming from the absolute density of tantalum (16.6 g/cc). The alloys in the present 

investigation MoTa and MoTaTi contain less number of elements but offer extremely high 

hardness compared to three-, four-, five-element containing MPEAs that contain Ta. Therefore, 

by adapting careful alloying strategies the hardness/density of these new alloys can be further 

enhanced for future high strength and high temperature applications. 

 

4.2.4. Summary 

1) Single phase BCC structures were observed after ball milling of MoTa and MoTaTi alloys. 

Fe has entered the systems from milling media.  

2) Spark plasma sintering resulted in formation of three phase structure in MoTa (Fe), two 

phase structure in MoTaTi (Fe) alloys respectively. Presence of Ti and Fe in these alloys 

triggers the phase transformations leading to the multi-phase structures. 

3) Extremely high hardness values are observed in both the alloy systems with a very clear ISE. 

The ISE follows the considerations according to the Nix-Gao model and the characteristic 

multi-phase structure of these alloys. 

4) These extraordinarily high hardness values could be originating from the high frictional 

stress, nanocrystallinity, multi-phase structure, solid solution strengthening etc. 

5) A very significant “density-normalized” hardness was attained by these two alloys 

highlighting the potential advantages for future high strength, high temperature applications. 

 

 

 



 

91 

 

Chapter 4 Results and Discussion 

References 

[1] O.N. Senkov, D.B. Miracle, K.J. Chaput, J.P. Couzinie, Development and exploration of 

refractory high entropy alloys - A review, J. Mater. Res. 33 (2018) 3092–3128.  

[2] D.G. Kalali, S. Antharam, M. Hasan, P.S. Karthik, P.S. Phani, K. Bhanu Sankara Rao, K. 

V. Rajulapati, On the origins of ultra-high hardness and strain gradient plasticity in multi-phase 

nanocrystalline MoNbTaTiW based refractory high-entropy alloy, Mater. Sci. Eng. A. 812 

(2021) 141098.  

[3] J.A. Smeltzer, C.J. Marvel, B.C. Hornbuckle, A.J. Roberts, J.M. Marsico, A.K. Giri, K.A. 

Darling, J.M. Rickman, H.M. Chan, M.P. Harmer, Achieving ultra hard refractory multi-

principal element alloys via mechanical alloying, Mater. Sci. Eng. A. 763 (2019).  

[4] B. Kang, J. Lee, H.J. Ryu, S.H. Hong, Ultra-high strength WNbMoTaV high-entropy alloys 

with fine grain structure fabricated by powder metallurgical process, Mater. Sci. Eng. A. 712 

(2018) 616–624.  

[5] Q. Liu, G. Wang, X. Sui, Y. Liu, X. Li, J. Yang, Microstructure and mechanical properties 

of ultra-fine grained MoNbTaTiV refractory high-entropy alloy fabricated by spark plasma 

sintering, J. Mater. Sci. Technol. 35 (2019) 2600–2607.  

[6] W.D. Nix, H. Gao, Indentation size effects in crystalline materials: A law for strain gradient 

plasticity, J. Mech. Phys. Solids. 46 (1998) 411–425.  

[7] W. Guo, B. Liu, Y. Liu, T. Li, A. Fu, Q. Fang, Y. Nie, Microstructures and mechanical 

properties of ductile NbTaTiV refractory high entropy alloy prepared by powder metallurgy, 

J. Alloys Compd. 776 (2019) 428–436.  

[8] O.A. Waseem, J. Lee, H.M. Lee, H.J. Ryu, The effect of Ti on the sintering and mechanical 

properties of refractory high-entropy alloy TixWTaVCr fabricated via spark plasma sintering 

for fusion plasma-facing materials, Mater. Chem. Phys. 210 (2018) 87–94.  

[9] J. Pan, T. Dai, T. Lu, X. Ni, J. Dai, M. Li, Microstructure and mechanical properties of 

Nb25Mo25Ta25W25 and Ti8Nb23Mo23Ta23W23 high entropy alloys prepared by 

mechanical alloying and spark plasma sintering, Mater. Sci. Eng. A. 738 (2018) 362–366.  

[10] Y. Long, X. Liang, K. Su, H. Peng, X. Li, A fine-grained NbMoTaWVCr refractory high-

entropy alloy with ultra-high strength: Microstructural evolution and mechanical properties, J. 

Alloys Compd. 780 (2019) 607–617.  

 

 

 



 

92 

 

Chapter 4 Results and Discussion 

4.3.  Low-dense, multi-phase nanocrystalline MoNb (Fe) and MoNbTi (Fe) 

based multi-principal element alloys 

 

4.3.1. Introduction 

High-temperature materials are always a primary interest in the field of aerospace applications 

as turbine engines operate in extreme environmental conditions [1]. Specifically, turbine blades 

manufactured using Ni-based superalloys are used up to 1200 oC [2]. This operating 

temperature limitation is due to the melting points of the Ni-based superalloys. To enhance the 

operating temperature of the turbine blades. In recent times, the scientific community has 

focused on refractory high-entropy alloys (RHEAs)/multi-principal element alloys (MPEAs) 

consisting of refractory elements [3,4]. Further, alloys with high strength-to-weight ratios are 

desired for aerospace applications. 

Our earlier reports on nanocrystalline refractory alloys showed extraordinary hardness [5] and 

“density-normalized” hardness numbers [4]. To improve the “density-normalized” hardness 

further, in the present work, the high-density element Ta in the previous work [5] is replaced 

with the Nb to decrease the overall density of the alloy without any effect on its hardness 

numbers. Thus, the alloys developed in this work showed an extraordinary density-normalized 

hardness compared to any other Nb-containing alloys aiming for high-temperature aerospace 

applications.  

 

4.3.2. Experimental procedure 

MoNb and MoNbTi equiatomic compositions are milled up to 30 h in ball milling (SPEX 

8000D) using hardened steel vials with a ball-powder ratio of 5:1. X-ray diffraction (XRD) is 

performed using BRUKER D8 ADVANCE with Parameters Cu Kα radiation; λ=1.5419 Å; 2Ɵ 

between 20o to 120o; step size 0.02o; scan time 1 s/step. Lattice strain is calculated using the 

Stokes-Wilson method. 30 h milled powder is sintered using spark plasma sintering (SPS) with 

a heating rate of 7.21 K/s, uniaxial pressure of 80 MPa, and holding time of 15 min (Equipment: 

Dr. SINTER 1050). The corresponding sintering temperatures for MoNb (Fe) and MoNbTi 

(Fe) are 1473 K and 1273 K. Field emission scanning electron microscope (FEI Nova 

NanoSEM 450) equipped with an energy dispersive spectroscopy (EDS) detector is used for 

microstructural characterization. Hardness measurements: Tinius Olsen with a dwell time of 

15 s. Density measurements using the Archimedes principle. 
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4.3.3. Results and discussion 

 

Fig. 4.14 (a) X-ray diffractograms of MoNb (Fe) alloy and (b) X-ray diffractograms of MoNbTi 

(Fe)  alloy at different processing conditions. 

 

Fig. 4.14 (a & b) shows the XRD diffractograms of MoNb (Fe) and MoNbTi (Fe) alloys at 

different processing conditions like 1 h milled powder, 30 h milled powder, and after SPS. At 

30 h milled condition, MoNb (Fe) and MoNbTi (Fe) alloys have a single BCC phase structure. 

Lattice parameters corresponding to MoNb (Fe) and MoNbTi (Fe) alloys after 30 h milled 

condition are 3.18 Å and 3.22 Å, respectively. After 30 h of milling, the final crystallite size is 

4 nm and 3 nm for MoNb (Fe) and MoNbTi (Fe) alloys, respectively. A lattice strain of 0.021 

and 0.025 are observed for MoNb (Fe) and MoNbTi (Fe) alloys after 30 h of milling.  

A 15 mm diameter and 5 mm thickness sintered samples (with multi-phase structure) are 

obtained after SPS with a sintered density of 9.33 g/cc and 7.67 g/cc, respectively, for MoNb 

(Fe) and MoNbTi (Fe) alloys. MoNbTi  (Fe) can be considered as one of the low-density (7.67 

g/cc) alloys compared to the various Nb-based commercial alloys like C-103 (8.85 g/cc), C-

129Y (9.5 g/cc), and C3009 (10.1 g/cc) for the use of aerospace applications [6]. In the MoNb 

(Fe) alloy, Fe has a homologous temperature of 0.81 with respect to the 1473 K SPS 

temperature, which contributed to the interdiffusion of Fe in the alloy and eventually formed 

into the multi-phase structure (BCC, FCC1 and FCC2). Fe and Ti have a homologous 

temperature of 0.70  and 0.65, respectively, in the MoNbTi (Fe) alloy with respect to the 1273 

K SPS temperature. Thus, Fe and Ti interdiffusion contributed to the formation of BCC and 

FCC phases after sintering. Lattice parameters corresponding to different phases of MoNb (Fe) 

alloy are BCC (a) = 3.16 Å, FCC1 (a) = 4.47 Å and FCC2 (a) = 4.67 Å and a minor fraction of  

FeMo compounds are also observed (Fig. 4.14). Lattice parameters corresponding to different 
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phases of MoNbTi (Fe) alloy are BCC (a) = 3.21 Å, and FCC (a) = 4.24 Å. The crystallite size 

for different phases in the MoNb (Fe) alloy is BCC - 14 nm, FCC1 - 14 nm, and FCC2 - 19 nm 

with a minor fraction of FeMo compound (Fig. 4.14(a)). In the MoNbTi (Fe) alloy, the 

crystallite size of the BCC phase is  36 nm, and the FCC phase is 44 nm.  

 

 

Fig. 4.15 (a) FESEM-BSE microstructure of MoNb (Fe) alloy; (b) Colour contrast 

microstructure of MoNb (Fe) alloy that shows three different phases (red, blue, green); (c) 

FESEM-BSE microstructure of MoNbTi (Fe) alloy; (d) Colour contrast microstructure of 

MoNbTi (Fe) alloy that shows two different phases (green, blue).  All the microstructures are 

of the sintered condition. 

 

FESEM-BSE microstructures of the MoNb (Fe) and MoNbTi (Fe) alloys are shown in Fig. 

4.15. Fig. 4.15 (a&b) show the multi-phase contrast (red, blue and green) in the MoNb (Fe) 

alloy. Fe of 3.5 % with 51.7 % Mo and 44.8 % Nb were observed from the EDS analysis in the 

MoNb (Fe) alloy. The actual nominal composition of the Mo and Nb in the MoNb alloy is 50 

% each. Fig. 4.15 (c&d) also shows the multi-phase contrast (green and blue) in the MoNbTi 

(Fe) alloy. Fe of 1.7 %, Mo of 36.2 %, Nb of 31.7 %, and 30.4 % of Ti were observed from the 

EDS analysis in the MoNbTi (Fe) alloy, and the actual nominal composition was 33 % each in 
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the MoNbTi alloy. XRD and EDS analysis revealed that a clear presence of Fe resulted from 

the milling media during the processing of elemental powder in the high-energy ball mill.  

 

Fig. 4.16 (a) Microhardness details of the MoNb (Fe) and MoNbTi (Fe) alloys at different 

loads.  (b) “Density-normalized” hardness of various Niobium-containing alloys processed via 

powder metallurgy route. Further, some Niobium-based commercial alloys are also compared 

with the values obtained in the present work [4,6–11]. 

 

The hardness ranges from 13.19 ± 0.21 GPa to 11.08 ± 0.23 GPa in the 25 to 500 g load range 

for MoNb (Fe) alloy, shown in Fig. 4.16 (a). Hardness varies from 12.78 ± 0.60 GPa to 11.13 
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± 0.23 GPa in the 25 g to 500 g load range for MoNbTi (Fe) alloy, shown in Fig. 4.16 (a). The 

obtained hardness numbers are normalized with densities of MoNb (Fe) and MoNbTi (Fe) 

alloys. Further, the numbers are with the “density-normalized” hardness of various Niobium-

containing alloys processed using the powder metallurgy route and also some Niobium-based 

commercial alloys reported in the literature (Fig. 4.16 (b)). MoNb (Fe) and MoNbTi (Fe) alloys 

showed exceptional “density-normalized” hardness compared to various other commercially 

available Niobium-based alloys. Therefore, alloys developed in this work (MoNb (Fe) and 

MoNbTi (Fe)) are beneficial for high “strength-to-weight” aerospace applications. Further, 

considering the cost of the alloys, the alloys developed in this work are more cost-effective 

than most of the commercially available Nb-based alloys like C-103 (medium strength alloy, 

10 wt % Hf), C-129Y (10 wt % Hf), and C-3009 (High strength alloy, 30 wt % Hf). This is 

because, in most of the Nb-based alloys, Hf is one of the costliest (approx. 1200 USD/kg) 

elements involved in the production [12]. Hence MoNbTi (Fe) alloy developed in this work 

has a massive potential for high strength-to-weight applications. 

 

4.3.4. Summary 

• High energy ball milling of the elemental powders in two different compositions, MoNb 

and MoNbTi, in equiatomic proportions, resulted in single-phase BCC after 30 h of 

milling. Fe, an unintentional guest from the milling media. 

• A three-phase structure in MoNb (Fe) and a two-phase structure in MoNbTi (Fe) alloy 

were observed after SPS. The high homologous temperatures of Ti and Fe contributed 

to the phase transformations after sintering compared to the as-milled condition.  

• MoNbTi (Fe) alloy can be considered as one of the lowest density alloys (7.67 g/cc) 

compared to the various commercially available Nb-based alloys like C-103 (8.85 g/cc), 

C-129Y (9.5 g/cc),  C3009 (10.1 g/cc), Cb-752 (9.03 g/cc), and FS-85 (10.61 g/cc). 

• A high “density-normalized” hardness observed in this work indicates that MoNbTi 

(Fe) is a good candidate for low-density aerospace applications. 

• The cost of the MoNbTi (Fe) alloy will be significantly less when compared to 

commercially available Nb-based alloys due to the absence of Hf.  
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4.4. Role of Ti on the microstructure and mechanical properties of MoNbTi 

multi-principal element alloy: Performance of the multi-principal 

element alloys 

 

4.4.1. Introduction 

The recent development of cost-effective medium entropy alloys (MEAs) with refractory and 

non-refractory transition elements showed extraordinary mechanical properties at both room 

temperature and elevated temperatures comparable to high entropy alloys (HEAs) [1–8]. In the 

family of non-refractory MEAs, CoCrNi showed excellent mechanical properties like their 

counterpart HEAs [9]. In the case of refractory HEAs, most participating elements are of high 

density, resulting in denser HEAs which is undesirable for high-temperature aerospace 

applications which require a high strength-to-weight ratio. In this direction, prior literature 

suggests that adding both Al and Ti decreases the overall density of the alloy in the refractory 

HEAs [10,11]. Specifically, the addition of Ti substantially affects the overall behaviour of the 

MEAs, like improved specific strength. It is also reported that severe lattice distortion between 

the participating elements enhances the strength of the alloy [12,13]. Ti mainly serves the 

purpose of increasing the lattice distortion in the alloy as it differs with atomic radius and shear 

modulus compared to several other refractory elements. Various refractory MEAs reported till 

now have a similar strength to their counterpart HEAs [14,15]. Qi and Chrzan, using their 

theoretical studies, mentioned that adding Ti, Zr, and Hf to the group 6 elements enhances the 

ductility of the alloy, resulting in a shear fracture rather than a cleavage fracture [16]. 

Segregation of the solute elements to the grain boundaries leads to grain growth stagnation [17] 

and inhibition of grain growth helps in the enhancement of mechanical properties. 

This work provides insights on the effect of Ti addition on density, microstructure, and 

mechanical properties of MoNb alloy. To this end, equiatomic MoNb and MoNbTi alloys are 

developed and microstructural and mechanical property measurements are reported. A 

theoretical analysis is presented by considering the major strengthening contributions in 

medium HEAs to systematically determine the effect of the number of elements and their 

density on the “density-normalized” strength. Also, we provide insights on the optimal number 

of elements required to achieve high “density-normalized” strength at low cost. This work 

shows that very high “density-normalized” strength can be achieved by the appropriate choice 

of fewer elements. 
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4.4.2. Experimental procedure 

Elemental powders of Mo (99.99 %), Nb (99.8 %), and Ti (99.5 %) were procured from M/s 

Alfa Aesar with a -325 mesh size. They were handled under a high-purity argon atmosphere in 

a glove box during various stages of processing. Initially, powders corresponding to MoNb and 

MoNbTi equiatomic compositions were weighed to a total of 10 g. The weighed powders were 

transferred individually to the vacuum arc melting furnace. Ti getter was placed inside the 

furnace to absorb the traces of oxygen, if present during the melting process. After achieving a 

vacuum level of 10-6 mbar inside the furnace, melting was carried out with a tungsten electrode. 

The cast product was flipped for 5 times during the melting process and remelted to achieve a 

homogenous composition in the corresponding alloys. Homogenization was performed at 1673 

K for 24 h with a heating rate of 4.6 K/s in a tubular furnace equipped with high purity argon 

atmosphere to facilitate diffusion among different elements in these alloys under equilibrium 

conditions. Equilibrium phase diagrams and phase fraction plots are drawn using Thermo Calc 

TCHEA6 thermodynamic database. 

All the alloys were metallographically polished to a mirror-like surface finish for microscopic 

examinations and density measurements (The Archimedes principle method). The density of 

MoNb and MoNbTi alloys was found to be 9.39 g/cc and 7.82 g/cc, respectively. X-ray 

diffraction (XRD) was conducted using BRUKER D8 ADVANCE equipment with Cu Kα 

radiation (λ=1.5419 Å) in the scan range (2Ɵ) between 200 to 1200 with a scan time of 1 sec/step 

and a step size of 0.020 to determine the crystal structure and/or phase stability of the 

corresponding alloys. Lattice microstrain is calculated using the Stokes-Wilson method [18]. 

The microstructure was recorded using a field emission scanning electron microscope 

(FESEM, FEI Nova NanoSEM 450) at 20 kV accelerating voltage with a 10 mm working 

distance, and elemental analysis was carried out using energy dispersive spectroscopy (EDS) 

incorporated into FESEM. Electron backscattered diffraction (EBSD) studies were also 

performed on the alloys to understand the grain size distribution/orientation. Macro Vickers 

hardness measurements (Tinius Olsen) were carried out at different loads with a dwell time of 

15 sec. A total of 10 indentations were performed, and the average and corresponding standard 

deviation were reported.  
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4.4.3. Results  

Structural evolution 

Calculation of Phase Diagram 

 

 

Fig. 4.17 Equilibrium phase diagram of MoNb alloy (a), vertical section of the (MoNb)1-xTix 

phase diagram (c), Phase fraction plots of MoNb (b) and MoNbTi  (d) alloys with temperature 

scale from 2500 °C to 2600 °C. 

 

Fig. 4.17 (a & b) shows the equilibrium phase diagram and phase fraction plot of the MoNb 

alloy. The binary phase diagram of MoNb alloy is well addressed in the literature, it is an 

isomorphous system with a single BCC phase (BCC_A2), and it can be seen in in Fig. 4.17 (a). 

As Ti is added in the present work, a vertical section of (MoNb)1-xTix phase diagram is drawn, 
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as shown in Fig. 4.17 (c). Interestingly, at the equiatomic composition in the vertical section of 

(MoNb)1-xTix phase diagram, a single BCC phase (BCC_A2) is observed over the complete 

range of temperatures (room temperature to the melting point of the alloy). The left side of the 

equiatomic composition in vertical section of (MoNb)1-xTix phase diagram leads to two BCC 

phases, whereas the right side leads to one BCC and one HCP phase. Fig. 4.17 (b) shows the 

phase fraction plot of the MoNb alloy obtained for an equiatomic composition with temperature 

on the abscissa and phase fraction on the ordinate. BCC_A2 and LIQUID are the solidus and 

liquidus lines of the corresponding MoNb alloy phase diagram shown in the phase fraction 

plot, respectively. A vertical line drawn at any abscissa point up to the solidus line, the complete 

phase fraction corresponds to BCC_A2, after which it transforms into a liquid phase. Fig. 4.17 

(d) shows the phase fraction plot of the MoNbTi alloy obtained for an equiatomic composition. 

Further, it indicates that up to around 2560 °C, only a single BCC phase is stable, after which 

congruent melting occurs to transform into liquid phase. 

 

Crystal structure 

Fig. 4.18 shows the X-ray diffractograms obtained for both the MoNb and MoNbTi alloys in 

as-cast and homogenized conditions [19]. In MoNb alloy, the as-cast condition confirms a 

single BCC phase with a lattice parameter of 3.22 Å, and the corresponding homogenized 

condition also has a single BCC phase with a lattice parameter of 3.21 Å. In MoNbTi alloy, the 

as-cast and homogenized conditions confirm that both have a single BCC phase with no change 

in the lattice parameter of value 3.23 Å. Further, Ti addition does not alter the crystal structure. 

Homogenization at 1673 K for 24 h also does not result in any phase transformation, indicating 

that these alloys are thermally stable even at 1673 K. Hence, it is clear that single phase BCC 

structure is the most stable structure in these two alloys. 
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Fig. 4.18 X-ray diffractograms of equiatomic MoNb and MoNbTi alloys in as-cast and 

homogenized conditions (from bottom to top). In all the cases a single BCC phase was observed 

[19]. 
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Microstructure and elemental distribution 

 

Fig. 4.19 (a) BSE micrograph of MoNb as-cast alloy, (b) elemental distribution of Mo in as-

cast MoNb alloy, (c) elemental distribution of Nb in as-cast MoNb alloy and (d) overlay image 

of the elemental distribution indicating all the elements are homogeneously distributed with 

some Nb rich regions in MoNb as-cast alloy. (e) BSE micrograph of the MoNb homogenized 

alloy, (f) elemental distribution of Mo in homogenized MoNb alloy, (g) elemental distribution 
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of Nb in homogenized MoNb alloy and (h) overlay image of the elemental distribution 

indicating all the elements are homogeneously distributed with some Nb rich regions in MoNb 

homogenized alloy. 

 

 

 

Fig. 4.20 (a) BSE micrograph of the MoNbTi as-cast alloy, (b) elemental distribution of Mo in 

as-cast MoNbTi alloy, (c) elemental distribution of Nb in as-cast MoNbTi alloy and (d) 

elemental distribution of Ti in as-cast MoNbTi alloy. (e) BSE micrograph of MoNbTi 
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homogenized alloy, (f) elemental distribution of Mo in homogenized MoNbTi alloy, (g) 

elemental distribution of Nb in homogenized MoNbTi alloy and (h) elemental distribution of 

Ti in homogenized MoNbTi alloy. 

 

 

Fig. 4.19 and Fig. 4.20 show the BSE-FESEM microstructure and corresponding EDS maps of 

MoNb and MoNbTi alloys in as-cast and homogenized conditions, respectively. From Fig. 4.19 

(d), it can be concluded that both Mo and Nb are homogeneously distributed throughout the as-

cast alloy with some minor Nb-rich regions (dark spots in the microstructures). Fig. 4.19 (h) 

shows that after homogenization of the MoNb alloy, both Mo and Nb are still homogeneously 

distributed with minor Nb-rich regions. It can thus be concluded that the homogenized 

microstructure is a thermodynamically stable structure for the present heat treatment 

conditions. Fig. 4.20 (b), (c), and (d) indicate that Mo, Nb, and Ti are also homogeneously 

distributed throughout the as-cast MoNbTi alloy, with some Ti segregation at the grain 

boundaries. After homogenization of the MoNbTi alloy, no variation was observed with respect 

to the chemical distribution of the elements compared to the as-cast MoNbTi alloy, which can 

be seen in Fig. 4.20 (f), (g), and (h). Summary of the average chemical composition obtained 

from EDS area maps for all the samples is shown in Table 4.6. Good agreement can be observed 

between the EDS data and the nominal composition in all cases. 

 

Table 4.6 Summary of chemical composition obtained from EDS area mapping 

Alloy (condition) Mo (at. %) Nb  (at. %) Ti  (at. %) 

MoNb (As-cast) 52.1 47.9 -- 

MoNb (Heat treated) 51.9 48.1 -- 

MoNbTi (As-cast) 33.6 35.2 31.2 

MoNbTi (Heat treated) 34.8 33.4 31.8 

 

To determine the grain size and morphology of both the alloys in as-cast and homogenized 

conditions, EBSD studies are performed. Fig. 4.21 (a) shows the inverse pole figure (IPF) map 

of the as-cast MoNb alloy with an average grain size of 115 μm. Ti addition to the MoNb alloy 

results in significant grain refinement with an average grain size of 34 μm as shown in Fig. 

4.21 (b). For the MoNb homogenized alloy shown in Fig. 4.21 (c), the average grain size is 117 

μm, and for the MoNbTi homogenized alloy shown in Fig. 4.21 (d), the average grain size is 
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41 μm. Further, it is clear that as-cast microstructures of both the alloys (Fig. 4.21 (a-b)) show 

equiaxed grains, whereas post homogenization (Fig. 4.21 (c-d)), the grain morphology is 

elongated probably due to the competing effects resulting from inter-diffusion of the 

participating elements at high temperature.  

 

Fig. 4.21 Inverse pole figure maps of the (a) as-cast MoNb alloy, (b) as-cast MoNbTi alloy, (c) 

homogenized MoNb alloy and (d) homogenized MoNbTi alloy. as-cast condition shows an 

equiaxed grain morphology, whereas homogenization results in elongated grains in these 

alloys. 

 

Hardness 

The effect of grain refinement due to Ti addition on the hardness is explored using the macro 

Vickers hardness measurements. Macro hardness values at different loads on these alloys is 

shown in Fig. 4.22 (a). While the hardness is different for the different alloys and heat treatment 

states, it does not show much variation with load.  Macro hardness testing is performed to cover 

many grains (finer to coarser), which results in an appropriate representative hardness value. It 

may be noted that the Vickers hardness is converted to GPa by a multiplying factor of 

9.807×10-3 to enable comparison with flow stress.  At the highest load of 10000 gf the hardness 

is: as-cast MoNb: 4.27 ± 0.02 GPa, as-cast MoNbTi: 4.22 ± 0.01 GPa, homogenized MoNb: 

4.06 ± 0.01 GPa and homogenized MoNbTi: 4.10 ± 0.01 GPa. This is a very striking result as 

Ti accounts for 33% of the alloy and yet does not have a significant effect on the overall 

hardness, despite it being softer than the rest of the elements. Fig. 4.22 (b & c) shows the BSE 
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microstructure (homogenized MoNb and MoNbTi alloys) of the macro Vickers indents at 

10000 gf load. The indent residual impressions cover multiple grains. It is interesting to note 

that an indentation crack, albeit short, is observed in the case of MoNb and not in MoNbTi. 
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Fig. 4.22 (a) Hardness measurements at various loads (2000-10000 gf) on MoNb (as-cast and 

homogenized) and MoNbTi (as-cast and homogenized).  BSE micrograph with indent residual 

impression at 10000 gf load on (b) homogenized MoNb alloy and (c) homogenized MoNbTi 

alloy. 

In addition to the absolute hardness, “density-normalized” hardness, which is the ratio of 

hardness to density, is an important metric for light weighting applications. Fig. 4.23 shows the 

“density-normalized” hardness for different refractory MPEAs reported in the literature along 

with the present MoNb and MoNbTi homogenized alloys. The plot clearly shows that in this 

particular class of alloys (MoNbTaW family), MoNbTi alloy presented in this work has an 

exceptionally high “density-normalized” hardness. This observation will be reconciled by a 

combination of microstructural observations and various strengthening mechanisms-based 

arguments in the subsequent sections. 

 

Fig. 4.23 “Density-normalized” hardness of  MoNbTaW family [20–23] of alloys from the 

literature including the homogenized MoNb and MoNbTi alloys from the present work 

(indicated with an arrow).  
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4.4.4. Discussion 

Microstructural evolution 

Fig. 4.17 and Fig. 4.18 show that a single-phase BCC structure is thermodynamically stable 

based on both experimental outcomes and CALPHAD calculations for both MoNb and 

MoNbTi alloys. The homogenization temperature of 1673 K corresponds to homologous 

temperatures of 0.58, 0.61 and 0.86 for Mo, Nb and Ti, respectively. At this temperature, it is 

reasonable to expect interdiffusion of these elements within these alloys. However, even after 

homogenization for 24 h,  it is evident that the crystal structures (Fig. 4.18) and microstructures 

(Fig. 4.19 and Fig. 4.20) are not altered. However, it is to be noted that minor Nb rich regions 

seen in Fig. 4.19 account for 1.65% (area wise) and increase to 1.97% after homogenization. 

Similarly, the Ti segregation, which is 1.47% in the as-cast condition increases to 2.19% after 

homogenization in MoNbTi alloy. As these fractions are low, they are not observed in the XRD 

patterns shown in Fig. 4.18. Even though the presence of minor quantities of alloying elements 

(Nb or Ti as is the case) is detected in the SEM investigations, practically these can be 

considered to offer single phase microstructures which are thermodynamically stable. The 

decoration of grain boundaries by Ti in MoNbTi alloy decreases the grain boundary energy 

and plays a key role in the significant grain refinement as shown in Fig. 4.21 (b), which can in 

turn help retain high hardness.  

 

Flow stress 

The hardness values for the alloys in the present work at 10000 gf load is about 4.10 GPa, 

which is comparable to that reported for several alloys of the MoNbTaW family [4,20,22]. A 

high load was applied to perform the hardness measurements with no evidence of any 

significant indentation cracking as shown in Fig. 4.22 (c), indicating that enough plasticity is 

available in the alloy. A striking feature of this investigation is that such a high hardness is 

achieved with either two (MoNb) or three (MoNbTi) elements in equiatomic proportion. This 

raises an important question regarding the need for 5 or more elements to derive high hardness 

or strength, especially for achieving high “density-normalized” strength. To explore this aspect 

in greater detail, the strengthening contributions from various sources is assessed for the alloys 

in the present work along with other theoretical combinations consisting of Mo, Nb, Ta, W, 

and Ti. Despite the refinement in grain size in the MoNbTi alloy, it is still in the micrometer 

scale. Previous reports [7] indicate that solid solution strengthening is the dominant 

strengthening mechanism in these systems. Using the previously reported analysis, in the case 
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of MoNbTi it is found that solid solution strengthening (∆𝜎𝑆𝑆) and frictional stress (𝜎𝑜)  

contribute 95 % to the overall flow stress. Hence, we focus on these contributions to calculate 

the flow stress (𝜎𝑓) as 

σf=σo+∆σSS…………………………………………….....(4.9)            

Flow stress is calculated using Eq. (4.9) for the 26 different theoretically possible equiatomic 

alloys (binary, ternary, quaternary and quinary) consisting of Mo, Nb, Ta, W and Ti. “Density-

normalized” flow stress (σf ρ⁄ ) is then calculated from Eq. (4.9) and the theoretical density for 

the corresponding composition. Details of the calculations for frictional stress and solid 

solution strengthening are available elsewhere [7,24,25]. Fig. 4.24 (a) shows the “density-

normalized” flow stress as a function of the number of elements in the alloy for the 26 different 

combinations of equiatomic alloys (binary to quinary) in this system (Mo, Nb, Ta, W and Ti). 

The values for individual elements, which do not have solid solution strengthening are also 

shown for comparison. The plot clearly shows the diminishing returns beyond 3 elements. It 

may be noted that several alloy compositions shown in the plot may not be practically feasible 

or yield stable single phase material. For instance, binary alloys MoTi and WTi as shown in 

the plot have high “density-normalized” flow stress. However, they are not miscible over the 

complete range of temperature (room temperature to melting temperature) [26]. The plot also 

shows that MoWTi and MoNbTi are the preferred compositions for the ternary alloys. 

However, the theoretical density of MoWTi is 11 g/cc which is significantly higher than 

MoNbTi (7.6 g/cc). In the case of quaternary alloy MoNbWTi has the highest normalized 

strength, However, even in this case the density is high (10.4 g/cc) compared to MoNbTi. This 

simple analysis clearly demonstrates that by a judicious choice of fewer elements that give a 

combination of large solid solution strengthening and lower density, high “density-normalized” 

flow stress can be achieved such as in the case of MoNbTi shown in the present study. The key 

features of MoNbTi system are the good miscibility of MoNb [26,27], and the addition of Ti 

that significantly reduces the density without compromising the strength. The retention of 

strength in MoNbTi can be attributed to the difference in the atomic radius and shear modulus 

between the constituent elements that naturally enhances solid solution strengthening. To 

specifically demonstrate the role of Ti in these alloys, “density-normalized” flow stress with 

and without Ti addition is shown in Fig. 4.24 (b). The plot clearly shows that Ti addition leads 

to an overall increase in “density-normalized” flow stress in many cases, making a strong case 

for Ti addition in these alloy systems. In summary, if the advantage from solid solution 

strengthening is exhausted with three elements, the addition of more elements in equiatomic 
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proportion may not be beneficial. Hence, the alloying strategy for equiatomic alloys may be 

accordingly framed by employing just two or three elements. Although the resultant BCC 

structure of the current material systems offers high strength, it may not offer good ductility. 

Therefore, judicial selection and optimal additions of alloying elements which could induce 

sufficient levels of ductility is the right approach for materials development for next generation 

high temperature materials. 

 

 

Fig. 4.24 “Density-normalized” flow stress of binary, ternary, quaternary and quinary 

refractory multi-principal element alloys consisting of Mo, Nb, Ta, W and Ti as a function of 

(a) number of elements; red color data points show the maximum value that can be obtained in 

these refractory multi-principal element alloys, blue color data point is for CoCrNi multi-

principal element alloy, included for comparison purposes and (b) influence of Ti on refractory 

multi-principal element alloys . It suggests that addition of more number of alloying elements, 

beyond three in equiatomic proportion, may not offer major advantage in deriving high 

hardness (strength) in single phase multi-principal element alloys. 

 

4.4.5. Summary 

Equiatomic MoNb and MoNbTi alloys were developed by melting and casting route. 

Homogenization of the cast samples was carried out at 1673 K for 24 h. A single phase BCC 

structure which was obtained after casting was found to be stable even after homogenization. 

Equilibrium phase diagrams and phase fraction plots drawn for MoNb and MoNbTi alloys also 

showed a single BCC phase at a complete range of temperatures from room temperature to 

melting points. Equiaxed grains were observed in the as-cast condition, whereas elongated 
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grains were observed after homogenization. Titanium addition leads to overall density 

reduction and significant grain refinement. Titanium was found to segregate to the grain 

boundary regions in addition to its presence in the lattice positions in the complex MoNbTi 

alloy. This potentially pins the grain boundaries, thus decreasing the overall grain boundary 

energy. Both the alloys (MoNb and MoNbTi) exhibit comparable hardness within the 

MoNbTaW family of alloys.  Further, the striking feature of this study is the exceptionally high 

“density-normalized” hardness of these alloys (MoNb and MoNbTi) that surpasses all the 

alloys of the MoNbTaW family reported in the literature so far. Solid solution strengthening is 

the dominant strengthening mechanism in these alloys. Furthermore, it was found that addition 

of more than three elements in equiatomic proportions may not be necessary to obtain high 

“density-normalized” flow stress. Instead, equiatomic binary and ternary alloys can offer more 

scientific/technological advantages coupled with cost reduction. 
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4.5.  Length scale effects in the MoNb and MoNbTi multi-principal element 

alloys: Understanding their local chemical and mechanical behaviour 

 

4.5.1. Introduction 

Complex concentrated alloys (CCAs) are one of the emerging structural materials ever since 

they were proposed in 2004 [1–3]. The tremendous interest shown by the scientific community 

on this radical alloying concept is due to its reported unprecedented mechanical properties at 

room temperature [1,4,5] and high temperatures [6,7]. In addition, multiple characteristic 

length scales of these microstructures add a new dimension to the materials development 

scheme [4,5]. Similar to the processing of nanocrystalline materials, it is possible to develop 

these alloys with mechanical alloying (MA) and subsequent spark plasma sintering (SPS), after 

which a homogeneous microstructure is often observed [8–12]. Alternatively, these alloys can 

be developed with micrometer range grain size using the melting and casting route, wherein a 

heterogeneous microstructure is expected [4,5,7]. Generally, cast alloys are more ductile and 

hence more desirable than alloys developed using the MA+SPS route due to sufficient mobility 

of dislocations in the coarse-grained microstructure. The heterogeneous microstructure 

(morphology wise or chemistry wise) in the as-cast CCAs is due to the presence of elements in 

highly concentrated proportions with different melting points, densities, and varying 

miscibility characteristics [13,14]. Hence, understanding the chemical segregation behavior in 

the CCAs is essential, as it plays a vital role in tailoring the microstructure and mechanical 

properties.  

Recent developments in high speed nanoindentation mapping [15–18] with reduced indent 

spacing [19,20] have demonstrated the ability to reliably measure hardness at the micrometer 

length scale. This capability has opened the doors for establishing structure-property 

correlations at that scale, as evidenced by the recent reports [21–24].  Most of the recent works 

have focused on establishing the link between microstructure (phase, crystal orientation, etc.,) 

and local mechanical properties [25–27].  A few recent works have also demonstrated the 

ability to link the chemical composition to mechanical properties [23,28–30]. However, such 

correlations in CCAs have not been explored yet. Given the multiple elements with different 

melting points and varying miscibility characteristics, chemical segregation is expected in such 

alloys, which makes a strong case for coupling the local chemical composition obtained by 

techniques such as Energy dispersive spectroscopy (EDS) with nanoindentation mapping, and 

this forms the basis for the present work. The aim of this paper is to assess the correlation 
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between hardness and chemical composition at the micrometer lengths scale. To this end, high 

speed nanoindentation maps and EDS maps in a given region with comparable resolutions, are 

analysed to establish possible correlation. The high speed nanoindentation mapping technique 

used in this work is, in principle, similar to the quasi-static testing, except for the duration of 

the test, which is less than 1 second per indent.  In addition to the ability to map the hardness 

at a micrometer length scale, recent works [24,31,32] have also demonstrated the ability to 

quantify the mechanical properties of the constituents through various statistical techniques. 

Leveraging of these hardware and analysis capabilities, in this work we present EDS and 

corresponding nanoindentation maps in MoNb and MoNbTi alloys to quantitatively assess the 

correlation between the local chemistry and hardness & elastic modulus. Segregation of Nb 

and Ti at the grain boundaries is observed in these alloys and the ability of the nanoindentation 

mapping technique to capture the corresponding local variations in mechanical properties is 

presented. A comparison of the results in the as-cast and heat-treated conditions is also 

presented to systematically study the effect of local rearrangement in chemistry with heat 

treatment. Collectively, these results enable an understanding of the effect of chemical 

segregation on the local mechanical properties of CCAs, which can be gainfully used to tailor 

the microstructure and properties of these alloys. 

 

4.5.2. Results  

Crystal structure 

Fig. 4.25 shows the X-ray diffractograms obtained for as-cast and heat treated conditions of 

both the MoNb and MoNbTi alloys. In MoNb alloy, the as-cast condition confirms a single 

BCC phase with a lattice parameter of 3.22 Å, and the corresponding homogenized condition 

also shows a single BCC phase with a lattice parameter of 3.21 Å. Similarly in MoNbTi alloy, 

the as-cast and homogenized conditions exhibit a single BCC phase with an identical lattice 

parameter of 3.23 Å. It is clear that single phase BCC structure is the most stable structure in 

these two alloy systems. Interestingly, Ti addition is not found to alter the crystal structure. 

Also, homogenization at 1673 K for 24 h does not cause any phase transformation, indicating 

that these CCAs are thermally stable even at 1673 K.  
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Fig. 4.25 X-ray diffractograms of equiatomic MoNb and MoNbTi CCAs in as-cast and 

homogenized conditions (from bottom to top). In all the cases, a single BCC phase was 

observed. 

 

Microstructure and chemical analysis 

Fig. 4.26 shows the FE-SEM BSE micrographs of the mapped regions in MoNb and MoNbTi 

alloys in as-cast and heat-treated conditions. In all the cases, clear contrast can be observed, 

indicating the local variations in atomic number or chemical segregation. Fig. 4.26 (a) shows 

the micrograph of MoNb in the as-cast condition. The dark regions in the micrograph 

correspond to the segregation of the lower atomic number element (Nb), as will be later shown 

from EDS results. Although Mo and Nb have good miscibility [33], the difference in melting 

points (~ 150 K) can result in some segregation, which is still relatively small (< 3 %). 
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Interestingly, XRD data on these alloys shown in Fig. 4.25, indicates a single BCC phase.  This 

implies that the dark regions in the micrographs are either below the detection threshold of 

standard XRD measurement or have similar crystal structure, making it difficult to distinguish.  

Upon heat treatment, the fraction of the Nb rich regions decreases further (< 0.6 %), as shown 

in Fig. 4.26 (b). The micrograph also shows that the microstructure is retained even after heat 

treatment at 1673 K.  

 

Fig. 4.26 FE-SEM, BSE micrograph with the indent overlay for (a) MoNb in as-cast condition, 

(b) MoNb in heat treated condition, (c) MoNbTi in as-cast condition and (d) MoNbTi in heat 

treated condition. 
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Similar to the MoNb alloy shown in Fig. 4.26 (a-b), addition of Ti also results in certain amount 

of chemical segregation as may be observed from the dark regions in Fig. 4.26 (c-d). However, 

there are clear differences in the nature of segregation. In Fig. 4.26 (c-d), the dark regions 

correspond to Ti enrichment and its morphology is acicular and is also of smaller length scale 

compared to the Nb rich regions in Fig. 4.26 (a-b).  Segregation of Ti is due to the melting 

point difference compared to Mo and Nb and the miscibility gap of Ti with Mo and Nb [33–

35]. Upon heat treatment of MoNbTi alloy, the contrast of the dark region is further enhanced 

due to probable diffusion of Ti, as shown in Fig. 4.26 (d).  

In order to probe the local chemical composition in the microstructure shown in Fig. 4.26, EDS 

maps corresponding to the BSE micrographs of all the samples are presented in Fig. 4.27. The 

EDS maps are obtained by normalizing the counts for a given element with the total counts 

recorded for a given pixel, as detailed in materials and methods section.  In the case of MoNb 

alloy (Fig. 4.27 (a-b)), the maps show the fraction of Nb. The red regions in the maps are Nb 

rich and a comparison with the corresponding BSE micrograph in Fig. 4.26 indicates that they 

correspond to the dark regions.  Fig. 4.27 (a) also shows that Nb enrichment occurs at the 

boundaries or interfaces. Upon heat treatment as shown in Fig. 4.27 (b), the extent of 

segregation is reduced. In the case of MoNbTi shown in Fig. 4.27 (c-d), the EDS maps show 

the Ti fraction. Similar to the case of MoNb, Ti enrichment at the interfaces can be clearly 

observed. However, in contrast to MoNb, upon heat treatment (Fig. 4.27 (d)), the Ti fraction is 

further enhanced at the boundaries, which was also observed from the enhanced contrast of the 

BSE micrograph shown in Fig. 4.26 (d).   
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Fig. 4.27 EDS maps of (a) Nb fraction in as-cast MoNb, (b) Nb fraction in heat treated MoNb, 

(c) Ti fraction in as-cast MoNbTi and (d) Ti fraction in heat treated MoNbTi. 

 

Nanoindentation 

The microstructural analysis presented in the previous section shows a clear evidence of 

chemical segregation at the micrometer length scale, which is below the typical length scale 

accessed by micro hardness testing. Hence, after EDS mapping, nanoindentation mapping with 

an indent spacing of 1 μm was carried out in the regions shown in Fig. 4.26. Fig. 4.28 (a) shows 

the hardness map of the MoNb alloy in the as-cast condition. Local variation in hardness can 

be clearly observed from the map, wherein the higher hardness regions correspond to the Nb 

rich regions in the EDS map shown in Fig. 4.27 (a). The map also demonstrates the ability of 

the nanoindentation mapping technique to capture the local variation in mechanical properties 

in the vicinity of the boundary, which can be gainfully used for studying the effect of chemical 
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segregation on mechanical properties at the micrometer length scale. Upon heat treatment of 

MoNb alloy, although the higher hardness regions are significantly reduced in area fraction as 

shown in Fig. 4.28 (b), they still correspond to the Nb rich region shown in Fig. 4.27 (b). Also, 

the overall hardness of the specimen shows a slight reduction with heat treatment. In the case 

of the MoNbTi alloys shown in Fig. 4.28 (c-d), the spatial variation in hardness is very clear, 

with the regions close to the boundaries which are also Ti rich, show higher hardness. In the 

as-cast condition shown in Fig. 4.28 (c), the higher hardness regions are relatively thick (~ 5 

μm) and also mostly continuous. This trend agrees well with the EDS map of Ti fraction shown 

in Fig. 4.27 (c). In contrast, upon heat treatment, the higher hardness regions are not continuous 

along the boundaries as shown in Fig. 4.28 (d), and also show a marginal increase in hardness 

possibly due to further enrichment of Ti.  Again, this trend agrees well with the corresponding 

EDS map of Ti fraction shown in Fig. 4.27 (d). Furthermore, the hardness in the interior regions 

of the grain does not change much upon heat treatment, indicating the thermal stability of the 

alloy. A comparison of the hardness maps in the as-cast condition of MoNb (Fig. 4.28 (a)) and 

MoNbTi (Fig. 4.28 (c)), shows that the hardness decreases with Ti addition, which will be 

quantified and discussed in detail in the next section. In addition to hardness, elastic modulus 

was also measured, which shows similar trend as hardness, although with slight differences. 

This aspect will also be discussed in the next section.   
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Fig. 4.28 Hardness maps from high-speed nanoindentation for (a) MoNb as-cast alloy, (b) 

MoNb heat-treated alloy, (c) MoNbTi as-cast alloy and (d) MoNbTi heat-treated alloy. 

 

4.5.3. Discussion 

Correlation between local chemistry and mechanical properties 

The hardness maps presented in the previous section show spatial variation, especially with 

proximity to the boundary, which also corresponds to Nb or Ti enrichment. To explore this 

aspect further, in this section a quantitative correlation between the local chemistry and 

mechanical properties is presented by coupling the EDS and nanoindentation maps. In order to 

demonstrate the EDS-nanoindentation coupling, MoNbTi in as-cast condition is taken as a 

reference. Fig. 4.29 shows a montage of the SEM micrograph, EDS map, hardness map and 

deconvoluted hardness map of a 40 X40 m2 region in as-cast MoNbTi. The correlation 

between the EDS and hardness maps is extremely good, which also correlates well with the 

SEM micrographs. The map shows that the boundaries are enriched with Ti, which results in 
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higher hardness in the vicinity of the boundary. In order to quantify the composition and 

hardness of these distinct regions, the hardness map is deconvoluted into two regions, viz., 

grain interiors and vicinity of boundary, using the procedure described in 4.4.5. The resultant 

deconvoluted map is also shown in the Fig. 4.29 (d), wherein the red coloured regions 

correspond to the regions in the vicinity of the boundary and the blue regions correspond to the 

grain interiors. Subsequent to deconvoluting the data into two distinct regions, the 

corresponding average hardness or elastic modulus and composition in the respective regions 

is calculated from a simple arithmetic mean. It may be noted that the values (hardness, elastic 

modulus or composition) corresponding to the regions close to the boundary are not 

representative of the grain boundary strength or composition, but a larger region around the 

boundary. Given the 1 m resolution of the nanoindentation map, accurately measuring the 

strength or hardness of the grain boundary (~ nm) alone is not feasible.  

Fig. 4.30 (a) shows the average hardness as a function of Nb fraction in the grain interiors and 

in the vicinity of the boundary obtained by deconvolution in the as cast and heat-treated 

conditions. The plot clearly establishes that higher Nb fractions occur at the boundaries and 

also corresponds to higher hardness. The Nb fraction in the grain interiors remains unaltered 

upon heat treatment, while the hardness slightly decreases.  On the contrary, in the vicinity of 

the boundary, the Nb fraction and hardness decreases upon heat treatment, moving towards a 

more homogeneous microstructure.  

The corresponding correlation between the local chemical composition and hardness in the 

case of the MoNbTi alloy is shown in Fig. 4.30 (b). Similar to the case of MoNb alloy, clear 

correlation between the Ti fraction and hardness can be observed, with the hardness increasing 

with increasing Ti fraction. In the grain interiors, heat treatment results in slight increase in Ti 

fraction without any appreciable change in hardness. On the contrary, the Ti fraction in the 

vicinity of the boundary increases upon heat treatment and the hardness also shows a 

corresponding increase. This can also be qualitatively observed from the BSE micrograph 

shown in Fig. 4.26 (d), wherein the contrast at the boundary is enhanced with heat treatment, 

indicating greater segregation.  

In addition to hardness measurements, elastic modulus is also measured during nanoindentation 

mapping. Fig. 4.30 (c) shows the variation in elastic modulus obtained by deconvolution in the 

as cast and heat-treated conditions. While the general trend is identical to that of the hardness 

shown in Fig. 4.30 (a), appreciable differences in the elastic modulus with proximity to the 

boundary or Nb fraction is not observed. This indicates that the overall crystal structure is not 
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significantly altered, which was also confirmed by the XRD measurements. With the addition 

of Ti, the elastic modulus shows a slight decrease as shown in Fig. 4.30 (d) for the MoNbTi 

alloys. Again, the general trend in modulus is similar to that of the hardness for MoNbTi alloys 

shown in Fig. 4.30 (b). However, unlike the modulus of MoNb alloys, a slight increase in 

modulus with heat treatment is observed, indicating that the crystal structure / phase is altered 

in the vicinity of the boundary. Further investigation with Transmission Electron Microscopy 

is required to reconcile this observation. From the hardness and elastic modulus results it may 

also be observed that despite the local variations, hardness decrease with Ti addition is less 

than that of the elastic modulus, thereby resulting in improved ductility with Ti addition. 

An interesting and surprising outcome of these results is the significant increase in hardness in 

the Nb rich regions in MoNb alloys and in the vicinity of the boundary in MoNbTi alloys. 

Hardness close to 15 GPa is observed in Ti rich regions close to the boundary in these alloys. 

Such a high local hardness is usually possible by the presence of a secondary phase, ideally an 

intermetallic compound comprising of two or more elements of Mo, Nb and Ti in this case. 

The thermodynamic data for this system also indicates the possibility of secondary phases. 

However, the XRD results do not show any evidence of a secondary phase, which could be 

either due to the small length scale of the region (~ 5 m) or due to absence of a distinct crystal 

structure. Micro-focus XRD and EBSD measurements were also attempted to probe the local 

crystal structure, both of which, despite experimental challenges, did not indicate the presence 

of a second phase. This leaves an open question on the possible strengthening mechanism to 

account for the high hardness observed near grain boundary. In this regard, it may be noted that 

classical strengthening calculations considering frictional stress, solid solution strengthening, 

Taylor hardnening, Hall-Petch strengthening [8] for this alloy composition yields a hardness 

close to 6 GPa, which agrees well with the data points realized in the interior of the grain. 

However, the near doubling of hardness close to the boundary naturally implies the role of 

other strengthening mechanisms like precipitation strengthening. Given the micrometer length 

scale (~ 5 m) of this strengthening effect, it is arguably different from the classical grain 

boundary segregation and the associated strengthening that occurs at the nanometer length 

scale. Hence, the reasons for the significant hardness increase in the vicinity of the boundary 

are unclear at this time. 

In summary, a clear correlation between the local chemistry and hardness is observed in both 

the alloys in the as-cast and heat-treated conditions. The Ti or Nb rich regions are observed in 

the vicinity of the boundaries which also correspond to higher hardness. Local rearrangement 
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in Nb or Ti fraction is observed with heat treatment, which is also clearly reflected in the 

hardness and to a lesser extent in elastic modulus. Addition of Ti also results in improving the 

ratio of elastic modulus to hardness, thereby improving the ductility.  

 

 

Fig. 4.29  (a) FE-SEM BSE micrograph (b) EDS map (c) hardness map and (d) deconvoluted 

hardness map of as-cast MoNbTi alloy. 

 

 

 



 

126 

 

Chapter 4 Results and Discussion 

 

Fig. 4.30 (a) hardness and (c) elastic modulus variation with Nb fraction in MoNb alloys; (b) 

hardness and (d) elastic modulus variation with Ti fraction in MoNbTi alloys, showing the 

correlation between Nb or Ti fraction and the local hardness and elastic modulus in the as-cast 

and heat-treated conditions. 

 

4.5.4. Summary 

In this work, the effect of local chemical heterogeneity on the mechanical properties of 

equiatomic MoNb and MoNbTi alloys at the micrometer length scale are reported by coupling 

EDS and nanoindentation mapping and the following observations and conclusions are drawn. 

Excellent correlation between the local chemistry and hardness was observed for all the 

samples. Local variations in the Nb and Ti content were observed, wherein Nb or Ti enrichment 

is found in the vicinity of the boundaries. The corresponding hardness maps showed a similar 

local variation in hardness, wherein higher hardness was observed in the vicinity of the 

boundary. In the case of the MoNb alloy, the hardness in the Nb rich regions near the boundary 

is in the 12-20 GPa range, whereas it is in 7-8 GPa in the interior of the grains. Similarly, in 

the case of MoNbTi alloys, the Ti rich regions exhibit hardness in the range of 8-15 GPa, 
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whereas it is around 6 GPa in the interior of the grain. Despite the significant chemical and 

mechanical heterogeneity in the vicinity of grain boundaries, the XRD measurements show a 

single BCC phase. While solid solution strengthening explains the hardness in the interior of 

the grain, the reasons for the significant enhancement of the hardness in the vicinity of the 

boundary are unclear at this time. This work thus demonstrates the ability to quantitatively 

couple EDS and nanoindentation data to study the effect of chemical segregation on mechanical 

properties at the micrometer length scale, which opens new opportunities for structure-property 

correlations at the micrometer length scale. 

 

4.5.5. Experimental procedure 

Materials 

Mo, Nb, and Ti elemental powders with purity greater than 99.5 % were procured from Alfa 

Aesar. The powders with appropriate composition were melted using Vacuum Arc Melting 

(VAM) in argon atmosphere after attaining a 10-6 mbar vacuum to cast MoNb and MoNbTi 

alloys. The alloys were flipped continuously during melting and remelted for at least 5 times 

to improve chemical homogeneity. Subsequently, the alloys were heat treated at 1673 K for 24 

h, with a heating rate of 4.6 K/s followed by furnace cooling, to homogenize the microstructure. 

X-ray diffraction (XRD) measurements was performed using BRUKER D8 ADVANCE 

equipment with Cu Kα radiation (λ=1.5419 Å) in the scan range (2Ɵ) between 200 to 1200 with 

a scan time 1sec/step and a step size of 0.020, to determine the crystal structure and/or phase 

stability of the corresponding alloys. The microstructure was also observed using a field 

emission scanning electron microscope (FESEM, FEI Nova NanoSEM 450) at 20 keV 

accelerating voltage with 10 mm working distance. 

 

Nanoindentation testing  

iMicro® nanoindenter from Nanomechanics Inc. (now KLA, Oak Ridge, TN, USA) was used 

for nanoindentation testing. Prior to nanoindentation testing, samples were carefully polished 

starting from SiC abrasive paper of 1200 grit to 2000 grit, followed by alumina suspension 

with particle size of 0.3 μm and 0.05 μm. Finally, vibratory polishing in a 0.04 μm colloidal 

silica suspension was performed using an automatic vibratory polishing machine (SAPHIR 

VIBRO – ATM) for 18 hours. A diamond Berkovich tip was used for all the indentation tests. 

The area function and load frame stiffness calibration were performed as per the procedure 

detailed elsewhere [36]. A high-speed nanoindentation technique (Nanoblitz3D®), wherein 
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each indent takes less than one second to perform [31], was used to obtain hardness and elastic 

modulus maps typically over a 40x40 μm2 area, at a load of 1.8 mN and an indentation spacing 

of 1 μm. These parameters were chosen based on a recent work [19] to ensure minimal 

influence of neighboring indents. The hardness and elastic modulus are calculated based on the 

procedure described by Oliver & Pharr [37]. The high speed nanoindentation mapping 

technique used in this work is, in principle, similar to the quasi-static testing [38], except for 

the duration of the test, which is less than 1 second per indent. It comprises of different test 

segments routinely used in quasi-static testing, such as, approaching the surface, contact 

detection, loading to prescribed load, unloading and moving to the next location.  The ability 

of the mapping technique to perform indentation test in less than 1 second along with new 

optimal indent spacing, not only enables higher resolution (1 m) hardness maps, which can 

be used to capture hardness variations at the microstructural length scale, but also generation 

of large data sets (1000’s indents) for subsequent data deconvolution with statistical techniques. 

Elemental analysis 

Elemental mapping was performed on all four alloys using an EDS detector (Octane – EDAX)  

in an FE-SEM (FEI NOVA NANO FESEM 450) operated at an accelerating voltage of 20 keV 

and 10 mm working distance. Elemental maps were obtained at a resolution of 512 x 492, with 

64 frames and 28 μm field width at a magnification of 3000X. The counts recorded for 

individual elements were normalized by the total counts to obtain 2D maps of the elemental 

composition. 

 

EDS-Nanoindentation coupling and data deconvolution 

Nanoindentation and EDS elemental maps generated as described earlier, are typically obtained 

at different resolutions due to the inherent differences in the characterization techniques. For 

instance, the resolution of the nanoindentation map is determined by the indent spacing, which 

is 1 μm in the present study, whereas the EDS maps have much higher resolution. In order to 

couple the EDS and nanoindentation data, the effective resolution of the EDS data is reduced 

to match that of the nanoindentation data by averaging the counts within an area of 1 μm2. Once 

the resolution of the EDS data is matched with that of the nanoindentation map, direct 

correlation between the local chemistry and indentation data can be obtained by plotting the 

chemical composition and hardness or modulus at every pixel. It may be noted that prior to 

matching the resolution of the EDS maps with that of the nanoindentation, proper care has to 

be taken to match the corresponding mapped areas.  
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The local variation in the mechanical properties and chemistry obtained by nanoindentation 

and EDS mapping, respectively, can be quantified to estimate the property values of chemically 

or mechanically distinct regions. While there are several algorithms to deconvolute the data 

[28], the k-means clustering algorithm is chosen in the present study [27,31].  Due to the 

relatively better signal-to-noise ratio in the hardness data, deconvolution was carried out using 

the hardness maps and the corresponding composition was calculated from the EDS maps. It 

may be noted that deconvolution is ideally performed based on the various phases observed in 

the microstructure. However, in the present study, in spite of the chemical and mechanical 

heterogeneity, multiple phases were not detected and hence deconvolution based on phase or 

crystal structure was not possible.  
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Chapter 5 

5. Conclusions and Future Scope 

 

5.1.  Conclusions 

Multi-principal element approach, a novel methodology, is used to manufacture the high-

strength materials in this work for the aerospace gas turbine engine applications. The alloys 

developed using this approach are called multi-principal element alloys (MPEAs). The 

significant outputs of the work include: 

• Novel alloy design, manufacturing of various refractory multi-principal element alloys 

with high “density-normalized” hardness. 

• Strain gradient plasticity and indentation size effect studies on these novel refractory 

MPEAs using the classic models. 

• Understanding the length scale effects on the microstructure and mechanical properties. 

• Correlative studies on the local chemical segregation and local mechanical properties. 

• Estimation of “density-normalized” flow stress of various RMPEAs.  

 

Chapter 4.1 

• Fully dense multi-phase nanocrystalline MoNbTaTiW complex concentrated alloy was 

prepared using ball milling followed by SPS.  

• Single phase BCC structure obtained after milling for 30 h has transformed to a new 

BCC and two FCC (FCC1, FCC2) phases with different lattice constants.  

• Some amount of Fe has also entered the alloy from the milling media. It appears that 

very fine nanocrystalline structure coupled with the presence of relatively low melting 

elements such as Ti and Fe aids the phase decomposition during SPS.  

• Exceptionally high hardness in the range 18.87-13.89 GPa was observed in this multi-

phase alloy which is the highest reported till now in the family of alloys based on 

MoNbTaW composition.  

• “Density-normalized” hardness is also remarkably high for this alloy making as an 

attractive candidate material for structural applications.  

• Detailed analysis on probable strengthening mechanisms suggest that solid solution 

strengthening and Hall-Petch strengthening are the major strengthening mechanisms in 

this alloy.  
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• The hardness data of this alloy was observed to follow the Meyer hardening power law 

with an index of 1.82 suggesting the presence of indentation size effect.  

• The strain gradient plasticity of this multi-phase RHEA was explained based on the 

considerations of GNDs that exists owing to the multi-phase structure with different 

crystal structures (BCC, FCC1, FCC2), by using the Nix-Gao model.  

• The plastic incompatibility is expected to arise from the different slip characteristics of 

BCC and FCC phases at room temperature at smaller indentation loads, leading to the 

generation of back stress at interphase (BCC/FCC) boundaries.  

• The depth-independent hardness of 11.8 GPa and the characteristic length scale of 1.07 

µm were obtained in the analysis. 

 

Chapter 4.2 

• Single phase BCC structures were observed after ball milling of MoTa and MoTaTi 

alloys. Fe has entered the systems from milling media.  

• Spark plasma sintering resulted in formation of three phase structure in MoTa (Fe), two 

phase structure in MoTaTi (Fe) alloys respectively.  

• Presence of Ti and Fe in these alloys triggers the phase transformations leading to the 

multi-phase structures. 

• Extremely high hardness values are observed in both the alloy systems with a very clear 

ISE. Hardness at 500 g load for the alloys is mentioned below: 

MoTa: 10.34 ± 0.18 GPa 

MoTaTi: 11.31 ± 0.19 GPa 

• The indentation size effect observed in the MoTa and MoTaTi alloys is explained using 

the classic Nix-Gao model and validated using the Meyer power law. Depth-

independent hardness is evaluated from the Nix-Gao plot for MoTa alloy is 9.32 GPa 

with a characteristic length scale of 1.03 μm. For MoTaTi alloy, depth-independent 

hardness is 9.92 GPa with a characteristic length scale of 1.20 μm. 

• These extraordinarily high hardness values could be originating from the high frictional 

stress, nanocrystallinity, multi-phase structure, solid solution strengthening etc. 

• A very significant “density-normalized” hardness was attained by these two alloys 

highlighting the potential advantages for future high strength, high temperature 

applications. 
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Chapter 4.3 

• MoNb and MoNbTi, in equiatomic proportions, resulted in single-phase BCC after 30 

h of milling. Fe, an unintentional guest entered the system from the milling media. 

• A three-phase structure in MoNb (Fe) and a two-phase structure in MoNbTi (Fe) alloy 

were observed after SPS. The high homologous temperatures of Ti and Fe contributed 

to the phase transformations after sintering compared to the as-milled condition.  

• MoNbTi (Fe) alloy can be considered as one of the lowest density alloys (7.67 g/cc) 

compared to the various commercially available Nb-based alloys like C-103 (8.85 g/cc), 

C-129Y (9.5 g/cc),  C3009 (10.1 g/cc), Cb-752 (9.03 g/cc), and FS-85 (10.61 g/cc). 

• Extremely high hardness was observed in both the MoNb (Fe) and MoNbTi (Fe) alloys. 

Hardness at 500 g load for the alloys is mentioned below: 

MoNb: 11.08 ± 0.23 GPa 

MoNbTi: 11.13 ± 0.23 GPa 

• A high “density-normalized” hardness observed in this work indicates that MoNbTi 

(Fe) is a good candidate for low-density aerospace applications. 

• The cost of the MoNbTi (Fe) alloy will be significantly less when compared to 

commercially available Nb-based alloys due to the absence of Hf. 

Chapter 4.4 

• Equiatomic MoNb and MoNbTi alloys were developed by melting and casting route. 

• Homogenization of the cast samples was carried out at 1673 K for 24 h. A single phase 

BCC structure which was obtained after casting was found to be stable even after 

homogenization.  

• Equilibrium phase diagrams and phase fraction plots drawn for MoNb and MoNbTi 

alloys also showed a single BCC phase at a complete range of temperatures from room 

temperature to melting points.  

• Titanium addition leads to overall density reduction and significant grain refinement. 

Titanium was found to segregate to the grain boundary regions in addition to its 

presence in the lattice positions in the complex MoNbTi alloy.  

• Both the alloys (MoNb and MoNbTi) exhibit comparable hardness within the 

MoNbTaW family of alloys.  Further, the striking feature of this study is the 

exceptionally high “density-normalized” hardness of these alloys (MoNb and MoNbTi) 

that surpasses all the alloys of the MoNbTaW family reported in the literature so far. 
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• Solid solution strengthening is the dominant strengthening mechanism in these alloys. 

Furthermore, it was found that addition of more than three elements in equiatomic 

proportions may not be necessary to obtain high “density-normalized” flow stress. 

Instead, equiatomic binary and ternary alloys can offer more scientific/technological 

advantages coupled with cost reduction. 

 

Chapter 4.5 

• Excellent correlation between the local chemistry and hardness was observed for all the 

alloys in this chapter.  

• Local variations in the Nb and Ti content were observed, wherein Nb or Ti enrichment 

is found in the vicinity of the boundaries.  

• The corresponding hardness maps showed a similar local variation in hardness, wherein 

higher hardness was observed in the vicinity of the boundary.  

• In the case of the MoNb alloy, the hardness in the Nb rich regions near the boundary is 

in the 12-20 GPa range, whereas it is in 7-8 GPa in the interior of the grains.  

• Similarly, in the case of MoNbTi alloys, the Ti rich regions exhibit hardness in the 

range of 8-15 GPa, whereas it is around 6 GPa in the interior of the grain.  

• Despite the significant chemical and mechanical heterogeneity in the vicinity of grain 

boundaries, the XRD measurements show a single BCC phase.  

• While solid solution strengthening explains the hardness in the interior of the grain, the 

reasons for the significant enhancement of the hardness in the vicinity of the boundary 

are unclear at this time.  

• This work thus demonstrates the ability to quantitatively couple EDS and 

nanoindentation data to study the effect of chemical segregation on mechanical 

properties at the micrometer length scale, which opens new opportunities for structure-

property correlations at the micrometer length scale. 

 

Thus, the current investigation helped in the manufacturing of alloys with high “density-

normalized” hardness. Therefore, the alloys discussed in this work are potential candidates for 

high-temperature gas turbine engine applications.  
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5.2.  Scope of future work 

In the present work, novel high-strength refractory alloys are designed and manufactured. 

Current work mainly evaluates mechanical properties like microhardness, nanohardness, and 

structural characterizations using XRD and FESEM. As these are aimed for high-temperature 

structural applications, further studies mentioned below are necessary to claim for high-

temperature applications. 

• High-temperature compression and tensile tests are to be performed to understand the 

yield strength and ultimate strength of all the alloys manufactured in this work which 

are necessary for the alloys aimed for high-temperature applications. 

• High-temperature oxidation studies are necessary for these alloys to understand 

possible oxidation behaviour before using them for real-time high-temperature 

applications.  

• Intentional Fe addition studies on the alloys manufactured in this work are necessary to 

understand the role of Fe in strengthening the alloys.
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Appendix 

 

This section shows the Vertical sections of phase diagrams and phase fraction plots drawn 

using the ThermoCalc TCHEA6 database with respect to various alloys manufactured in this 

work. 

 

 

 

Vertical section of (MoNbTaW)1-xTix phase diagram 
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    Phase fraction plot of MoNbTaTiW alloy 
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                Phase diagram of MoTa alloy 
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Phase fraction plot of MoTa alloy 
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Vertical section of (MoTa)1-xTix phase diagram 
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  Phase fraction plot of MoTaTi alloy 
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             Phase diagram of MoNb alloy 
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         Phase fraction plot of MoNb alloy 
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Vertical section of (MoNb)1-xTix phase diagram 
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Phase fraction plot of MoNbTi alloy 
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Vertical section of (MoNbTaTiW)1-xFex phase diagram 
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Phase fraction plot of MoNbTaTiWFe alloy, (Fe: 3 at. %) 
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            Vertical section of (MoTa)1-xFex phase diagram 
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Phase fraction plot of MoTaFe alloy, (Fe: 7 at. %) 
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          Vertical section of (MoTaTi)1-xFex phase diagram 
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Phase fraction plot of MoTaTiFe alloy, (Fe: 4 at. %) 
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Vertical section of (MoNb)1-xFex phase diagram 
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Phase fraction plot of MoNbFe alloy, (Fe: 3.5 at. %) 
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Vertical section of (MoNbTi)1-xFex phase diagram 
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                               Phase fraction plot of MoNbTiFe alloy, (Fe: 2 at. %) 

 



 



 

 

 

 

 



 



 

 

 

 



10 <1%

11 <1%

12 <1%

13 <1%

14 <1%

15 <1%

16 <1%

"Spark Plasma Sintering of Materials",
Springer Science and Business Media LLC,
2019
Publication

www.kvrajulapati.in
Internet Source

Yapeng Sang, Dong Li, Weilun Deng. "Electron
beam weldability of TiZrNbTa refractory high-
entropy alloy and TC4 titanium alloy",
Materials Today Communications, 2023
Publication

University of Tennessee, Knoxville
Publication

Yu-sheng TIAN, Wen-zhe ZHOU, Qing-biao
TAN, Ming-xu WU, Shen QIAO, Guo-liang ZHU,
An-ping DONG, Da SHU, Bao-de SUN. "A
review of refractory high-entropy alloys",
Transactions of Nonferrous Metals Society of
China, 2022
Publication

Submitted to University of Hyderabad,
Hyderabad
Student Paper

Ping Zhang, Ziwei Li, Haomin Liu, Yuanbin
Zhang, Huaixue Li, Chuanwei Shi, Peng Liu,
Dongfang Yan. "Recent progress on the
microstructure and properties of high entropy



17 <1%

18 <1%

19 <1%

20 <1%

21 <1%

22 <1%

alloy coatings prepared by laser processing
technology: A review", Journal of
Manufacturing Processes, 2022
Publication

sig3.ecanews.org
Internet Source

Jia-li Zhou, Yan-hai Cheng, Yong-xiong Chen,
Xiu-bing Liang. "Composition design and
preparation process of refractory high-
entropy alloys: A review", International
Journal of Refractory Metals and Hard
Materials, 2022
Publication

Vivek Kumar Pandey, Vikas Shivam, B
Nageswara Sarma, N K Mukhopadhyay.
"Phase evolution and thermal stability of
mechanically alloyed CoCrCuFeNi high
entropy alloy", Materials Research Express,
2020
Publication

Submitted to Koc University
Student Paper

vtechworks.lib.vt.edu
Internet Source

Karsten Glowka, Maciej Zubko, Paweł Świec,
Krystian Prusik et al. "Microstructure and



23 <1%

24 <1%

25 <1%

26 <1%

27 <1%

28 <1%

Mechanical Properties of Co-Cr-Mo-Si-Y-Zr
High Entropy Alloy", Metals, 2020
Publication

Stepanov, N.D., D.G. Shaysultanov, G.A.
Salishchev, and M.A. Tikhonovsky. "Structure
and mechanical properties of a light-weight
AlNbTiV high entropy alloy", Materials Letters,
2015.
Publication

Ramya Sree Ganji, Koteswararao V.
Rajulapati, K. Bhanu Sankara Rao.
"Development of a Multi-phase AlCuTaVW
High-Entropy Alloy Using Powder Metallurgy
Route and its Mechanical Properties",
Transactions of the Indian Institute of Metals,
2020
Publication

ethesis.nitrkl.ac.in
Internet Source

worldwidescience.org
Internet Source

www.researchgate.net
Internet Source

"Laser Cladding of Metals", Springer Science
and Business Media LLC, 2021
Publication

inis.iaea.org



29 <1%

30 <1%

31 <1%

32 <1%

33 <1%

34 <1%

35 <1%

36 <1%

Internet Source

pure-oai.bham.ac.uk
Internet Source

www.arci.res.in
Internet Source

www.frontiersin.org
Internet Source

Ana C. Feltrin, Qiuwei Xing, Akeem Damilola
Akinwekomi, Owais Ahmed Waseem, Farid
Akhtar. "Review of Novel High-Entropy
Protective Materials: Wear, Irradiation, and
Erosion Resistance Properties", Entropy, 2022
Publication

Hahn, Eric N., and Marc A. Meyers. "Grain-
size dependent mechanical behavior of
nanocrystalline metals", Materials Science
and Engineering A, 2015.
Publication

Qiannan Wang, Hongwang Yang, Xiaojiao
Zuo, Yinxiao Wang, Jiahao Yao. "High-
Throughput Preparation and Characterization
of ZrMoTaW Refractory Multi-Principal
Element Alloy Film", Materials, 2022
Publication

Submitted to University of Leicester
Student Paper



37 <1%

38 <1%

39 <1%

40 <1%

Exclude quotes On

Exclude bibliography On

Exclude matches < 14 words

Submitted to University of Liverpool
Student Paper

www.mdpi.com
Internet Source

M. S. SENTHIL SARAVANAN, S. P. KUMARESH
BABU, K. SIVAPRASAD, B. RAVISANKAR, P.
SUSILA, B. S. MURTY. "CONSOLIDATION OF
CNT-REINFORCED AA4032
NANOCOMPOSITES BY ECAP", International
Journal of Nanoscience, 2012
Publication

discovery.ucl.ac.uk
Internet Source


