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SYNOPSIS 

 

Last couple of decades has seen a rapid surge in research and development 

activities in vanadium alloys, for possible development as advanced structural 

material for high-end engineering applications as well as in alternative energy 

technologies. Vanadium, in combination with Ti and Cr or W, has been identified as a 

potential candidate material for future fusion power systems, due to their superior 

mechanical properties coupled with reduced activation, fast decay characteristics, 

compatibility with liquid lithium and good figures of merit for low thermal stress 

generation. Additionally, over the last decade, Ti-V binary alloys have been explored 

extensively as potential candidates for storing hydrogen and its isotopes. The binary 

alloys and the phases so formed, show moderate to low hydrogen storage capacity and 

moderate hysteresis over charging and discharging cycles. Subsequently, V-Ti-Cr 

alloys and V-Ti-Mn alloys have been developed for hydrogen storage applications.  

As a functionally improved alternative for large scale storage of hydrogen and its 

isotopes, the Laves phase compounds with AB2 and AB5 structures are another set of 

materials which have also been considered widely. These types of materials have the 

advantages of higher hydrogen storage capacities, faster kinetics and relatively lower 

cost than pure V. Moreover, the thermodynamics and kinetics of the Laves phase can 

easily be manipulated by ternary metal substitution with Cr, Ni, Co, Fe etc.  

The optimization of chemistry and processing for such advanced applications 

require understanding of the systems at the atomic level, supplemented by 

computational studies towards stability of phases. Both these fields, computational  

metallurgy  and  atomic  resolution  microscopy  have  developed  rapidly, in  recent  

years. In recent past, as a synergic effect of development in electron optics and 
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instrumentation, electron microscopy techniques have advanced to a considerable 

extent in terms of spatial resolution and elemental detection limits. Several 

microscopy techniques have also been developed to interface with the requirements 

from the materials science community. As of today the most commonly used 

techniques to obtain the structural and chemical information on the nanometer scale 

are phase contrast and Z contrast microscopy combined with electron energy loss 

spectroscopy (EELS) and X-ray energy dispersive spectroscopy (XEDS). Incoherent 

imaging of materials are directly interpretable as they rely on the fact that heavier 

atoms act as strong scattering centres while the lighter atoms scatter relatively weakly. 

In contrast, high resolution phase contrast images are not directly interpretable as the 

phase and amplitude of the electron wave are modified by the imaging system, in 

addition to the specimen potential. In order to understand the contrast quantitatively 

and relate it to the atom column positions unambiguously, simulation of the high-

resolution image becomes highly essential.  

Scope of the thesis 

Successful implementation of binary Ti-V and ternary V-Ti-Cr alloys in 

alternative energy applications would require a thorough understanding of the phase 

stability and microstructural evolution. Though it is well established that a bcc solid-

solution phase stabilizes at the V-rich corner of the phase diagram, other regions of 

the phase diagram are sparsely explored and require in-depth studies. Further, even 

though the binary Ti-Cr phase diagram is relatively complete, information regarding 

the formation of ordered intermetallics and the effect of ternary alloying addition such 

as V, at its Laves phase forming composition is scarce. Similarly, for binary V-Ti 

alloys, though enough thrust has been given in the last few decades, fundamentally 

different views still exist concerning the form of even the binary phase diagram as the 
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phase formed upon solidification is still debated.  Situation becomes even more 

complicated with the addition of ternary element. The phases formed on solidification 

are not always the equilibrium phases and the system hops along local minima in the 

energy landscape upon heat treatment.    

In the present scenario, there is a need to understand the different phase fields 

of V-Ti-Cr system as well as its phase transformation behaviour for the entire 

composition range. Systematic studies are also required to understand the stability of 

different constituent phases and their structure and chemistry down to atomic level. In 

the present thesis, focus is on the investigation of the phase formation and 

microstructural evolution in V-Ti-Cr alloy systems. Keeping in mind the complexities 

involved in the studies of the phase transformation of an almost unexplored system, 

thermodynamic calculations are employed to map the phase formation behavior of 

binary and ternary alloys upon solidification. Thermodynamic predictions thus 

obtained using the Miedema approach have been employed to judiciously select alloy 

compositions across the entire V-Ti-Cr system to explore the  phase  fields. Phase 

stability studies on the selected binary alloys and the effect of ternary addition have 

been experimentally studied in the present thesis using phase contrast and Z-contrast 

microscopy techniques coupled with XEDS and EELS. Emphasis has been given in 

the possibilities of formation of any new phases as a phase transformation product in 

the alloy.  

Present thesis entitled “Phase Stability and Microstructural Evolution in 

V-Ti-Cr System Using Phase Contrast, HAADF Imaging and Electron 

Spectroscopy” reports the results of the above empirical calculations and 

experimental studies and is organized into seven chapters as outlined below.    
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Chapter I: Introduction 

This chapter gives a brief review of the applications of V-Ti-Cr alloys in 

alternative energy generation. A comprehensive literature survey has been provided 

on (i) nuclear applications and (ii) hydrogen storage applications. The history and the 

evolution of vanadium and V-based alloys also briefly reviewed. This is followed by a 

discussion on the physical metallurgical aspects of this alloy system, primarily from 

the perspective of phase transformations.  A dedicated section discusses the 

advancements in various Transmission Electron Microscopy (TEM) based techniques 

for the microstructural and microchemical characterization of metallic and ceramic 

systems down to sub-nanometer scale, for resolving materials related issues in V-Ti-

Cr alloys.   

Chapter II: Materials and Methods 

This chapter deals with the experimental techniques and procedures employed 

for the synthesis, characterization and evaluation of the structural and chemical 

stability of phases of the alloy. It also provides brief descriptions of the empirical 

models and the image simulation techniques used in the study. Alloy synthesis, 

processing and specimen preparation techniques especially for TEM would be 

described in the present chapter. It also consists brief descriptions of the TEM based 

imaging and spectroscopic techniques used in the present study. TEM characterization 

was carried out using a Tecnai G2 F30 U-TWIN TEM operated at 300 kV and capable 

of a point resolution of 0.17 nm in phase contrast mode. It is equipped with EDAX 

rTEM XEDS system and the Gatan Quantum 965ER imaging filter. STEM-HAADF 

imaging was performed using Fischione HAADF detector. 
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Chapter III: Thermodynamic Calculations and Microstructural Evolution in V-

Ti-Cr Alloys 

In this chapter, phase formation and microstructural evolution in the 

constituent binaries and in ternary V-Ti-Cr alloys has been studied by Miedema 

approach. The compositions of the binary and ternary alloy systems have been chosen 

based on the predictions of the calculation and studied experimentally. 

Thermodynamic calculations based on Miedema model indicate that (i) V-Ti-Cr 

ternary alloys in the V-rich side of the phase diagram should form a solid-solution 

phase, (ii) ternary alloy compositions in the vicinity of binary TiCr2 Laves phase 

should form an amorphous or intermetallics phase, and (iii) the expected solid-

solution phase in binary equiatomic V-Ti and V-Ti-20Cr alloy system has phase 

separation tendency. Four alloy compositions, based on above observations, V-4Ti-

4Cr, V-39Ti-54Cr, V-50Ti and V-40Ti-20Cr (all compositions are expressed in at%) 

were prepared and studied experimentally. V-4Ti-4Cr alloy forms bcc solid-solution 

phase upon solidification. In V-39Ti-54Cr alloy, V-substituted cubic TiCr2 Laves 

phase is seen upon solidification. The bcc solid-solution phase in binary V-50Ti and 

ternary V-40Ti-20Cr alloys undergoes a phase separation reaction giving rise to V-

rich and V-poor domains. In the ternary V-40Ti-20Cr alloy, the phase separation is 

found to be essentially binary, since Cr is distributed uniformly in the phase separated 

domains. Interesting possibilities deduced from the Miedema model for V-Ti-Cr 

alloys with reference to phase transformations and microstructural evolution have 

been experimentally explored. However, these results raise certain fundamental 

questions that require further investigations: (i) while thermodynamic calculations 

with the aid of electron microscopy studies confirm that V-39Ti-54Cr alloy stabilizes 

in a Laves phase structure; identification of the nature of this phase – ternary or  
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pseudo-binary Laves phase requires information of V atom location in the lattice, (ii) 

classification of the phase separation event in binary V-Ti alloy and in ternary V-Ti-

20Cr alloy; as Spinodal decomposition or as a nucleation and growth process requires 

systematic investigations. (iii) feasibility of the formation of any new phases in the 

phase separated domain as a result of local chemical modulation. These questions are 

addressed in the following chapters.  

Fig. 1: (a) Enthalpy – composition plot for binary V-Ti alloy system. (b)  Isopleths 

showing the effect of Cr addition (20 at%) in the enthalpy-composition plot for 

binary V-Ti alloy. (c) Enthalpy – composition plot for binary Ti-Cr alloy system. (d) 

Enthalpy contour plot showing the differences between the formation enthalpies of 

amorphous phase and solid-solution phase over the entire composition range of V, Ti 

and Cr. (Inset) shows the absolute values of the difference associated with the 

different colour codes.  
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Chapter IV: Structure Imaging and Vanadium Substitution in Cubic TiCr2 

Laves Phase 

Present chapter deals with direct structure imaging of the Laves phase 

structure as well as indirect determination of single column chemistry and V atom 

location in V-39Ti-54Cr alloy composition. Properties of Laves phase compounds can 

be tailored by alloying and microstructural engineering. V-substituted cubic TiCr2 

Laves phase has been studied to understand the incorporation of V atoms into the 

Laves phase lattice by structural imaging and first principles computations. It is found 

that V preferentially substitutes the Ti lattice producing anti-site defects. The defect 

formation energy for V substitution in Ti lattice and in Cr lattice has been calculated 

to be 0.29 eV and 0.40 eV respectively. Atomic numbers of V, Ti and Cr being very 

close, this phase is not quite suitable for incoherent imaging to understand the 

structure and the chemistry. However, V replacement in the Ti lattice generates 

measurable atomic scale strain. The modification in the intensity distribution of any 

particular atom by the presence of foreign atom has been used to detect the position of 

V atoms in the Laves phase matrix. Further, the difference in channeling behavior of 

electron waves along the Ti columns and along the Cr columns is exploited to 

preferentially image the individual atom columns. Nature of the phase and amplitude 

part of the exit phase wave has been used to understand the contrast qualitatively. 

This method could be extended to study other Laves phases and complex 

intermetallics structures to understand their structure, defects and interfaces. 

Chapter V: Phase Separation and ω Transformation in Binary V-Ti and 

Ternary V-Ti-Cr Alloys 

This chapter reports interesting findings on the phase transformation 

behaviour in binary V-Ti system and the effect of Cr addition. Thermodynamic  
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calculations reported in chapter III indicated a composition range in the V-Ti system, 

where a prominent miscibility gap exists and this reflects a propensity for phase 

separation that decreases with the addition of Cr to the binary system. Alloys with 

nominal composition of V-50Ti and V-40Ti-20Cr were prepared through vacuum arc 

melting and detailed microstructural and microchemical analyses have been carried 

out. Diffraction contrast and phase contrast images confirm the occurrence of phase 

separation in both the alloys, with following signatures: (a) lamellar and 

interconnected nanostructured domains with coherent interfaces as seen in the phase 

contrast mode (b) wavelength distribution and composition modulation in as-melted 

and heat treated alloys - as confirmed by Energy-filtered TEM (EFTEM), High-angle 

annular dark-field (HAADF) imaging associated with XEDS and EELS  and  (c)  

propagation of the fluctuation wave along elastically soft directions for cubic systems. 

These features confirmed that the phase separation propagates through a Spinodal 

decomposition mechanism in this alloy and is not limited by nucleation and growth 

Fig.  2: (a) Zero-loss energy filtered phase contrast micrograph of V-substituted TiCr2 

Laves phase along [0 1 1  ] zone axis.  (b) Projected structure of cubic TiCr2 Laves 

phase along same direction. Entire structure of the Laves phase can be described by 

the unit shown in red. 
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kinetics. Another interesting result reported in this chapter is the formation of 

nanostructured ω phase in the phase separated domains. Metastable ω phase formation 

ubiquitous in group IV-B transition metals (Ti, Zr, Hf) when subjected to very high 

pressures or over specific composition ranges when alloyed with bcc stabilizing 

elements. It is the latter effect that is seen in one of the phase separated domains, i.e, 

the phase separation shifts a part of the alloy to a composition regime where lattice 

instability leads to ω-phase formation. Selected area electron diffraction images in 

select orientations and the subsequent dark field imaging confirms the presence of 

distorted hexagonal zones of ω phase in the phase separated domains of the alloys. 

Shape, size and morphology of the ω structured phases have also been studied in the 

present chapter. 

 

 
Fig.  3: (a) Bright field micrograph from aged and quenched V-50Ti alloy specimen 

showing the spinodal decomposed microstructure with the modulation length of ~ 18-

20 nm. Satellites shown in the electron diffraction pattern (inset) confirm phase 

separation in the alloy. (b) Energy filtered TEM micrograph shows the chemical 

partitioning between vanadium (green) and titanium (red) rich regions in phase 

separated domain. 
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Chapter VI: Structure imaging of ω Domains in Phase Separated V-Ti-Cr Alloys 

Binary V-Ti and ternary V-Ti-Cr alloys undergo a phase separation on 

solidification which results in nanoscale Ti-rich and Ti-lean domains, one of which 

further undergoes a displacive transformation to form ω phases, as shown in the 

previous chapter. This chapter deals with direct structure imaging of the ω structured 

domains along various crystallographic directions and the extent of lattice plane 

collapse during atomic level reshuffling. The structural details of the ω phase are 

revealed through high-resolution electron microscopy and phase contrast image 

simulation. It further invokes quantum mechanical effects to explain the contrast seen 

for atoms at the vertices of the ω unit cell and for the atoms in the collapsed planes in 

the ω structured domains. The observed differences in contrast of the collapsed atoms 

and the corner atoms are understood through systematic analysis of the experimental 

images and the intensities as seen along simulated exit waves and their phase and 

amplitude parts along different zone axis.  

 

 
Fig. 4: (a) Phase contrast image showing the partially collapsed ω structure with 

trigonal symmetry along [1 1 0] orientation of  bcc structured phase in an aged V-

50Ti alloy specimen. A unit of the ω structure is marked in the image itself. (b) 

Phase contrast image showing the ω structure along [ 1   1 3] zone axis of bcc phase.  
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Chapter VII: Summary and Future Scope 

Present chapter summaries the salient features of the thesis and discusses the 

outcome of the described work. It also presents the scope for the future work from 

both experimental and theoretical point of view. During the course of the work, 

detailed thermodynamic calculations were carried out to investigate the entire phase 

field of V-Ti-Cr systems, which was scarce in literature. Theoretical predictions are 

further been supported through different electron microscopy based techniques both 

from experimental and quantitative simulations. Several fundamental problems were 

encountered with systematic investigations. Present work can be extended by 

theoretically modelling the phase structural information for other transition metal 

based alloy systems and the predictions can be verified through similar experimental 

procedures. On the other hand, many more different experimental modifications can 

also be designed to re-verify the theoretical data obtained for the V-Ti-Cr system. 

Efforts are to be continued to find the newer and improved materials for energy 

applications and also to understand their structure-property correlation in the atomic 

scale.   
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edges correspond to Ti-L and V-L. The elemental compositions 
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Isopleths of the ternary V-Ti-Cr system showing the stable 
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and Cr concentration fixed at 4 at% in (b). 
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shows that the region is oriented along [ 1   1 3] zone axis where 

the principal reflections correspond to 110 and 2 1  1 types of 

planes are shown in the image. 

Fig. 5.10 (a) A vanadium EFTEM elemental map and (b) A titanium 
EFTEM elemental map  aquired with V-L and Ti-L energy loss 
edges respectively from the same region in the aged V-50Ti 

alloy specimen. Both the maps are taken along [ 1   1 3] zone 

axis of the bcc phase where the chemical partition is along       
<1 1 0> direction. (c) The compositonal fluctuation of vanadium 
(in red) and titanium (in green) along <1 1 0> direction of the 
bcc matrix. The profiles are generated from the same region of 
both the maps as marked by red and green arrows respectively in 
V-L and Ti-L maps. The average modulation length for both the 
fluctuation waves are ~ 18-20 nm. (d) Colour composite of the 
V-L and Ti-L EFTEM maps shown in (a) and (b). Chemical 
partitioning of vanadium and titanium are clearly evident from 
the image. 
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Two major principal reflections are marked in all the images. 
The additional reflections corresponding to the ω structures can 
be seen in all the diffraction patterns. 

Fig. 5.15 (a-b) Dark field images from the as-melted V-50Ti alloy 
showing the size and distribution of the ω particles in the matrix. 
They are athermal in nature. (c-d) Dark field images from the 
aged V-50Ti alloy showing the morphology of the 
nanostructured ω particles. The particles are of elliptical shape 
indicating that they are isothermal ω.   
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of bcc phase showing the interface between the nanostructured ω 
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region and bcc matrix. Here also the ledges at the interface are 
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 Chapter I 

Introduction 

 

1.1: Introduction 

Diminishing fossil-fuel resources, ever increasing energy demands with increase 

in global populations, current geo-political scenario and environmental concerns have 

accelerated the search for alternate energy technologies capable of integration with both 

existing and emerging infrastructure. As a consequence, research and developments on 

alternate energy strategies are gaining momentum at a rapid pace in the search for a 

secure, sustainable, clean, climate-friendly and environmentally acceptable energy 

sources (Nature materials editorials, 2009, 2010). World-wide research interests have 

been focussed to develop cleaner energy sources to meet the ever-increasing energy 

demands without any further environmental damage (Dresselhaus and Thomas, 2001). In 

a synergetic effect, nuclear energy has emerged as an alternative source to achieve these 

goals. 

The need for abundant energy sources that do not rely on the fossil fuels is the 

great technological challenge of the twenty-first century - fundamental to further 

economic development without serious environmental issues (Matsui et al., 2008; Kanoh, 

2006). Fossil fuel depletion and carbon dioxide emission is driving this quest for alternate 

energy resources and in turn the search for cleaner, cheaper, sustainable, efficient and 

abundant energy technology demands the development of new materials. Over the last 

few decades significant thrust have been given worldwide in research and development 

on the requirement of a renewable and CO2 – free energy (Tarascon and Grätzel, 2011) 
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particularly in the field of solar energy (Atwater, 2010; Grätzel, 2001), nuclear energy 

(Vujić et al., 2012; Duffey, 2005), hydrogen and fuel cells (Steele and Heinzel, 2001), 

hydroelectric and biomass. However, as a substitute of the fossil fuel, fission, fusion or 

the hydrogen are the only practical options for reliable large scale based energy sources 

(Raj and Rajan, 2007). In the alternate energy sector, generation of fusion power with 

sustainable Deuterium-Tritium (D-T) reaction is considered as the major technological 

breakthrough of modern science. In a synergetic effect with the energy generation, 

significant thrust has been applied in the energy and hydrogen storage also where 

hydrogen is being considered as the ideal energy carrier for a multitude of industrial and 

other large scale applications (Marban and Solis, 2007; Züttel, 2003). In a true sense 

hydrogen has emerged as a potential energy currency of the future. However, materials 

and their service life performance has been a major road block for development and 

commercial deployment of such alternative energy technologies. Along with the research 

in alternative energy technology, a rapid surge is also noted in the development of the 

advanced materials relevant for the nuclear, solar and fuel cell power industries.  

Materials development is a key factor for efficient energy generation, storage and 

use. The associated issues that need to be considered are their performance in operation 

and environmental effects especially in high-temperature and radiation fields. In this 

regard, several materials have attracted attention. In recent past vanadium in combination 

with Ti, Cr, W or Ta emerged as a promising candidate for advanced high temperature 

structural applications (Ehrlich, 1999). In fusion based reactors, it is not only considered 

as a first wall heat extraction material for magnetic confinement but also acts as potential 

hydrogen permeable material useful for tritium breeding (Muroga et al. 2014, 2002). 
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Moreover, V-Ti alloy has also emerged as a hydrogen storage material for high end 

technological applications (Kumar, 2012).  

Vanadium belongs to the Group VB of the periodic table and like other metals of 

the same period it exhibits a body centred cubic (bcc) structure and does not undergo any 

allotropic changes. The reported lattice parameter for vanadium is 0.30240 nm. However, 

due to its higher affinity towards the elements hydrogen, nitrogen and oxygen, a 

considerable amount of them goes in the solid-solution with vanadium which in turn 

increases its lattice parameter. The density of vanadium is 6110 kg/m3 and in comparison 

with the other structural materials, it is 22% lighter than iron and 28% denser than 

titanium. Vanadium is considered as a refractory metal in broader definition with 

reported melting point of 1910o C and boiling point at 3409o C. Thermal conductivity of 

vanadium is significantly lower than that of copper but higher than other prominent 

structural materials e.g. steel and titanium. Electrical resistivity of vanadium increases 

with an increase in the dissolved hydrogen, nitrogen or oxygen (Gupta and 

Krishnamurthy, 1992).   

1.2: V-Ti-Cr alloys for nuclear applications 

Vanadium alloyed with Ti and Cr or W are considered as the possible candidate 

for low activation structural materials for fusion based (Muroga et al., 2014, 2002; Kurtz 

et al., 2004) and future generation IV fast neutron fission based (Le Flem et al., 2013) 

nuclear reactors. Worldwide the vanadium alloy development programmes are focussed 

on the V-Ti-Cr system with an emphasis on compositions in the range V- (4-5)wt%Cr- 

(4-10)wt%Ti. An alloy with a composition of V-4Cr-4Ti is considered the reference 

composition in many international alloy development programs (Zinkle et al., 1998; 
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Chen et al., 2011). Suitability of the vanadium based alloys in the nuclear applications is 

driven by its superior mechanical properties at elevated temperature with reduced 

activation, fast decay characteristics, resistance to radiation damage and void swelling at 

moderately high temperature, good thermal conductivity, low coefficient of thermal 

expansion etc.  

Moreover, V- (4-5)Cr- (4-10)Ti alloy stands only amongst a few with respect to 

the strength at maximum service temperature. Based on available literature reports, 

relative positions of V-4Ti-4Cr alloys have been inserted in Ashby’s materials property 

map of strength vs density and also in strength vs. maximum service temperature as 

shown in figure 1.1. In the mechanical design chart as proposed by M.F. Ashby (Ashby, 

2011), the entire sets of materials are divided into six important families: metals, 

ceramics, glasses, polymers, elastomers and hybrids (combination of the properties of 

two or more of the others). These materials also showed certain common features 

amongst them. Ceramics and glasses as a family are hard, brittle and corrosion resistant. 

Metals are ductile, tough and good thermal and electrical conductors. Polymers are light, 

easily formable and electrical insulators. Finally, the elastomers are the materials which 

have the ability to deform elastically to large strains. The idea of these property maps is 

that, instead of the material name as an identifier for a certain property profile, the design 

requirements guides the choice of the materials. Figure 1.1 shows that V-4Ti-4Cr alloys 

positioned at the higher end in both the maps and a combination of both of these 

properties make V-Ti-Cr alloys as a preferable choice for high temperature applications.    

The high compatibility and low corrosion of vanadium alloys with liquid Li is 

another governing factor in the design concepts of liquid Li blanket with vanadium alloys 
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(Tsisar, 2013). Moreover, the high tritium breeding ratio (TBR) in a Li/V blanket without 

using the neutron multiplier as beryllium and ceramic breeder ensure the reduced 

replacement frequency of the blanket which leads to superior plant efficiency.  

 

Fig. 1.1: Ashby maps (Ahsby, 2011) for strength vs density and strength vs 

maximum service temperature. Relative position of V-(4-5)Cr-(4-10)Ti has been 

inserted in the map from the available literature data.  
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However, the corrosion behaviour of the vanadium and vanadium based alloys in liquid 

Li greatly depends on the alloy composition and the Li chemistry, especially on the 

impurity inclusions (Li et al., 2013; Hatakeyama et al., 2011; Hoelzer et al., 2000).  

It has been established through a series of studies from different researchers that 

V-Ti-Cr alloy shows excellent mechanical properties and good irradiation resistance at 

moderately high temperature (Zheng et al., 2011; Chen et al., 2008). Though, variations 

in the alloying compositions have a significant effect in its yield strength and ultimate 

tensile strength at high temperatures. It is reported that an increase in Ti and Cr content 

increases the YS and UTS significantly throughout the temperature range (Zhu et al., 

2016, 2015). However, after irradiation, this alloy loses certain amount of ductility due to 

irradiation hardening and can be attributed to the generation of the radiation defects as 

well as on the irradiation effects on the impurity inclusions. The mechanical properties, 

especially the fracture toughness under dynamic loading conditions do not deteriorate 

significantly and there is no significant rise in ductile-brittle transition temperature 

(DBTT) upon irradiation. Mainly due to these properties V-Ti-Cr alloys are considered as 

one of the three possible structural materials in fusion based reactors. The other two 

materials are reduced activation ferritic/ martensitic steels (including ODS ferritic alloys), 

which is the primary option and SiC/ SiC composites which are the advanced option 

along with V based alloys. However, V alloys enjoys the superiority over the other two 

due to its non-ferromagnetic nature and ductility (Muroga et al., 2014). Another 

advantage of using vanadium alloys as the structural material is that it can withstand 

higher blanket operation temperature than RAFM steels, where the probable coolants are 

liquid metals, molten salts or He gas. An excellent overview of the research and 
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development of the V-Ti-Cr alloys has been presented by Muroga et al. (2014, 2002) in a 

series of classic reviews. 

1.3: V-Ti-Cr alloys for hydrogen storage application 

 In the last few decades vanadium and V-based alloys drew the world wide 

attention for its potential application as a storage material of hydrogen and its isotopes. 

Vanadium, in its metallic form, is known to consist of the highest volumetric hydrogen 

storage capacity in γ- VH2 phase after complete hydrogenation – which is 0.16 gm/cm3, 

almost 2 times the density of the liquid hydrogen (~ 0.07 gm/cm3). In comparison with 

the other hydrogen absorbing transition elements such as, Ti, Ni, Zr, Mn; V has relatively 

lower desorption temperature though the earlier metals can absorb relatively higher 

amount of hydrogen (Nomura and Akiba, 1995). The prominent mechanism of the 

hydrogen storage application in vanadium metal is the absorption-desorption in which a 

vanadium-hydrogen solid-solution forms in the initial stage of the reaction (Lin et al., 

2007; Arashima et al., 2003). This on further hydrogenation evolves as metal hydride 

phases and transforms further with the increased amount of hydrogen absorption (Reilly 

and Wiswall, 1970). However, the phase stability of the hydrides as well as the 

absorption-desorption kinetics of vanadium-hydrogen interaction can be modified with 

the addition of alloying elements, e.g. the alloying elements with the atomic radii less 

than that of V can significantly improve the activation process of the V- based alloys 

(Basak et al., 2008). In their pioneering work, Matumara and his co-workers discussed 

the selection of the suitable alloying elements based on the existence of a critical e/a 

ratio, which in other way governed the hydrogen absorption capacity and the activation 

process (Matumara et al., 1999).  
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 The hydrogen absorption-desorption properties of V significantly improves 

through alloying with other elements. Both Ti and Cr increase the hydrogen absorption 

property of metallic V with H/M = 2. V, when alloyed with Ti, stabilizes with a body 

centred cubic (bcc) structure for the entire composition region, though the structures of 

their hydrides strongly depend on the extent of the hydrogenation of the alloy: V(Ti)H 

composition with H/M = 1, stabilizes as bcc structure whereas V(Ti)H2 composition with 

H/M = 2, stabilizes as fcc structure. Alloying of Cr or Fe also stabilizes the V-Cr(Fe) 

system in a bcc structure and it remains so even at higher temperatures. However, alloys 

with Ti have higher lattice parameter and hence larger space for accommodating 

hydrogen. Moreover, at room temperature, Ti-H bond is stronger than Cr-H bond in the 

hydrogenated state and also V-Ti alloy shows better pressure-composition-isotherm (P-C-

T) characteristics for metal hydride reactions as compared to V-Cr. 

 V-Ti forms the solid-solution in all proportions and reacts with hydrogen at 

ambient temperature without any disproportionation (Iba and Akiba, 1995; Kuriiwa et al., 

1999). However, in practice they are having certain drawbacks, such as rigorous 

activation prior to hydrogen storage, slow kinetics and relatively sloping plateau in the 

PCT diagram (Nomura and Akiba, 1995; Basak et al., 2007; Lototsky et al., 2005). 

Hydrogen absorption capacity of elemental V or the V-Ti binary alloy drastically 

improves with the substitution of small amount of transition metal elements e.g. Fe, Co, 

Ni, Mn and Cr. Among the Ti-V alloys, Ti-Cr-V based alloys have been studied 

extensively in the recent past due to their promising hydrogen storage characteristics 

(Cho et al., 1999; Tamura et al., 2003; Song et al., 2008; Kumar et al., 2015). The ternary 

V-Ti-Cr alloys consist of maximum and effective hydrogen storage capacities of 3.5 and 
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2 wt.% respectively because of its superior cyclic life and high hydrogen absorption 

capacity at room temperature (Lototsky et al., 2005; Kumar et al., 2015). Apart from Cr, 

the alloying of Mn, Fe, Co or Ni also significantly improves the hydrogen absorption-

desorption kinetics of binary V-Ti alloy (Matsunaga et al., 2009; Liu et al., 2009; 

Giovanni, 2008; Asano et al., 2010). However, the practical challenge with Ti-V-Cr alloy 

is its low plateau pressure, due to which the residual hydrogen releases only at very low 

pressure or at high temperature.  

 Intensive investigations have been carried out to improve the hydrogen desorption 

properties of Ti-V-Cr alloys and one such way to modify the hydrogen storage properties 

of Ti-V-Cr based solid-solution is to make composite with  AB2 or AB5 type of materials 

(Young and Nei, 2013; Banerjee et al., 2016). AB2 types of intermetallics belong to a 

family of materials known as Laves phases with three different polymorphs: cubic (C15 

Laves phase), hexagonal (C14 Laves phase) and double-hexagonal (C36 Laves phase) 

(Stein, 2004; Gschneidner and Pecharsky, 2006). Microstructural evolution as well as the 

contribution of these phases in hydrogen storage is still a subject of extensive research. 

These types of materials have the advantages of higher hydrogen storage capacities, 

faster absorption-desorption kinetics and relatively low cost than pure V (Kumar, 2012; 

Banerjee, 2013). Yu et al. (2005) has reported about the higher hydrogen discharge 

capacity in Ti-30V-15Mn-15Cr + 10 wt.% AB5 composite generated due to enhanced 

electrochemical-catalytic activity from the alloy surface. Literature reports suggest Laves 

phase acts as the catalyst for the absorption and desorption of hydrogen in case of Ti-V-

Cr alloys (Akiba and Iba, 1998, Pei et al., 2009). Moreover, the thermodynamics and 

kinetics of absorption and desorption in the Laves phases can easily be tailored by ternary  
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 metal substitution with Cr, Ni, Co, Fe etc (Loomis et al., 1994; Akiba and Iba, 1998; 

Basak et al, 2007).    For V-Ti-Cr system, the binaries of V-Ti and V-Cr are stabilized in 

solid-solutions whereas Ti-Cr forms the Laves phase. Wang et al. in his classic work has 

introduced the concept of cluster-plus-glue-atom model for these classes of materials. 

According to this model, for a A-B-C ternary system, where A-B alloy forms a Laves 

phase of AB2 stoichiometry while A-C and B-C tend to form solid-solutions, a cluster 

Fig. 1.2: Variation of hydrogen absorption capacity of V-Ti-Cr alloys as shown by 

Wang et al., (2008). It can be noted that the icosahedral cluster line V-Ti6Cr7 

traverses exactly the same composition range with large hydrogen storage capacity.  
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line can be constructed by linking A6B7 to C. The icosahedral cluster A6B7 describes the 

local structure of AB2 Laves phase and is surrounded by the C atoms. Wang and his co-

workers has thoroughly applied and studied this model to describe the hydrogen storage 

capacity of the V-Ti-Cr alloys (Wang et al., 2008; Wang et al., 2016; Miracle et al., 

2003). It has already been discussed that Ti-Cr alloy stabilizes as cF24-MgCu2 type of 

Laves phase at relatively low temperature and as hp12-MgNi2 type of Laves phase at high 

temperature. According to the described cluster model, the TiCr2 structure can be 

described as a Cr-centered icosahedral Ti6Cr7 cluster. The cluster line as it is constructed 

in V-Ti-Cr ternary alloy by connecting V with the Ti6Cr7 cluster is shown in figure 1.2. 

Ternary V-Ti-Cr alloy compositions as well as their corresponding hydrogen absorption 

capacity measured in (H/M) are shown in the figure itself. Interestingly it can be 

observed that the Ti6Cr7 – V cluster line traverses along the V-Ti-Cr alloy compositions 

for which maximum (H/M) is observed; which verifies the validity of this model for V-

Ti-Cr alloy also. Moreover, Ti-40Cr-30V alloy composition, which shows the highest 

hydrogen absorption capacity (H/M = 1.69) can successfully be modelled with the 

cluster-plus-glue-atom model.  

1.4: Phase transformations in V-Ti-Cr system 

 Enhanced applicability as well as the better assessment of operational behaviour 

of any advanced material does require a thorough understanding of the structure-property 

correlation which in turn greatly depends on the phase stability of the system. In the last 

few decades, considerable efforts have gone so far the phase structural information of the 

binary Ti-Cr, V-Cr and V-Ti as well as the ternary V-Ti-Cr alloys are concerned. 
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However, the ambiguities related to the phase equilibria still exists and need serious 

attention. 

1.4.1: Binary V-Ti, Ti-Cr and V-Cr alloy systems 

 The accepted phase diagrams of the binary Ti-Cr and V-Cr systems are shown in 

figure 1.3 (a-b) respectively (Lee et al., 1999). In the case of Ti-Cr system, the alloys 

consists three equilibrium phases over solidification; α-Ti and β-(Ti,Cr) as solid-solution 

and TiCr2 as an intermetallic compound, belonging to the class of Laves phases, at 

approximately 63-66 at.% of Cr addition. The intermetallic phase has three structural 

modifications designated as α-, β- and γ-TiCr2. For V-Cr system, the accepted phase 

diagram shows a complete bcc solid-solution for the entire range of composition. It 

further shows a congruent minimum freezing point at ~ 70 at.%  of Cr addition. However, 

the V-Cr solid-solution is completely miscible and no intermediate phases exist (Lee et 

al., 1999; Enomoto, 1992).  

For binary V-Ti alloys, though significant efforts have been made by researchers 

worldwide, fundamentally different views still exist concerning the general form of even 

the binary phase diagram as shown in figure 1.4 (a, b). Although theoretical support 

exists for each form of the diagram; there is a lack of agreement even about the phase 

formed on solidification in the binary V-Ti alloy (Fuming and Flower, 1989; Murray, 

1988; Ramsteiner, 2006). This arises since the phases formed on solidification are not 

always the equilibrium phases as well as the appearance of different metastable phases 

over heat treatment. One group of researchers predict a continuous decrease in the α+β / β 

boundary with increasing vanadium content in high purity alloys without the existence of 

any miscibility gap in the β phase field (Chernov, 1982). Moreover, the presence of the β  
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monotectoid was attributed to the interaction with the interstitial impurities (eg. O, C, N) 

which are thought to increase the β interaction parameter in the alloy. Another group of 

researchers also predicts the decrease in  α+β / β transus, but emphasises the role of 

Fig. 1.3: Accepted phase diagrams for binary Ti-Cr and V-Cr alloy systems, in 

comparison with measured data (Lee et al., 1999). 

Fig. 1.4: Proposed forms of the two different binary V-Ti phase diagrams. Two 

fundamentally different views exists regarding the existence of the phase separation 

tendency in this alloy system.  
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interstitial O in decreasing the  α free energy curve with respect to that of  β rather than 

the evolution of any stable β monotectoid. In support of this assumption, Khaled and his 

co-workers (1981) showed in the case of Ti-V-Mo alloy, the α+β phase field of the binary 

V-Ti system at 600°C widened above 50 wt.% of V composition as the impurity level of 

O increased from 0.07 to 0.12 wt%. 

Another school of thought is in support of the existence of a metastable 

miscibility gap within the stable α+β of Ti-V system. Several authors have reported the 

existence of a metastable miscibility gap within the stable α+β phase field. This manifests 

itself through the development of two minima in the β free energy curve below 700°C, 

making way for the low temperature phase separation of  β before the precipitation of α. 

However, Koul and Breedis (1970a, b) proposed a different explanation for the 

decomposition in V-Ti system – that phase separation occurs in β phase at high 

temperature, while β decomposes into α+ β phase field at relatively lower temperature; 

this supports the monotectoid form of the diagram. However, this interpretation was 

disagreed by Narayanan and Archbold in their work (1970). They obtained evidence for 

phase separation above 18 wt.% of V content with a stable monotectoid around 675°C 

with a maxima in β1 +  β2 phase field at 50 wt.% of V composition. However, all of these 

postulates are essentially based on theoretical calculations and lack suitable 

microstructural and microchemical confirmation.  These inconsistencies form the basis 

for the reinterpretation of the equilibrium V-Ti binary phase diagram.  

1.4.2: Ternary V-Ti-Cr system 

Compared to the binary V-Ti system, the situation is even more complicated for 

ternary V-Ti-Cr alloys since very few reports exist in the literature regarding the phase 
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transformation behaviour of this system. Enomoto (1992) in his classic work described 

the solid phases relevant to the V-Ti-Cr system. Major equilibrium phases appearing in 

the ternary system were reported as the solid-solution phases along with intermetallics 

compounds, primarily C15 (α-TiCr2), C14 (β-TiCr2) and C36 (γ-TiCr2) Laves phases. β-

TiCr2 intermetallic phase is the higher temperature form of the TiCr2 Laves phase with a 

slightly higher Cr concentration than the cubic Laves phase. The C36 Laves phase 

structure is stable at even higher temperatures (≥ 1270°C). The pseudo-binary section of 

V-TiCr2 through the V-Ti-Cr phase diagram is shown in figure 1.5 as reported in the 

literature (Lee et al., 1999; Samsonova and Budberg, 1967). It is seen from this pseudo-

binary section that with addition of V, the β structure of the Laves phase and the β solid-

solution form the α-TiCr2 at ~ 1275°C through a peritectoid transformation and at this 

temperature the present phase field extend till 4 to 14 at.% of V concentration range. 

Moreover, the α-TiCr2 phase can contain upto 7 at.% V and does not vary significantly 

even at low temperatures. However, the α-TiCr2+β phase field can extend upto 33 at.% of 

V at 600° C.    

The solidus surface projections of the V-Ti-Cr alloy system as well as the isothermal 

sections of the ternary system are studied by several researchers over the last four 

decades. The solidus surface or the surface of incipient melting between β/(β+Liquid) as 

calculated by Lee et al. (1999) is shown in figure 1.6(a) and has been compared with 

experimentally measured solidus contours by Samsonova and Budberg (1967) as shown 

in figure 1.6(b). It can be observed that the curves near the three binary sides are well in 

agreement with the already existing phase field information of binary V-Ti, Ti-Cr and V-

Cr systems. The isothermal sections of the calculated ternary diagram along with the 
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experimental validations as shown by Lee and his co-workers (1999) at four different 

temperatures e.g. 700°C, 900°C, 1000°C and 1200°C are shown in figure 1.7(a-d). A 

detailed comparison shows that overall there is a good agreement between the 

calculations and measurements. The details of the stable phases formed in this system as 

reported by the ASM alloy phase diagram centre are shown in Table 1.1(Villars, 2007).  

Even though the solidus behaviour of the V-Ti-Cr system is well documented, 

information available regarding the site occupancy of V in V-TiCr2 alloys or the effect of 

Cr addition in binary V-Ti system is relatively sparse. Information regarding formation of 

any metastable phases is also not been well documented in available literatures. In the 

present thesis sincere efforts have been made to focus in these gaps and to develop a 

bridge with the already available knowledge bases.         

1.5: Review of the major phases observed in V-Ti-Cr alloy system 

1.5.1: Physical metallurgy of Laves phase 

Laves phases, a group of topologically close-pack hard intermetallic compounds with 

AB2 stoichiometry, are stated to form at a particular radius ratio of A and B (rA/rB=1.22) 

atoms (Berry and Raynor, 1953; Stein et al., 2004). However, a considerable deviation 

from ideal radius ratio (rA/rB=1.05-1.67) (Liu et al., 2000) is observed in practice and the 

phase can often accommodate non-stoichiometry (Stein et al., 2005). Laves phase can 

exists in three allotropic polymorphs - cubic (cF24), hexagonal (hP12) and double-

hexagonal (hP24). Structural projections along ‘c’ directions for all these three 

polymorphs are shown in figure 1.8.  
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Fig. 1.5: Pseudobinary TiCr2-V section through the V-Ti-Cr phase diagram as 

reported by Samsonova and Budberg (1967). 

Fig. 1.6: (a) Calculated solidus, β/(β+Liquid) contour (in °C) in the ternary V-Ti-Cr 

system as given by Lee et al., (1999) and (b) experimental solidus contour measured 

by Samsonova and Budberg (1967).     
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Fig. 1.7: Isothermal sections of the ternary V-Ti-Cr phase diagram calculated by Lee 

et al. , (1999) at (a) 700 (b) 900 (c)1000 and (d)1200° C. Already existing experimental 

data sets shown in (a & c) are measured by Farrar and Margolin (1967) while those 

in (b & d) are from Samsonova and Budberg (1967).   
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Table 1.1: List of stable phase fields in V-Ti-Cr system as adapted from Villars 

(2007)  

Published 

Phase label 

Formula Prototype Pearson 

Symbol 

Density 

Mg/ m3 

Cell parameters 

Space 

Group 

Volume 

nm3 

nm degree 

(°) 

α, Ti Ti Mg hP2 4.52 a=0.29486 α=90 

P63/mmc 0.0352 b=0.29486 β=90 

  c=0.467 γ=120 

T=298 K 

α-TiCr2 TiCr2 MgCu2 cF24 6.04 a=0.6939 α=90 

Fd 3  m 0.33411 b=0.6939 β=90 

  c=0.6939 γ=90 

β(Cr,Ti,V) Ti0.357V0.143Cr0.5 W cI2 6.07 a=0.30207 α=90 

Im 3  m 0.0276 b=0.30207 β=90 

  c=0.30207 γ=90 

(Ti,Cr) Ti0.14Cr0.86 W cI2 6.78 a=0.2932 α=90 

Im 3  m 0.02521 b=0.2932 β=90 

  c=0.2932 γ=90 

β-TiCr2 TiCr2 MgZn2 hP12 5.98 a=0.4932 α=90 

P63/mmc 0.16863 b=0.4932 β=90 

  c=0.8005 γ=120 

T=1598 K 

γ-TiCr2 TiCr2 MgNi2 hP24 5.98 a=0.4932 α=90 

P63/mmc 0.33726 b=0.4932 β=90 

  c=1.601 γ=120 

T=1513 K 

(V,Cr) V0.5Cr0.5 W cI2 6.7 a=0.29435 α=90 

Im 3  m 0.0255 b=0.29435 β=90 

  c=0.29435 γ=90 

T=1000 K 

(Ti,V) Ti0.5V0.5 W cI2 5.21 a=0.3158 α=90 

Im 3  m 0.03149 b=0.3158 β=90 

  c=0.3158 γ=90 

T=295 K 
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A comprehensive review on the phase stability, point defects and fracture toughness of 

single phase and dual phase binary Laves phase has been provided by Liu et al., (2000). 

Since discovery of this phase, more than a thousand binary and ternary Laves phase 

forming compounds with a range of interesting properties and varying crystal chemistry 

have been reported in literature and an elaborate review of this development has been 

provided by Paufler (2011). These attributes could be exploited to design single phase or 

multiphase alloys (Senkov et al., 2013) and thin films based on Laves phase (Ranchal et 

al., 2012). Additionally, these compounds are often observed as precipitate phases also 

(Jeong et al., 2013). High hardness, high melting point, relatively low specific density, 

moderately good oxidation resistance and creep resistance has made this material a 

candidate for many engineering applications (Kazantzis et al., 2007).  

As a functionally improved alternative to metal hydrides for large scale storage of 

hydrogen and its isotopes and as hydrogen compressor in fuel cells, AB2 and AB5 alloys 

have been discovered with different alloying additions (Levin et al., 2012) in which Ti-V 

alloys and its derivatives are worth mentioning (Shashikala et al., 2011, 2009; Basak et 

Fig. 1.8: Structural projections showing the relative arrangements of Ti (in red) and 

Cr (in blue) atoms along ‘c’ direction in C15 (cubic; cF24), C14 (hexagonal; hP12) 

and C36 (double-hexagonal; hP24) polymorphs of the Laves phase respectively. The 

structures are generated using VESTA software (Momma and Izumi, 2011).   
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al., 2007; Akiba and Iba, 1998). Microstructural constituents of these alloys consist of a 

composite of the solid-solution phase and the Laves phase. This class of alloys with 

proper microstructural design exhibit better volumetric storage capacity, kinetics and 

improved hysteresis due to the interface effects arising from significant density of 

interface boundaries (Banerjee et al., 2016). They further increase the flatness of the 

plateau and hydrogen desorption temperature of the bcc phase (Singh et al., 2014). In 

addition, they can also be activated very easily and has high plateau pressure (Bobet et 

al., 2000; Liu et al., 1996). Even though, dramatic improvement in terms of functionality 

has been achieved, very little is known about the atomistic mechanisms attributing to this 

improved functional character. An understanding of atomistic mechanisms directly 

attributing to the functional properties will definitely co-operate the scientific community 

to design advanced materials for energy production and storage.  

Laves phases are hard and generally exhibit very limited dislocation plasticity at 

ambient temperature (Kazantzis et al., 2007). Hardness and limited plasticity have been 

exploited in dispersion strengthened alloys. However, uncontrolled precipitation may 

lead to deterioration of mechanical properties in high strength structural materials. 

Although, the physics of dispersion strengthening is relatively better understood, 

degradation of mechanical properties due to uncontrolled precipitation of Laves phases in 

structural materials and steels is not well understood (Sathyanarayanan et al., 2013). It 

has been shown that the precipitation of Laves phases in steel matrix reduces solid-

solution strengthening effects. Additionally, contributing factors like inherent limited 

plasticity of the phase and the weak precipitate-matrix interface lead to the material 

embrittlement (Ghosh et al., 2012). It definitely warrants further studies to understand the 
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structure and chemistry of such phases and interfaces in order to mitigate such problems. 

There has been a constant effort to improve ductility of such phases. Alloying route has 

been explored most extensively to impart ambient temperature ductility in such phases 

(Takasugi et al., 1996). In order to explain the deformation behavior of the intermetallic, 

a model based pseudo-shear mechanism has been proposed; which is not completely 

understood (Hazzledine et al., 1992). The model is based on vacancy generation upon 

alloying and a planar fault mediated deformation process. It is not quite understood as to 

how the alloying elements generate defects in the parent lattice of Laves phases. 

According to published literature alloying elements may generate anti-site defects or 

vacancies depending on the site-specificity of the alloying elements. 

Since the discovery of bulk metallic glasses, nuances of alloy design that will lead 

to the formation of bulk metallic glasses under slow cooling and its crystallization 

behaviour have been very interesting subject of study. As bulk metallic glasses are 

considered to be a frozen form of liquid alloy, it provides a unique opportunity to study 

the structure of metallic liquids (Inoue, 2000). It has been observed experimentally and 

computed theoretically that Laves phase forming compositions are better glass formers 

(Ghosh et al., 2012). Moreover, bulk metallic glasses give rise to a plethora of 

microstructures which could be tailored to design properties (Basu et al., 2003). 

Precipitation of Laves phases in the glassy matrix has often been observed during 

solidification and during initial stages of crystallization with concomitant enhancement in 

properties. It is thought that atomic configuration of bulk metallic glass forming liquids is 

not totally random and there might be a structural correlation between clusters in bulk 

metallic glass forming liquids and structural sub-units of Laves phases as the latter are 
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often seen as precipitates (Basu and Ranganathan, 2008, 2009). Laves phases also exhibit 

other interesting physical properties. For example, rare earth based pure and doped cubic 

Laves phases have been found to exhibit giant magnetostriction. Optimization of 

magnetostrictive properties depends on crystal chemistry, minimization of magneto-

crystalline anisotropy and development of preferred orientation in a polycrystalline 

material (Palit et al., 2010). Understanding functional properties and extrapolation of 

Laves phase structure to other advanced materials require an understanding the 

crystallography and crystal chemistry at atomic scale. 

1.5.2: Phase separation phenomenon of β (β → β1 + β2) 

In the previous section it has already been discussed that, for the binary V-Ti as 

well as for the ternary V-Ti-Cr system, several researchers speculated the existence of a 

miscibility gap from theoretical calculations. This may lead to the phase separation in the 

β rich region of the alloy resulting the formation of a two phase immiscible system 

(Duerig and Williams, 1984; Nag, 2008; Nag et al., 2009). In transition metal systems, 

phase separation phenomenon may proceed either through nucleation and growth or by 

spinodal decomposition reaction. While the former one is more frequently observed and 

studied, there is a need to investigate the equally intriguing spinodal decomposition 

mechanism which is otherwise has been less studied in the materials community. In the 

present section a brief description of the governing concepts of the spinodal 

decomposition mechanisms as well as its determining microstructural features are 

overviewed. 

 In the literature, nucleation and growth is defined as “A process in phase 

transition in which a nuclei of a new phase are first formed, followed by the propagation 
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of the new phase at a faster rate.” Whereas spinodal decomposition is defined as, “A 

clustering reaction in a homogeneous supersaturated solution (solid or liquid) which is 

unstable against infinitesimal fluctuations in density or compositions. The solution 

therefore separates spontaneously into two phases, starting with small fluctuations and 

proceed with a decrease in the Gibbs energy without a nucleation barrier” (Findik, 2012; 

Favvas and Mitropoulos, 2008). Physical meaning of spinodal is that it is a boundary 

between the unstable and the metastable part of a two phase region and has been 

demonstrated in the literature through the change in sign of the curvature of the free 

energy curve subject to infinitesimal composition fluctuation. The resultant phases 

generated in this process differ in the composition from that of the parent phase, with 

consequent changes in their lattice parameters. However, the crystal structure essentially 

remains the same for the product phases. In literature, one of the earliest evidence of 

spinodal decomposition was reported by Paul Merica in Cu-Al alloy – the observed 

features were termed as Merica’s knots (Merica, 1932). Later it was known as G.P. zones 

and has been observed by several researchers as the side band formation in other alloys 

(Daniel and Lipson, 1943). Theoretical justifications of these phenomena were described 

on the basis of uphill diffusion. Hillert (1961) first made an attempt to provide the flux 

equations of this phenomenon based on the classical nucleation theory proposed by Gibbs 

(1948). Later in a series of classic papers, Cahn and Hilliard (1958, 1959) re-investigated 

the concept of the spinodal decomposition by introducing the additional effects of 

coherency strains and anisotropy for the elastic energy contributions in the flux equations 

(Cahn, 1964, 1965, 1968). 
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 A brief discussion relating the concepts governing the progress of the spinodal 

decomposition reaction and its dependence on each of the constraints is as follows.  

1. The spinodal mechanism is an impulsive unmixing or diffusional clustering 

phenomena different from the classical nucleation and growth and hence does not have 

any thermodynamic barrier for transformation to occur. It does not need any nucleation 

stage in contrary to nucleation and growth; hence nucleation theory of Gibbs (1948) does 

not apply to spinodal mechanism.   

2. At the initiation stage several fluctuation waves originate in the system, however the 

one with wavelength √2 times the critical wavelength would finally persist and and 

increase in intensity. The interfacial energy of the system determines the critical 

wavelength, and fluctuation waves greater than this critical wave can only lead to 

chemical partitioning in the system. It does not allow the matrix to decompose into too 

small a scale (Cahn, 1961). 

3. The most important aspect of the Cahn-Hilliard model is the elastic anisotropy term. It 

controls the morphology of the phase separated domains by promoting fluctuation waves 

along the elastically soft crystallographic directions. Once the spinodal reaction starts the 

preferred wavelength dominates over the others. The composition modulation will follow 

the elastically soft directions which for a cubic system are <100> or <111> as determined 

by the lattice mismatch and elastic anisotropy. Moreover, the pairing of different {111} 

waves would also form compositional fluctuations along any of the six <110> directions. 

The choices of the preferred direction depend on the stiffness constants which in turn 

affects the gradient energy coefficient term. However, in case of hexagonal system, the 

elastic energy is not solely dependent over the orientation of the elastic constants but also 
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depends on the relative change in ‘c’ and ‘a’ resulting from the composition fluctuation 

(Wang et al., 1993).   

4. It has further been shown by Cahn and his co-workers that at the later stage of the 

spinodal reaction only one dominant wave will exist and grow further. This can be 

predicted from the spinodal equations.  In the solution of the spinodal equations, the odd 

harmonics limit the growth rate while the even harmonics produce distortions that 

increase the composition difference and decrease the spatial extent of the phase separated 

domains.  

5. The kinetics of the spinodal decomposition mechanism is governed by the equation of 

tDx  22  (where x = length of the spinodal decomposition domains; D = diffusion 

coefficients and t = time). The nature of this rate equation as well as the small diffusion 

distance over which such a reaction occurs makes the rate of reaction extremely fast. In 

fact, in liquids and metallic glasses, no amount of quenching can prevent the spinodal 

decomposition. Hence the governing equations have to be modified for the continuous 

cooling studies keeping in view that the modulation length of the fastest growing 

component increases with decreasing undercooling.    

 Distinction between nucleation and growth and spinodal decomposition always 

poses a major challenge for metallurgists and materials scientists. The problem becomes 

much more obvious in the situations when nucleation is easy and copious. A 

comprehensive description distinguishing the microstructural features between nucleation 

process and spinodal decomposition had been provided by Favvas and Mitropoulos 

(2008) and is shown in figure 1.9(a-b) respectively. 
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Details of figure 1.9 as adapted from Favvas and Mitropoulos (2008) is given in 

table 1.2. Nucleation can occur anywhere and everywhere of the grain, whereas the 

spinodal reactions normally do not occur near the defects and grain boundaries as the rate 

of reaction is affected by the presence of the defect cores. However, the most distinct 

feature between these two mechanisms is the orientation of the secondary phases. 

Because of the anisotropy in the elastic energy, spinodal decomposition occurs only 

along certain elastically soft directions and the signature of similar effects can also be 

seen in the electron diffraction pattern through the presence of prominent characteristic 

sidebands. Another distinguishing feature is that the interconnected phase separated 

Fig. 1.9: Schematic descriptions of microstructural evolution during nucleation and 

growth and spinodal decomposition as adapted from Favvas and Mitropoulos (2008). 

Detail descriptions of this figure are given in table 1.2. 
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domains can be seen over a large region under the microscope in case of spinodal 

decomposition in comparison with the nucleation and growth (Cahn, 1965).  

Table 1.2: Description of microstructural evolution during nucleation and growth 

process and spinodal decomposition mechanism as adapted from Favvas and 

Mitropoulos (2008) and shown in figure 1.9 

 In figure 1.9 the columns represent two adjacent local regions in the solution 

denoted as ‘left’ and ‘right’and the rows five stages of the transformation 

denoted from 1 to 5.  

 The first three stages represents the situation when a small fluctuation 

takes place and the embryos does not cross the critical radius while the 

last two stages represents when a large fluctuation takes place. Black dots 

represents one of the two components eg. B.  

 In the 1st row the solution has been brought in to the metastable region 

and at the moment there is not difference in the local concentration; CB
left 

= CB
right.  

 In the 2nd row an infinitesimal fluctuation causes a concentration 

difference, such as CB
left > CB

right, hence diffusion is expected between the 

left and the right regions.  

 In the 3rd row, diffusion results CB
left = CB

right. Here the diffusion occurs 

from a higher to lower concentration (down-hill) and the system comes 

back to the situation described in 1st row.  

 In the 4th row, a large fluctuation causes the the formation of a nucleus of 

a critical size. In the present case the figure was drawn such as all 

component B on the left region is spent to form the nucleus; hence CB
left 

=0< CB
right. Now down-hill diffusion takes place from right to left.  

 Once some B reaches to the left is arrested by the nucleus and hence it 

grows as described in 5th row. Phase separation in this way is known as 

the nucleation and growth and the fingerprint of this mechanism is the 

formation of a nucleus.    
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 The columns denoted as ‘left’ and ‘right’ represents two adjacent local 

regions in the solution and the rows denoted by 1 to 5 represents five stages 

of the transformation process.The black dots represents one of the two 

components eg. B. The column denoted as ‘density’ represents the density 

profile of the system at a given stage.  

 In the 1st row the solution has been brought, very carefully, into the 

unstable region. This unstability is introduced in such a way that there is 

not any differences in the local concentrations; CB
left = CB

right. Since there 

is not concentration gradient, no diffusion between left and right takes 

place and the solution remains a one-phase system. The density of the 

system at this stage has a flat profile equal to an average value, ρO .    

 In the 2nd row an infinitesimal fluctuation causes a concentration 

difference, such as CB
left > CB

right, and therefore diffusion is expected 

between left and right regions. The density of system has now a wavy 

profile with maxima and minima around the average density.  

 In the 3rd row, the expected diffusion process results to CB
left >> CB

right, 

however, the diffusion does not take place from left to right, ie from 

higher to lower concentration (down-hill) rather the diffusion takes place 

from right to left ie from lower to higher concentration (uphill) direction. 

If the diffusion takes place normally, ie if it was downhill diffusion then it 

would result CB
left = CB

righ and the system would have gone back to the 

equilibrium concentration depicted in 1st row. This can not be happened 

as it contradicts the initial condition that the system is already in a 

unstable region. 

 Here the density is large in extent but small in degree; the arrows show 

the diffusion direction. As diffusion proceeds the density increases and 

finally reaches a point where it becomes equal to that of pure B. The 

entire transformation proceses are shown in rows 3-5. Phase separation 

occurs in this way is known as spinodal decomposition and the 

fingerprint of this mechanism is uphill diffusion.  
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1.5.3: Features of ω phase transformation     

The metastable ω phase is a structural derivative of the body centred cubic (bcc) 

phase that usually forms with group IV B transition metals Ti, Zr and Hf, when alloyed 

with bcc stabilizing elements (e. g. V, Mo, Nb, Fe, Cr etc.) (Banerjee and 

Mukhopadhyay, 2004). This phase forms while quenching the alloy from the bcc phase 

field or during aging of the quenched alloy (Chen et al., 2015; McCabe and Sass, 1971; 

de Fontaine, 1970, 1988; de Fontaine et al., 1971; de Fontaine and Kikuchi, 1974; Cook, 

1974, 1975a, 1975b; Sanchez and de Fontaine, 1978). The ω phase does also form as a 

metastable intermediate in the phase transformation sequence of Zr-Al and Ti-Al-Nb 

alloys, where it forms as an ordered intermetallic phase in the phase transformation 

sequence of B2→ω→B82. Here ω is reported as a metastable intermediate phase, which 

is of lower symmetry than either the initial B2 or final B82 state of the system (Bendersky 

et al., 1990a, 1990b; Banerjee and Cahn, 1983; Tewari et al., 1999).    

In the initial days of its discovery, it was generally believed that ω phase can form 

in elemental Ti, Zr and Hf only through high pressure treatments (Frost et al., 1954; 

Jamieson, 1963; Bridgman, 1952; Bundy, 1965; Jayaraman et al., 1963; Hickman, 1969). 

An enormous volume of work has been done till date on the high pressure ω phase 

synthesis. In this context, the pioneering work by Jamieson on the structure of ω in 

elemental Ti and Zr under static high pressure is worth mentioning. In addition to that, 

electrical resistivity measurement to detect the ω phase transition in elemental Zr 

subjected to 60 Kbar of pressure by Bridgman and co-workers and detection of ω phase 

transformation in Ti (80-90 kbar) and Zr (50-60 kbar) by high pressure resistivity 

measurement by Jayaraman and coworkers are notable milestones in ω phase research. 
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Apart from research on synthesis and properties, crystallography, nucleation and growth, 

thermodynamics and kinetics of ω transformation gained interest quite early. A detailed 

review on ω phase transition research in 1960’s and 70’s has been published by Sikka et 

al. (1982).  The ω phase transformation through different other routes is of relatively 

recent vintage and among them the most successful is the ω phase transition in Ti, Zr and 

Hf with suitable alloying elements (Schryvers and Tanner, 1990; Banerjee et al, 2003; 

Ramsteiner et al., 2008). The similar effects of high pressure treatment were observed 

with the addition of d-rich transition metal elements e.g. V, Mo, Cr etc. in group IV B 

elements. These elements are said to increase the occupancy of the d-band and stabilize 

the bcc phase at low temperature (Dyakonova et al., 2008; Dutta et al., 2012; Kim et al., 

2015). In these alloys ω phase transition occurs either by quenching the alloy from the 

bcc phase field or by ageing the alloy at a temperature just below the bcc → ω 

transformation temperature. In the former case, it is called athermal ω and in the latter, 

the resulting product phase is termed as isothermal ω. Athermal and isothermal ω phases 

are microstructurally different and can be distinguished under an electron microscope 

based on their structure and morphology. The work by Ming et al. (1981), Banerjee and 

Mukhopadhyay (2004) and Dey et al. (2004) on the ω phase transition in Ti and Zr based 

alloys are worth mentioning in this context.    

The structure of ω can be understood as the reshuffling of bcc atomic planes along 

<1 1 1> direction as shown in figure 1.10. The alternate collapse of (111) pairs of planes 

generated through a displacive wave of amplitude less than a/6 produces a partially 

collapsed ω with a trigonal symmetry. The complete collapse generates a two layered 

structure of ω, which is of hexagonal symmetry (AlB2 type structure) (Banerjee and 
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Mukhopadhyay, 2004; Sikka et al, 1982). However, the formation of ω in these alloys 

can be bypassed with the addition of higher amount of bcc stabilizing elements. With the 

higher amount of bcc stabilizing elements, a diffused ω structure forms in the bcc matrix 

resulting in a deviation in the position of the diffraction spots of crystalline ω. The 

deviation would increase in commensuration with the addition of higher amount of the 

bcc stabilizer. McCabe and Sass in their earlier work on the ω phase formation in Ti-V 

alloys had shown that in the low V content relatively large clusters of the ω domains are 

present in the matrix which decreases with the increase in the V content. They further 

showed that with the increase of the V content the ω reflections moved away from the 

positions expected from that of the ideal structure (McCabe and Sass, 1971).  

In the last four decades the ω phase and the associated phase transformation 

phenomena have attracted considerable attention resulting in a wide range of discussions 

in the literature. Pynn (1978) in his classic work has discussed the physical origin of the 

diffuse ω scattering in Zr and Ti alloys. Durig et al. (1980) had discussed the growth 

mechanism of ω in Ti alloys on the basis of chemical stabilization of the bcc matrix, 

coherency strains and dilatation strain fields overlap. They further proposed a model for 

the isothermal precipitation of ω in Ti alloys. De Fontaine and his associates (1973) in 

their classic work, proposed a model for the β to ω transformation based on the two 

dimensional ordering of one dimensional defects. With the aid of Monte Carlo simulation 

it has further been postulated that in the displaced segment of the closed packed atomic 

planes, the linear defect consists of a compressive and dilatational defect pairs. Banerjee 

and his co-workers had reported on the crystallographic description and atomic 

reshuffling mechanism of ω phase formation in Zr-Nb alloy. Cook et al. (1974, 1975a,  
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1975b) had described the free energy change associated with the ω transformation using a 

Born-von-Karman anharmonic planar lattice model where it is proposed that a two phase 

structure of ω and bcc can be formed immediately after the bcc → ω transformation 

temperature.  

However, in most of the cases the identification of the ω phases is based on 

indirect detection methods, which are essentially diffraction based experiments or 

changes in mechanical properties of the alloy. This is mainly because of unavailability of 

the sophisticated electron microscopes with enhanced spatial and compositional 

Fig. 1.10: bcc → ω structural transformation explained in terms of displacement 

wave mechanism. The atomic collapse could be incomplete (of trigonal symmetry) or 

complete (of hexagonal symmetry). 
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resolution as it is available today. Hence direct structure imaging of ω phases, nature and 

extend of collapse and structure of interfaces between bcc - ω phases have received 

relatively little attention. 

With the development of the electron microscope instrumentation, more and more 

attempts are being made to study the structural details of the ω phase. In this context, the 

works carried out by Banerjee et al. (2003), Ng and his colleagues (2011), Devaraj and 

co-workers (2011, 2012), Bennett et al. (2015), Nag and his co-workers (2009, 2011) on 

the structure, composition and 3-D morphology of ω precipitates in the Ti based alloys 

with aberration corrected (S)TEM and atom probe techniques are worth mentionable. The 

results are further supported by density functional theory calculations. Phase contrast 

microscopy analysis on the ω structured domains in Zr- based alloys by Okunishi et al., 

on Ti-Mo alloys by Sukedai and his coworkers and the work carried out by Sankaran and 

his colleagues in gum metal related alloys also provide deep insights in the structural 

aspects of ω phase (Okunishi et al., 2013; Sankaran et al., 2014; Sukedai et al., 1993, 

1994, 1997). Dehai et al. provides a nice and comprehensive review over the recent 

efforts on the structure imaging of ω domains (Dehai, 2014).   

1.6: Development of electron microscopy in interfacing materials related issues 

Materials Science and Engineering research is fascinating and it is 

multidisciplinary in the true sense of the term as it starts with the fundamental 

understanding of condensed matter physics and basic chemistry and ends with the 

materials properties meeting the needs and standards of high-end technological 

applications. Since the genesis of metallurgy / materials science as an independent 

subject of study, research was confined to the extraction, processing, treating and shaping 
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of materials for use in engineering components. With the advent of nanotechnology, the 

scale of interest has not only gone down by several orders of magnitude in scale, but 

materials chemistry has also become enormously complex and atomistic origin of 

properties have thrown open many fundamental questions (Van Tendeloo et al., 2012; 

Yang et al., 2012). At this juncture, it is important not only to synthesize novel materials 

but also to characterize them at the atomic scale in order to understand their properties. It 

would not be wrong to say that the developments in instrumentation have enabled to the 

development of materials. The resolution of microscopes has kept on improving and there 

is a continuous effort to push the resolution limit well below one angstrom through 

overcoming aberrations in the electron-optical system (Urban, 2008). Along with that, 

development in analytical techniques has made it possible to characterize chemistry of 

the materials also at the atomic scale (Williams and Carter, 2009). 

 “Seeing is believing” is a traditional philosophy in materials science. As a result 

of which there has always been a drive to see things in order to understand it better. This 

led to the observation of pearlite by Henry Clifton Sorby in 1863 by visible light 

microscope. Unfortunately, the resolving power of microscopes at that time was poor and 

improvements of microscopes did not happen very rapidly either. As a result of which, in 

materials science many things were postulated before they were experimenatlly observed. 

A classic example of that is dislocation. Presence of dislocation was predicted much 

before in order to explain the origin of the observed serrated bands in the rolled sheets. 

This helped the growth of science of microscopy to keep pace with the development in 

materials science. Although Ernst Ruska and Max Knoll developed the first microscope 

based on the accelerated electron around 1931 but it is primarily after the World War II 
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that the technology development of the electron microscope took a sharp rise. Several 

research groups were involved throughout the world with keeping the focus to improve 

the resolution of the instrument. Menter, in the middle of 1950s first came up with a high 

resolution micrograph showing lattice resolution, imaging lattice imperfections with a 

resolution ~ 1 nm (Menter, 1956). However, it took another two decades for the first 

atomic resolution images of the heavy atoms such as, thorium or gold (Crewe et al., 

1970). This opened up a new window in the materials science research and marks a 

paradigm shift in the area of research on defect studies at atomic or near atomic scale. In 

this context the works on high resolution studies on different materials by Iijima and his 

associates are worth mentioning (Iijima, 1973; Iijima and Allpress, 1973). During 1980s 

and 1990s the resolution of the TEM were steadily improving and by the turn of the 

century the point resolution for most ‘high-resolution’ commercial instruments were in 

the range of 0.1 - 0.2 nm. The main limitation for the improvement of the resolution was 

the aberrations coming from the lenses. 

 Development of the electron microscopy techniques took another big leap in 

achieving of sub-angstrom resolution in the late 1990s and early 2000s because of the 

invention of spherical aberration corrected lenses (Haider et al., 1998). A detailed 

account of the development of aberration correctors have been given by Rose (2008) and 

later by Urban (2008), Van Tendeloo and his group (2012) in a series of comprehensive 

reviews. The commercialization of the aberration corrected microscope came as a big 

boon to the materials scientists and enabled them to extract the structural information at 

the atomic scale from different beam-sensitive materials even at lower kV. In this context 

the research on the nanotubes, graphenes and other 2D materials are worth mentioning. A 
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pictorial representation showing chronology of the development of the electron 

microscope resolution has been nicely accounted by Rose (2008) and later by Muller 

(2009) and is reproduced in figure 1.11. 

 In a synergetic effect with the improvement of the spatial resolution at the atomic 

scale in transmission electron microscopy (TEM) or scanning transmission electron 

microscopy (STEM), a rapid surge was also there to develop the electron energy loss 

spectroscopy (EELS) and X-ray energy dispersive spectroscopy (XEDS) for yielding the 

single column chemistry and eventually the electronic information at that same level 

(Muller, 2008). STEM-HAADF imaging, which is essentially an incoherent imaging 

process, coupled with electron spectroscopy techniques provides the most complete 

picture of structure and chemistry of the materials in the atomic scale. Such images are 

directly interpretable as the contrast develops based on the atomic number of the 

constituent elements only. In contrast, high resolution phase contrast images are not 

directly interpretable and the major challenge is to correctly interpret the underlying data. 

In order to quantitatively understand the contrast and relate it to the atom column position 

unambiguously, simulation of the high-resolution image is extremely essential (Williams 

and Carter, 2009; Kirkland, 2016, 2009). 

 The impact of the development of electron microscopy techniques is quite 

prominent in the present era of materials research. Quest to know the structure and 

property of the materials in its ultimate building blocks i.e. in atoms increased in 

manifolds. Focus has shifted towards the quantitative understanding of defects, interfaces 

and induced strains of the materials. More and more researchers came up to study the 

fundamental aspects of the metallic phase transformations and different equilibrium and  
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metastable phases. Research and development on the low dimensional materials as well 

as on the functional materials boosted significantly; more and more nanoparticles are 

synthesized with tailor made properties (Scott et al., 2012). All of these developments are 

Fig. 1.11: Increase of resolution in diffraction-limited microscopy as a function of time. 

Visible light microscopy reached its far-field diffraction limit roughly a century ago. 

Electron microscopy, exploiting the reduction in wavelength with increase in 

accelerating voltage, steadily increases the rosolving power for over 50 years, until 

limited by radiation damage. In recent times, development of electro-optical aberration 

corrected lenses have led to the improvements in resolving power drastically improves 

the resolving power even at relatively lower electron beam energy (Rose, 2008 ; Muller, 

2009). 
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of enormous importance towards the atomic level understanding of materials property as 

well as to the advancement of materials science research in general. 

1.7: Scope of the thesis 

  Successful implementation of binary Ti-V and ternary V-Ti-Cr alloys in 

alternative energy applications requires a thorough understanding of the phase stability 

and microstructural evolution. Though it is well established that the V rich side of the 

ternary phase diagram stabilizes in a bcc structure, it is also required to explore the other 

phase fields of the ternary alloy system. It is already been discussed in the previous 

sections, that the information available regarding the physical metallurgical aspects of the 

ordered intermetallics formed in the vicinity of the Ti-Cr rich side or the phase formation 

and compositional fluctuations in the binary V-Ti and ternary V-Ti-Cr alloys are 

relatively sparse. Situations become even more complicated with the formation of 

metastable phases as the system hops along the local minima over the energy landscape as 

a function of processing parameter.  

 In the present scenario, it is extremely essential to understand the different phase 

fields as well as their phase transformational behavior of the ternary V-Ti-Cr alloy 

system. Systematic studies are also required to understand the stability of different 

constituent phases and their structure and chemistry down to atomic level. In the present 

thesis, focus is on the investigation of the phase formation and microstructural evolution 

in V-Ti-Cr alloy systems using phase contrast, HAADF imaging and electron 

spectroscopy. A pictorial representation of the scope of the thesis in the form of materials 

tetrahedron is shown in figure 1.12. It shows that the methodology adapted in the present 

thesis covers all vertices of the tetrahedron represent modeling, synthesis and processing,  
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composition and structure, characterization and microstructure. Keeping in mind the 

complexities involved in studies of the phase transformation of an almost unexplored 

system, thermodynamic calculations based on Miedema approach are employed to map 

the phase formation behavior of binary and ternary alloys upon solidification. Selected 

binary and ternary alloys from different regions of the enthalpy-composition diagram 

were prepared by vacuum arc melting and heat treated as per requirement. Phase stability 

studies on the selected binary alloys and the effect of ternary addition over them as well 

as the possibilities of the formation of new phases have been studied in the present thesis 

using phase contrast and Z-contrast microscopy coupled with XEDS and EELS.  

Fig. 1.12: Scope of the thesis explained in terms of materials tetrahedron. Tetrahedron of 

materials design showing the correlation among modeling, synthesis and processing, 

composition and structure, characterization and microstructure. 
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1.8: Organization of the thesis 

Present thesis entitled “Phase Stability and Microstructural Evolution in V-Ti-Cr 

System Using Phase Contrast, HAADF Imaging and Electron Spectroscopy” is 

organized into seven chapters as outlined below. Chapter I provides a brief review on 

the application of V-Ti-Cr alloys as a structural material for fusion based nuclear reactors 

as well as in hydrogen storage. It also provides a literature survey on phase 

transformational aspects of V-Ti-Cr alloy and the advancement of electron microscopy 

techniques to address materials related issues. Chapter II describes the different 

experimental techniques and procedures deployed for synthesis, characterization and 

evaluation of different phases in V-Ti-Cr system. Chapter III deals with the phase 

stability studies in the constituent binaries and ternary V-Ti-Cr system with Miedema 

model which have been re-assessed by ThermoCalc and Pettifor structure map 

approaches. Chapter IV describes the direct structure imaging of V substituted TiCr2 

Laves phase alloy. It also describes the method for indirect determination of single 

column chemistry and determination of preferential site substitution of V in TiCr2 Laves 

phase. Chapter V deals with the phase separation behaviour and the feasibility of ω 

transformation in binary V-Ti and ternary V-Ti-Cr alloys. It further discussed about the 

phase separation mechanism in these set of alloys i.e. whether it is dominated by spinodal 

decomposition mechanism or nucleation and growth process. Chapter VI describes the 

structure imaging and the atomic level reshuffling in ω structured domains in V-Ti and 

V-Ti-Cr alloys. Finally Chapter VII provides a comprehensive summary of the thesis 

and also the scope for future work. A pictorial representation of the thesis organization as 

well as the brief contents of each of the chapter is shown in figure 1.13.      
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Fig. 1.13: Schematic description of the thesis organization.  
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Chapter II 

Materials and Methods 

 

This chapter describes various experimental and computational techniques 

employed in course of the present work. Different sections individually deal with the 

details of the alloys and their processing through melting, heat treatment and subsequent 

characterisation. A brief description of the high-resolution image simulation through 

multislice method has also been provided in this chapter. The last section deals with the 

computational techniques used to study the phase stability in binary V-Ti, Ti-Cr, V-Cr 

and ternary V-Ti-Cr alloys essentially through thermodynamic modelling. 

2.1: Alloy compositions and their processing 

In the present thesis one binary and three ternary alloys chosen from different 

regions of the entire V-Ti-Cr system are studied. The alloy selections are based on the 

thermodynamic calculations performed to study the phase stability for the V-Ti-Cr 

system. The details of the alloy design and phase stability studies as well as the alloy 

selection criteria are described in chapter 3. Based on the thermodynamic modelling the 

following alloy compositions are chosen for experimental studies: 

Table 2.1: Alloy compositions studied in the thesis 

Alloy System Composition (at%) 

V-Ti-Cr V-4Ti-4Cr 

V-Ti-Cr V-39Ti-54Cr 

V-Ti V-50Ti 

V-Ti-Cr V-40Ti-20Cr 
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These alloys were synthesized by arc melting method. They were arc melted in 

high-purity Ar atmosphere on a water cooled copper hearth, starting from elemental V, Ti 

and Cr (> 99.9% purity) procured from M/s Testbourne Ltd., UK. Details of impurities in 

the raw metals as reported by the supplier are shown in Table 2.2.  

Table 2.2: Details of the impurities in raw metals of V, Ti and Cr 

Vanadium (V) Titanium (Ti) Chromium (Cr) 

Contaminants Amount  

(in ppm) 

Contaminants Amount  

(in ppm) 

Contaminants Amount  

(in ppm) 

Al 10 Fe 28 Fe 8 

Cr 45 Al 6 Si 8 

Fe 110 Mg 6 Al 2 

Si 8 Mo 5 P 5 

C 42 C 18 C 8 

N 40 N 10 N 5 

O 130 O 30 O 5 

 

2.1.1: Arc melting of the alloys 

In case of an arc melting furnace electrical energy is transferred to thermal energy 

in the form of an electric arc to melt the raw materials held by the furnace. The arc is 

established in between the electrode and the melting hearth and is characterised by low 

voltage and high current. The arc melting set up available in the author’s laboratory can 

melt upto a few tens of grams samples and the temperature can reach ~ 3000° C. During 
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melting the non-consumable tungsten electrode acts as cathode and the water cooled Cu 

hearth acts as anode. Cu hearth is primarily used for its good thermal and electrical 

conductivity. Prior to melting, the melting chamber was evacuated and back-filled with 

high-purity Ar gas several times in order to reduce the partial pressure of oxygen and also 

to remove other adsorbed gases. Ti sponge is kept inside the melting chamber acts as an 

oxygen getter and greatly reduces the oxygen impurity. This further reduces probability 

of oxide formation and inclusion in the alloy melt. Maintenance of this clean environment 

inside the melting chamber is extremely essential as V and Ti have very high affinity 

towards environmental O, C or N. The arc zone volume was also optimized based on the 

Ar pressure in the chamber and the applied current. The zone volume increases as Ar 

pressure decreases and increases with the increase in current. The zone volume also 

depends on the nature of the inert gas and increases with an increase in the ionization 

potential of the gas.  

During melting the melted alloy was re-melted several times in order to ensure 

complete melting and compositional homogeneity. After melting the melted alloy buttons 

were kept in the water cooled Cu hearth under inert Ar atmosphere for about 1 hour, 

before taking out. The targeted charge weight was 20 grams and the combined raw 

elements were taken in accordance with that inside the melting chamber. The weight of 

the alloy buttons were acquired every time after melting in a high precession balance and 

compared with that of the raw metals acquired before melting. In none of the alloys, the 

weight loss measured was above 0.1 gram after melting.  



Chapter II 
______________________________________________________________________________ 

46 

 

2.1.2: Heat treatment of the as melted alloys 

The melted and homogenized alloy buttons are subjected to heat treatments as per 

requirements. All the heat treatments were carried out in a furnace attached with electrical 

temperature controller encapsulated in fused quartz tube. At first, the melted and homogenized 

buttons are sectioned using a low speed diamond saw. One section from each of the alloys was 

inert gas sealed in a fused quartz tube. During sealing, titanium sponge was used as a getter. V-

50Ti and V-40Ti-20Cr alloys were solutionized at 1100° C for 5 hours, aged at 750° C for 48 

hours and ice-water quenched. V-4Ti-4Cr alloy was heat treated at 1100° C for 5 hours and then 

furnace cooled in order to determine the stability of the phases. Microstructural and 

microchemical characterizations were carried out for both the as-melt and heat treated alloys. 

2.2: Transmission electron microscopy studies of the alloys 

The as melted as well as aged alloy slices were thinned down to ~ 100 µm 

thicknesses by mechanical grinding and polishing in a Struers make grinding and 

polishing unit successively using 600, 800, 1000, 1200, 2400 and 4000 grit papers of SiC 

followed by diamond polishing in a special polishing cloth. Discs with 3 mm diameter 

were cut from the thin slices by a Fischione make ultrasonic disc cutter with extreme care 

and then further dimpled to ~10 µm thickness in a Fischione make dimple grinder. 

Finally the dimpled discs were thinned to electron transparency by ion beam thinning 

under liquid nitrogen temperature using a Fischione 1010 and Technoorg Linda IV4 Ar 

ion mill units. The ion beam thinning was done at 5 keV with a very low ion current in 

order to minimise ion beam damage. The ion beam artefacts in the already milled 

samples were removed by further milling them in a Technoorg Linda IV6 Gentle Mill 

unit at 4° angles using 1.2 keV Ar ions. The electron transparent samples were plasma-
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cleaned prior to introduction into the microscope for observation using a Fischione make 

plasma cleaner unit.  

All specimens were characterized using a FEI Tecnai G2 F30 U-TWIN 

Transmission Electron Microscope (TEM) operated at 300 kV and capable of a point 

resolution of 0.17 nm in phase contrast mode. The microscope consist an ultra-twin 

objective lens with 0.65 mm spherical (Cs) and 1.4 mm chromatic aberration (Cc) 

coefficients. It is equipped with a low background EDAX RTEM system for X-ray 

Energy Dispersive Spectroscopy (XEDS) and the Gatan Quantum 965ER imaging filter 

for Electron Energy Loss Spectroscopy (EELS) and Energy Filtered TEM (EFTEM) for 

elemental mapping. The zero-loss peak at the EELS mode has a FWHM of ~ 0.65 eV at 

300 kV. High Angle Annular Dark Field (HAADF) imaging was performed in Scanning 

TEM (STEM) mode using a high sensitivity Fischione HAADF detector. The microscope 

is also equipped with a high speed digital search and view camera (2k x 2k) of Gatan Inc 

make for image and spectrum acquisition and analysis. 

2.3: Multislice simulation  

Multislice simulations consists a significant portion of the present thesis to 

understand the high-resolution structure images and diffraction patterns. High resolution 

images are not directly interpretable and cannot be used for chemical identification of 

atoms as these images are formed upon interference of the direct electron beam with the 

diffracted beams, the phase part of which is lost upon reaching the image plane. The 

situation becomes even more complicated as the exit wave function is further been 

modified by the instrument aberrations. Hence it is extremely essential to simulate the 

propagation of the fast electrons inside a specimen which provides insight into the 
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imaging process and helps to interpret the experimental results properly. Careful 

comparisons between the simulated and the experimental images often reveal the key 

structural and compositional information about a specimen which cannot be inferred by 

simple inspection of the experimental results alone. Such examples are found throughout 

the thesis in chapters 4, 5 and 6, where multislice simulation are performed to explain the 

experimental observations as well as to retrieve useful information from the experimental 

data.      

In the present thesis the image simulations were performed using Java based EMS 

software developed by Prof. P. Stadelmann (1987).  In the following chapters multislice 

simulation has been carried out to simulate cF24 cubic TiCr2 structure, cI2 phase of V-

50Ti solid solution and ω phase for Ti0.8V0.2 alloy composition. In all the cases, high 

resolution images have been simulated under varying thickness and defocus condition 

along different zone axis through JEMS software. For some of these systems projected 

potential, exit wave, phase and amplitude part of the exit waves have also been simulated 

with varying thickness. The single atom potentials for elemental V, Ti and Cr are 

determined through Hartree-Fock method by solving the parametric equations as 

described by Kirkland (2009).  

C15 cubic TiCr2 Laves phase has a lattice parameter a=0.6932 nm. Its space 

group is Fd 3  m. C15 phase has eight ‘a’ type positions and sixteen‘d’ type positions. 

The atomic positions are (000) and (0.625, 0.625, 0.625) respectively. In order to 

simulate the results, pure TiCr2 lattice has been generated through symmetry operation of 

the point groups using the crystallographic information available in Pearson’s handbook 
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(Villars, 1997). In similar fashion, structures corresponding to the bcc phase (space 

group: Im 3  m) of V-50Ti alloy and the ω phases (space group: P6/mmm) for Ti0.8V0.2 

alloys have also been generated by symmetry operation of the point groups using the 

available crystallographic information (Villars, 1997). For all of these structures high 

resolution images have been simulated under varying thickness and defocus condition by 

JEMS software (Stadelmann, 1987).The simulated thickness-defocus maps generated in 

all the cases are systematically compared with the recorded high resolution images.  

2.4: Computational techniques 

In this work the phase stability studies of V-Ti-Cr alloys has been determined by 

computational techniques. Formation enthalpies for the binary V-Ti, Ti-Cr, V-Cr and 

ternary V-Ti-Cr system have been calculated by Miedema’s model. They are further 

verified by the thermodynamic calculations using Thermocalc software. Brief 

descriptions for both of these computational techniques are given in the present section. 

  During late 1970s and early 1980s, Miedema and his co-workers (1976, 1983) 

developed a semi-empirical approach to predict the enthalpies of formation for binary 

alloys. Later this model was extended for the ternary alloy systems by Gallego and his 

colleagues (1990). Miedema model is based on the “macroscopic atom” picture where the 

stability of any given phase is determined by its free energy with reference to the 

competing phases. Thus an amorphous phase will be stable if its formation enthalpy is 

lower than that of the competing crystalline phases. By calculating the enthalpy of 

formation of the solid solution and the amorphous phases as a function of composition, 

the relative stabilities of the two phases could be determined at any given composition. In 
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fact, it is the free energy and not the enthalpy that should be considered to determine the 

stability of a phase. However, the entropy contribution is much lower than that from 

enthalpy in metallic systems, and therefore the entropy contribution to the free energy 

term can be neglected and only the enthalpy term is used. The theoretical justification of 

this approach is not rigorous. Moreover, after a number of years of tuning the parameters 

in the model, the formation enthalpies calculated through Miedema model are now fairly 

reliable. The details of the Miedema approach as it is applied for V-Ti-Cr system are 

elaborately described in chapter 3. 

 Thermo-calc is another powerful software package for the calculation of 

thermodynamic and phase equilibria in different materials. It comes under the data 

mining approach of the alloy design principles and in conjunction with suitable databases 

can assess (i) the phase diagrams for binary, ternary, isopleths and isothermal sections, 

(ii) phase transformation temperatures e.g. solidus, liquidus and solvus, (iii) amounts of 

phases and their compositions as a function of temperature and chemistry, (iv) 

thermochemical data such as enthalpies, heat capacities and activities, (v) stable and 

meta-stable heterogeneous phase equilibria and many more. Results derived from this 

software for V-Ti-Cr system are discussed in the following chapter in details. 

2.5: Summary 

A comprehensive description of alloy processing, heat treatments and their 

microstructural and microchemical characterizations have been given in the present 

chapter. Brief descriptions of all the computational techniques used in the present thesis 

such as Miedema model and Thermocalc as well as the multislice method for phase 

contrast image simulation also have been provided in this chapter. 
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Chapter III 

 

Thermodynamic Calculations and Microstructural Evolution in V-Ti-

Cr Alloys 

 

 

3.1: Introduction 

Last couple of decades has seen a rapid surge in research and development 

activities in vanadium alloys for possible exploitation in alternative energy technologies 

as well as hydrogen storage applications. Vanadium in combination with Cr and Ti has 

been identified as a potential blanket material for future fusion power systems due to its 

superior mechanical properties coupled with reduced activation, fast decay characteristics 

(Zinkle et al., 1998; Smith et al., 1995, 1985), compatibility with liquid lithium, 

resistance to irradiation damage and void swelling (Ohnuki et al., 1988) at moderately 

high temperature, good figures of merit for low thermal stress generation (Loomis & 

Smith, 1992; Loomis et al., 1994; Candra et al., 1999) i.e. good thermal conductivity, low 

coefficient of thermal expansion etc.  

Additionally, over the last decade, binary Ti-V alloys and ternary Ti-V-TM 

(TM=Cr, Ni, Co, Fe)   have been explored extensively as a potential candidate for storing 

hydrogen and its isotopes (Akiba & Iba, 1998; Basak et al., 2007). Of late, as a 

functionally improved alternative for large scale storage of hydrogen and its isotopes, 

AB2 and AB5 alloys have been discovered in which binary Ti-V alloys and its derivatives 

are worth mentioning (Levin et al., 2012; Shashikala et al., 2011).  

Successful implementation of binary Ti-V alloys and its transition metal 

containing ternary derivatives in alternative energy applications would require a thorough 
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understanding of the phase and microstructural evolution and their stability. Even though, 

the binary Ti-V phase diagram is relatively complete, its phase formation upon 

solidification is still debated in the scientific community as the phases so formed upon 

solidification are not always stable equilibrium phases and they are susceptible to further 

transformation upon heat treatment and during service exposure. Very little information 

of ternary V-Ti-Cr phase diagram is available in literature. Although, it has been reported 

in earlier literature that bcc solid-solution phase forms at the V-rich corner of the phase 

diagram, phase and microstructure evolution and its stability is almost not understood in 

the other regions of the phase diagram (Lee et al., 2000).  

In the present chapter, Miedema based thermodynamic approach (Miedema, 

1976) has been applied to understand the phase stability in binary V-Ti, Ti-Cr, V-Cr and 

ternary V-Ti-Cr alloy system upon solidification. Binary and ternary alloy compositions, 

so obtained by the application of the Miedema’s model have been synthesized and 

characterized through phase contrast and Z contrast transmission electron microscopy 

coupled with spectroscopy. Details of the calculations and experimental results have been 

described in the following sections. 

3.2: Composition and phase stability studies through Miedema approach of alloy 

design 

Miedema approach has been applied to calculate the enthalpy of formation and to 

understand the relative stability of the amorphous phase and the corresponding solid-

solution phase in binary V-Ti, V-Cr, Ti-Cr and in ternary V-Ti-Cr systems. According to 

Miedema’s model enthalpy of formation of a solid-solution phase (ΔHsol) comprises of 
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three components i.e. chemical, elastic and structural contribution which can be 

mathematically represented as  

ΔHsol = ΔHc + ΔHe + ΔHs 

Where ΔHc, ΔHe and ΔHs are the chemical, elastic and structural contributions to 

enthalpy, respectively. The chemical contribution of enthalpy originates from the 

interactions amongst the constituent atoms. The elastic contribution of enthalpy 

originates due to atomic size mismatch of atoms and the structural contribution of the 

enthalpy originates from the valence and crystal structure of the solute and the solvent 

atoms. In a metallic system, structural contribution to enthalpy is quite small and it can be 

neglected for every practical purpose. Niessen et al., (1983) has shown that the chemical 

contribution to enthalpy of mixing of a binary solid-solution can be expressed as,  

ΔHc = XAXB [XAΔhsol
BinA + XBΔhsol

AinB] 

Where, XA and XB represent mole fractions of the constituent A and B atoms respectively 

and hsol is the enthalpy of solution of one element in another at infinite dilution. The 

binary elastic contribution to enthalpy can be expressed as  

ΔHe = XAXB [XAΔhe
BinA + XBΔhe

AinB]      

Where,  Δhe
iinj = 2µj(Vi-Vj)

2/ Vj(3+4µjKi)  

In the above equation, µj = shear modulus of the solvent;  

Vi  = molar volume of the solute; 

 Vj =  molar volume of the solvent;  

 Ki = compressibility of the solute.  

In case of the enthalpy of formation of the amorphous phase, the entire contribution 

comes from the chemical contribution and the enthalpy of fusion of individual atoms. 
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Here the structural and the elastic contributions have a negligible role. The enthalpy of 

the binary amorphous phase (ΔHam) can be expressed as,  

ΔHam = ΔHc + XAHa
A + XBHb

B   

In the above equation ΔHc is the chemical enthalpy of mixing of the pure metals A and B, 

XA and XB are the mole fractions of the components A and B, and Ha
A and Hb

B are the 

enthalpies of fusion of the pure metals A and B. It has been assumed that enthalpies of 

the crystalline pure metals are zero and the enthalpy of fusion of the amorphous pure 

metals (Ha
i) can be expressed as, Ha

i = αTf,i , where Tf,i is the  melting point of the ith 

component and α = 3.5 J mol-1 K-1. The enthalpy of formation of the binary amorphous 

phase can be written as  

ΔHam = XAXB[XAΔhc
BinA + XBΔhc

AinB] + 3.5[XATm
A + XBTm

B]                                                                                                 

 TA and TB are the melting points of metals A and B respectively. 

On similar lines, enthalpy of formation for ternary solid-solution phases can be written 

as, ΔHsol
ABC = ΔHc

ABC + ΔHe
ABC + ΔHs

ABC 

ΔHc, ΔHe and ΔHs are the chemical, elastic and structural contributions of enthalpy, 

respectively. Gallego et al., (1990) have extended the Miedema’s model for binary alloys 

to ternary systems by breaking the ternary system into three corresponding binaries and 

neglecting the ternary interaction. In this formalism, the chemical and elastic contribution 

to enthalpy could be expressed as  

ΔHc
ABC = ΔHc

AB + ΔHc
BC + ΔHc

CA 

ΔHe
ABC = ΔHe

AB + ΔHe
BC + ΔHe

CA 
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The symbols have their usual meaning and the binary chemical and elastic enthalpy of 

mixing is calculated in the same way as expressed above. The enthalpy of formation of 

the amorphous phase can be calculated as,  

ΔHam
ABC = XAXB[XAΔhc

BinA + XBΔhc
AinB] + XBXC[XCΔhc

BinC + XBΔhc
CinB] + 

XAXC[XCΔhc
AinC + XAΔhc

CinA] + 3.5[Tm
A + Tm

B + Tm
C] 

XA, XB and XC are the mole fractions of A, B and C and TA, TB and TC are the melting 

point of pure A, B and C respectively. The required inputs for the calculations of 

formation enthalpies for binary and ternary alloys in the V-Ti-Cr system are collected 

from the Smithell’s Metals Reference Book (Gale and Totemeier, 2004). The melting 

point, shear modulus, molar volume and compressibility for the V, Ti and Cr are shown 

in table 3.1 and the corresponding chemical and elastic enthalpies are given in tables 3.2 

and 3.3 respectively. 

 

Table 3.1: Melting points, shear modulus, molar volume and compressibility of the 

elements 

 

Elements Melting 

point (K) 

Shear modulus 

(GPa) 

Molar volumes   

(m3 ) 

Compressibility  

(GPa-1) 

V 2183 47.0 8.32 x 10-6 6.25 x 10-3 

Ti 1941 44.0 10.64 x 10-6 9.09 x 10-3 

Cr 2180 115.0 7.23 x 10-6 6.25 x 10-3 
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Table 3.2: Chemical enthalpy of mixing: ∆ hc
B in A in 103

 J/mol 

 

Solute 
Solvent 

V Ti Cr 

V __ -7 -8 

Ti -6 __ -27 

Cr -8 -33 __ 

 

Table 3.3: Elastic enthalpy of mixing: ∆ he
B in A in 103

 J/mol 

 

Solute 

Solvent 

V Ti Cr 

V __ 12.91 3.21 

Ti 10.85 __ 23.46 

Cr 6.43 51.51 __ 

 

3.2.1: Enthalpy-composition plots: binary V-Ti, Ti-Cr and V-Cr alloys 

The enthalpy-composition plots for binary V-Ti, Ti-Cr and V-Cr as calculated by 

Miedema approach are given in figure 3.1(a-c) respectively. It is observed from the plots 

for V-Ti and V-Cr systems that the enthalpy of formation for the amorphous phase is 

positive. For the above two systems the enthalpy of formation of solid-solution phase is 

always below than that of the amorphous phase over the entire composition range. 
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However, for the Ti-Cr system there is a cross over and the enthalpy of formation of 

amorphous phase is lower than that of solid-solution phase over a composition range of 

0.2-0.7 mole fraction of Ti. Moreover, in the V-Ti system, the nature of the enthalpy-

composition curve for solid-solution phase is convex upward throughout the composition 

range and the convexity maximizes at about 50-50 composition of V and Ti. This 

indicates that an alloy of almost equi-molar composition of V and Ti may undergo phase 

separation at low temperature. For Ti-Cr system, the enthalpy-composition curve is 

predominantly convex upward in the composition range of 0.2-0.4 mole fraction of Ti. 

However, in this composition range enthalpy of formation of amorphous phase is less 

than that of the solid-solution phase. This indicates that the stability of the solid-solution 

phase is less and even if the amorphous phase is not formed due to kinetic constraints, 

other phase/phases with intermediate enthalpy of formation may result upon solidification 

of such an alloy.  

3.2.2: Enthalpy-contour plots: ternary V-Ti-Cr alloys 

The ternary composition range in V-Ti-Cr system in which the solid-solution 

phase is more stable than the amorphous phase of similar composition i.e. the 

composition range in which the enthalpy of formation for solid-solution phase is less than 

the amorphous phase of similar composition is given in figure 3.2(a). It is observed from 

the figure that the relative stability of the solid-solution phase is always more than that of 

the amorphous phase almost all through the ternary phase field including the V rich side, 

except a narrow composition range close to Ti-Cr binary system. In order to 

quantitatively understand the relative stability of the amorphous phase and the solid- 
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Fig. 3.1(a-c): Enthalpy – composition diagram for the binary V-Ti, Ti-Cr and V-Cr 

alloy system as calculated from the Miedema model. The enthalpy values are in J/mol. 
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solution phase, the difference in enthalpy of formation between the amorphous phase and 

the solid-solution phase is plotted in figure 3.2(b). It is observed from the enthalpy-

contour plot that the enthalpy difference is almost always positive except for a narrow 

region close to Ti-Cr binary system up to ~0.15 mole fraction of V addition. This 

observation necessarily indicates that close to the Ti-Cr binary system up to ~0.15 mole 

fraction of V addition amorphous phase is relatively stable. In case the amorphous phase 

is not formed due to the kinetic constraints other phase/phases with intermediate stability 

are likely to form upon solidification. 

Fig. 3.2 (a) Enthalpy difference – composition plot over the entire ternary composition 

range of V-Ti-Cr system. The marked region shows the composition range in which 

solid-solution phase is thermodynamically stable over the amorphous phase. (b) 

Enthalpy contour plot showing the differences between the formation enthalpies of 

amorphous phase and solid-solution phase over the entire composition range of V, Ti 

and Cr. Inset shows the absolute values of the difference associated with the different 

colour codes. 
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3.2.3: Effect of Cr addition in V-Ti formation enthalpy: Isopleths of V-Ti-Cr ternary 

diagram 

 In V-Ti binary system, the enthalpy-composition plot for the solid-solution phase 

is mildly convex upward which indicates a possibility of phase separation at low 

temperature in this alloy system over the entire composition range of V. The convexity 

maximizes at the 50-50 composition range of Ti and V. In order to investigate as to how 

this behavior is affected on addition of Cr, enthalpy-composition plots for the amorphous 

and the solid-solution phase has been plotted over the V-Ti-Cr isopleths with varying Cr 

concentrations from 0.00 mole fraction to 0.95 mole fractions. The enthalpy-composition 

plots are given in figures 3.3 to 3.7. The isopleth of V-Ti-Cr system with 0.0 mole 

fraction of Cr is essentially the binary V-Ti alloy only and the detailed feature of this plot 

has already been described earlier. It is observed over the other isopleths that, till 0.30 

mole fraction of Cr, enthalpy of formation of solid-solution phase is less than that of the 

amorphous phase for the entire composition range of V. However, over 0.35 mole 

fraction of Cr addition, enthalpy of formation of amorphous phase become less than that 

of the solid-solution phase for the lower V content and the trend continues till the 

addition of 0.75 mole fraction of Cr. The difference between the formation enthalpy of 

the solid-solution phase and the amorphous phase maximizes at ~ 0.6 mole fraction of Cr 

where the amorphous phase pretends to be more stable than the solid-solution phase till 

0.1 mole fraction of V. This is essentially the composition range of binary Ti-Cr alloy in 

which the Laves phase forms. Moreover, the amorphous phase shows higher stability 

than the solid-solution phase in the V lean side of the V-Ti isopleths over the range of 

0.35 – 0.75 mole fraction of Cr, but the difference maximizes on and around the Laves 
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phase forming composition. This further supports the earlier obtained result that till the 

addition of 0.1 mole fraction of V, thermodynamically amorphous phase shows higher 

stability than the solid-solution phase. Beyond 0.6 mole fraction of Cr addition, 

amorphous phase field reduces and completely disappear over and around of 0.8 mole 

fraction of Cr. Over 0.8 mole fraction of Cr addition, again the solid-solution phase 

become thermodynamically more stable for the entire composition range of V and the 

difference between the enthalpy of formation of the amorphous phase and solid-solution 

phase increases with the increase in Cr addition. Actually with the enhancement of the Cr 

content the alloy predominantly behaves as V-Cr alloy, which is a highly miscible system 

and shows the stability of the solid-solution phase for the entire composition range of Cr. 

The nature of the enthalpy composition curve for the solid-solution phase in the isopleths 

also changes with Cr content. The convexity of the curve maximizes for the binary V-Ti 

alloy and the convexity decreases with the increase in the Cr content and finally becomes 

linear beyond 0.8 mole fraction of Cr addition.  From this calculation, it is clearly 

understood that binary V-Ti solid-solution phase exhibit a tendency for phase separation 

throughout the entire composition range and the tendency maximizes close to equi-molar 

composition. However, the phase separation tendency decreases with the addition of Cr 

in the alloy. 

3.2.4: Effect of V in elastic contribution of Ti-Cr formation enthalpy 

The individual enthalpy component due to elastic contribution and the chemical 

contribution of the solid-solution phase as well as their variation with respect to the 

formation enthalpy of the amorphous phase for similar composition of binary V-Ti, V-Cr  
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Fig. 3.3(a-d): Isopleths of the V-Ti-Cr enthalpy – composition plot showing the 

effect of Cr addition (from 0 to 15 at%) in the enthalpy diagram for the solid-

solution phase of binary V-Ti alloy.  

Fig. 3.4(a-d): Isopleths of the V-Ti-Cr enthalpy – composition plot showing the 

effect of Cr addition (from 20 to 35 at%) in the enthalpy diagram for the solid-

solution phase of binary V-Ti alloy.  
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Fig. 3.5(a-d): Isopleths of the V-Ti-Cr enthalpy – composition plot showing the 

effect of Cr addition (from 40 to 55 at%) in the enthalpy diagram for the solid-

solution phase of binary V-Ti alloy.  

Fig. 3.6(a-d): Isopleths of the V-Ti-Cr enthalpy – composition plot showing the 

effect of Cr addition (from 60 to 75 at%) in the enthalpy diagram for the solid-

solution phase of binary V-Ti alloy.  
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and Ti-Cr alloys are shown in figure 3.8 (a-c). For the binary V-Ti and V-Cr alloys, 

formation enthalpy of the amorphous phase is always higher than both of the elastic 

contribution and chemical contribution of the solid-solution phase. However, for the 

binary Ti-Cr alloy system, elastic contribution of the formation enthalpy for the solid-

solution phase becomes higher than the enthalpy of amorphous phase over the 

composition range of 0.2 to 0.8 mole fraction of Ti. Moreover, the elastic component 

maximizes around the Laves phase composition of TiCr2 phase as shown in the figure. 

Figure 3.8(d) shows the difference between the elastic and the chemical contribution of 

the formation enthalpy for the solid-solution phase of the Ti-Cr alloy. The nature of these 

curves remains almost same with the addition of V as shown in figure 3.9(a-c). However, 

Fig. 3.7(a-d): Isopleths of the V-Ti-Cr enthalpy – composition plot showing the 

effect of Cr addition (from 80 to 95 at%) in the enthalpy diagram for the solid-

solution phase of binary V-Ti alloy.  
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the peak of the (Hel-Hch) curve gradually shifts towards the lower Ti concentration side 

with the addition of V. It can be noted that, Miedema model only predicts the stability of 

the amorphous and solid-solution phases and cannot provide details about the other 

constituent intermetallics e.g. V-TiCr2 Laves phase alloy or the metastable phases e.g. ω 

phases in Ti-V alloys; hence required extensive experimental support.  

3.3: Experimental validation of Miedema’s model 

By analyzing the enthalpy-composition diagrams in V-Ti-Cr alloy systems, as 

obtained by the Miedema approach, alloy compositions from binary V-Ti alloy as well as 

from different regions of the ternary V-Ti-Cr system have been selected and studied 

experimentally to understand the phase evolution in those alloys. The details of the 

selected alloys and their microstructural and microchemical characterization analysis are 

shown in the following sections.  

 3.3.1: Selection of alloy compositions     

Based on these thermodynamical calculations, four alloy compositions were 

chosen. The composition of the alloys has been given in table 3.4. In view of the present 

calculations, the V-4Ti-4Cr alloy should form solid-solution phase upon solidification. In 

V-39Ti-54Cr alloy, the solid-solution phase is not likely to form due to its less stability. 

However, should the amorphous phase not form upon solidification on a water cooled 

copper hearth where typical cooling rate achieved is ~10-100 K/s, other phase/phases 

with intermediate stability may be expected. In general, the amorphous phase forms at a 

typical cooling rate ~ 105-106 K/s (Basu, 2004) which is much higher than the water 

cooled copper hearth. The V-50Ti alloy should form solid-solution phase and the solid- 
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Fig. 3.8(a-c): Formation enthalpy for the amorphous phase and the change in the 

elastic contribution and chemical contribution of enthalpy with composition for 

binary V-Ti, V-Cr and Ti-Cr alloys. (d) Difference between the elastic and chemical 

contribution of enthalpy for binary Ti-Cr alloy. 

Fig. 3.9(a-d): Change in elastic and chemical contribution of enthalpy and their 

difference (Hel-Hch) with composition as an effect of V addition in Ti-Cr system. The 

calculations are carried out for 0.05, 0.10, 0.15 and 0.20 mole fraction of V addition. 
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solution phase may show a tendency for phase separation. A similar behavior is expected 

from the V-40Ti-20Cr alloy. 

Table 3.4: Alloy systems and their compositions 

Alloy system Composition (at%) Stable phases predicted from Miedema’s 

calculation 

V-Ti-Cr V-4Ti-4Cr Solid-solution 

V-Ti-Cr V-39Ti-54Cr Amorphous (as frozen liquid) 

V-Ti V-50Ti Solid-solution with a phase separation 

tendency 

V-Ti-Cr V-40Ti-20Cr Solid-solution with a reduced phase 

separation tendency from that of V-50Ti 

 

3.3.2: Preparation of the alloys 

Nominal composition of the alloys as stated in table 3.4 have been arc melted in 

high-purity argon atmosphere on a water cooled copper hearth, starting from elemental V, 

Ti and Cr (>99.9% purity). The melting chamber was evacuated several times and back 

filled with high-purity argon gas in order to reduce the partial pressure of oxygen. The 

melted alloy buttons were inverted and re-melted several times in order to ensure 

complete melting and compositional homogeneity. The alloys were heat treated after 

encapsulation in a fused quartz tube back filled with Ar. 
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3.3.3: Microstructural and microchemical studies: V-4Ti-4Cr, V-39Ti-54Cr, V-50Ti and 

V-40Ti-20Cr alloys 

TEM bright field image, electron diffraction pattern, high resolution phase 

contrast image and the EELS spectrum from the V-4Ti-4Cr alloy is given in figure 

3.10(a-d) respectively. The mottled contrast seen in the TEM bright field image mainly 

originates due to diffraction effects. The diffraction pattern from the same alloy along 

[001] direction (figure 3.10b) indicates the presence of single cubic phase. The 110 and 

200 principal reflections are marked in the diffraction pattern. The lattice parameter as 

calculated from the diffraction pattern turns out to be a=0.30 nm which is very close to 

pure bcc V with a=0.30274 nm (ICDD # 022-1058) as well as to that calculated from the 

earlier recorded X-ray diffraction pattern of the same alloy with a=0.30356 nm (Ghosh et 

al., 2013). In the high resolution phase contrast image along [001] direction 0.223 nm and 

0.158 nm spacings corresponding to {110} and {200} planar spacing of the bcc solid-

solution phase can be observed. In the EELS spectrum characteristic core-loss edges for 

V, Ti and Cr can be observed at 512 eV, 454 eV and 574 eV respectively. The relative 

intensities of the Ti-L and Cr-L edges indicate that they are present in this alloy as minor 

alloying elements. Quantification of the EELS spectra indicates the composition of the 

alloy to be close to V-4Ti-4Cr which the as melted nominal composition. Based on these 

studies it is confirmed that the present alloy has solidified as a bcc phase. 

TEM bright field image, electron diffraction pattern, high resolution phase 

contrast image and the EELS spectrum from the V-39Ti-54Cr alloy are given in figure 

3.11(a-d) respectively. The electron diffraction pattern in figure 3.11(b) matches closely 

with [111] zone axis pattern of cubic TiCr2 Laves phase. The lattice parameter as  
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Fig. 3.10: (a) Bright field image from a region of the alloy with nominal composition V-

4Ti -4Cr. (b) Selected area electron diffraction pattern from the same region of the 

alloy along [0 0 1] zone axis. This pattern has been indexed with a bcc structure (cI2) 

where (1 1 0) and (2 0 0) spots are marked. (c) Phase contrast structure image showing 

the lattice planes when the region is oriented along [001]. (d) Electron energy loss 

spectra showing the energy loss edges correspond to Ti-L, V-L and Cr-L. The relative 

intensity indicates that Ti and Cr are present in the alloy as the minor alloying 

elements.  
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Fig. 3.11: (a) Relatively low magnification bright field micrograph showing the Laves 

phase structure in the V doped TiCr2 Laves phase with nominal composition of V-39Ti-

54Cr. The high density of the defects present in Laves phase can be identified by the 

linear contrast seen in the image. (b) Selected area electron diffraction pattern along [1 

1 1] zone axis of the specimen from a relatively defect free region of the alloy. This 

pattern has been indexed with cubic TiCr2 Laves phase of cF24 structure.  (c) zero-loss 

energy filtered phase contrast structure image showing the lattice planes along [01 1  ] 

zone axis of V doped cubic TiCr2 Laves phase. (d) Electron energy loss spectra showing 

the energy loss edges correspond to Ti-L, V-L and Cr-L. 
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calculated from the diffraction pattern turns out to be a=0.69 nm which is close to the 

reported value of pure TiCr2 cubic Laves phase. From the bright field image (figure 

3.11a) it is observed that the Laves phase grain has a high density of planar faults which 

can be ascertained from the linear contrast observed in the grain body. The EELS 

spectrum (figure 3.11d) from the grain shows the characteristics V-L, Ti-L and Cr-L 

core-loss edges. The relative intensity of the V-L edge indicates that it is present only as 

an alloying element. The elemental composition as determined from the EELS spectra is 

similar to the nominal composition of the as melted alloy. In order to determine the 

location of the V atoms in the TiCr2 Laves phase lattice high resolution imaging was 

carried out along various crystallographic orientations. One such image is given in figure 

3.11(c). High resolution image of TiCr2 Laves phase is quite complex and it can be 

quantitatively interpreted only with phase contrast image simulation. The details of which 

have been discussed in chapter 4 of this thesis.  

TEM bright field image from the V-50Ti binary alloy is given in figure 3.12(a). In 

the image periodically spaced and interlinked bright and dark striations are observed. The 

spacing between two consecutive striations is ~2-4 nm and it remains almost constant. 

The electron diffraction pattern from such a region along [012] zone axis is given in 

figure 3.12(b). The principal reflections match with the [012] pattern of a bcc phase. The 

200 and 12 1   type spots are marked on the diffraction pattern. The lattice parameter as 

calculated from the diffraction pattern turns out to be a=0.32 nm which is very close to 

the reported lattice parameter for the bcc V-Ti solid-solution phase (a=0.3165 nm). Apart 

from the principal reflections, diffused scattering in between the reflections and faint 

satellite spots are also observed in the diffraction pattern. This observation indicates that 
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the alloy is phase separated. In order to confirm the chemical nature of the phase 

separated domains EFTEM chemical mapping with V-L and Ti-L edges has been carried 

out. The EFTEM chemical map is shown in figure 3.12(c). The striations seen in the 

bright-field images of figure 3.12(a) are also observed in the chemical map. These 

observations suggest that the alloy has undergone phase separation creating a V-rich 

phase and a Ti-rich phase. Even though there is a composition modulation, both the 

phases are bcc. The EELS spectrum from the alloy is given in figure 3.12(d). In the EELS 

spectrum, characteristics V-L and Ti-L core-loss edges are observed. Composition 

determination from the EELS spectrum after background subtraction indicates that the 

nominal composition of the alloy is V-49Ti which is very close to the as-melted 

composition. Determination of chemical modulation by EFTEM at such a fine scale may 

not be confirmatory always. In order to ascertain the chemical nature of the phase 

separated domains STEM-EELS has been carried out on the striations.  

TEM bright field image and the corresponding electron diffraction pattern from 

the V-40Ti-20Cr alloy have been given in figure 3.13(a-b) respectively. In the bright field 

image alternate bright and dark striation same as that of V-50Ti alloy is observed. The 

periodicity of spacing between two consecutive bright or dark striations is ~5-6 nm. In 

the corresponding diffraction pattern along [012] zone axis, apart from the principal 

reflections, diffused scattering and faint satellite reflections are observed. In the 

diffraction pattern 200 and 12 1   type principal reflections are marked. The lattice 

parameter as calculated from the diffraction pattern turns out to be a= 0.31 nm which is 

very close to the bcc solid-solution phase of V and Ti. Morphological observation from 

the image and presence of diffuse scattering in the diffraction pattern essentially indicates  



Chapter III 
______________________________________________________________________________ 

73 

 

 

Fig. 3.12: (a) Diffraction contrast micrograph from a region of V -50Ti alloy showing 

the alternate bright and dark striations contrast typical to a phase separation 

phenomena. This has further been confirmed by the diffused intensities seen around the 

main diffraction spots in the selected area electron diffraction pattern shown in (b). The 

diffraction pattern has been indexed with [0 1 2] zone axis pattern of cI2 structure 

where (2 0 0) and (1 2 1
-
) spots are marked in the image. (c) Energy filtered TEM 

(EFTEM) micrograph acquired with Ti-L and V-L energy loss edges showing the 

relative distribution of Ti and V in the bcc matrix (d) Electron energy loss spectra 

showing the energy loss edges correspond to Ti-L and V-L. The elemental compositions 

of V and Ti calculated from the EELS profile matches quite well with the as melted 

elemental compositions. 
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Fig. 3.13: (a) Bright field micrograph from a region of V -40Ti -20Cr alloy showing the 

bright and dark striations contrast. (b) Electron diffraction pattern along [0 1 2] zone 

axis of cI2 structure showing the diffused intensities around the main diffraction spots. 

(c) Energy filtered TEM (EFTEM) micrograph acquired with Ti-L, V-L and Cr-L 

energy loss edges showing the relative distribution of Ti, V and Cr in the bcc matrix (d) 

Electron energy loss spectra showing the energy loss edges correspond to Ti-L, V-L and 

Cr-L. The elemental compositions of V, Ti and Cr calculated from the EELS profile 

matches quite well with the as melted elemental compositions. 
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Fig. 3.14(a-b): Phase contrast image and the corresponding power spectrum from V-

40Ti-20Cr alloy specimen showing the structural details from the phase separated 

domain in the nm level. The image has been taken along [1 1 1] zone axis where (1 1 0) 

and (1 0 1) spots are marked in the power spectrum.  

Fig. 3.15: STEM-HAADF image and the corresponding XEDS profile of V and Ti along 

the marked region of V-Ti alloy. Compositional modulation can be seen in the HAADF 

image which is further confirmed by the XEDS profile map.  
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phase separation in this alloy also. In order to ascertain the chemistry of the alloy and the 

compositional modulation in the alloy EFTEM and EELS has been done. The EFTEM 

chemical map and the EELS spectrum are given in figure 3.13(c-d) respectively. In the 

EELS spectrum characteristics V-L, Ti-L and Cr-L edges are observed. However, the 

EFTEM composition map striations are still observed and it appears that the alloy 

undergoes a phase separation giving rise to V-rich and Ti-rich phase.  

Fig. 3.16: STEM-HAADF image from the phase separated region of V -40Ti -20Cr 

alloy showing the compositional fluctuations along the bright and dark striations. 

(inset) EELS profile from the bright and the dark contrast region of the STEM–

HAADF image shows the intensity variation of the Ti-L and V-L energy loss edges. 

The relative intensity of the Cr-L energy loss edge remains almost constant in both the 

profiles. 
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In order to understand the interface structure of the phase separated domains in V-

40Ti-20Cr alloy specimen, high resolution phase contrast image and the corresponding 

FFT calculated are shown in figure 3.14(a-b) respectively. In the high resolution image 

alternating bright and dark contrast is still observed. However, the lattice fringes are 

continuous irrespective of the contrast. This indicates that the interface between two 

chemically modulated regions is coherent which further substantiate the phase separation 

event. The FFT indicates that the sample is oriented along [111] zone axis.  

In order to ascertain the chemical nature of the phase separated domains and for 

quantitative understanding the compositional partitioning, STEM-XEDS and STEM-

EELS have been carried out for both binary V-50Ti and ternary V-40Ti-20Cr alloys and 

shown in figures 3.15 and 3.16 respectively. In the HAADF micrographs from both the 

alloys, interconnected and regularly spaced striations are observed. This indicates 

periodic oscillation of average atomic number arising out of composition modulation 

perpendicular to the striations. For V-50Ti alloy, XEDS profile along the bright and dark 

striations confirm the presence of V rich and V poor domains. This observation confirms 

that the alloy upon solidification undergoes phase separation giving rise to V-rich and V-

poor phase separated domains. For V-40Ti-20Cr alloy, HAADF image and EELS spectra 

in the fine probe mode from two consecutive striations are given in figure 3.16. In the 

HAADF image alternating and periodically spaced bright and dark contrast is observed 

which confirms compositional modulation arising out of variation in average atomic 

number perpendicular to the striations. The EELS spectra from the striations indicate that 

the bright lamella is V-rich and the dark lamella is V-poor. The Cr-L edge is observed 

from both the lamella. This indicates that V-40Ti-20Cr alloy also undergoes phase 
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separation upon solidification giving rise to V-rich and V-poor phases and Cr atom is 

evenly distributed in both the phases. 

3.4: Discussions 

3.4.1: Metastability, energy landscape and microstructural design 

It has been mentioned in the earlier sections that V-alloys have emerged as a 

potential candidate material for various technological applications in which V-Ti-Cr and 

V-Ti-W are worth mentioning. V-Ti binary and V-Ti-Cr ternary alloys are of particular 

interest as a candidate material for hydrogen storage. However, most of the effort has 

gone towards V-4Ti-4Cr alloy. Even the interaction of this alloy with minor interstitials 

such as O, C, N has been studied in detail. It has been reported in earlier literature that the 

interstitial elements interact with the alloy above ~200 °C to either form precipitate or at 

least mobility of these interstitials are affected (Zinkle et al., 1998; Hoelzer et al., 2000; 

Muroga et al., 2002). It is important to explore other parts of the phase diagram, 

understand the phase and microstructural evolution with concomitant change in 

properties. Even though, V-Ti binary phase diagram is reasonably complete, very little 

information is available in V-Ti-Cr ternary alloy system (Ghosh, 2002). Moreover, 

phases present in the phase diagram may not result under practical processing conditions 

where the processing parameters are far from quasi-static equilibrium. Metastability is 

best defined as a kinetic hold-up of a material at a particular energy state which may not 

be the minimum possible one with respect to its composition, structure and 

microstructure. Due to the requirement of properties, several processing steps are often 

involved in the designing of a material which does not allow it to go the minimum 

possible energy state; instead, it is kinetically held up in a higher energy state. The 
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material in this state behaves as such a stable material unless an energy fluctuation is 

introduced which will make this material move over an energy barrier to the stable state 

or another metastable state. Under practical processing conditions, many metastable 

phases may appear due to the processing and service life exposure and can be understood 

only in terms of potential landscape of the material. These metastable phases may 

undergo further transformation upon heat treatment or during the service exposure. 

Furthermore, as it has been mentioned in earlier literature (Hoelzer et al., 2000; Muroga 

et al., 2002), dissolved impurities may influence the precipitation behavior and 

consequent properties. Present study is mostly oriented towards understanding the 

evolution of major constituent phases upon solidification. Minor impurity elements are 

not likely to change the evolution of major phases. It is supposed to affect the 

precipitation behavior at the later stages of heat treatment.  

3.4.2: Miedema model vis-a-vis heuristic approach and data mining of alloy design 

The basic alloy design approach can broadly be divided into four segments, 

namely heuristic approach, model based approach, data mining and ab initio calculations. 

The Hume-Rothery rule for the solid-solution formation and Inoue’s criteria for glass 

formation are some common examples of the heuristic approach whereas Pettifor 

structural map for the synthesis of intermetallic phases comes under the data mining 

approach of alloy design. Though the heuristic approach is quite reliable in predicting 

general trends of alloying behaviour but it has certain limitations as only a limited 

numbers of parameters are considered in these methods. In the present work, a model 

based thermodynamic approach has been adapted to predict the phase formation in V-Ti-

Cr alloys. Miedema approach provides a quick finger print as to how the alloy should 
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behave for practical purposes. Ghosh et al. (2012) have used Miedema’s model based 

approach for iron and early transition metal alloys in order to understand the energy 

landscape for such alloys. Bera et al. (2007) have used the same approach to access the 

stability of hydrogen storing 1:2 compounds. The same model based approach has been 

used by several authors to understand and extend a scientific basis for glass forming 

ability of different alloy systems (Basu et al., 2008; Figueroa et al., 2013; Tavoosi et al., 

2011). In the present case two states i.e. amorphous and solid-solution phases have been 

considered for all possible binaries and the ternary alloys of V-Ti-Cr systems. In case the 

liquid state of the alloy is frozen at the room temperature by cooling it down from the 

melting point, an amorphous phase will appear. On the other hand, a solid-solution phase 

may also appear in the alloy. As at ambient temperature, entropy does not play a 

dominant role in determining the free energy, enthalpy can be used as an estimate of free 

energy for all practical purposes. Atomic radii of V, Ti and Cr are 171 pm, 176 pm and 

166 pm respectively. Similarly, the binary heats of mixing as observed from table 3.2 are 

not highly negative except for Ti-Cr pair. According to Inoue’s criteria of amorphous 

phase formation, V-Ti-Cr system should not have a very high glass forming ability. It 

may form glass under very high cooling rate i.e. of the order of 106 K/s or more. On 

solidification in water cooled copper hearth, where the typical cooling rate is 10-100 K/s, 

amorphous phase in this alloy is not expected even though formation of amorphous phase 

is a thermodynamic possibility in some composition domains. As a result, amorphous 

phase has not been observed experimentally in V-Ti-Cr alloys. It has been observed from 

the Miedema approach that for V-Cr and V-Ti systems, solid-solution phase is always 

more stable than the amorphous phase over the entire composition range. However, for 



Chapter III 
______________________________________________________________________________ 

81 

 

Ti-Cr system, over ~0.2-0.7 mole fraction of Ti, amorphous phase is more stable than the 

solid-solution phase. Again due to the low glass forming ability and insufficient cooling 

rate has not resulted in amorphous phase formation. In the same composition region 

TiCr2 Laves phase is observed in the binary phase diagram. The binary heat of mixing of 

Ti and Cr being highly negative, it favors intermetallic phase formation though the 

atomic size difference between Ti and Cr are well within the limit (< 15%) of Hume-

Rothery rule. Ghosh et al. (2012) have shown that amorphous phase forming tendency is 

higher around the Laves phase composition in iron early transition metal binary and 

ternary alloy systems. Similarly, in the ternary calculations for V-Ti-Cr, it has been 

observed that around binary Laves phase region enthalpy of formation of amorphous 

phase is more negative than the solid-solution phase. Moreover, little ternary addition of 

V does not change the enthalpy of mixing significantly. As mentioned earlier, glass 

forming ability of V-Ti-Cr alloy is low and typical cooling rate that is achieved in water 

cooled copper hearth would not lead to amorphous phase formation. This necessarily 

indicates that V-Ti-Cr alloy in the vicinity of TiCr2 Laves phase would form V-

substituted Laves phase under normal cooling rates as obtained in an arc melting furnace. 

Enthalpy of formation curve for binary V-Ti and for ternary V-Ti-Cr at 0.2 mole fraction 

of Cr is convex upward. This indicates that even though the solid-solution phase is stable 

in these systems, a tendency of phase separation may be observed. From binary V-Ti 

phase diagram similar signatures are obtained. However, experimental evidence being 

scarce, the issue of phase separation is still a subject of research. Experimental evidence 

of phase separation in V-Ti-Cr system is not available in literature. However, phase 

separation in V-Ti alloys has been predicted theoretically and has been observed 



Chapter III 
______________________________________________________________________________ 

82 

 

experimentally also (Sluiter & Turchi, 1991; Suwarno et al., 2014; Koul & Breedis, 

1970a,b). Present study indicates that in absence of complete phase diagram information, 

Miedema’s thermodynamic approach could extend a finger print about phase evolution in 

alloys. It has been shown for other alloy systems before. However, the same approach is 

applicable for V-Ti-Cr alloys. 

3.4.3. Thermocalc studies of V-Ti-Cr alloys: re-validation of Miedema model 

Thermocalc modeling has also been carried out to study the phase stability in the 

binary V-Ti, Ti-Cr, V-Cr and also in ternary V-Ti-Cr system. The calculated phase 

diagrams for the binary alloys are shown in figure 3.17. All the binary calculations were 

performed using the TCBIN database. Fig 3.18 shows the calculated liquidus projection 

of the V-Ti-Cr alloys. The contours represent the phase boundaries of the iso-liquidus 

surfaces. Figures 3.19 to 3.21 show the calculated phase diagrams for the ternary system. 

The calculations were performed using the SSOL 4 database with the temperature 

varying from RT to 1100° C. The calculated phase diagrams show that, apart from the Ti-

Cr rich side, solid-solution phase is stable throughout the entire composition range. In the 

Ti-Cr rich side the primary phase field comprises of C15 Laves phase along with bcc and 

hcp solid-solution phases and beyond 900° C, C14 Laves phase also appears in the 

system. Moreover, the bcc phase field at the V-rich corner increases with the increase in 

temperature and beyond 1000° C it covers almost the entire composition range. Figures 

3.22 to 3.24 shows the calculated isopleths of V-Ti-Cr system where the phase stability 

corresponding to V-4Ti-4Cr, V-39Ti-54Cr and V-40Ti-20Cr are shown. The phase 

stability shown for these compositions are in accord with results obtained from Miedema  
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Fig. 3.17(a-c): Calculated phase diagrams for binary V-Ti, Ti-Cr and V-Cr alloy 

systems. These phase diagrams are calculated using Thermocalc Software.  

Fig. 3.18: Calculated liquidus projection of the V-Ti-Cr system. The 

contours represent the phase boundaries of the iso-liquidus surfaces. 
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Fig. 3.19: Isothermal sections from the calculated V-Ti-Cr phase diagram at 23°C, 

100°C, 200°C and 300°C. Apart from the Ti-Cr rich side, solid-solution phase is 

stable throughout the entire composition range. In the Ti-Cr rich side the primary 

phase field comprises of C15 Laves phase along with bcc and hcp solid-solution 

phases. 
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approach assuming the amorphous phase cannot form at the cooling rate of 10-100 K/s 

accessible in water cooled copper hearth of the arc-melting unit. 

3.4.4: Pettifor structure map approach in V-Ti-Cr system: 

Pettifor structure map approach comes under the data mining category of alloy 

design which brought new insights in predicting the structure of binary and pseudo-

binary intermetallics. In a series of phenomenal works, D.G. Pettifor (1986, 1988) re-

defined the Hume-Rothery approach of alloy formation and introduced a unique chemical  

Fig. 3.20: Isothermal sections from the calculated V-Ti-Cr phase diagram at 400°C, 

500°C, 600°C and 700°C. The bcc phase field at the V rich corner increases with the 

increase in temperature. 
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scale which captures a fourth factor of bond orbital instead of various independently 

variable factors such as size, electronegativity and valence. According to this approach, 

each of the elements in the periodic table have been assigned a unique phenomenological 

co-ordinate, called the Mendeleev number (M), determined by running a one dimensional 

string through the two dimensional periodic table as shown in figure 3.25. With pulling 

the ends of the string apart, all the elements of the periodic table order along a one-

dimensional axis. The sequence of this ordering is maintained by M. Moreover, it is also  

Fig. 3.21: Isothermal sections from the calculated V-Ti-Cr phase diagram at 

800°C, 900°C, 1000°C and 1100°C. C14 Laves phase have also started to appear 

from 900°C onwards. 
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Fig. 3.22: Isopleths of the ternary V-Ti-Cr system showing the stable phases keeping 

the Ti concentration fixed at 4 at% in (a) & (c), and Cr concentration fixed at 4 at% in 

(b). 

Fig. 3.23: Isopleths of the ternary V-TI-Cr system showing the stable phases keeping 

the (a) Ti concentration fixed at 38 at%; (b) & (c) V concentration fixed at 7 at%.  
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Fig. 3.24: Isopleths of the ternary V-Ti-Cr system showing the stable phases keeping 

the (a & c) Cr concentration fixed at 20 at%; (b & e) Ti concentration fixed at 40 at%; 

(d & f) V concentration fixed at 40 at%. 
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possible to order the structures of the binary compounds with a given stoichiometry AmBn 

within a two dimensional structure map (MA, MB). The sequence of the string was chosen 

in such a fashion that it provides the best structural separation for binary compounds with 

stoichiometries AB, AB2, AB3, AB4, AB5, AB6, AB11, AB12, AB13, A2B3, A2B5, A2B17, 

A3B4, A3B5, A3B7, A4B5 and A6B23 respectively. Hence to ensure that the binary 

compounds with similar types of structures positioned in the similar region of the 2D 

structure map, quite a few situations arise where elements with neighbouring atomic 

numbers could have different Mendeleev numbers and elements with two consecutive 

Mendeleev numbers may be positioned far apart in periodic table. For example, the 

Mendeleev number string of the rare earths (M = 20-33) runs in the reverse order of their 

atomic numbers and Y (M = 25) is placed in the middle of the chain. Two divalent rare 

earths Yb (M = 17) and Eu (M = 18) was separated out from the rare earth family and 

placed with Ca and Sc with Mendeleev numbers 16 and 19 respectively. Be and Mg 

shifted from group IIA to IIB respectively (Ranganathan & Inoue, 2006).  Pettifor (1988) 

had also showed that the binary structure map can be extended for the ternary and 

quaternary alloys also by considering them as pseudo-binary compounds. The quaternary 

alloy of (AxC1-x)m(ByD1-y)n with binary structure AmBn can be considered a pseudo binary 

compound with redefined Mendeleev number as, 

MMMMMM DBBCAA
yyandxx )1()1(

**
  

With the redefined M, the pseudo-binaries are found to fall in same region of that of the 

pure binaries and have been verified with a number of compounds by several researchers. 

Present section deals with the phase and structure evolution in binary Ti-Cr, V-Ti, V-Cr 

and ternary V-Ti-Cr alloy systems with the aid of Pettifor structure map approach. 
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As it is seen in figure 3.25, the assigned Mendeleev numbers for Ti, V and Cr are 

51, 54 and 57 respectively. However, for these three set of elements their assigned group 

remains same with that of the periodic table. Ohta and Pettifor (1992) in their classic 

work described the structure map for the AB2 transition metal compounds to analyze the 

roles played by atomic size and electronic factors in stabilizing the transition metals 

Laves phase. As can be seen from the map in figure 3.26, TiCr2 Laves phase stabilizes as 

C15 (cF24) structure with prototype of MgCu2. In the similar context it would have been 

interesting to study the structural stability of the earlier studied V substituted TiCr2 Laves 

phase of 7V-38Ti-55Cr alloy composition. By considering that V would substitute Ti 

from its regular lattice site, the ternary intermetallics compound (Ti0.85V0.15)Cr2 can be 

considered a pseudo binary compound with modified Mendeleev numbers as, 

MTi = (0.85 x 51) + (0.15 x 54) = 51.45 and MCr = 57; 

From the above calculations it is very much evident that V substituted TiCr2 Laves phase 

co-exists with TiCr2 phase in the same region of the structure map and structurally 

stabilized as C15 Laves phase. However, successful implementation of this approach for 

ternary and quaternary alloys demands a prior knowledge of specific site substitution 

behaviour of the constituent elements. 

The crystal structure prediction map for the binary compounds with AB 

stoichiometry is shown in figure 3.27. A careful look into the map predicts the stability 

for cubic cI2 structure for the binaries of V-Ti and V-Cr alloys with the prototype 

structure of W and the region has been marked in the image itself. In this particular plot, 
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all the intermetallic binary alloys constitute the data sets and the descriptors are the 

chemical scales as assigned by Pettifor for each individual element.  

More recently with the advent of efficient and accurate theoretical tools and 

inexpensive computers a rapid surge can be seen in the area of computational materials 

science or high throughput (HT) computational materials design (Curtarolo et al., 2013; 

Morgan et al., 2005). It combines the computational quantum-mechanical-

thermodynamic approaches along with the multitude of techniques for database 

construction and intelligent data mining. A successful combination of Pettifor structure 

map and high throughput computational materials design not only brings out more 

sophistication in the predictability of binary intermetallics properties but it also made it 

possible to perform massive analyses in binary systems. Curtarolo et al (2013) 

demonstrated the HT analysis of binary intermetallics where the descriptor is the ordering 

tendency of the binary alloy mixtures as shown in figure 3.28. All the elements in this 

map are ordered by Pettifor scale of Mendeleev numbers. In this map the top left triangle 

describes the ordering tendency of the mixtures and the bottom right triangle shows a 

relative comparison between calculation and experimental results. It is interesting to note 

that for binary V-Ti alloy, this map predicts complete immiscibility and for which both 

calculation and the experiment agrees. This is in support of the thermodynamic 

calculations for V-Ti system shown earlier. However, for Ti-Cr and V-Cr systems it 

predicts formation of binary mixtures.                                     
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Fig. 3.25: Modified periodic table as described by Pettifor with the assignments of 

Mendeleev numbers to each of the elements using a one-dimensional string in a sequential 

manner. 

Fig. 3.26: The structure map for the AB2 transition metal compounds. 
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 Fig. 3.27: Structure map for the binary compounds. The domain with the compounds of 

cI2 structure is marked in the map itself. Binary V-Ti and V-Cr alloys fall in this 

domain.  
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 Fig. 3.28: High throughput analysis of the binary intermetallics (Curtarolo et al., 2013). 

Top left triangle shows the ordering tendency of the alloy mixtures and the bottom right 

triangle indicates the agreement between the high throughput calculation and 

experimental results. For V-Ti system, it predicts the non mixing of the alloying elements 

for which HT and experiments agrees.    



Chapter III 
______________________________________________________________________________ 

95 

 

3.5: Conclusions 

According to Midedema’s approach V-Ti-Cr alloys in the V-rich side of the phase 

diagram should form a solid-solution phase, compositions close to the binary TiCr2 Laves 

phase composition should form amorphous phase or intermetallic phase. Binary V-Ti and 

ternary V-Ti-Cr alloys with 0.2 mole fraction Cr should form solid-solution phase, with 

phase separation tendncy. Arc melted alloys and their microstructural characterization 

establishes the validity of Miedema approach in assessing the phase evolution in V-Ti-Cr 

alloys. Miedema model predicts the stability of a solid-solution phase for the V-rich 

corner of the phase diagram. bcc solid-solution phase has been experimentally observed 

in V-4Ti-4Cr alloy. In accordance with Miedema calculation for the phase stability in V-

39Ti-54Cr alloy composition, a V-substituted cubic TiCr2 Laves phase has been observed 

to form in the alloy. According to Miedema calculation, solid-solution phase is more 

stable than the amorphous phase over the entire composition range in binary V-Ti and 

ternary V-Ti-20Cr alloy systems. Moreover, solid-solution phase with almost equimolar 

composition of V and Ti should show phase separation. Phase separation has been 

experimentally observed in both the alloys. It has been proved by STEM-EELS that a 

composition modulation occurs in terms of V and Ti in the phase separated domains. Cr 

essentially does not take part in the phase separation process in V-Ti-Cr alloy. Even 

though the alloy is ternary, the phase separation event is binary. The interfaces between 

the chemically modulated lamella are perfectly coherent. However, the present chapter 

also poses certain fundamental questions which require critical attention.  

(i) Thermodynamic calculations as well as electron microscopy studies confirm that V-

39Ti-54Cr alloy stabilizes in a Laves phase structure, where V dissolves in the Laves 
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phase matrix and be termed as V-doped TiCr2 Laves phase. However, it remains 

questionable whether V atoms occupy any independent positions in the matrix and 

stabilizes as a ternary Laves phase or it substitutes either Cr or Ti or both atoms from 

their regular lattice sites. In the later case it will essentially be stabilizes as a pseudo-

binary Laves phase.  

(ii) It is well established from the present work that binary V-50Ti alloy and ternary V-

Ti-Cr alloy with 20 at% of Cr show a phase separation tendency over solidification. 

However, the phase separation event in the as solidified alloy is not complete due to 

kinetic constraints and requires systematic heat treatment to complete the transformation. 

The mechanism of the phase separation event i.e. whether the transformation is governed 

by the Spinodal decomposition or dominated by the nucleation and growth kinetics is 

another interesting aspect and requires detailed investigations.  

(iii) Phase contrast and Z contrast microscopy coupled with spectroscopic investigations 

confirm the chemical partitioning in the binary V-50Ti and ternary V-40Ti-20Cr alloy 

which manifests as a periodic Ti lean and Ti rich domains. Moreover, significant 

probability exists that this composition modulation can act as a driving force and initiate 

further phase transformation reactions in the phase separated domains of the alloy.  

Systematic diffraction contrast and phase contrast microscopy studies with the aid of 

multislice image simulation along different zone axis of the specimen can only detect the 

phase transformational reactions in the nm scale.    

Sincere efforts have been made in the following chapters to answer these 

questions.   
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Chapter IV 

Structure Imaging and Vanadium Substitution in Cubic TiCr2 Laves  

Phase 

 

 

4.1:  Introduction 

In previous chapter it has been already discussed that for ternary V-Ti-Cr system 

enthalpy of formation of the amorphous phase is more negative than the solid solution 

phase in the vicinity of TiCr2. As at the lower temperature enthalpy dominates over 

entropy so far free energy is concerned, it can be concluded in that composition range 

other intermetallic phases may form, as the amorphous phase is metastable in nature. An 

alloy with nominal composition from that particular domain was chosen at Ti-55Cr-7V. It 

was confirmed experimentally that this particular alloy composition solidifies as Laves 

phase. However, questions on the nature of the Laves phase remained to be answered: (i) 

being a highly stoichiometric compound, can TiCr2 Laves phase accommodate 7 at% of 

V, and (ii) is this a ternary Laves phase or a pseudo-binary Laves phase where V atoms 

substitute at either Ti-sites or Cr-sites. The present chapter addresses the phase stability 

of Ti-55Cr-7V Laves phase composition and preferential site substitution behavior of V.  

From the perspective of the electron microscopy techniques, present chapter also 

discusses about the single column chemistry determination through high resolution 

electron microscopy. It is worth mentioning that development of microscopy techniques 

and instrumentation has kept pace with the needs of materials characterization in order to 

understand the atomistic origin of properties (Smith, 2012). It is possible to image 

complex structures at atomic scale and determine its chemistry by application of suitable 
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spectroscopic techniques. Over last two decades scanning transmission electron 

microscopy (STEM) coupled with electron energy-loss spectroscopy (EELS) or X-ray 

energy dispersive spectroscopy (XEDS) has been developed and successfully 

implemented to image complex structures at atomic scale with simultaneous 

determination of chemistry (Browning and Pennycook, 1996; Browning et al., 1998; 

Pennycook et al., 1999). Alternatively, high resolution phase contrast imaging coupled 

with energy filtering and image simulation can also be a viable technique to characterize 

complex structures and its chemistry at atomic scale. Even though, understanding the 

image contrast and interpretation of data are difficult in case of phase contrast imaging, 

there are certain advantages depending on the structure under consideration. Application 

of phase contrast imaging to characterize complex structures at atomic scale is limited. In 

the present chapter, V-substituted TiCr2 cubic laves phase has been characterized by 

energy-filtered phase contrast imaging coupled with image simulation to understand the 

order of the alloy (binary or ternary) as well as the site-specificity of the V atom in the 

lattice. Further, a novel approach has been proposed to characterize such complex 

structures at atomic scale where difference in atomic number among the constituent 

elements is very small. 

4.2: Structure imaging of V- substituted TiCr2 Laves phase 

4.2.1: Zero-loss phase contrast microscopy studies of the alloy 

V-substituted cubic TiCr2 Laves phase has been synthesized by arc melting a V-

Ti-Cr alloy with nominal composition Ti-55Cr-7V (composition is expressed in at %) in 

high-purity argon atmosphere on a water cooled copper hearth, starting from elemental V, 
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Ti and Cr (>99.9% purity). Details of the alloy melting and TEM specimen preparation 

methods have been already described in chapter 2.   

TEM bright-field image of the as-melted alloy along with the diffraction pattern 

and the EELS spectrum are shown in figure 4.1(a-c). The bright-field micrograph shows 

a typical Laves phase grain embedded in the matrix. There is a high density of defects in 

the Laves phase as can be confirmed from the linear contrast in the grain body. The 

Laves phase grain is irregular in shape. The diffraction pattern from a defect-free region 

of the same grain along B= [111] zone axis is shown in figure 4.1(b). The lattice 

parameter as calculated from the diffraction pattern is a=0.69 nm which is very close to 

the reported lattice parameter for pure TiCr2 cubic Laves phase (ICDD # 050-1106). In 

the EELS spectrum, figure 4.1(c), characteristic core-loss edges for V, Ti and Cr can be 

observed. The characteristics L-edges of V, Ti, Cr appear at 512 eV, 454 eV and 574 eV 

respectively. The core-loss near edge spectra of the V-L edge indicates that it is present in 

the TiCr2 lattice as a minor alloying element. Quantification of the EELS spectrum 

indicates the composition of the phase as Ti-54Cr-7V (Composition in at%), which is 

very close to the as melted composition. A defect-free area on the grain body was 

selected for the zero-loss high resolution imaging in energy filtered TEM mode. The 

same grain was oriented along B=[01 1  ] direction for phase contrast imaging. This 

particular zone axis was chosen since individual Ti and Cr atom columns are observable 

in this direction. The zero-loss phase contrast image from a defect free area of the Laves 

phase grain is shown in figure 4.2. In case of zero-loss energy-filtered TEM imaging 

(FWHM of Zero-loss peak = 0.65 eV at 300 kV) only the elastically scattered electrons  
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Fig. 4.1: (a) TEM bright-field image (b) diffraction pattern along B=[111] from a relatively 

defect free region (c) EELS spectra from the Laves phase region of the specimen.  
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contribute to the image formation. Hence the contrast of the image improves due to the 

absence of inelastically scattered electrons. In the recorded image the fringe pattern is 

quite regularly observed. However, the Moiré contrast at the bottom right corner of the 

image comes due to the presence of the solid solution phase underneath the Laves phase 

Fig. 4.2: Zero-loss (ΔE=0.65 eV) phase contrast image of cubic V-doped TiCr2 Laves 

phase along B= [01 1  ] direction. Regions marked as ‘A’ and ‘B’ has been analyzed 

further in order to understand the contrast and the location of V atoms. 
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in that region. The regions marked ‘A’ and ‘B’ in the image, which are free from Moiré 

contrast were chosen for quantification of lattice planes and understanding the contrast. 

Higher magnification image of the region ‘A’ as shown in figure 4.2 along with 

the projected structure of cubic TiCr2 Laves phase along [01 1  ] direction are given in 

figure 4.3(a-b) respectively. In the image regularly spaced bright atom column like 

contrast is observed. The {111}, {200}, {220} and {311} planar spacings as measured 

from the experimental image turn out to be 0.445 nm, 0.365 nm, 0.262 nm and 0.225 nm 

respectively. The experimentally measured planar spacings match quite closely with the 

reported values for pure TiCr2 cubic Laves phase (ICDD # 050-1106). The reported 

values are marked on the projected image. The deviation of the planar spacings from the 

reported values could be explained in the light of V addition in the lattice. However, 

when the traces of planes are superimposed on the projected structure, it is observed that 

quite a few atom columns are systematically missing. It is seen from the projected 

structure image and from the traces of the planes that only a fraction of the Cr atom 

columns are being imaged. Quite a few Cr atom columns and all the Ti atom columns are 

missing from the image. As the phase contrast image is not directly interpretable and 

bright contrast does not necessarily mean the presence of atom columns, it can only be 

used for intuitive understanding. 

Higher magnification image of the region ‘B’ as marked in figure 4.2 along with 

the corresponding projected TiCr2 cubic Laves phase structure are given in figure 4.4(a-

b) respectively. Even though all the experimental images as given in figures 4.3(a) and 

4.4(a) are captured under same experimental conditions, the qualitative appearance of the  
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Fig. 4.3: (a) Higher magnification zero-loss phase contrast image of V-doped TiCr2 

Laves phase along B= [01 1  ] direction as marked ‘A’ in figure 4.2. (b) Projected 

structure of cubic V-doped TiCr2 Laves phase along [01 1  ]. The entire structure can 

be described by the periodic repetition of the unit shown in red. Lattice planes along 

with the measured d-spacings are overlaid on the experimental image. Traces of same 

lattice planes are shown on the projection in (b). 

Fig. 4.4: (a) Higher magnification zero-loss phase contrast image of V-doped TiCr2 

Laves phase along B= [01 1  ] direction as marked ‘B’ in figure 4.2.  (b) Projected 

structure of cubic V-doped TiCr2 Laves phase along [01 1  ]. Lattice planes along with 

the measured d-spacings are overlaid on the experimental image. Traces of same lattice 

planes are shown on the projection in (b). 
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image in figure 4.4(a) is quite different. The trace of {111} and {220} planes are shown 

on the image and they are measured as 0.47 nm and 0.26 nm respectively. The deviation 

from the reported values which are given in figure 4.4(b) can be attributed to alloying 

with V. However, when the same planes are traced on the projected structure, it is seen 

that almost all the Ti columns are being imaged and none of the Cr columns are being 

imaged. Such intuitive understanding cannot be used as a confirmatory proof for phase 

contrast images and more so for a complicated structure like cF24 cubic Laves phase.  

4.2.2: Effect of channelling behavior: Site specific atomic contrast generation 

In order to understand the contrast and match the phase contrast image with the 

structure of cubic TiCr2 Laves phase, multislice simulation was carried out for the same 

structure under similar experimental conditions. C15 cubic TiCr2 Laves phase has a 

lattice parameter a=0.6932 nm. Its space group is Fd 3  m. C15 phase has eight ‘a’ type 

positions and sixteen‘d’ type positions. The atomic positions are (000) and (0.625, 0.625, 

0.625) respectively. In order to simulate the results, pure TiCr2 lattice has been generated 

within the JEMS software (Stadelmann, 1987) by symmetry operation of the point groups 

using the crystallographic information available in Pearson’s handbook (Villars, 1997). 

The high resolution images have been simulated under varying thickness and defocus 

condition by multislice method. The thickness-defocus map for the cubic TiCr2 Laves 

phase along [01 1  ] direction is given in figure 4.5. The experimental images were 

captured close to Scherzer defocus which is ~-36 nm under 300 kV acceleration voltage 

and Cs=0.65 mm. It is observed that there is a considerable change in contrast with the 

change in defocus and thickness. Close to Scherzer defocus and at ~15 nm thickness, 
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bright atom contrast from some Cr atom columns is observed and the jagged linear 

contrast from in between the columns comes from the Ti columns and some Cr columns. 

Under this imaging condition, it is not possible to identify the Ti column position 

uniquely. With the increase in thickness the bright contrast from the Cr columns become 

stronger and all the Ti columns and some Cr columns do not give rise to any contrast. At 

~30-40 nm thickness both Ti and Cr columns are imaged. At ~40-50 nm thickness bright 

contrast from only the Cr atom columns is observed. At ~50 nm thickness and above, 

bright contrast is generated from the Ti column doublets and almost none of the Cr 

columns are imaged. There is a very small window of defocus and thickness (Δf~ -30 to -

35 nm, t~ 30-40 nm) where both the columns are imaged. 

Higher magnification image from the region ‘A’ as shown in figure 4.2 along with 

the FFT from the same region, the simulated image and the projected structure are given 

in figure 4.6(a-d) respectively. The image simulated close to Scherzer defocus at ~ 25 

nm, at ~ 45 nm thickness matches with experimental image. It is obvious from the 

projected structure that only some of the Cr atom columns are imaged under such 

experimental condition and all the Ti columns are missing. The FFT from the 

experimental image shows that the region is oriented along B=[01 1  ]. Similarly, high 

magnification experimental image from region ‘B’ as shown in figure 4.2 along with the 

FFT from the same region, the simulated image and the projected structure are given in 

figure 4.7(a-d) respectively. It is obvious from figure 4.7 that the experimental image 

matches with simulated image close to Scherzer defocus and above 50 nm thickness. 

Under this imaging condition only the Ti doublets are being imaged as seen in the 
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projected structure. The FFT from the experimental image confirms B=[01 1  ] 

orientation in this region also. High resolution phase contrast images are quite sensitive to 

tilt. Misorientation could lead to change in contrast (Malm and O’Keefe, 1997). FFT 

from both the regions indicate that they are oriented along B=[01 1  ] direction. The 

change in contrast is not due to misorientation or local bending of the sample. It is clear 

that TiCr2 cubic Laves phase all the atom columns can be imaged over a very narrow 

window of thickness and defocus which might not be always possible to achieve 

experimentally. However, Ti and Cr atom columns can be imaged separately by varying 

the thickness and defocus.  In order to experimentally validate the simulated contrast and 

rule out the possibility of local bending, zero-loss high resolution images have been 

recorded from different regions of Laves phase. The experimental zero-loss high 

resolution phase contrast image in Figure 4.8(a) has been recorded from some defect free 

region of the Laves phase grain oriented along B=[01 1  ] direction close to Scherzer 

defocus. The FFT from the same region confirms that the region is oriented along B= 

[01 1  ] direction. Under this imaging condition only Cr atom columns are imaged. The 

experimental image in the Figure 4.9(a) has been recorded from a different region of the 

grain close to Scherzer defocus. The image contrast is quite different due to the change in 

thickness. Comparison with the simulated image indicates that the local thickness in this 

region is ~ 30-40 nm. Under this condition both Ti and Cr atom columns are imaged. 

However, the FFT indicates that the region is oriented along B= [01 1  ]. This further 

confirms that the sample is not locally bent nor the change in contrast is due to     
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 Fig. 4.5: Simulated defocus-thickness map of cubic TiCr2 Laves phase along B= [01 1  ] 

by multislice method. Cubic TiCr2 structure is also projected on the simulated image at 

lower and higher thicknesses. Accelerating voltage = 300 kV, Cs = 0.65 mm and 

ΔE=0.65 eV. 
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Fig. 4.6: (a) Zero-loss phase contrast image along B = [01 1  ] from the region ‘A’ as 

marked in Fig 4.2. (b) FFT from the same region (c) Simulated image of cubic TiCr2 

Laves phase (d) Overlay of the projected structure on the simulated image. Under 

this experimental condition, only the Cr-atom columns are imaged. 

Fig. 4.7: (a) Zero-loss phase contrast image along B = [01 1  ] from the region ‘B’ as 

marked in Fig 4.2. (b) FFT from the same region (c) Simulated image of cubic TiCr2 

Laves phase (d) Projected atomic structure on the simulated image for Ti-atom 

columns. 
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Fig. 4.8: (a) Zero-loss high resolution image from V substituted TiCr2 Laves phase along 

B = [01 1  ]. (b) FFT from the same region (c) Simulated image along the same direction 

(d) Projected atomic structure on the simulated image for Cr-atom columns.  

Fig. 4.9: (a) Zero-loss high resolution image from V substituted TiCr2 Laves phase along 

B = [01 1  ]. (b) FFT from the same region (c) Simulated image along the same direction 

(d) Projected atomic structure on the simulated image for Ti-atom columns.  
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misorientation. The experimental image in Figure 4.10a has been recorded from a 

different region of the same grain.  The image has been recorded close to Scherzer 

defocus. In this image only the Ti doublets are observed. The FFT indicates that the 

region is oriented along B=[01 1  ]. The change in contrast and the appearance of the Ti 

doublets is due to the local change in thickness. In this case the local thickness is ~ 50 nm 

or above which is in accordance with the thickness determined by intensity log ratio 

method in EELS.  

Fig. 4.10: (a) Zero-loss high resolution image from V substituted TiCr2 Laves phase 

along B = [01 1  ]. (b) FFT from the same region (c) Simulated image along the same 

direction (d) Projected atomic structure on the simulated image for Ti-atom columns.  
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4.3: Determination of V atom location: Electron intensity profile calculation of the 

atomic column contrast 

It has been mentioned earlier and substantiated by electron energy loss 

spectroscopy that V is present in this phase as an alloying addition. Till now, by 

experimental zero-loss phase contrast imaging and simulation, the Ti and the Cr atom 

columns have been identified and matched with the pure TiCr2 cubic Laves phase 

structure. In order to find out the location of V atoms, intensity profiles in the 

experimental and in the simulated images were compared in detail. The experimentally 

observed and simulated intensity profiles from the Cr atom columns along with the 

respective images are given in figure 4.11(a-d). The intensity profiles from the Cr atom 

columns as given in figure 4.11(d) indicates that ideally the intensities should sharply 

peak at the column position. These peak positions could be treated as the position of the 

atom columns and the separation between two subsequent peaks should reflect the 

separation between two Cr atom columns. The separation between two consecutive Cr-

atom columns is ~ 0.49 nm. The nature of the intensity distribution should match with the 

experiment. Experimentally observed profile is given in figure 4.11(b). The nature of the 

profile indicates that the Cr atom columns are pure and atomic scale strain resulting into 

positional shift is not observed. However, the spacing between two consecutive Cr-atom 

column is ~ 0.45 nm. The difference between the experimentally observed and simulated 

spacing is ~ 8.16%. Similar intensity profiles from experimental and simulated images 

for Ti doublets are given in figure 4.12(a-d). As expected, the intensity profile from the 

simulated images shows a split at each peak position indicating the presence of Ti 

doublets. However, when it is compared with the experimental image, in some positions 
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the split is not quite regular and commensurate with the simulated one. As observed from 

the simulated image and the intensity profile, the spacing between two Ti atoms in a 

single doublet and the spacing between two consecutive doublets are ~ 0.27 nm and ~ 

0.82 nm respectively. However, similar spacings in the experimental image are ~ 0.35 nm 

and ~ 0.91 nm respectively. The experimentally observed spacing between two 

consecutive Ti atoms in a single doublet is ~ 29.6% different from the simulated pattern, 

whereas the experimentally observed spacing between two consecutive Ti doublets is ~ 

10% different from the simulated pattern. This could be attributed to the fact that V atoms 

preferentially occupy the Ti positions. Due to small variation in atomic radius between Ti 

and V, atomic scale strain is introduced in the lattice, as a result of which the split is 

enhanced. It could be further concluded that the introduction of V atom in the Ti sub-

lattice changes the spacing between two consecutive Ti atoms in a single doublet. 

However, the average spacing between two consecutive doublets remains almost same. It 

is worth mentioning that the observed difference between the experimental and simulated 

intensity profiles is partially due to atomic scale strain and partially due to the 

experimental uncertainty. It is worth mentioning that introduction of V atom into the sub-

lattice introduces a static displacement field, as well as the dynamic displacement field 

also gets modified as the phonon behavior of V is different from that of Ti. As the image 

is time averaged with respect to phonon scattering, it is not possible to distinguish them at 

this moment. Similar Ti and Cr profiles have been generated from different regions of the 

Laves phase oriented along the same direction.  
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 Fig. 4.11: (a) Experimental zero-loss phase contrast image from the region ‘A’ as 

marked in figure 4.2 (b) Intensity profile along the line drawn on the image (c) 

Simulated image of cubic TiCr2 Laves phase along B=[01 1  ] and (d) the intensity in the 

simulated image along the line drawn on the image. Nature of intensity distribution 

matches quite well in the experimental and in the simulated image. 
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 Fig. 4.12: (a) Experimental zero-loss phase contrast image from the region ‘B’ as 

marked in figure 4.2 (b) Intensity profile along the line drawn on the image (c) 

Simulated image of cubic TiCr2 Laves phase along B=[01 1  ] and (d) the intensity in the 

simulated image along the line drawn on the image. Nature of intensity distribution is 

quite different in the experimental and in the simulated image which could be 

attributed to induced strain due to alloying with V. 
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Fig. 4.13: (a) Experimental zero-loss high-resolution image of V-substituted cubic TiCr2 

Laves phase oriented along B= [01 1  ] zone axis. (b) Intensity profile along Cr columns 

in the experimental image (c) Simulated image of V-substituted cubic TiCr2 Laves phase 

under similar thickness-defocus condition. (d) Intensity distribution along the Cr-atom 

columns in the simulated image. 
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Fig. 4.14: (a) Experimental zero-loss high-resolution image of V-substituted cubic TiCr2 

Laves phase oriented along B= [01 1  ] zone axis. (b) Intensity profile along Cr columns 

in the experimental image (c) Simulated image of V-substituted cubic TiCr2 Laves phase 

under similar thickness-defocus condition. (d) Intensity distribution along the Cr-atom 

columns in the simulated image. 
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Fig. 4.15: (a) Experimental zero-loss high-resolution image of V-substituted cubic TiCr2 

Laves phase oriented along B= [01 1  ] zone axis. (b) Intensity profile along Ti columns 

in the experimental image (c) Simulated image of V-substituted cubic TiCr2 Laves phase 

under similar thickness-defocus condition. (d) Intensity distribution along the Ti-atom 

columns in the simulated image. 
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Fig. 4.16: (a) Experimental zero-loss high-resolution image of V-substituted cubic TiCr2 

Laves phase oriented along B= [01 1  ] zone axis. (b) Intensity profile along Ti columns in 

the experimental image (c) Simulated image of V-substituted cubic TiCr2 Laves phase 

under similar thickness-defocus condition. (d) Intensity distribution along the Ti-atom 

columns in the simulated image. 
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 Fig. 4.17: (a) Experimental zero-loss high-resolution image of V-substituted cubic TiCr2 

Laves phase oriented along B= [01 1  ] zone axis. (b) Intensity profile along Ti columns 

in the experimental image (c) Simulated image of V-substituted cubic TiCr2 Laves phase 

under similar thickness-defocus condition. (d) Intensity distribution along the Ti-atom 

columns in the simulated image. 
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Experimental and simulated images from two different regions from the same Laves 

phase oriented along the same direction along with the intensity distribution profiles are 

given in figures 4.13(a-d) and 4.14(a-d) respectively. In both the images only the Cr atom 

columns are imaged. It is seen from the above figures that intensity distribution along the 

Cr atom columns in the experimental image is quite similar to the simulated image. The 

spacing between two consecutive Cr atom columns is also quite similar to the ideal value. 

Similar set of experimental and simulated images along with the intensity profile from 

another region is given in figure 4.15(a-d). Under this condition only Ti columns should 

be imaged. It has been observed that the experimentally observed intensity profile is quite 

different from the simulated profile. In the experimental profile the split due to the 

presence of the doublets is not observed quite often. This difference is attributed to the 

presence of atomic scale strain in the lattice due to the V substitution. Similar types of 

analysis are shown in Figures 4.16(a-d) and 4.17(a-d) also in order to increase statistical 

reliability of the results.  

4.4: First principles calculation of dopant formation energy in cubic TiCr2 structure 

To understand as to which site (i.e., Ti or Cr) the dopant (V) would prefer to 

occupy, first principles calculations were carried out. The first-principles computation is 

performed within the framework of density functional theory (DFT), using the projector 

augmented wave method as implemented in the Vienna ab initio simulation package 

(Kresse and Hafner, 1994; Kresse and Furthmuller, 1996a, b). In the present spin 

polarized calculations, the exchange correlation interaction is treated within the 

generalized gradient approximation (GGA) using the Perdew-Burke-Ernzerhoff (PBE) 

function (Perdew et al., 1996). The electronic wave functions were expanded in a plane 
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wave basis with a cut off energy of 500 eV. The relaxation of atomic positions and 

optimization of lattice parameters are performed by the conjugate gradient method. The 

atomic positions are relaxed until the maximum component of the force on each atom is 

smaller than 0.02 eV/Å. The Brillouin zone sampling was done using a Monkhorst-Pack 

mesh of 4 x 4 x 4, to achieve the convergence within 0.1 meV per formula unit.  

The calculated reduced cell lattice parameter (0.486 nm) for pure TiCr2 is in good 

agreement with the corresponding experimental values (0.49 nm) (ICDD # 050-1106).  

To calculate the dopant formation energies V is substituted either in the Ti or the Cr site 

in a 48-atom supercell. Introduction of the dopants at the Ti or the Cr sites preserved the 

cubic symmetry of the overall supercell at the dopant concentration considered. Owing to 

the large size of the V, interstitial doping was not considered here. 

The energetics of dopant formation, 
f

DE , at 0 K is defined as (Sharma et al., 2013), 

HD
HostDopedf

D EEE  
 

where 
DopedE  and 

HostE  are the respective DFT energies of the doped and host 

(undoped) supercells. D   and H   are the elemental chemical potentials of the dopant 

and the replaced host atoms, respectively. 

The calculated dopant formation energies for both the Ti (0.29 eV) and the Cr 

(0.40 eV) site substitutions suggest that V prefer to replace Ti. It has been reported earlier 

that the stability and the location of a dopant is mainly governed by the mismatch in the 

atomic size and oxidation state of the dopant with respect to the host (Sharma et al., 

2013). In case of V substituted TiCr2, the host and dopant atoms are similar in radii and 
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their oxidation state is also similar. Under this condition, it is the defect formation energy 

that determines the substitution site.  

4.5: Interfacing microscopy with materials structure and chemistry 

It has been mentioned earlier that Laves phases are a class of intermetallic 

compounds with interesting properties and technological promise. The properties of such 

phases could be tailored by modification of structure and chemistry. The detrimental 

effects imparted in materials by uncontrolled precipitation of Laves phases are strongly 

correlated with the structure, defects and interfaces. The Laves phase precipitation causes 

the removal of solutes from the matrix, which results in loss of strength and corrosion 

resistance. Being a hard intermetallics phase, they further affect the movement of the 

dislocations too and hence the mechanical properties. Complete understanding of 

structure, defects, interfaces and chemistry could pave the pathway for novel materials 

design. V-substituted TiCr2 cubic Laves phase is an important material for energy 

conversion and storage applications. However, insight developed from this study could 

be extended to other Laves phase forming compositions. In the subsequent sections 

insight developed from this study will be discussed with respect to TiCr2 Laves phase and 

it would be extended to this class of materials as a whole.  

Over the last couple of decades, there has been a constant effort to design novel 

materials with exciting combination of properties. It was realized quite early that in order 

to achieve this goal, understanding the physics of materials phenomena and chemistry at 

atomic scale is extremely important (Gronsky, 1988). Towards that direction, several 

microscopy techniques have been developed to interface with the requirement from the 

materials science community. As of today most widely used technique to understand 
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structure and chemistry of materials at atomic scale is STEM combined with EELS or 

XEDS (Dickey et al., 1999). Several pure and doped complex oxide materials have been 

studied successfully by this technique (Browning and Pennycook, 1996; Browning et al., 

1998; Dickey et al., 1999; Pennycook et al., 1999). During incoherent imaging of 

complex oxides, heavier cations act as strong scattering centers while the relatively 

lighter oxygen anions scatter weakly. So the image contrast is mostly dominated by the 

scattering from the cations. In this technique, even though the oxide structure is complex 

only the cation sub-lattice is imaged. The scattered intensity from the cation sub-lattice is 

directly proportional to the square of the atomic number of the cations. Such images are 

directly interpretable as the contrast develops based on the atomic number of the cations 

only. V-substituted TiCr2 Laves phase is quite different in nature from the complex 

oxides. The atomic numbers of V, Ti and Cr are pretty close and all of them will scatter 

almost equally. As a result differential contrast as is generated in a complex oxide will 

not happen for V-substituted TiCr2 phase. Direct interpretation of image contrast from 

such phases is extremely difficult, if not impossible. Moreover, single-atom column 

chemistry by EELS or XEDS is strongly dependent on the nature of the probe and on the 

chemistry of the atomic columns. In V-substituted TiCr2 Laves phase it is not quite 

known as to where V substitution will take place. In this light STEM-EELS or STEM-

XEDS is not the best suited technique for structure imaging and detection of V atoms in 

TiCr2 Laves phase.  
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4.5.1: Origin of atomic contrast generation in phase contrast imaging: A quantum                     

mechanical approach 

High resolution phase contrast images are not directly interpretable (Glaisher et 

al., 1989a). The phase and amplitude of the electron wave is modified as it interacts with 

the specimen potential. The single atom potential for V, Ti and Cr atom as calculated by 

Hartree-Fock method (Kirkland 2009) is shown in figure 4.18. A custom written code in 

Fig. 4.18: Calculated single-atom potentials for Ti, V and Cr atoms. The potentials for 

three atoms are almost similar. The potentials peak sharply near the nucleus and it dies 

asymptotically away from the nucleus. 
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Matlab has been used to calculate the single atom potentials for these elements. It is 

observed from the figure that the potential sharply peaks at the nucleus and it dies 

asymptotically away from the nucleus. Otherwise the potential for the constituent 

elements of the alloys in this study are very similar. In the presence of bonding atoms, the 

nature of potential field gets significantly modified. For ionic compounds as in ceramics, 

electrons cloud is localized around the nucleus because of which potential field is sharply 

peaked at the nucleus and dies down very fast away from the nucleus. Potential fields for 

metals, alloys and intermetallics, as in the present case of V-substituted TiCr2, are quite 

different because of metallic bonding. This is considered to be an added disadvantage for 

interpretation of contrast from metals, alloys and intermetallics. For very simple 

structures image contrast varies in a systematic manner over a range of defocus and 

thickness (Dyck et al., 1982). In such cases the image could be interpretable intuitively; 

however, there is a good possibility of being misled. In order to quantitatively understand 

the contrast and relate it to the atom column position, one has to do simulation and match 

with the image (Kauffman et al., 2011). Several variants of this technique e.g. Multislice 

simulation, Bloch wave analysis, iterative reconstruction of exit plane wave etc. have 

been developed towards this end. A combination of such techniques has been used 

successfully for imaging interfaces, semiconductors with tetrahedral voids partially filled, 

oxides, solid-liquid interfaces (Glaisher et al., 1989b, c; Browning et al., 1998; Dickey et 

al., 1999; Kauffman et al., 2011) etc. In the present case, as the atomic positions in cubic 

TiCr2 Laves phase is known, simulated images could directly be matched with the 

experimental ones. As a result of this complex process of image formation, the contrast 

on the image plane is extremely sensitive to the variation of thickness, defocus, 
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aberration etc. As a result two different structures may give rise to similar contrast. In the 

present study, imaging has been carried out at a predefined defocus value with fixed 

values of aberrations (Cs = 0.65 mm; Cc = 1.4 mm). Moreover, systematic diffraction 

experiments confirmed that the present Laves phase alloy is of cF24 structure and for 

cubic cF24 structure all the atomic positions are well defined (Villars, 1997). So the 

possibility of confusing some other structure with Laves phase is quite minimal. Still, the 

images have been recorded over a range of defocus values and compared them with the 

simulated images. Simulated images along with the experimentally observed images from 

the cubic TiCr2 Laves phase have been given in Figure 4.19.  

For Laves phase intermetallics, channeling enhanced microanalysis (ALCHEMI) 

has been used extensively to identify the atom columns and determine the position of 

alloying elements (Chu et al., 1998; Okaniwa et al., 1999). Even neutron scattering has 

been used to study the hydrogen and its isotopes induced local ordering in Laves phases 

(Levin et al., 2012). However, very limited success has been achieved for complex 

intermetallic structures so far as structure imaging is concerned. Yang et al. (2012) have 

used this technique to study defect structures in NbCr2 Laves phase. Even though, direct 

image matching has been pointed out as a viable technique to understand contrast in 

phase contrast images, it has also been pointed out in literature that simulated images 

often do not match with the experimental one. Apart from Stobbs factor, several other 

reasons have been pointed out which are responsible for such kind of mismatch 

(Boothroyd, 1998). Although phase contrast imaging is a coherent imaging process, a  
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significant contribution comes from inelastically scattered electrons also, which in turn 

degrade the image contrast. In order to overcome this problem zero-loss phase contrast 

imaging has been carried out in the present study.  

Mathematically, the contrast in a phase contrast image could be understood as a 

combination of three different contributions. Those are contribution to the background 

intensity which basically depends on the amplitudes of the direct beam and the diffracted 

beams, linear component which basically depends on the amplitudes and phases of the 

direct beam and the diffracted beams and non-linear component which also depends on 

the amplitudes and phases of the direct and the diffracted beams. For a complex structure 

Fig. 4.19: (a-c) Experimentally observed and (d-f) simulated images of cubic TiCr2 

Laves phase along [1 1 0] direction obtained at different defocus and at 26.5 nm 

thickness. Simulated and experimental images are obtained at Cs = 0.65 mm, V = 300 

kV. The defocus values for (a) and (d), (b) and (e), (c) and (f) are -36, -41 and -47 nm, 

respectively. 
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like Laves phase with many beams contributing to the contrast, it is extremely difficult to 

understand the contrast over the image plane computationally. However, qualitatively the 

nature of the exit waves could be understood. Potential, exit-plane wave, exit-plane phase 

and exit-plane amplitude map for TiCr2 cubic Laves phase are given in figure 4.20. It is 

seen from the potential map that over a range of thickness, all the atomic columns are 

present. However, exit-plane wave phase and amplitude from the Ti and from the Cr 

column are quite different (Figure 4.21). It is observed that in the exit-plane wave that 

comes out of the Cr column, the phase part is continuously present and it sharply 

undergoes a phase reversal at about 50 nm thickness and the amplitude of the same exit 

plane wave is almost constant all over the thickness, however it suddenly peaks at ~ 26 

nm thickness. In contrast to that the phase of the exit wave from the Ti columns either 

vanishes or weakens over every 10 nm thickness. At lower thickness the phase is present 

and at ~ 50 nm thickness the phase is most strongly present. Similarly, the exit phase 

wave amplitude from the Ti columns exhibits variation over thickness and at certain 

thicknesses they are absent. It is clear that the channeling characteristics of electron 

waves along the Ti and Cr columns are different. While the characteristic half length of 

the electron wave along the Cr column is ~ 50 nm, the same along the Ti columns is ~ 10 

nm. It can be qualitatively said that as from the Ti columns either the phase or the 

amplitude becomes weak very often over thickness, either it does not contribute anything 

to the contrast or it merges with the background. At about 50 nm thickness the phase is 

strongly present and amplitude is moderately present, so contrast from the Ti columns are 

observed at ~ 50 nm thickness. In the similar line, at ~ 50 nm thickness the exit wave  
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phase from the Cr column undergoes phase reversal and amplitude is weakly present. A 

combination of these two effects leads to either disappearance or weak presence of 

electron intensity from Cr columns (Ghosh et al., 2015b).  

Fig. 4.21: Variation with thickness of the exit-plane wave phase and amplitude along the 

Ti and the Cr columns in cubic TiCr2 Laves phase.  



Chapter IV 
______________________________________________________________________________ 

131 

 

4.5.2: Location of V atom in Laves phase matrix: Chemistry at the atomic scale through 

high-resolution imaging 

It has been mentioned earlier that there are three polymorphs of Laves phase. The 

crystallography of the polytypes is understood in terms of crystal symmetry. In TiCr2 

cubic Laves phase Ti atoms form the fcc lattice and four Ti atoms occupy four tetrahedral 

voids. Remaining four tetrahedral voids are filled out by four tetrahedra of Cr atoms. 

Exact position of each atom can be obtained by linear combination of lattice vectors. 

Presence of a third alloying element atom introduces minor shift in the lattice positions. 

Even though a large number of atoms are present in the lattice, it is not as densely packed 

as fcc or hcp lattice. The structure could also be looked at as an interpenetration of a 

tetrahedral network of Ti and a tetrahedral network of Cr (figure 4.22). Under such 

atomic arrangement, it is observed that the coordination numbers for the A and B atoms 

are 12 and 16 respectively. Apart from this crystallographic description, several other 

description of the structure has evolved. Cubic Laves phase can be seen as an 

interpenetration of two icosahedra with a tetrahedra common in between. It is understood 

that such interpenetrated icosahedral clusters built up the entire structure (Basu and 

Ranganathan, 2008). Such phases with icosahedral clusters in the structure are 

categorized as Frank-Kasper phases. These phases can accommodate non-stoichiometry 

and alloying is a possible avenue for tailoring properties. It has been a long standing 

question as to which site an alloying element would occupy. It has been postulated in 

earlier literature that in AB2 Laves phase the B atom could be replaced by B΄ and B΄΄ 

atom where B’ and B’’ are in the same period as of B and located on either side of B (Kuo 

1953). It is intuitively understood as average atomic radius of B΄ and B΄΄ is almost equal 
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to B and does not introduce much of lattice distortion. First principles calculations have 

been carried out to understand the generation of point defects and site-specificity of 

alloying elements (Yao et al., 2006; Jiang, 2007). It has been concluded that atomic size 

is not the only determining factor. Electronic structure and energy associated with defect 

generation should also be taken into account to understand the site-specificity of alloying 

elements. In this light, atomic resolution microscopy should provide direct and 

unambiguous evidence of point defects in alloyed Laves phases. In case of V-substituted 

TiCr2 Laves phase, the constituent elements Ti, V and Cr appear in the same period next 

to each other in the periodic table. It is equally probable as to which site V would occupy 

or it would be preferentially occupying a specific lattice site. Atomic radius of Ti 

(aTi=176 pm) is more than that of V (aV=171 pm) and that of V is more than that of Cr 

(aCr=166 pm), introduction of V into Ti or Cr site would result in a tensile or compressive 

strain. Introduction of strain in the lattice results in atomic shift. It has been observed in 

the present study that V occupies the Ti site as distribution of intensity pattern along the 

Ti column is modified from that of the ideal nature, which is further confirmed using first 

principles computations. There is no evidence of V replacing Cr. It has been postulated in 

earlier literature that V replaces Cr giving rise to TiCr2-xVx stoichiometry (Santos et al., 

2002). In the present study it is clearly established that V can replace Ti also in the 

lattice. Location of alloying element in Laves phase has been identified before by 

ALCHEMI technique (Chu et al., 1998). To the best of the knowledge of the author, 

identification of V atoms in TiCr2 cubic Laves phase by direct structural imaging and 

analysis of contrast has not been done before. Keeping in mind the complexity associated  
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with atom column chemistry determination by STEM-EELS and STEM-EDS technique, 

present thesis propose that careful high resolution phase contrast imaging, atom column 

identification and nature of intensity distribution could also be explored as a viable 

technique for qualitative determination of atom column chemistry. 

4.5.3: Order of V- substituted TiCr2 Laves phase 

Having said the fact that V replaces Ti in the cubic TiCr2 lattice, the question 

naturally arises as to how this phase would be classified. According to the definition 

Fig. 4.22: Schematic structural diagram of cubic TiCr2 Laves phase along arbitrary 

direction. It is two inter-sparced tetrahedral networks of Ti and Cr atoms that build 

up the Laves phase structure. 



Chapter IV 
______________________________________________________________________________ 

134 

 

(Kuo, 1953), a Laves phase could be termed as a truly ternary phase when there is no 

terminal binary Laves phase exists for the ternary alloying constituents. In Ti-V-Cr 

system, there is no reported Laves phase in Ti-V or in V-Cr system. However, binary 

Laves phase exists in Ti-Cr system. According to this definition it is not a truly ternary 

Laves phase. According to the second condition, binary Laves phases may exist but the 

structure of the ternary phase should be different from the binaries. In the present study 

V-substituted TiCr2 Laves phase is cubic in structure. Cubic and hexagonal polymorph of 

TiCr2 binary Laves phase has been reported in earlier literature. In the present case the 

secondary condition is also not satisfied. According to the third condition, one binary 

counterpart can exist, however it should be structurally different from the ternary one. 

This condition is also not met in the present study (Kuo, 1953). In this light, it can be 

concluded that the phase under study is a pseudo-binary Laves phase. 

It has been pointed out in earlier literature that addition of a third element in a 

binary Laves phase significantly alters mechanical properties also (Takasugi et al., 1996). 

The deformation characteristics of the alloyed Laves phase strongly depends upon what 

kind of defect it produces i. e. anti-site defect or vacancy. In the present study it has been 

observed that V occupies Ti sites leading to the formation of anti-site defects. It is worth 

mentioning that this could be viable method to study the alloying behavior and defect 

chemistry of Laves phases. Complete understanding of the nature of the defects may lead 

to better insight of the pseudo-shear mechanism of Laves phases, strong theoretical 

conceptualization and experimental validation of which is still missing. Mechanistic 

understanding of hydrogen storage behavior of this phase is possible by this technique. 

Hydrogen atom might not be imaged directly; however the lattice distortion due to 
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hydrogen incorporation may provide useful insight about the mechanism of hydrogen 

storage. Moreover, it has been reported that Laves phase transforms to B2 structure after 

irradiation (Sinkler 1996). The structural correlation that exists between the Laves phase 

and the transformed B2 phase is due to the vacancy generation during irradiation. This 

method might provide new insight into the atomistic mechanism of such transformation. 

4.6: Conclusions 

(i) Ti-55Cr-7V alloy precipitates a pseudo-binary V-substituted cubic TiCr2 Laves phase 

over solidification. The composition of the Laves phase is very close to the as melted 

composition. 

(ii) V-atoms preferentially substitutes at Ti-sites in the TiCr2 Laves phase. Atomic size is 

not the only factor in determining the site substitution behaviour. Relative oxidation state, 

electronic structure and energy associated with the defect formation should also be taken 

into account in understanding the site substitution behaviour in Laves phase. The defect 

formation energy for V in Ti lattice and in the Cr lattice are 0.29 eV and 0.40 eV 

respectively. 

(iii) Difference in channeling behavior of the electron wave along Ti and along Cr 

columns can be exploited in preferentially imaging one type of atom column to 

understand its structure and chemistry. 

(iv) Deriving spectroscopic information from phase contrast images aided with image 

simulation could be extended to other Laves phase systems to understand their defects, 

interfaces and chemistry which in turn would help in understanding its deformation 

behavior, hydrogen storage mechanisms and irradiation induced phase transformations. 
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Chapter V 

Phase Separation and ω Transformation in Binary V-Ti and Ternary  

V-Ti-Cr Alloys 

 

 

5.1: Introduction 

It has already been discussed in the earlier chapters that for the better 

understanding of structure-property correlation and in-service behaviour of binary V-Ti 

and its ternary derivative of V-Ti-Cr systems, detailed studies of phase and structural 

behaviour down to the atomic level is extremely essential.  For binary V-Ti alloy though 

sufficient literature support is available, fundamentally different views still exist 

concerning the general form of even the binary phase diagram. This lack of agreement 

exists, as the phases formed on solidification are not always the equilibrium phases and 

the metastability hops along local minima in the energy landscape upon heat treatment 

(Ramsteiner et al., 2006, 2008; Fuming and Flower, 1989; Suwarno et al., 2014). 

Moreover, as far as the phase transformation in ternary V-Ti-Cr system is concerned, 

very scarce information is available in the scientific community. Earlier thermodynamic 

calculations using Miedema’s model from the author’s group predicted the existence of a 

miscibility gap in the equiatomic V-Ti and V-40Ti-20Cr alloys. This had further been 

supported by the experimental analysis using phase contrast, HAADF imaging and 

STEM coupled spectroscopic investigations and have already shown in chapter 3. 

 Another interesting aspect of phase transformation in this alloy system is the 

formation of ω phase. Over the last four decades, several researchers have significantly 

contributed in the phase transformational aspects of the ω phase and their evolution from 
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the bcc structured matrix. ω phase usually forms with group IV B transition metals (Ti, 

Zr and Hf) when alloyed with bcc stabilizing elements (e. g. V, Mo, Nb, Fe, Cr etc.) upon 

quenching from the bcc phase field or it may form during aging of the quenched alloy 

(Banerjee and Mukhopadhyay, 2004).  

However, almost in all the cases, group IVB transition metals acts as the major 

alloying element (Bendersky et al., 1990a, b). Very few reports are available regarding 

the structural transformation of ω phase in equiatomic Ti or Zr based alloys. McCabe et 

al. have discussed the feasibility of the ω phase formation in the Ti-V alloys with 

variation in the V addition from 10 at% to 55 at% (McCabe and Sass, 1971). It is further 

concluded that with the higher amount of bcc stabilizing elements, a diffuse ω structure 

forms which results in a shift in the spot position of the crystalline ω in the electron 

diffraction pattern and this shift would increase with the increase in concentration of the 

bcc stabiliser. However, all these experiments were supported only with diffraction data. 

Detailed phase contrast and Z contrast microscopy coupled with EELS and XEDS, with 

current instrumental capabilities will provide a deeper insight to ω-phase formation and 

its characteristics in these alloy systems, where information available is sparse with 

reference to effect of ternary alloying addition on the ω transformation behaviour. 

 In the present work, comprehensive investigations have been carried out to study 

the phase transformation behaviour in binary V-Ti and ternary V-Ti-Cr alloys with the 

aid of phase contrast and Z contrast microscopy coupled with XEDS and EELS. The 

phase separation mechanism has been studied through phase contrast microscopy and 

energy filtered TEM imaging by suitably heat treating the V-Ti and V-Ti-Cr alloys. 

Moreover, the formation of nanostructured ω domains as well as their shape, size and 
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distribution have been studied with the aid of diffraction contrast microscopy along 

different zone axis. Attempts have also been made to study the structural details of the 

partially collapsed ω domains and their interfaces with the bcc structured matrix through 

suitable atomic resolution microscopy experiments.    

In short, the present chapter deals with; 

(i) Studies of the phase separation phenomenon in V-50Ti alloy and the effect of ternary 

addition in the phase transformation behaviour through similar studies in V-40Ti-20Cr 

alloy.  

(ii) Understanding the mechanism of the phase separation i.e. whether the propagation of 

the fluctuation wave is dominated by nucleation and growth or spinodal decomposition 

has also been studied by suitably heat treating both the alloys and comparing phase 

separated domains with that of the as melted alloys.  

(iii) Evidence of the formation of ω in V-50Ti and V-40Ti-20Cr alloy through proper 

diffraction contrast and phase contrast experiments along different zone axis.  

(iv) Interface structure studies between nanostructured ω and the bcc matrix down to the 

atomic scale.   

5.2: Experimental details  

Binary V-Ti and ternary V-Ti-Cr alloys were synthesized by arc melting. A 

binary V-Ti alloy with nominal composition of V-50Ti and a ternary alloy with nominal 

composition of V-40Ti-20Cr (all compositions are expressed in at%) were arc melted in 

high-purity Ar atmosphere on a water cooled copper hearth, starting from elemental V, Ti 

and Cr (> 99.9% purity). The melted alloy was re-melted several times in order to ensure 
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complete melting and compositional homogeneity. The details of the alloy design and 

selection of the composition have already been described in chapter 3. These alloys are 

termed as the as melted alloys and this terminology will be used in the rest of the paper. 

Both the melted and homogenized buttons have further been sectioned using a low speed 

diamond saw. One section from each of the alloys was inert gas sealed in a fused quartz 

tube, solutionized at 1100° C for 5 hours, aged at 750° C for 48 hours and ice-water 

quenched. These alloy sections are termed as aged alloys. The as melted as well as aged 

alloy slices were undergone different metallographic treatments and finally electron 

transparent TEM specimen were prepared through grinding, dimpling and subsequent ion 

milling. Details of the TEM thin foil specimen preparation technique as well as the 

experimental details of the TEM characterization were already described in chapter 2 of 

the present thesis.  

5.3: Microstructural and microchemical evidence of phase separation in binary V-

50Ti and ternary V-40Ti-20Cr alloys  

5.3.1: Microstructural features of the phase separated domains in as-melt alloys 

Results of TEM characterisation of V-50Ti alloy in the as-melted condition are 

shown in figure 5.1(a-d). In the relatively low magnification TEM bright-field 

micrograph shown in figure 5.1(a), alternate bright and dark striations can be observed. 

The striations appear to be periodic in nature with an observed modulation length of ~ 3-

4 nm. A selected area electron diffraction pattern from the area is shown in figure 5.1(b). 

The diffraction pattern has been indexed as [0 1 3] zone axis pattern of a bcc structured 

phase, with principal reflections corresponding to 200 and 23 1   type of planes marked 
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in the figure after careful measurement of the lattice spacings and interplanar angles. The 

calculated lattice parameter from the diffraction pattern is a= 0.32 nm, which is very 

close to the reported lattice parameter for the bcc V-Ti solid-solution phase, a= 0.3165 

nm (ICDD # 04-003-2225). In the diffraction pattern, along with the principal bcc 

reflections, dove-tail shaped diffused intensity between the main spots and very feeble 

satellite spots can also be observed. The diffuse intensity is because of the presence of ω 

phases (discussed in detail in the following sections) whereas the satellite spots appear 

because of a possible phase separation phenomenon. All the major reflections in the 

diffraction pattern are unequivocally indexed with V-50Ti alloy with cI2 structure (ICDD 

# 04-003-2225) and the SAD pattern does not contain any signature for the formation of 

any metal-carbides. An electron energy-loss spectrum of the observed alloy is shown in 

figure 5.1(c). Distinct energy loss edges seen in the figure at 462 eV and 521 eV 

correspond to the L edges of Ti and V respectively. Quantitative analysis of the 

composition from the EELS spectra after suitably modelling the background using power 

law method shows the composition of the alloy to be V-49Ti, which is very close to the 

nominal composition of the alloy. Comparison of the energy-loss near edge structure 

(ELNES) of the Ti-L and V-L edges with data in EELS atlas (Ahn et al., 1983) confirms 

that the elements are present in solid-solution and not as compound. The colour-

composite Energy-filtered TEM (EFTEM) image (figure 5.1d) recorded using Ti-L and 

V-L edges shows that the striated domains seen in figure 5.1(a) correspond to regions of 

elemental concentration fluctuation. This indicates that the striations visible in the 

EFTEM map constitute a phase separation event resulting in Ti- rich and Ti- lean phase 

regions on the scale of ~ 3-4 nm.  
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 For the as-melted V-40Ti-20Cr alloy, TEM characterisation results are shown in 

figure 5.2(a-d). Figure 5.2(a) shows the bight field micrograph in the diffraction contrast 

mode where the striated domains similar to those in figure 5.1(a) can be observed. The 

microstructural appearance is nearly the same as that of V-50Ti alloy. The intensity 

modulation length scale is ~ 4-5 nm in this case, which is also nearly the same as that of 

V-50Ti alloy. Figure 5.2(b) shows the corresponding electron diffraction pattern indexed 

to be along [0 1 3] zone axis of bcc structure. The reflections corresponding to the 200 

and 23 1   type of planes are marked in the figure. Satellite reflections and diffuse 

intensity are seen in addition to the principal reflections in the diffraction pattern. The 

lattice parameter calculated from the diffraction pattern is 0.31 nm which is again very 

close to the reported lattice parameter for the V-50Ti alloy (ICDD # 04-003-2225). For 

this alloy also the diffraction pattern does not contain any signature for the formation of 

carbides. The microchemical nature of the striated domains is shown in figure 5.2(c). The 

map was generated as a colour-composite using energy filtered images recorded for Ti-L, 

V-L and Cr-L edges. The chemical contrast across the striated domains can be clearly 

observed. It can also be inferred from the intensities in the EFTEM image that the phase 

separation event involves only V and Ti, since Cr-L edge intensity varies little across the 

field of view: a Ti-rich and a Ti-lean phase separate out or in other words, it can also be 

said that a V-lean and V-rich phase separates out on solidification of the molten alloy. 

EELS profile from the region is shown in figure 5.2(d) where the energy loss edges 

corresponding to Ti-L, V-L and Cr-L are marked. Power law model has been used for  
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Fig. 5.1: (a) Relatively low magnification bright field micrograph showing the striated 

regions indicating phase separation in as-melted V-50Ti alloy. (b) Corresponding 

selected area electron diffraction pattern. Two of the principal reflections are marked 

in the image. (c) Electron energy loss spectra from the same specimen. Electron energy 

loss edges corresponding to V-L and Ti-L are shown in the spectra. (d) Energy filtered 

TEM micrograph showing the chemical distribution of V and Ti in the phase separated 

domains. V-L signal is shown in green and Ti-L signal in red. 
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Fig. 5.2: (a) Relatively low magnification bright field micrograph showing the striated 

regions from the phase separated domain in as melted V-40Ti-20Cr alloy specimen.  (b) 

Selected area electron diffraction pattern along [0 1 3] zone axis from the similar phase 

separated domain. Two of the principal reflections are marked in the image.   (c) 

Energy filtered TEM micrograph showing the chemical distribution of V, Ti and Cr in 

the phase separated domains. V, Ti and Cr rich regions are shown in green, red and 

blue respectively. (d) Electron energy loss spectra from the same specimen. Electron 

energy loss edges corresponding to Ti-L, V-L and Cr-L are shown in the spectra. 
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background correction and the composition has been determined to be V-38Ti-22Cr, 

which is close to the as-melted composition.   

 To confirm that these striations are generated due to compositional fluctuations 

and not because of the presence of any secondary carbides or thickness variation of the 

observed specimen region, EELS studies are carried out for both as melted V-50Ti and 

V-40Ti-20Cr alloys specimen. Figure 5.3 shows the high-resolution EEL spectra from the 

phase separated domains of V-50Ti alloy, where the energy loss edges correspond to Ti-L 

and V-L are marked in the profile itself. Similarly the high-resolution EELS profile from 

V-40Ti-20Cr alloy specimen is shown in figure 5.4. Moreover, for both the specimen, 

spectra are acquired with a dispersion value of 0.1eV/channel in the energy range of 

250eV to 350eV to check the presence of any energy loss edges corresponding to C-K at 

284 eV. However the absence of any energy loss edges at 284 eV confirms that C is not 

present in the system and these striations are not because of any secondary carbide 

phases. This is in support of the earlier observations made with the analysis of selected 

area electron diffraction patterns, which also do not show the reflections correspond to 

any carbide phases in these alloys.    

 Thickness determination of the observed specimen regions for both V-50Ti and 

V-40Ti-20Cr alloys have been carried out using the intensity log ratio method of the 

acquired zero-loss and plasmon loss EEL profile and is shown in figure 5.5 (a and b) 

respectively. For both of the specimen t/λ measured as 0.25 and 0.31 respectively which 

is well below 1 and hence overrules possibility that these striations originated due to 

thickness variation of the specimen.  
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Fig. 5.3: EELS spectrum from the phase separated region of annealed V-50Ti alloy 

specimen. (inset) high resolution EELS profile does not show any energy loss edge at 284 

eV  confirming the absence of C in the system.   

Fig. 5.4: EELS spectrum from the phase separated region of annealed V-40Ti-20Cr alloy 

specimen. (inset) high resolution EELS profile does not show any energy loss edge at 284 

eV  confirming the absence of C in the system.   
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5.3.2: Studies of atomic arrangement and interface modulation along phase separated 

domains  

Phase contrast imaging was carried out to study the structural aspects of the phase 

separated domains and the interfaces therein. Figure 5.6(a) shows the phase contrast 

micrograph from a typical phase separated domain of as-melted V-50Ti alloy and the 

corresponding power spectrum is given in figure 5.6(b). In a similar manner, atomically 

resolved HRTEM micrograph of the phase separated domains in as-melted V-40Ti-20Cr 

alloy and its corresponding power spectrum are shown in figure 5.6(c and d) respectively. 

The power spectra have been indexed to determine that for V-50Ti alloy, specimen 

region is oriented along [110] zone axis whereas for V-40Ti-20Cr alloy the region is 

oriented along [111] zone axis; principal reflections marked in figure 5.6(b and d). In the 

phase contrast micrographs periodic bright and dark intensity variations are still observed 

over and above the lattice fringes are continuous throughout the phase separated domains. 

This indicates that the interfaces between the chemically modulated regions are coherent. 

Fig. 5.5: Relative thickness of the observed phase separated domains from both V-50Ti 

and V-40Ti-20Cr alloy specimen were measured by log ratio method in EELS. The t/λ 

for both the specimen are measured as 0.25 and 0.31 respectively.     
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This further substantiates the inference of a phase separation event. A common feature 

observed in both the phase contrast images is that the composition modulation is along 

the <1 1 0> direction in bcc structured matrix.   

5.3.3: Role of Cr in binary V-Ti phase transformation: STEM-HAADF and STEM-EELS 

investigations 

 The microchemistry of the phase separated domains has been further investigated 

using STEM-EELS technique. High-angle annular dark field (HAADF) imaging in 

STEM mode was carried out for both alloys with a detector range of 25 mrad to 150 

mrad. The scanning mode allows simultaneous imaging and collection of EELS spectra at 

/ along user defined point, line or region. EELS signal was recorded along a line 

perpendicular to the composition modulation indicated in the EFTEM data. HAADF 

image and the corresponding EELS spectra in the fine probe mode from the striations of 

the V-50Ti as melted alloy specimen are shown in figure 5.7. The corresponding results 

from the V-40Ti-20Cr alloy specimen are depicted in figure 5.8. In both HAADF 

micrographs, clear alternate bright and dark fringes can be seen. The HAADF settings 

used to record the images were optimised for maximal Z-contrast and hence the images in 

figure 5.7 and 5.8 confirm that the periodic fringes correspond to a composition 

modulation. EELS spectra from regions within the bright and dark fringes in V-50Ti 

alloy show that they differ in V content, further confirming that the alloy, on 

solidification, undergoes phase separation giving rise to compositionally modulated 

domains. HAADF image, shown in figure 5.8, indicates that the microstructural nature of 

the phase separated domains is similar to that of V-50Ti alloy. The EELS spectra from 

the bright and the dark domains are further examined to understand the distribution of Cr  
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Fig. 5.6: (a) Phase contrast micrograph showing the atomic arrangement along the 

phase separated domain in as melted V-50Ti alloy. The interfaces between the 

chemically modulated regions are seen to be coherent and the lattice planes are 

continuous throughout the phase separated domains. (b) Power spectrum generated 

from the phase contrast micrograph shown in (a) shows the region to be oriented along 

[1 1 0]. Two principal reflections are marked in the image. (c) Phase contrast 

micrograph from the as melted V-40Ti-20Cr alloy specimen. Here also the interfaces 

between the phase separated domains are seen to be continuous. (d) Corresponding 

power spectrum shows that the region is oriented along [1 1 1] where two principle 

reflections are marked. 
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Fig. 5.7: STEM-HAADF micrograph from the as melted V-50Ti alloy specimen showing 

the average atomic number fluctuation along the striated region. EELS spectrum was 

recorded in drift corrected profile mode along a direction perpendicular to the striations. 

Two such fine probe EELS profiles from the dark and bright region show a variation in 

EEL intensities at the V-L and Ti-L edges. 

Fig. 5.8: STEM-HAADF micrograph from the as-melted V-40Ti-20Cr alloy specimen 

showing the average atomic number fluctuation along the phase separated domain. 

EELS spectrum was recorded in drift corrected profile mode along the perpendicular 

direction of the striated region. Two such fine probe EELS profiles from the dark and 

bright region are shown in the image respectively. It is apparent that Cr does not take 

any significant role in the phase separation event. 
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in the phase separated domain. Fine probe EELS spectra from the corresponding bright 

and dark fringe regions indicate that they are V-rich and V-lean. However, electron 

counts in the Cr-L edge are nearly the same for both. This indicates that V-40Ti-20Cr 

alloy also undergoes a phase separation upon solidification giving rise to V-rich and V-

lean phase with Cr concentration being nearly the same in the two phases. Although the 

alloy is ternary, the phase separation event is essentially binary.   

5.3.4: Effect of thermal aging: Microstructural changes in V-50Ti and V-40Ti-20Cr 

alloys    

As stated earlier, both of these alloys were further heat treated at 750° C followed 

by ice water quenching. TEM characterisation results from heat treated V-50Ti alloy 

specimen are shown in figure 5.9(a-d). Figure 5.9(a) shows the microstructure of the 

phase separated domains in bright field diffraction contrast mode. An interesting feature 

that can be observed in the micrograph is the appearance of a new intensity modulation 

over ~ 18-20 nm in the phase separated domains superimposed on the fringes with half 

wavelength of ~ 3-4 nm, which were seen in the as melted V-50Ti alloy. The nature of 

the contrast remains same for both of these periodicities. A selected area electron 

diffraction pattern from the region is shown in figure 5.9(b). The pattern has been 

indexed as [ 1  13] zone axis pattern of pure bcc structure. The principal reflections 

corresponding to 110 and 2 1  1 type of planes are marked on the diffraction pattern. A 

closer look into the diffraction pattern reveals that the intensities of the satellites around 

the major reflections are of higher intensity than in the as-melted alloy, indicating that 

phase separation reaction has proceeded to a greater extent under thermal ageing.  
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Fig. 5.9: (a) Bright field micrograph from the phase separated domains showing 

intensity modulation at two wavelengths in aged V-50Ti alloy specimen. The waves are 

of half wavelength/ modulation length ~ 4-5 nm and ~ 18-20 nm respectively. (b) 

Electron diffraction pattern recorded from the region. Satellite spots corresponding to 

the phase separation event are clearly visible in the diffraction pattern. It is evident 

from the images (a) and (b) that the composition modulation is along the <1 1 0> 

direction. (c) Phase contrast micrograph showing the interface structure and the 

atomic arrangement in the phase separated domain.  The interfaces seem to be 

coherent even after ageing. (d)  Power spectrum generated from the phase contrast 

image shows that the region is oriented along [ 1  1 3] zone axis where the principal 

reflections correspond to 110 and 2 1  1 types of planes are shown in the image. 
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However, the diffuse intensities corresponding to the nanostructured ω domains 

remain almost same as in the as-melted alloy. The phase contrast image from one such 

phase separated domain and the corresponding power spectrum are shown in figure 5.9(c-

d). The imaging is carried out along [ 1   1 3] orientation where spots due to 110 and 

2 1  1 planes are marked in the power spectrum. In the phase contrast micrograph, the 

overall intensity modulation of the phase separated domains is still visible. However, it 

should also be noted that the lattice fringes are continuous across the domains 

irrespective of the contrast. This indicates that the interface within the phase separated 

domains remains coherent in the higher wavelength domains even after thermal ageing.  

5.3.5: Estimation of modulation length in chemical fluctuation: EFTEM studies 

Energy filtered TEM (EFTEM) studies were also carried out with the aged V-

50Ti alloy specimen to study the composition modulation of the phase separated 

domains. Figures 5.10(a) and (b) show the elemental maps from the fringe regions 

recorded with V-L (521 eV) and Ti-L (462 eV) edges respectively. The EFTEM maps 

were taken along [ 1   1 3] zone axis of bcc structured matrix. Three window method of 

elemental imaging is used to acquire the EFTEM maps where a slit width of 20 eV is 

used with a collection time of 30 seconds. Three such acquired images were averaged for 

each elemental map. During the acquisition process, the drift in the microscope was 

nullified with the in-built auto correlation function. The two pre-edge windows are 

selected 15 eV and 30 eV ahead of the respective “L” edges while the post-edge window 

is placed 20 eV beyond the edge. Both V-L and Ti-L elemental maps show the intensity 

modulation parallel to the <110> bcc direction. The curves in figure 5.10(c) represents 
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the modulation profile for V-L and Ti-L edge electron counts as a function of distance,  

shown in red and green respectively. The elemental profiles are generated along the same 

line marked in the maps as a red arrow in the V-L map and as a green arrow in the Ti-L 

map. The average composition modulation is calculated as ~ 18-20 nm, further 

substantiating the results obtained through diffraction contrast and phase contrast studies. 

However, the smaller wavelength modulation of ~ 3-4 nm as seen in the diffraction and 

phase contrast results are suppressed in the EFTEM elemental maps due to the poorer 

signal to noise ratio in these images relative to the phase contrast image. A colour 

composite of the maps in figures 5.10(a and b) is shown in figure 5.10(d) where V-rich 

regions are in red and Ti-rich regions are in green. It is quite evident from the colour 

composite EFTEM map that a more developed partitioning of elements have occurred to 

obtain a greater degree of phase separation. 

 The diffraction contrast and phase contrast results from the heat treated V-40Ti-

20Cr alloy specimen are shown in fig 5.11(a-d). Figure 5.11(a) represents relatively low 

magnification bright field image from a phase separated domain of aged V-40Ti-20Cr 

alloy specimen. In the micrograph, only one phase separation modulation is observed 

with modulation length ~ 4-5 nm. Although both V-50Ti and V-40Ti-20Cr alloys were 

aged in the similar conditions but in contrast to the V-50Ti alloy, the periodicity of 

modulation has not developed much to give rise to higher degree of phase separation in 

V-40Ti-20Cr alloy. This is in support of the theoretical predictions made on the basis of 

Miedema model in earlier reports from the authors’ group (Ghosh et al., 2015a) that the 

addition of Cr reduces the phase separation tendency in binary V-Ti alloy. The electron 

diffraction pattern from the same region of the specimen is shown in 5.11(b) where the  
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Fig. 5.10: (a) A vanadium EFTEM elemental map and (b) A titanium EFTEM elemental 

map  aquired with V-L and Ti-L energy loss edges respectively from the same region in 

the aged V-50Ti alloy specimen. Both the maps are taken along [ 1  1 3] zone axis of the 

bcc phase where the chemical partition is along <1 1 0> direction. (c) The compositonal 

fluctuation of vanadium (in red) and titanium (in green) along <1 1 0> direction of the 

bcc matrix. The profiles are generated from the same region of both the maps as 

marked by red and green arrows respectively in V-L and Ti-L maps. The average 

modulation length for both the fluctuation waves are ~ 18-20 nm. (d) Colour composite 

of the V-L and Ti-L EFTEM maps shown in (a) and (b). Chemical partitioning of 

vanadium and titanium are clearly evident from the image.   
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Fig. 5.11: (a) Bright field micrograph from the aged alloy showing the phase separated 

domains in aged V-40Ti-20Cr alloy specimen. Here only a single fluctuation wave 

corresponding to ~ 4-5 nm of modulation periodicity is visible. (b) Electron diffraction 

pattern recorded from the same region shows that the specimen is oriented along [1 1 0] 

zone axis. It is evident that the phase separated domains are oriented normal to <1 1 0> 

direction. (c) Phase contrast micrograph showing the interface structure and the atomic 

arrangements in the phase separated domains. The interfaces are coherent even after 

aging. (d) Power spectrum generated from the phase contrast image showing the 

reflections corresponding to 002 and 1 1  0 types of planes along [1 1 0] orientation of 

the specimen. 
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satellite spots along the principal reflections are clearly visible. The pattern is indexed as 

[1 1 0] zone axis of bcc where 002 and 1 1  0 types of reflections are marked in the 

image. Fig 5.11(c-d) represent the high-resolution electron micrograph of the phase 

separated domain and the corresponding power spectrum. As seen earlier in the case of 

V-50Ti alloy, here also the lattice fringes are continuous across phase separated domain 

interfaces indicating the coherency of the interfaces. Power spectrum confirms that the 

phase contrast image is taken along [1 1 0] orientation of the specimen, where the 

periodicities due to 1 1  0 and 002 types of planes are marked in the image. Here too, the 

compositional modulations of the phase separated domains are parallel to the <1 1 0> 

direction of the bcc matrix.  

5.4: Spinodal decomposition vis-a-vis nucleation and growth: A comparative study 

with respect to V-Ti and V-Ti-Cr alloys 

5.4.1: Basic understanding of spinodal decomposition and nucleation and growth 

The microscopy evidences along with the microchemical analysis unambiguously 

prove the occurrence of a phase separation event for alloys of compositions V-50Ti and 

V-40Ti-20Cr. Such a transformation could occur either by classical nucleation and 

growth mechanism or by spinodal decomposition. In order to analyse the phase 

transformational aspects in these alloy systems, it is required to understand the detailed 

mechanism of such processes.  

In literature, the spinodal decomposition is described as small in degree but large 

in extent, whereas, the nucleation event is large in degree but small in extent. In case of 

spinodal, attraction between like atomic species is large so that the flux of each individual 
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species is against its concentration gradient. This results an increase in concentration in 

cluster and creation of a depletion zone in the surroundings. The individual like species 

which are situated in the outer zone of this concentration gradient now also senses the 

concentration gradient and the cluster formation, but as they are away from the original 

cluster, it is practically impossible for them to participate in the same cluster formation. 

However, because of their short-term interaction, they sense the depleted zones in their 

neighbourhood and want to move away from it, creating a new cluster a short distance 

away from the original one. Hence a rapid formation of periodic clusters of almost 

similar concentration takes place (Butler and Thomas, 1970; Livak and Thomas, 1971). 

On the contrary, in case of classical nucleation and growth the attraction between the 

similar species is not strong enough to cause the flux up the concentration gradient, but 

strong enough to create a supercritical nuclei over a localized composition fluctuation. 

The generated fluctuations grow spontaneously down the concentration gradient and 

finally develop a supercritical nuclei or embryo in the vicinity of large heterogeneous 

phases. In the early stages, the compositional fluctuations are of relatively low amplitude 

and more spatially extended with diffused interface among the compositionally 

partitioned phases. Gradually they evolve into a distinct two phase mixture. Moreover, in 

case of nucleation and growth process it is the chance fluctuations or certain 

heterogeneity to which the individual species are attracted. However, in case of spinodal 

mechanism these heterogeneities do not have any significant contribution and only the 

uphill diffusion along the concentration gradient only discriminate between the two 

mechanisms. 
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5.4.2: Microstructural evidences in support of spinodal decomposition 

It has already been stated that phase separation in the V-50Ti alloy results in the 

formation of two immiscible phases. These phases are similar in structure but differ in 

composition (one is Ti rich and the other is Ti lean) and could occur either by nucleation 

and growth or by spinodal decomposition mechanism. The former is dominated by the 

conventional long range downhill diffusion process whereas spinodal decomposition 

occurs through short range uphill diffusion. In the present section a qualitative 

explanation is presented to understand these mechanisms and also to identify the 

mechanism that is dominant for the present phase separation process. 

 In a series of phenomenal works, Cahn had postulated two aspects of spinodal 

mechanism (Cahn, 1961, 1968). First, the product phases are crystallographically 

identical to the parent phase, differing only in composition. The second aspect is that the 

product phases form in a continuous process from the parent solid-solution one. This 

implies that both the product phases should be coherent and lattice planes should also 

remain continuous (Cahn, 1962). Another interesting feature associated with the spinodal 

decomposition mechanism is the association of the elastic energy. Cahn and Hilliard 

(1958, 1959) proposed that in case of the spinodal free energy calculation, along with the 

conventional free energy terms, the elastic energy term provides significant contribution. 

The conventional free energy curves and free energy diagrams are defined for the 

unstressed homogeneous phases and can be used to calculate the free energies for an 

unstressed mixture of phases. However in case of a coherent mixture, the free energy is 

increased by a reversible elastic work which is needed to match the lattices. The quantum 

of elastic work or in other words the coherency strain does not depend on the interface of 
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the phase separated domains; rather, they are mainly governed by relative fractions of the 

two phases.  

In the present study the microstructural and the microchemical investigations of 

the phase separated regions indicate the mechanism as a spinodal decomposition 

dominated process. Figure 5.12(a-c) represents three snapshots of the phase separation 

event in the binary V-50Ti alloy. In an earlier stage of the phase separation, in the as 

melted condition, the ~ 4-5 nm modulation length dominates as shown in figure 5.12(a). 

Subsequently, another modulation wavelength of ~ 18-20 nm is seen to initiates (figure 

5.12(b)) and still later this longer modulation length is seen to be the only one which 

exists in the system (figure 5.12(c)),The composition modulation with the two 

wavelengths are seen to overlap in some regions and such regions extend spatially over 

significantly large specimen region. These characteristics of the observed compositional 

modulation over crystallographically similar phases confirm that the observed features 

correspond to spinodal decomposition and not a nucleation and growth dominated 

process. Similar conclusions have been drawn in literature (Westraadt et al., 2015; Müller 

et al., 2015; Sheibani et al., 2014). 

     Another clue to the present data representing spinodal decomposition is in the 

directionality of the composition modulations. In a spinodal decomposition process, the 

elastic effect influences domain morphology by favouring modulations along specific 

elastically soft crystallographic directions. At the initiation of the process, though 

fluctuations are generated isotropically, only selected waves persist with time and 

eventually predominate.  In cubic systems two elastically soft directions are <1 0 0> and 

<1 1 1> (Cahn, 1968). In case of a compositional modulation along <1 0 0>,  
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superposition of sinusoidal waves of equal amplitude and wavelength leads to a 

partitioning along the three orthogonal <1 0 0> directions.  However, when the 

composition modulation occurs along the elastically soft <1 1 1> directions, the situation 

is slightly complicated since mutual interactions between the fluctuation waves along the 

four equivalent directions have to be considered.  Interaction between two <1 1 1> 

fluctuation waves result in a maxima along the common <1 1 0> directions. And 

consequently, the other two <1 1 1> fluctuation wave generate the periodic variation 

among them. Overall, a composition fluctuation wave along any of the four <1 1 1> 

equivalent directions result in composition modulation along any of the six <1 1 0> 

directions (Fratzl et al., 1999; Findik, 2012).  

Fig. 5.12: (a-c) Phase separated microstructure showing the fluctuation wave from V-

50Ti alloy specimen. (a) shows the compositional fluctuation from as melted alloy where 

the average modulation length is ~ 4-5 nm. (b) and (c) are from the aged alloy where (b) 

shows two different modulation lengths of ~ 4-5 nm and ~ 18-20 nm. Whereas in (c) only 

the fluctuation wave with modulation length ~ 18-20 nm dominates. 
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5.5: Microscopic investigations of ω structured domains in binary V-50Ti and 

ternary V-40Ti-20Cr alloys 

Both V-50Ti and V-40Ti-20Cr alloys have been investigated to study the 

morphology of the nanosized ω phase and its crystallographic relations with the bcc 

matrix. Figure 5.13(a-d) present a collage of selected area diffraction patterns from as-

melted V-50Ti alloy. The diffraction patterns are recorded along [ 1  1 2], [0 1 3], [0 1 2] 

and [0 0 1] directions in the bcc matrix. Two principal reflections are marked in each 

diffraction pattern. The reflections corresponding to ω phase are not sharp and distinct. 

Rather a diffused arc shaped contrast arises associated with the ω reflections. The 

selected area electron diffraction patterns from the aged and ice water quenched V-50Ti 

specimen are shown in figure 5.14(a-c). The diffraction patterns are acquired along [ 1  1 

3], [1 1 0] and [0 1 3] zone axis of the bcc phase. The reflections correspond to 110 and 

2 1  1 type of planes are marked in [ 1  1 3] zone axis pattern. In the similar way, 002 

and 1  10 types of reflections are marked in [1 1 0] zone axis pattern and   23 1   and 

200 types of spots are marked in the [0 1 3] zone axis pattern. The arcs-like diffused 

intensities are still present across the diffraction pattern. However the ω reflection spots 

become more prominent and distinct in the aged V-50Ti specimen. The experimentally 

measured lattice parameters for the ω phase from the diffraction pattern turn out to be a= 

0.46 nm and c= 0.28 nm which are very close to the reported values of those in V-Ti 

system, which are a= 0.455 nm and c= 0.278 nm (Banerjee and Mukhopadhyay, 2004).  

The dark field images recorded with the ω reflection spots in as melted as well as 

aged V-50Ti alloy specimen are shown in figure 5.15(a-d). Figure 5.15(a-b) represents  
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Fig. 5.13: (a-d) Collage of electron diffraction patterns along [ 1  1 2], [0 1 3], [0 1 2] and 

[0 0 1] zone axis of bcc phase in as melt V-50Ti alloy.  Two principal reflections are 

marked in all the images. The diffused intensities corresponding to the reflections from 

ω structures can be seen in all the diffraction patterns. 

Fig. 5.14: (a-c) Collage of electron diffraction patterns along [ 1  1 3], [1 1 0] and [0 1 3] 

zone axis of bcc phase in aged V-50Ti alloy. Two major principal reflections are marked 

in all the images. The additional reflections corresponding to the ω structures can be 

seen in all the diffraction patterns. 
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the dark field micrograph from the as melted V-50Ti specimen whereas; figure 5.15(c-d) 

represents the same from aged V-50Ti alloy. The characteristic mottled contrast from the 

nanoscale precipitates of the ω phase can be seen in dark field images from as melted V-

50Ti specimen. The ω particles are homogeneously distributed throughout the matrix 

Fig. 5.15: (a-b) Dark field images from the as-melted V-50Ti alloy showing the size and 

distribution of the ω particles in the matrix. They are athermal in nature. (c-d) Dark 

field images from the aged V-50Ti alloy showing the morphology of the nanostructured 

ω particles. The particles are of elliptical shape indicating that they are isothermal ω.   
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with an average size of ~ 3-4 nm. The dark field images from the aged V-50Ti alloy show 

well developed and relatively coarser ω particles. The particles have an elliptical 

morphology in two-dimensional projection where the major axis measures ~ 10-12 nm 

and the minor axis ~ 3-4 nm. Further observation from the aged V-50Ti alloy dark field 

micrograph indicates that the ω particles are arranged in a linear array along their major 

axis and each of the columns are separated by a distance of ~ 12-15 nm. 

Systematic study of selected area electron diffraction patterns along different zone 

axes have been carried out for V-40Ti-20Cr alloy specimen also. Figure 5.16 shows the 

Möbius triangle generated from the various zone axis diffraction patterns of as melted V-

40Ti-20Cr alloy. The acquired diffraction patterns along the zone axes of [1 1 1], [1 1 3], 

[ 3  1 0], [0 1 2] and [0 1 1] are shown at their relative position on a schematically 

indexed Kikuchi pattern for bcc systems. Apart from the [1 1 1] zone axis pattern the 

diffuse arc shaped intensities are visible in all the other zone axis patterns. Diffuse 

intensity in the [1 1 1] type of pattern is absent as the collapse takes place along <111>. 

Figure 5.17(a-d) represents the structural aspects of the ω phase and the corresponding 

phase contrast microscopy results. The atomic structure model for a pure bcc structure 

projected along [1 1 0] zone axis is shown in figure 5.17(a). The <1 1 0>, <2 0 0> and    

<1 1 1> directions of bcc structure are marked in the figure along with the schematic of 

the stacking layers of A, B and C of bcc phase. During bcc to ω transformation process, a 

systematic collapse occurs along <1 1 1> direction of bcc which results in the atomic 

level rearrangement of the B and C layers. In case of ideal ω transformation the B and C 

layers collapse towards each other along <1 1 1> direction, resting at plane halfway 

between the original B and C stacking layers. This transformation gives rise to the ideal  
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hexagonal structure as shown. However, in most situations the collapse is incomplete, 

resulting in a ω phase with trigonal symmetry. Hence, a systematic scan along the traces 

of 200 types of planes can indicate whether the collapse is partial or complete. Figure 

5.17(b) shows the atomically resolved bcc structured phase of aged V-50Ti alloy 

specimen where the specimen is oriented along [1 1 0] zone axis. The distance between 

Fig. 5.16: A series of electron diffraction patterns along [1 1 1], [1 1 3], [ 3  1 0], [0 1 2] 

and [0 1 1] zone axes of bcc structure in as melted V-40Ti-20Cr alloy specimen. The 

diffused intensities corresponding to the ω structures can be seen in all the images except 

[1 1 1] zone axis pattern. All the diffraction patterns are shown in their respective 

positions in a schematic stereographic projection. 
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two atoms along 200 types of planes is measured to be 0.16 nm as expected for a cubic 

system having the lattice parameter a = 0.32 nm. This implies a value of 0.48 nm for the 

distance between four consecutive atomic columns. However the situation does not 

remain the same for the nanostructured ω shown in figure 5.17(c). As stated earlier, in 

case of ω transformation, the B and C stacked atomic columns tend to come in a single 

plane resulting in an atomic level rearrangement along 200 types of planes. One such unit 

of collapsed ω structure is shown in the figure where the two collapsed atomic columns 

are surrounded by four corner atomic columns. Further analysis shows that though the 

distance between four successive atomic columns is 0.48 nm, the individual distances 

between the second and the third atomic columns is reduced to 0.11 nm due to the partial 

atomic collapse. Hence the structure is giving rise a trigonal symmetry. The power 

spectrum generated from the phase contrast image is shown in figure 5.17(d). It clearly 

indicates that the region is oriented along [1 1 0] zone axis of the bcc structured phase. 

The diffuse arcs correspond to the nanostructured ω phase are also clearly visible in the 

image.  

 Structural imaging of ω is attempted along [ 1  1 3] zone axis of bcc and one such 

combination of the phase contrast micrographs from bcc phase along [ 1  1 3] zone axis, 

nanostructured ω phase along [1 2  1 3] zone axis and the corresponding power spectrum 

from aged V-50Ti alloy specimen are shown in figure 5.18(a-c). The traces of the 110 

type of planes are clearly visible in the micrograph corresponding to the bcc phase. 

Moreover, the planes are continuous throughout without any visible change of the atomic 

contrast. However, for figure 5.18(b) the atomic structural contrast appears quite different  
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Fig. 5.17: (a) Schematic of the atomic arrangement along [1 1 0] zone axis of bcc 

structure. The stacking sequence of A, B and C and the collapse direction along <1 1 1> 

are marked in the image. (b) Phase contrast micrograph showing the atomic 

arrangement along [1 1 0] orientation of a bcc phase in an aged V-50Ti alloy specimen. 

(c) Phase contrast micrograph showing the partially collapsed ω structure with trigonal 

symmetry. A unit of the ω structure is marked in the image itself. (d) Power spectrum 

generated from the phase contrast image shows the diffused reflections correspond to ω 

structured phase along [1 1 0] orientation of the specimen.   
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from the pure bcc phase. Here the triangular zig-zag type atomic contrasts substantiates 

that the contrast is indeed from a ω like embryo. Power spectrum recorded from the 

region is shown in figure 5.18(c) where the reflections due to 110 and 1 2  1 type of 

planes from the bcc phase are marked in the image itself.  

Formation of ω–phase is not favoured at the nominal alloy compositions of V-

50Ti and V-40Ti-20Cr.  However, based on the experimental results, a mechanism can be 

proposed for the formation of the ω embryos in the bcc matrix. As has already been 

stated, on solidification, the instability in the bcc phase manifests itself as compositional 

modulation. This phenomenon leads to phase separation which in turn gives rise to Ti 

Fig. 5.18: (a) Phase contrast micrograph showing the atomic arrangement along [ 1  1 

3] orientation of a bcc structured phase in an aged V-50Ti alloy specimen. (b) Phase 

contrast micrograph showing the ω structure along [1 2  1 3] zone axis. The 

characteristic ‘jagged’ contrast of the ω structure is clearly visible in the micrograph. 

(c) Power spectrum confirms the orientation of the specimen as [ 1  1 3] where the 

principal reflections correspond to 110 and 2 1  1 types of planes are marked in the 

image.  
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rich and Ti lean regions. This has already been substantiated through EFTEM results and 

it is further quantified through STEM-EELS techniques. The details of the micrographs 

(figures 5.7, 5.8 and 5.10) showing the compositional partitioning and the spinodal 

decomposition process has already been discussed earlier. The compositional fluctuations 

increases with aging treatment, which in turn increases the modulation length of the 

phase separated domains. The compositional partitioning leads to the Ti-rich cluster 

formation and eventually a structural instability is generated within itself. This further 

relaxes down through the initiation of the collapse of [1 1 1] bcc planes forming the 

embryonic ω structure.  

In the light of the present discussion it can be explicitly said that for V-50Ti and 

V-40Ti-20Cr alloys, phase separation of the bcc phase acts as a precursor to the 

precipitation of ω phase. In the literature almost in all the cases where the ω precipitation 

in Ti-V alloys has been observed are with vanadium concentration ≤ 20 wt.% (Ng et al., 

2011, Ramsteiner et al., 2008, Banerjee and Mukhopadhyay, 2004, Banerjee et al., 2003) 

and the studies regarding the ω phase transformation in the higher V side are relatively 

sparse. In the present thesis, alloys with nominal compositions of V-50Ti and V-40Ti-

20Cr have been considered to study the feasibility of phase separation and ω 

transformation. For these present set of alloys, the existence of a miscibility gap has been 

already confirmed through thermodynamic calculations as shown in chapter 3. This 

miscibility gap has been shown experimentally to manifest as phase separation reaction in 

the V-50Ti alloy resulting in the formation of Ti-rich and Ti-lean phases. Composition of 

these Ti-rich domains falls within the ω phase regimes. Based on the known features of 

the Gibbs free energy – composition curve that results in a phase separation, the 
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miscibility gap has been represented as a region with positive enthalpy of mixing. An 

infinitesimal compositional fluctuation in this region can trigger a phase separation 

reaction towards the energy minimization resulting in the formation of two 

compositionally different domains - one in Ti-rich and another in Ti-lean side. There 

would be a composition in this energy landscape where the bcc and ω free energy curves 

intersect satisfying the criteria as Omegabcc GG  . The phase separation in bcc phase 

progresses till this point and beyond this the ω precipitation in the Ti-rich phase becomes 

thermodynamically feasible. Beyond this intersection point, the Ti-rich regions become 

susceptible to structural instability and subsequently undergo a partial collapse of 111bcc 

planes leading to formation of ω like embryos. Further progress of this phase reaction 

depends on the applied thermal conditions at that stage. This has been schematically 

shown by earlier researchers, particularly Devaraj et al. (2012) and Nag et al. (2011) in 

case of Ti-Mo alloys. A comprehensive analysis regarding the free energy landscape as a 

function of atomic shear in case of Ti-Nb alloys has been given by Lai et al. (2015). In 

the present context it is worth mentioning that the ω precipitation phenomena are highly 

dependent on the alloy chemistry. In case of V-Ti alloy, it can unambiguously be claimed 

that the phase separation of the bcc phase acts as a precursor of the ω precipitation. 

However, the generalization of similar claim to other ω forming systems requires 

extensive studies. 

Another interesting aspect of the present study is the diffuse intensity distribution 

in the electron diffraction pattern along with deviation of the ω reflections from their 

ideal positions. One of the main reasons for the diffuse intensity in the reciprocal space is 

the presence of atomic planes with different extent of collapse in the real space. 
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Deviation from ideal ω structure results because the system may have moved away from 

the region of relative ω stability in the phase diagram either along the composition or the 

temperature axis (McCabe and Sass, 1971; Banerjee and Mukhopadhyay, 2004). For the 

ideal ω structure, the ω reflections should positioned around 1/3rd and 2/3rd distance of 

the line joining the centre and 112 type of bcc spots along [1 1 0] zone axis. However, in 

the present case, all diffraction patterns show arc shaped diffused intensity and the 

intensity maxima are located in slightly different positions from the ideal ω positions. 

Stability of the ω phase is decided upon the composition of the bcc stabilizer which is V 

in the present case. Moreover, with the increase in the bcc stabilizer, the formation 

tendency of the ω-phase reduces. The diffused arcs of the ω reflection can be generated 

because of its departure from the bcc to ω athermal transition temperature Ms (bcc → ω) 

also. The kinetics of the bcc to ω transformation is another interesting aspect of the 

present work which needs to be discussed here. bcc to ω transformation occurs under two 

different conditions; one during quenching from the bcc phase field and the other during 

isothermal holding of the alloy just below the bcc to ω forming temperature, which is ~ 

780° C for binary Ti-V alloys. Both of the domains can be identified based on their 

salient characteristic feature.  The ω which forms directly on quenching from the bcc 

phase field is athermal in nature. The athermal ω initiates at a very high quench rate 

where the diffusion of the atoms is not feasible. In the reciprocal space they give rise to 

diffuse intensity which transforms into sharp and definite ω reflections over further 

thermal treatment. The other type of ω is termed as the isothermal ω, where 

nanostructured ω particles grow within the bcc matrix during ageing at a temperature 

below the bcc → ω transformation temperature. These precipitates are usually elliptical 
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in shape as a consequence of interfacial strain energy minimization. In the reciprocal 

space also the diffusivity in the arcs reduces and distinct ω reflections appear because of 

the increase in the volume fraction.  

Present studies also demand a comprehensive discussion regarding the 

composition range over which ω phase is encountered in V-Ti and V-Ti-Cr alloy system. 

Over the last four decades several researchers have studied on ω phase transformation in 

Ti-V alloys (Ng et al., 2011, Ramsteiner et al., 2008, Banerjee and Mukhopadhyay, 2004,  

Banerjee et al., 2003, Sikka et al.,1982). Almost in all the cases of this alloy where the ω 

precipitation has been observed are with vanadium concentration ≤ 20 wt.%. Studies 

regarding the ω phase transformation in the higher V side are relatively sparse. McCabe 

and Sass (1971) in their classic paper had discussed about the feasibility of ω phase 

formation in the Ti-V alloys with variation in the V addition from 10 to 55 at.% through 

electron diffraction experiments. They further concluded that beyond 25 at.% of V 

addition the ω reflections in the electron diffraction pattern become significantly diffuse 

and can be interpreted as the scattering by atomic displacement waves of large amplitude 

in the bcc structure that is close to transform in ω phase. The present work deals with the 

ω phase transformation studies in an equiatomic V-Ti alloy. However in the present 

context it can be stated that though the nominal composition of the alloy is V-50Ti, but 

the local composition of the alloy where the ω precipitation occurs does not remain the 

same. It has been already shown that this alloy undergoes phase separation resulting in 

the formation of Ti-rich and Ti-lean phases. The ω precipitation has been observed in 

these Ti-rich domains, where the local V concentration is ≤ 25 wt.% as measured from 

the STEM coupled spectroscopy studies. In a true sense, though the nominal composition 
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of the alloy is V-50Ti, but the local composition where the omega phase forms is in 

accordance with the omega forming Ti-V composition range as reported in the literature.                  

5.6: Studies of interfaces between ω and bcc structured phases 

Another interesting aspect of the present study is the interface structure between 

the ω and bcc structure. Figure 5.19 represents a phase contrast micrograph showing the 

interface between the bcc and the ω structure from two distinct regions of the aged V-

50Ti alloy. The image was acquired along [1 1 0] zone axis of bcc phase. ω and bcc 

phases are marked in the image itself. A careful look at the interface reveals that the 

structure is coherent. The interface is spanning over ~ 6-7 atomic layers during which a 

complete transformation between bcc to ω occurs. The contrast that is seen along the 

interface is because of the structural transformation between bcc and ω and not because 

of the presence of a tilted interface. The interface is devoid of any defects. Figure 5.20(a) 

shows the bcc – ω interface along [1 1 0] zone axis from another region of the specimen. 

In similar fashion, the interface structure between the ω phase and the bcc phase along 

[ 1  1 3] zone axis of bcc is shown in figure 5.20(b). Here also the interface appears to be 

coherent. Complete transformation from bcc to ω structure occurred within a span of 3-4 

atomic layers. Just after the interface in the ω side the jagged contrast is not much 

evident, indicating that the collapse is partial. However, after ~ 6-7 atomic layers of the 

interface the triangular jagged contrast is very much evident, indicating complete 

transformation into ω. 

5.7: Conclusions  

Conclusions from the present chapter are as follows, 
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Fig. 5.19: Phase contrast micrograph along the bcc – ω interface. The complete 

transformation occurs over a span of 6-7 atomic layers.      
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(i) V-50Ti and V-40Ti-20Cr alloys undergo a phase separation on solidification. The 

process is dominated by the spinodal decomposition mechanism where compositionally 

modulated regions are seen along <1 1 0> direction. 

(ii) The initial composition fluctuation wave in binary V-50Ti alloy is of wavelength ~ 4-

5 nm. Gradually another wave with wavelength ~ 18-20 nm initiates and finally this wave 

only persist. 

(iii) The composition partitioning gives rise to a Ti rich and Ti lean domains in both the 

alloys. It is apparent from the results that the phase separation is essentially a binary 

event involving only Ti and V. Cr is essentially homogeneously distributed in the matrix. 

Fig. 5.20: (a) HRTEM images acquired along [1 1 0] zone axis of bcc structure showing 

the atomic arrangements at the interface between the nanostructured ω region and bcc 

matrix in aged V-50Ti alloy. The ledges at the interface are marked with red lines. (b) 

Phase contrast micrograph recorded along [ 1  1 3] zone axis of bcc phase showing the 

interface between the nanostructured ω region and bcc matrix. Here also the ledges at 

the interface are marked with red lines.     
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(iv) bcc to ω transition occurs in the Ti rich arm of the phase separated domain for both 

the as melt as well as aged alloy. 

(v) The atomic collapse occurs along the <1 1 1> direction of the bcc matrix and the 

phase contrast micrographs showing the collapse are recorded along <1 1 0> and       

< 1  1 3> zone axis of the bcc phase. In most of the cases the collapse is partial, giving 

the trigonal ω phase symmetry.  
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Chapter VI 

Structure imaging of ω Domains in Phase Separated V-Ti-Cr Alloys 

 

 

6.1: Introduction 

Feasibility of the formation of ω structured phases in binary V-50Ti and ternary 

V-40Ti-20Cr alloys as well as the microscopic investigations over their detection in the 

bcc matrix have been elaborately discussed in the previous chapter. A mechanism has 

also been proposed to explain the origin of the ω embryos in the bcc matrix of 

equiatomic V-Ti and ternary V-40Ti-20Cr alloys. However, questions remained over the 

atomic level understanding of ω structure domains and also over the contrast seen in the 

phase contrast micrographs.  

 In the last four decades the ω phase and the associated phase 

transformation phenomena have attracted considerable attention resulting in a wide range 

of discussions in the literature. However, a lion share of them described about the ω 

formation mechanism mainly on the basis of diffraction contrast microscopy studies and 

over the change of its mechanical behaviour. Till date only a limited of them has 

addressed the ω structure and composition of the transformed domains. This is mainly 

because of the limitation over the spatial and compositional resolution of the previous 

generation microscopes. Structure imaging of ω phase, nature and extend of collapse and 

interfaces have received relatively little attention. However, with the development in the 

instrumentation of the electron microscopes more attempts are being made to reveal to 

structural details of ω phase. More recently, Ng and his colleagues (2011), Devaraj and 
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co-workers (2012), Bennett et al. (2015) have investigated the structure, composition and 

3-D morphology of ω precipitates in the binary Ti-Mo alloys with aberration corrected 

electron microscopes and atom probe techniques. Nag and his co-workers have also 

discussed the structural aspects of ω in the phase separated domains of Ti based alloys by 

coupling aberration-corrected HAADF-STEM with atom probe tomography and density 

functional theory calculations (Nag et al., 2009, 2011).  Okunishi et al. (2013) have 

studied the athermal and the isothermal ω–phases in Zr alloys with the aid of STEM-

HAADF imaging.  Sankaran et al. (2014) studied the structural aspects of ω –phase with 

probe corrected HAADF imaging along three distinct atomic motifs in multicomponent 

gum metal alloys and further verified the presence of trigonal ω phase with the aid of 

multislice STEM simulation. Most of the efforts on the structural interpretation were 

dealing with HAADF characterization of the ω structure. An excellent and 

comprehensive review has been published by Dehai et al. (2014) depicting the recent 

efforts in the studies of ω-phase in bcc metals and alloys.  

Phase contrast microscopy aided with multislice image simulation can also be a 

viable tool to study the structural details of ω phase. Certain efforts were there amongst 

researchers to study the atomic structures of the ω phase by high-resolution imaging 

(Sukedai et al., 1993, 1994, 1997). However, the structural imaging of the ω phase 

structure along different orientation of the bcc matrix has still not been explored much. 

Especially, to the best of the knowledge of the authors, ω transformation has not been 

reported in literature for V-Ti-Cr alloys.  In literature, the reported ω structures are 

mostly along [1 1 0] orientation of the bcc structured matrix. Though, it will be 

interesting to look at those structures along different orientation of the matrix also. In the 
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present chapter attempts have been made to explore the structural details of the ω phase 

through high-resolution electron microscopy along different zone axis of the bcc 

structured matrix. Another interesting aspect of the present work is the interpretation of 

the channelling behaviour in the ω structure through systematic studies of phase and 

amplitude part of the generated exit waves along different orientation.   

The scope of this chapter is as follows,  

(i) Structural imaging of partially collapsed ω embryos along different zone axis in the 

bcc matrix with aid of quantitative and experimental phase contrast microscopy in binary 

V-Ti and ternary V-Ti-Cr alloys.  

(ii) Quantum mechanical understanding of the contrast as seen for the corner atoms as 

well as for the collapsed atoms in the ω structured domains. 

(iii) A qualitative study of the electron channelling behaviour in the atomic columns of 

the ω structured domain. 

6.2: Compositional partitioning in V-50Ti and V-40Ti-20Cr alloy: Driving force for 

ω phase formation 

In chapter 3, it is already shown with the aid of thermodynamic calculations that a 

phase separation tendency exists for binary equiatomic V-Ti system and this tendency got 

suppressed with the addition of Cr in the alloy. Microstructural and microchemical 

studies of the selected alloy compositions are also in support of the thermodynamic 

results. A few of these results are revisited in the present section to maintain the 

continuity in understanding the origin and the structure of the ω phases. Figure 6.1(a-d) 

represents the phase separated domains and the corresponding selected area electron 
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diffraction patterns from binary V-50Ti and ternary V-40Ti-20Cr alloy specimens in the 

as melted condition. Figure 6.1(a) shows relatively low magnification STEM-HAADF 

micrograph showing the striation contrast from the phase separated domain in V-50Ti 

alloy specimen. The striations are almost periodic in nature with an observed wavelength 

of ~ 3-4 nm. Selected area electron diffraction pattern from the corresponding region is 

shown in figure 6.1(b). The diffraction pattern has been indexed as [0 1 3] zone axis 

pattern of a bcc structured phase. The reflections correspond to 200 and 03 1  type of 

planes and are marked in the figure. Indexing has been done after careful measurement of 

the diffraction spots and the corresponding interplanar angles. Calculated lattice 

parameter from the diffraction pattern turns out to be a= 0.32 nm which is very close to 

the reported lattice parameter for the bcc V-Ti solid-solution phase (a= 0.3165 nm). In the 

diffraction pattern, along with the principal reflections, dove shaped diffuse intensities 

connecting main diffraction spots and very feeble satellite spots can also be observed. 

The diffuse intensity arises due to the nanostructured ω phase (which will be discussed in 

details in the following sections). The satellite spots appear because of the phase 

separation phenomenon. The STEM-HAADF image of the phase separated domain from 

V-40Ti-20Cr alloy and the corresponding electron diffraction pattern are shown in figure 

6.1(c-d). The microstructural nature of the domain is almost same as that of V-50Ti alloy. 

The wavelength of the periodicity is ~ 4-5 nm, which is also same as that of V-50Ti 

alloy. Electron diffraction pattern indicates that the specimen is oriented along [0 1 3] 

zone axis of bcc structure. The reflections corresponds to the 200 and 03 1  type of 

planes are marked in the image itself. Apart from the principal reflections, the satellite  
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Fig. 6.1: (a & c) STEM-HAADF micrographs showing the chemical partitioning in 

the phase separated domains of as melted binary V-50Ti alloy and ternary V-40Ti-

20Cr alloy specimens respectively. (b & d) Selected area electron diffraction pattern 

from the similar phase separated domain shown in (a) and (c) respectively. In both 

the diffraction patterns two major principal reflections are marked.  

Fig. 6.2: EFTEM micrograph showing the chemical partitioning between V- rich 

and Ti- rich domains in as-melted [in (a)] and heat treated [in (c)] V-50Ti alloy 

specimen.  In the heat treated specimen the modulation length is ~ 18-20 nm. (b) 

Bright field micrograph from the phase separated domain in aged and quenched V-

50Ti alloy specimen.  
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reflections corresponding to the phase separation and the diffuse intensity corresponding 

to the ω phase are also seen in the diffraction pattern. The lattice parameter calculated 

from the diffraction pattern is of 0.31 nm which is very near to the reported lattice 

parameter for the reported V-50Ti alloy.  

As already informed in the previous chapter that both of the alloys were aged at 

750° C for 5 hours and subsequently been quenched in ice water to promote the phase 

separation kinetics further. Fig 6.2(a-c) shows a collage of energy-filtered TEM 

(EFTEM) micrographs from as melt V-50Ti alloy, relatively low magnification bright 

field image from the aged and quenched V-50Ti alloy specimen and the corresponding 

EFTEM map. EFTEM map of the as-melted alloy confirms the presence of chemical 

partitioning between V rich (in red) and Ti rich (in green) regions over solidification. The 

modulation length of the phase separated domain ~ 4-5 nm. In the bright field image from 

the aged and quenched alloy, periodically spaced and interconnected dark and bright 

striated contrast can be seen. Here the modulation lengths are in the range of ~ 18-20 nm. 

EFTEM maps were acquired from the same region of the alloy specimen to study the 

chemical nature of the phase separated domains. Colour composite of the EFTEM map in 

fig 6.2(c) clearly shows the phase separated domains where V rich regions are shown in 

red and the Ti rich regions are shown in green. Three window method of elemental 

imaging is used to acquire the background-corrected chemical maps for both the EFTEM 

maps where a slit width of 20 eV is used with a collection time of 30 seconds. V and Ti 

elemental maps are generated with the energy loss edge of V-L (521 eV) and Ti-L (462 

eV) respectively.  
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6.3: Structure imaging of nanostructured ω domains 

6.3.1: Morphology and distribution of ω phase 

Both V-50Ti and V-40Ti-20Cr alloy specimens have further been investigated to 

study the structure and morphology of the nanostructured ω phase. Figure 6.3(a-b) 

represents the dark field micrograph and selected area electron diffraction pattern 

corresponding to a ω reflection from aged V-50Ti alloy. The diffraction pattern is 

indexed as [ 1  1 3] zone axis pattern of the bcc structured matrix. Principal reflections 

correspond to 110 and 1 2  1 planes and are marked in the image itself. Careful 

observation of the diffraction pattern indicates that the reflections of ω phase are not very 

Fig. 6.3: (a) Selected area electron diffraction pattern along [ 1  1 3] zone axis of bcc 

phase in aged V-50Ti alloy. Two major principle reflections of bcc phase are marked 

in the micrograph. The additional reflections corresponding to the ω structures can 

be seen in the diffraction pattern. (b) Dark field image from the aged V-50Ti alloy 

showing the morphology of the nanostructured ω domains. The domains are 

elliptical in shape. 
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sharp and distinct. Rather diffuse arcs arise because of the ω phase. The experimentally 

measured lattice parameters for the ω phase from the diffraction pattern turn out to be a= 

0.46 nm and c= 0.28 nm which are very close to the reported values of those in V-Ti 

system, which are a= 0.455 nm and c= 0.278 nm (Banerjee and Mukhopadhyay, 2004). 

The dark-field images recorded with the ω reflection spots show the characteristic patchy 

contrast from the nanoscale precipitates of the ω phase. The precipitates have an elliptical 

morphology in two-dimensional projection where the major axis measuring ~ 10-12 nm 

and the minor axis measures ~ 3-4 nm. 

6.3.2: Direct structure imaging along [1 1 0]bcc zone axis 

Figure 6.4(a-b) represents the atomic structure model for a pure bcc structure 

along [1 1 0] zone axis and for a hexagonal structure along [1 1 2  0] zone axis 

respectively. The directions <1 1 0>, <2 0 0> and <1 1 1> of bcc structure are marked in 

the figure. A schematic of the stacking sequence A, B and C of bcc are indicated in the 

image for illustration of the atomic collapse mechanism. During bcc to ω transformation 

process, a systematic collapse occurs in the <1 1 1> direction, which results in the atomic 

level rearrangement of B and C layers. In case of ideal ω transformation, the B and C 

layers collapse towards a plane halfway between B and C planes. This transformation 

gives rise to the ideal hexagonal structure as shown in figure 6.4(b). However, in most of 

the cases the collapse is incomplete, which results in a trigonal ω phase structure. Hence, 

a systematic scan along the traces of {200} planes can provide clue whether the collapse 

is partial or complete. These issues are explained with the direct structural analysis of 

pure bcc and ω phases.   
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Phase contrast image from the bcc phase and from the nanostructured ω phase in 

an aged V-50Ti alloy specimen are shown in figure 6.5 (a-b). Figure 6.5(a) shows the 

atomic arrangement from a pure bcc phase where the specimen is oriented along [1 1 0] 

zone axis. The spacing between two atoms along 200 planes is measured as 0.16 nm and 

also been marked in the micrograph. This is consistent with a cubic system for which the 

lattice parameter is a = 0.32 nm. The distance across four consecutive atomic columns is 

hence measured to be 0.48 nm. However, the situation does not remain the same for the 

nanostructured ω shown in figure 6.5 (b). As stated earlier, in case of ω transformation,  

Fig. 6.4: (a) Schematic representation of the atomic arrangement along [1 1 0] zone 

axis of bcc structure. The stacking sequence of A, B and C and the collapse direction 

along <1 1 1>are marked in the image. (b) Schematic representation of the atomic 

arrangement along [1 1 2  0] zone axis of hexagonal ω structure.   
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the B and C planes tend to collapse on to a single plane resulting in atomic displacements 

along 200 types of planes. One such unit of collapsed ω structure is shown in the figure 

where the two collapsed atomic columns are surrounded by four corner atomic columns. 

Further quantitative analysis reveals that the spacing between four successive atomic 

columns is 0.48 nm, the individual spacings do not remain the same: the spacing between 

the second and the third atomic columns reduces to 0.11 nm due to the partial atomic 

collapse. Hence the phase exhibits a trigonal symmetry. 

6.3.3: Direct structure imaging along [ 1  1 3]bcc zone axis 

Structural imaging of ω has been carried along [ 1  1 3] zone axis of bcc also and 

one such combination of atomic structure model of bcc along [ 1  1 3] and ω along   

Fig. 6.5: (a) Phase contrast image showing the atomic arrangement along [1 1 0] 

orientation of a bcc structured phase in an aged V-50Ti alloy specimen. (b) Phase 

contrast image showing the partially collapsed ω structure with trigonal symmetry. A 

unit of the ω structure is marked in the image itself.   
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[1 2  1 3] are shown in figure 6.6 (a-b). It is very much evident from the image that the 

collapsed layers along [1 2  1 3] zone axis of ω gives rise a zig-zag like contrast bounded 

by two planes. In continuation of the described model, figure 6.7(a-c) represents the 

phase contrast micrographs from bcc phase along [ 1  1 3] zone axis, nanostructured ω 

phase along [1 2  1 3] zone axis and the corresponding power spectrum from aged V-

50Ti alloy specimen. The traces of the 110 types of planes are clearly visible in the 

micrograph, which corresponds to the bcc phase. Moreover, the planes are continuous 

throughout without any visible change of the atomic contrast. However, for figure 6.7(b) 

the structural contrast appears quite different from the pure bcc phase. Here the triangular 

zig-zag type atomic contrasts are quite clearly visible. Power spectrum recorded from the 

similar region is shown in figure 6.7(c) where the reflections due to 110 and 2 1  1 type 

of planes from the bcc phase are marked in the image itself. Phase contrast micrographs 

of the bcc phase along [ 1  1 3] zone axis, ω phase along [1 2  1 3] zone axis and the 

corresponding power spectrum from another region of the specimen are shown in figure 

6.8(a-c). As expected, the atomic arrangements of the nanostructured ω phase in figure 

6.8(b) shows a triangular zig-zag type of contrast which is very much similar to the 

model described for the ω structured phase along  [1 2  1 3] zone axis. The corresponding 

power spectra confirms that the specimen is oriented along [ 1  1 3] zone axis of the bcc 

phase. 
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 Fig. 6.6: (a) Schematic representation of the atomic arrangement along [ 1  1 3] zone axis 

of bcc structure. (b) Schematic of the atomic arrangement along [1 2  1 3] zone axis of 

hexagonal ω structure.  
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Fig. 6.7: (a) Phase contrast image showing the atomic arrangement along [ 1  1 3] 

orientation of a bcc structured phase in an aged V-50Ti alloy specimen. (b) Phase 

contrast image showing the ω structure along [1 2  1 3] zone axis. The characteristic 

‘jagged’ contrast of the ω structure is clearly visible in the micrograph. (c) Power 

spectrum confirms the orientation of the specimen as [ 1  1 3] where the principle 

reflections corresponding to 110 and 2 1  1 types of planes are marked in the image.  

Fig. 6.8: (a-b) Phase contrast image showing the atomic arrangement along [ 1  1 3] 

orientation of a bcc structured phase and along [1 2  1 3] zone axis of the ω structured 

phase from another location in an aged V-50Ti alloy specimen. (c) Corresponding 

power spectrum confirms the orientation of the specimen as [ 1  1 3] 
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6.3.4: Site specific contrast generation for atomic columns 

One interesting observation from the phase contrast image of the ω phase shown 

in figure 6.7(b) is the dark atom contrast for the surrounding atoms of the collapsed 

atomic layers. It is described in figure 6.6(b) that the atomic structure of ω domain along 

[1 2  1 3] appears as a jagged contrast produced by the collapsed atoms and the 

surrounding atoms provide a linear contrast on either side of the collapsed atoms. A 

careful look into figure 6.7(b) confirms that bright atom contrast appears only for the 

jagged contrast atoms i.e. only for the collapsed atoms. Moreover, the absence of the 

linear contrast affirms that the surrounding atoms are dark in the present thickness-

defocus condition.  

 Dark atom contrast along the ω like embryo can also be observed along other 

orientation of the specimen. Figure 6.9(a-b) represents the phase contrast micrograph and 

the corresponding power spectrum from the ω like embryo of the specimen. The power 

spectrum confirms that the micrograph is recorded along [1 1 0] zone axis of the bcc 

matrix where the reflections due to 002 and 1 1  0 type of planes are marked on the 

image itself. The contrast seen in the phase contrast micrograph confirms that the 

collapsed atomic column appear bright whereas the corner atoms appear dark for the 

particular imaging condition. A unit of ω structure and the directions of the atomic planes 

are marked in the image itself. For further confirmation, dark atom contrast for the corner 

atoms of ω phase has imaged from another region of the specimen and is shown in figure 

6.10(a-b). Here also the specimen is oriented along [1 1 0] zone axis of the bcc phase as 

evident from the power spectrum. Here the corner atoms are seen to be dark while the  
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Fig. 6.9: (a) Phase contrast image showing the atomic arrangement from a partially 

collapsed ω structure. It is clearly evident from the image that the collapsed atoms are 

bright whereas the corner atoms are dark. A unit of the ω structure is marked in the 

micrograph. (b) Power spectum from  the similar region shows that micrograph is 

aquired along [1 1 0] zone axis of bcc phase.  

Fig. 6.10: (a) Phase contrast image showing the atomic arrangement from a partially 

collapsed ω structure from another region of the specimen. Here also the collapsed 

atoms appear bright whereas the corner atoms are dark. (b) Power spectum from  the 

similar region shows that micrograph is aquired along [1 1 0] zone axis of bcc phase.  
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partially collapsed atoms are bright in the phase contrast micrograph. The details of the 

plane orientation and one of the ω structural units are marked in the image. A sincere 

effort has been made in the following sections to understand the origin of this dark atom 

contrast for the corner atoms of ω structured domains along [1 1 0] and [ 1  1 3] zone 

axis of the bcc matrix. 

6.4: Multislice image simulation for the verification of contrast generation 

6.4.1: t – Δf map for bcc and ω phase along [1 1 0]bcc   

In order to substantiate the contrast observed in the above phase contrast images 

and also to validate the dark atom contrast for the corner atoms of the ω structure, 

multislice simulation is carried out for bcc structured phase along [1 1 0] zone axis and ω 

structure along [1 1 2  0] orientation. Corresponding thickness – defocus (t –Δf) maps for 

the bcc and ω structured phases are shown in figs. 6.11 and 6.12 respectively.  

Figure 6.11 shows the thickness – defocus map of the bcc V-50Ti alloy along [1 1 

0] zone axis. It can be observed from the t-∆f map that for the bcc phase the contrast of 

the 110 types of lattice planes varies predominantly with the defocus. For the defocus 

values of around the Scherzer defocus i.e. ~ -30 nm to -40 nm ranges all the atomic 

columns appear bright and the channels appear dark throughout the entire thickness 

range. Whereas, for the defocus value in the range of -20 nm to -10 nm, all the channels 

are bright and the atoms are dark apart from the lower thickness of 17 nm and below, 

where the contrast is reversed again. The contrast is again reversed and the atomic 

columns become bright and the channels become dark for the higher defocus values i.e. 

in the range of -10 nm to 0 nm.  For the present experimental conditions, where the  
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thickness of the specimen ~ 25 nm and defocus ~ -10 nm, all the atom columns appear 

bright for the bcc phase and is also in support of the experimental observations. 

In all the cases, for the ω structure simulation, the collapse along c direction 

assumed to be 1, i.e., the symmetry is assumed to be pure hexagonal symmetry and not 

the trigonal symmetry for which the extent of the collapse lies within 0 and 1. The 

experimental images were captured ~ 20 - 25 nm above the Scherzer defocus, which is     

-36 nm for the microscope with Cs = 0.65 mm at an operating voltage of 300 kV. The 

thickness of the specimen is measured by the log ratio method from the corresponding 

EELS profile and it is ~ 34 nm. As seen from the simulated image in figure 6.12, the  

Fig. 6.11: Simulated thickness-defocus (t - ∆f)map of  the bcc V-50Ti structure (Pearson 

symbol = cI2) along  [1 1 0] zone axis by multislice method. V-50Ti structure is also 

projected on the simulated image. Accelerating voltage = 300 kV and Cs = 0.65 mm. 
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contrast for ω structure varies significantly with thickness and defocus. In and around the 

Scherzer defocus value, the corner atoms are giving the bright contrast. In this defocus 

range the channels between the corner atoms are also providing faint bright contrast, 

making a linear contrast for the entire row of the corner atoms. The bright contrast from 

the channels is enhanced in the higher defocus values i.e. in the defocus range of -30 nm 

to -20 nm and the contrast from the corner atoms appear bright and the collapsed atoms 

appear dark. With further increase in the defocus values i.e. ~ -10 nm and beyond, the 

corner atoms become dark and the collapsed atoms become bright. For the present 

experimental conditions as already stated earlier, all the corner atoms appear dark and the 

Fig. 6.12: Simulated thickness-defocus (t - ∆f) map of ω structure along  [1 1 2  0] zone 

axis by multislice method. ω structure is also projected on the simulated image. 

Accelerating voltage = 300 kV and Cs = 0.65 mm. 
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collapsed atoms appear bright. This is in support of the dark atom contrast seen in the 

experimental phase contrast micrographs. 

6.4.2: t – Δf map for bcc and ω phase along [ 1  1 3]bcc   

In order to understand the contrast and match the phase contrast image of bcc 

structure along [ 1  1 3] zone axis of V-50Ti alloy, multislice simulation is carried out for 

the same structure under similar experimental conditions. The thickness-defocus (t - Δf) 

map for the bcc structure of V-50Ti alloy along [ 1  1 3] orientation is shown in figure 

6.13. The experimental images were captured around Scherzer defocus which is ~ -36 nm 

under 300 kV acceleration voltage and Cs = 0.65 mm. The map is generated for the 

thickness range of ~ 17 nm to 38 nm. It can be observed from the t–Δf map that the 

contrast of the lattice planes varies significantly with thickness and defocus. In the 

defocus range of -40 nm to -30 nm, the atomic columns appear bright and the channels 

are dark at a thickness of 20 nm and above. However, for the lower thickness, the 

contrast reverses. Again for the defocus values of -20 nm to 0 nm, the atoms appear dark 

and the channels appear bright for the thickness above 20 nm and below that the contrast 

reverses. 

In the similar manner to understand the contrast and match the phase contrast 

image of ω structure along [1 2  1 3] of V-50Ti alloy, multislice simulation is carried out 

for the same structure under pre-recorded experimental conditions. The thickness-defocus 

(t –Δf) map corresponding to the [1 2  1 3] zone axis of ω is shown in figure 6.14. The 

experimental images were captured around Scherzer defocus which is ~ -36 nm under 
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300 kV acceleration voltage and Cs = 0.65 mm. The map is generated for the thickness 

range of ~ 16 nm to 37 nm. Here a periodic arrangement of bright jagged contrast 

associated with a wide linear contrast can be observed. In other words, a jagged contrast 

surrounded by two bright linear contrasts can be observed in the simulated image. These 

jagged contrasts correspond to the collapsed atoms of the ω structured phase whereas the 

linear contrast is generated from the surrounding atoms in the ω domain. However, for 

the ω structure also the contrast varies significantly with the variation of thickness and 

defocus. In the defocus range of -40 nm to -30 nm, the collapsed atoms appear bright and 

the corner atoms are dark at and above 20 nm of thickness. Further down in the thickness 

range i.e. below 20 nm of thickness in the same defocus range all the atoms appear 

bright. In the higher defocus values i.e. in the range of – 20nm to 0 nm defocus, the 

collapsed atoms are bright throughout the entire thickness range. Moreover, the corner 

atoms give dark atom contrast in the thickness of 20 nm and above and bright atom 

contrast for the thickness below 20 nm. For the present experimental condition, the phase 

contrast image was acquired nearby Scherzer defocus i.e. at ~ -36 nm with a thickness 

value of ~ 26 nm. The thickness of the specimen is measured by the log ratio method in 

electron energy loss spectroscopy technique. It is evident from the t –Δf map that for this 

particular window, the collapsed atomic layers appear bright and the rest of the atoms 

appears dark. 

6.5: Origin and interpretation of contrast generation in structural imaging of ω 

6.5.1: Structural correspondence between bcc and ω structured phase 

Present section discusses the contrast generation during structural imaging of 

partially collapsed ω structure and its lattice correspondence with the bcc phase. High- 
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Fig. 6.13: Simulated thickness-defocus (t - ∆f) map of  bcc V-50Ti structure (Pearson 

symbol = cI2) along  [ 1  1 3] zone axis by multislice method. V-50Ti structure is also 

projected on the simulated image. Accelerating voltage = 300 kV and Cs = 0.65 mm.   

Fig. 6.14: Simulated thickness-defocus (t - ∆f) map of ω structure along  [1 2  1 3] zone 

axis by multislice method. ω structure is also projected on the simulated image. 

Accelerating voltage = 300 kV and Cs = 0.65 mm.   
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resolution TEM characterization with the aid of phase contrast image simulation and 

atomic structure modelling has been carried out to study the structural aspects of the 

nanostructured ω.  The ω structure has been reported to be stabilized either in hexagonal 

(P6/mmm) or trigonal (P 3  m1) structure. The stability between these two structures 

depends on the atomic scale shear mechanism of the ω formation and also on the relative 

composition of the bcc stabilizer. The orientation relationship between ω and bcc phase 

are studied by a large number of researchers and unambiguously described as <1 1 0>bcc || 

<1 1 2  0>ω and < 1  1 3>bcc ||  <1 2  1 3>ω. Present work discusses about the atomic 

arrangement of the ω structured domains as well as the extent of the collapse through 

systematic phase contrast microscopy studies. 

6.5.2: Estimation of channelling behaviour: Projected potential and exit wave             

function calculation 

Another interesting aspect of the present section is the dark atom contrast as seen 

for the corner atoms of the ω structure, which is further substantiated with multislice 

simulation. In the literature, even though the direct structure matching is explored as the 

most viable tool for the contrast matching in the phase contrast images, absolute 

intensities of simulated images often do not match with that of the experimental 

micrographs (Boothroyd, 1998). Apart from the Stobbs factor, CCD modulation factor, 

inelastic scatterings are the major causes for the intensity mismatch. Mathematically the 

contrast in the phase contrast image can be described as the convolution of three different 

contributions. They are the background intensities which in turn depend on the amplitude 

of the direct beam and the diffracted beams; second, the linear component of the 
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intensity, which in turn depends on the phase and amplitude of the direct and diffracted 

beams and third, the non-linear component which also depends on the phase and 

amplitude of the direct and the diffracted beams (Van Dyck et al., 1982; Kirkland, 2009). 

Thus a critical study of the exit wave of the ω structure and its phase and amplitude part 

can provide the crucial reason behind the dark atom contrast if not quantitatively, at least 

qualitatively and has already discussed in chapter 4 of this thesis. Figure 6.15 represents 

the collage of the simulated results of the projected potential, exit plane wave function, 

phase and amplitude part of the exit plane wave function for ω structure along [1 1 2  0] 

zone axis. All the calculations are carried out as a function of thickness varying from 8 

nm to 46 nm, keeping it independent from the change in defocus variation. It can be 

observed from the potential plot that both the corner atoms and the collapsed atoms 

appear bright throughout the entire thickness range. However, the Phase and the 

amplitude part of the exit wave function from the corner atoms and the collapsed atoms 

of the ω structure show substantial difference among them. The grey scale profile of the 

phase part and the amplitude part for both the corner atoms and the collapsed atoms along 

[1 1 2  0] orientation of ω structure with thickness are plotted and shown in figure 6.16. 

For the corner atoms three phase reversals can be observed in the given thickness range, 

at ~ 11 nm, 27 nm and at 32 nm. In contrary, for the collapsed atoms, the intensity of the 

exit wave phase increases with the thickness at a constant rate. For the amplitude part of 

the exit wave, again the intensity of the corner atoms behaves in a different manner than 

that of the collapsed atoms. The corner atoms appear bright throughout the wave-

amplitude map. However, in the lower thickness range the contrast is high. The contrast 

from the atoms and the channels are very feeble in the thickness range ~ 22 nm to 27 nm.  
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Again beyond 27 nm of thickness, the contrast increases but not upto the extent seen 

below 22 nm of thickness range. On the contrary, for the collapsed atoms, the brightness 

increases with the increase in thickness. In a more quantitative manner it can be said that 

the phase wave of the corner atoms are asymmetrical in nature and it changes more often 

over the thickness. A combination of these two effects convoluted with the instrument 

Fig. 6.16: Variation with thickness of the exit-plane wave phase and amplitude along the 

corner and collapsed atomic columns in hexagonal ω structured phase along  [1 1 2  0] 

orientation 
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distortion function results in either disappearance or weak presence of intensity from the 

corner atoms in the thickness range of ~ 34 - 36 nm, which is the case for the micrograph 

shown in figures 6.9(b) and 6.10(b). Similar analysis has also been done for the atomic 

columns present along [1 2  1 3] zone axis of ω structure. Figure 6.17 shows the collage 

of potential map, exit wave map and the amplitude and the phase part of the exit wave 

map with a function of thickness. The thickness varies in the range of ~ 10 nm to 55 nm. 

In the potential map both the array contrast of the corner atoms and the jagged contrast of 

the collapsed atoms are present. Though, the corner atoms appear much brighter than the 

collapsed atoms. However, the situation is not same for the phase and the amplitude part 

of the exit wave for the corner atoms and the collapsed atoms. Detailed intensity profile 

analysis for the phase and the amplitude part of the exit wave for both the corner atoms 

and the collapsed atoms are shown in figure 6.18. A critical analysis of the profile plots 

indicates that the contrast from the corner atoms undergo three successive phase reversal 

in the given thickness range which are at ~ 13 nm, 29 nm and at 38 nm. Whereas, the exit 

wave phase part for the collapsed atoms does not show any phase reversal, rather the 

phase intensity increases with the increasing thickness. The amplitude of the exit wave 

for corner atoms shows brighter contrast throughout the entire thickness range. However, 

the contrast difference between the collapsed atoms and the corner atoms become 

minimal in the thickness range of 25 nm to 35 nm. The intensity of the exit wave 

amplitude for the collapsed atoms remains constant throughout. The combination of 

phase reversal along with the amplitude modulation results the disappearance or weak 

contrast for the corner atoms at the given experimental condition as shown in figure 

6.7(b). 
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Fig. 6.18: Variation with thickness of the exit-plane wave phase and amplitude along the 

corner and collapsed atomic columns in hexagonal ω structured phase along  [1 2  1 3] 

orientation 
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6.6: Conclusions 

Conclusions from the present chapter are as follows, 

 (i) bcc to ω transition occurs in the phase separated domain for both binary V-50Ti and 

ternary V-40Ti-20Cr alloy specimen. 

(ii) The atomic collapse have been imaged along [1 1 0] and [ 1  1 3] zone axis of the bcc 

phase through phase contrast microscopy and in most of the cases the collapse is partial, 

making the ω phase of trigonal symmetry. 

(iii) Direct structure imaging of ω confirms that for certain defocus and thickness range, 

the corner atoms of the ω structured phase along both [1 1 0] and [ 1  1 3] zone axis of 

bcc, gives dark atom contrast.  

(iv) Multislice image simulations indicate that the difference in the channelling behaviour 

of the electron waves along the corner atoms and the collapsed atoms are responsible in 

preferential imaging of one type of atoms to the others.                            
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Chapter VII 

Summary and Future Scope 

 

 

7.1: Summary of the thesis 

Present thesis has focused on the investigation of phase stability and 

microstructural evolution in V-Ti-Cr system involving the formation of pseudo-binary 

Laves phase as well as the β (bcc) phase instabilities. During the course of the thesis alloy 

design principles are used to evaluate the phase stability in binary V-Ti, Ti-Cr, V-Cr and 

ternary V-Ti-Cr alloys for their entire phase fields. Theoretical predictions are further 

supported through different electron microscopy based techniques and quantitative 

simulations. Several fundamental problems were also addressed with systematic 

investigations during the process – both from the materials and techniques. 

 Thermodynamic calculations based on the Miedema approach predict the stability 

of a bcc structured phase for the V-rich corner of the ternary V-Ti-Cr diagram. Alloy 

composition in the Ti-Cr rich side, near the vicinity of TiCr2 Laves phase should stabilize 

as an intermetallic phase over solidification. For the equiatomic V-Ti alloy, 

thermodynamic calculations predict a phase separation tendency which would get 

reduced with the addition of Cr. The validity of these calculations is established through 

preparation of the alloys and subsequent microstructural and microchemical 

characterizations. The validation of theoretical predictions through experimental methods 

confirms that Miedema model can successfully be applied for V-Ti-Cr system. 
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 Zero-loss energy filtered TEM coupled with phase contrast image simulation and 

atomic structure modeling confirms that Ti-55Cr-7V alloy, selected near the Ti-Cr rich 

arm of the ternary V-Ti-Cr system, precipitates Laves phase as one of the solidification 

products. It is further confirmed that vanadium does not occupy any independent ternary 

positions in TiCr2 lattices; rather V preferentially substitutes the Ti-lattice in the TiCr2 

Laves phase. This has also been confirmed by density functional theory calculations 

which show that the defect formation energy for V in Ti lattice and in the Cr lattice are 

0.29 eV and 0.40 eV respectively. Electron intensity profile comparison between the 

experimental image and the simulated micrographs has been used to study the 

preferential site occupancy of V atoms in cubic TiCr2 lattice. 

  A detailed investigation was carried out to study the mechanism of the phase 

separation in equiatomic V-Ti alloy composition and also in ternary V-40Ti-20Cr alloy. 

Phase contrast and STEM-HAADF imaging aided with different electron spectroscopy 

techniques e.g. XEDS and EELS confirms that compositional fluctuation in these alloys 

manifests through a spinodal decomposition mechanism and not through nucleation and 

growth. Energy filtered TEM experiments further confirm that the modulation length, 

which was ~ 4-5 nm in the as-melted V-50Ti alloy gradually diminishes over heat 

treatments with time and another new wave of modulation length ~ 18-20 nm form and 

dominate over the system. In contrast, for V-40Ti-20Cr only one modulation length of ~ 

4-5 nm generate over solidification and exists throughout entire heat treatment procedure. 

Both of V-50Ti and V-40Ti-20Cr alloys are given similar types of thermal treatments for 

a fixed time schedule; however, spinodal decomposition proceeds to an advanced state 

only in V-50Ti alloy, establishing that Cr reduced the tendency of phase separation in V-
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Ti alloy. In both the alloys, composition partitioning gives rise to a Ti rich and Ti lean 

domains. STEM-EELS and EFTEM studies confirm that the phase separation is 

essentially a pseudo-binary event involving only Ti and V. Cr is homogeneously 

distributed throughout the matrix.  

Another interesting observation in the present work is the formation of 

nanostructured ω phase in the phase separated domains of V-Ti and V-Ti-Cr alloys. 

Phase separation in both of these alloys gives rise to a Ti rich and Ti lean domains in nm 

scale over solidification. This chemical segregation in the phase separated alloy acts as a 

driving force for further phase transformation reactions and gives rise to ω structured 

domains. Structure imaging of these ω domains with the aid of phase contrast microscopy 

and multislice image simulation have also been carried out and reported in the present 

thesis. During bcc → ω transition, ω phase stabilizes either in hexagonal or trigonal 

structures depending upon the extent of collapse of the atomic planes. In the present 

thesis systematic studies are carried out to determine the nature of these collapses. The 

contrast of the collapsed atoms and the corner atoms are understood through systematic 

studies of the experimental images and the intensities, as seen along simulated exit waves 

and their phase and amplitude parts along different zone axis. A method has been 

described to understand the qualitative nature of the electron channeling behaviour along 

different atomic positions of the ω structure. Attempts have also been made to study the 

interface modulation between the bcc and ω domains. 

 From the aspect of electron microscopy techniques and simulations, two more 

issues are encountered in the present thesis. First one is deriving spectroscopic 

information through high-resolution imaging which is essentially the determination of 
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single atomic column chemistry through high-resolution electron microscopy. Systematic 

experiments and simulations are carried out to demonstrate that it is possible to extract 

compositional information of the sample by detailed analysis of an image obtained under 

carefully controlled conditions. With precisely determined thickness and orientation of 

the specimen and acquisition with a well-characterized microscope, the high resolution 

micrographs can be subjected to comparison with simulated images in order to identify 

its compositions. Images consisting of elements with large single atom potential 

variations are most easily recognizable and in some cases can even be used to reveal 

compositional variations. This procedure in principle should work for any high resolution 

images and can be exploited as an alternative to STEM-HAADF.  

Another issue dealt in the present thesis is the utilization of complementary nature 

of the electron microscopy techniques for understanding materials phenomena. Advent of 

nanotechnology over last couple of decades has not only reduced the size of basic 

building block of materials by several orders of magnitude, complexity of materials 

architecture and chemistry has also increased enormously. In such a scenario, judicious 

application of suitable microscopy techniques as well as a combination of them can only 

provide answer to a particular question. In the present thesis, a combination of diffraction 

contrast, phase contrast and Z contrast microscopy with the aid of X-ray and electron 

spectroscopy techniques, multislice image simulation and atomic structure modeling are 

applied to solve the complex materials related issues encountered in V-Ti-Cr alloys 

which is otherwise not possible by any of these individual techniques.  Though all of 

these techniques fetch the materials information at the atomistic scale, still each one of 

them is unique by electro-optical configuration and interaction with the materials. In 
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another word all of these techniques are complementary to each other and only a 

combination of all of these techniques can provide the complete solution of the materials 

related issues.  

7.2: Scope for future work 

There is a huge scope for further investigations in this field of study. Some of the 

most prominent ones are mentioned below. 

(i) Thermodynamic calculations, successfully applied to understand the phase structural 

information in V-Ti-Cr alloys, can be extended for other transition metal based alloy 

systems and the predictions can be verified through similar experimental procedures. 

First principles based calculations can also be carried out to study the phase stability in 

transition metal alloy systems.  

(ii) Conclusions obtained for the V-Ti-Cr system in the present thesis can be re-verified 

through different other characterization techniques e.g. Atom Location by Channeling 

Enhanced Microanalysis (ALCHEMI), 3D- Atom Probe techniques (3DAP) and so on. 

(iii) Detailed microstructural and microchemical characterization associated with image 

simulation is required to study the interface between the spinodal decomposed regions 

and also along the ω - bcc interface. It would be interesting to study the interface 

modulation both in terms of structure and chemistry as a function of heat treatments also. 

Strains associated with the spinodal decomposed regions can also be estimated through 

Geometrical Phase Analysis (GPA) or Peak Pair Analysis (PPA).  

(iv) Present thesis described phase transformation and microstructural evolution for 

different model compositions of V-Ti-Cr alloy system essentially prepared in a clean 



Chapter VII 
______________________________________________________________________________ 

211 

 

environment. However, the situation may not remain same for most of the engineering 

alloys used in practical purposes. Higher affinity of vanadium and V-alloys towards the 

interstitial impurities poses a major challenge in its engineering applications. Microscopic 

understanding of vanadium-interstitial interaction is required for better assessment of V 

alloys at in-service condition. Hence the present set alloys can be re-visited after 

incorporation of interstitial impurities (eg. C, O, N) through controlled experiments. V-

Ti-Cr alloys specific model experiments can be designed and carried out to study the 

structural stability of these alloys in presence of interstitial impurities. 

 During the course of the thesis sincere efforts have been made to provide 

significant contribution in understanding the phase stability and microstructure evolution 

in V-Ti-Cr alloys using phase contrast, HAADF imaging and electron spectroscopy 

techniques. However, the efforts are to be continued using both experimental and 

theoretical tools to develop newer materials with suitable thermodynamic and kinetic 

properties and also to assess their phase stability and structure-property behaviors.   
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