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SYNOPSIS
The thesis on “Phase Transformations in Ti-Mo Adlgywhich is Part Il of the PhD
programme of Sabeena.M deals with study of nonlibguim transformation mechanisms
and products in four alloys of Ti-Mo system, undéferent thermal treatments. The study
has employed mainly Rietveld refinement methodolagyX-ray diffraction results, in
addition to microscopy techniques like optical,rsdag electron and transmission electron

microscopy, including recently emerging orientatioraging microscopy in SEM and TEM.

The thesis is organized into eight chapters asnghadow, of which five (chapter 3 to 7)

describe the main results of the study:

1 | Introduction

2 | Experimental and modeling details

Influence of Mo on transformation products of htginperature parent b@cphase

in Ti-Mo alloys

Crystal structure and bonding characteristicsarigformation products of bcin

Ti-Mo alloys

5 | Competing phase transformation mechanisms and pi®auTi-Mo alloys

6 | Variant selection mechanism during transformatiof® in Ti-Mo alloys

7 | Microstructural characterization of athermal arathermalo in Ti-15Mo alloy

g | Summary and scope for future work

The introduction presents the diverse applicasiectors for which titanium alloys have been
developed in the last six to seven decades. hasve that the ease with which the titanium

alloys are found suitable in various applicatiorctges is due to many of the beneficial



characteristics of titanium alloys like specific iglgt, corrosion properties and mechanical
properties [1-3]. The maneuverability of titaniutogs is shown to be due to the various
types of phase transformation mechanisms, differentbination of metastable products and
their morphology. Accordingly, the titanium allogse classified inta, a + 3 andf3 alloys,

which is discussed based on the alloying additidhs. literature on phase transformations in
titanium alloys in general and Ti-Mo in particukme described, followed by the scope of the

present thesis.

The second chapter is followed by the detailsxpieemental and modeling methodologies
used in the study. The procedure of preparatiomliofys, determination of the chemical
composition, the details of the thermal treatmemtsl sample preparation methods for
various techniques are described in the first pEte main part of the chapter, deals with
each of the experimental techniques like InstruadeNeutron Activation Analysis (INAA)
for chemical analysis, X-ray diffraction and miatopy techniques. The major experimental
method employed in the thesis is X-ray diffractising conventional XRD and synchrotron
XRD systems. The data analysis pertains to detdlietiveld refinement to obtain crystal
structure parameters, electron charge densityildision and 3D strain distribution. The
microscopy techniques included Visible light mi@ogy, Scanning Electron Microscopy
(SEM)/EDX, Transmission Electron Microscopy (TEMnda High Resolution TEM
(HRTEM). The orientation imaging microscopy anatysusing Precession Electron
Diffraction (PED)/TEM and EBSD/SEM is described. dddition to that, the hardness has
been studied with Vickers hardness tester the Idethiwhich are stated. For each of the
experimental technique, the following aspects aseussed: the principle, the information
obtained, the operation parameters, calibratiorcemores, method of analysis, accuracy,
sources of error, estimation and minimization ofroer The details of the

computational/simulation method i.e., the Miedemadel, DFT first principle calculation



and JMAT Pro calculations are given. The basicqipie, the inputs used, the boundary

conditions and the errors are presented of eachadet

The Chapter 3 on “Influence of Mo on transformation products of higinperature parent
bcc B phase in Ti-Mo alloy’s reports the influence of Mo on the transformatjmroducts of
ice water quenched parent ginto hcpaor, base centered orthorhomhi¢, and hexagonal
omega ¢) and retention of higher temperature Bcior four different alloys of Ti-Mo[4-6].
Synchrotron XRD was found to be extremely usefutlantifying low amounts of secondary
phase ofw (see figure 1). In addition to that, to understahned thermodynamic rationale
behind this transformation, Miedema calculation veasried out for entire range of Mo
concentration. An attempt has been made to pravithermodynamic basis to understand the

influence of Mo on the stability of phases.
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Figure 1 The absence of uniguepeak in (a) conventional XRD and its presencebin (
Synchrotron XRD.

Chapter 4 on “Crystal structure and bonding characteristics oansformation products of
bce £ in Ti-Mo alloys”, highlights the crystal structure details of all fduct phases, in
addition to bonding characteristics. Rietveld refirent of X-ray diffraction patterns af, a”

and phases of four alloys of Ti-Mo has been carrietdtowarrive at their crystal structure



parameters and bonding nature. The addition of ba@gum to titanium is found to shift the
stability of crystal structure from hcp to orthorhbic to bcc. The unit cell dimensions and
the atomic positions ai', a” and3 phases were evaluated, with reliability indicesdothan
those reported so far in titanium alloys. The waun in unit cell dimensions and its volume,
bond length and co-ordination number with additcdnrmolybdenum is consistent with the
reduced size of solute (Mo) atom. The orthorhonaliiphase, a transition phase with a minor
distortion of hcpa', is found to be closer ta' than phase, based on the orthorhombicity
(b/a), c/a the volume of equivalent orthorhombiit wells of the phases and the atomic
shuffle ‘y’ in 4c Wyckoff positions along ‘b’ axief a” phase. The Fourier electron density
contour maps suggest that the bonding in all phespsedominantly metallic. The charge
density plot obtained using first principle DFT aahtion is also in agreement with the above
findings. However, addition of molybdenum delocasizthe spatial distribution of charge
density, suggesting an enhancement of metallicactar. Anisotropy in charge density was
observed along <100> and <110> type directionsl®0} family of planes in orthorhombic
a” phase of Ti-7Mo alloy. This offers the direct eemge for the origin of anisotropy in the

values of elastic constants, reported in literature

Chapter 5 on“Competing phase transformation mechanisms and petglin Ti-Mo alloys”,
focuses on the influence of cooling rate on thehmatsm of phase transformation and the
final products during decomposition pfin Ti-1Mo and Ti-7Mo alloys. The transformation
mechanism and products ff phase for both the Ti-Mo alloys are summarizednicro
structural map. The experimental evidences arggieeanent with the predictions based on
JMatPro calculations of the amount of phase foromast various temperatures, for the two
alloys. The difference in transformation mechanismnderstood in terms of thermodynamic

and kinetic factors, in relation to the driving derfor each transformation and the residence



time at various temperature zones. The room testyer microstructure is understood in

terms of events that take place in three diffetemperature zones (figure 2.).
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Figure 2 The temperature zones and sequence dffranation mechanism in Ti-1 and 7 Mo
on cooling fromg phase.

Rietveld refinement of XRD data could provide, toe first time, crystallographic details
about the orthorhombia” in Ti-7Mo system, in addition to unit cell dimeoss, atom
positions and amount of all other phasgss andp in the two alloys for different cooling
rates. The crystal structure parameters like thie aell dimension of product phases and
micro-chemistry of co-existing phases are consisigth expectation based on variation with
amount of solute Mo in the product phases. Vametion the hardness with cooling

conditions are consistent with the nature of phesesformation.

Chapter 6 on “Variant selection mechanism during transformatiarfsG in Ti-Mo alloys”,

presents the results on the study of variant seleanechanism during martensitic and
Widmansttatten transformation in Ti-1Mo and Ti-7Masing emerging techniques like
orientation imaging microscopy in EBSD in SEM angkdession Electron Diffraction in

TEM (figure 3). It was found that none of the treants i.e., different cooling rate for Ti-

\"



1Mo and Ti-7Mo duringf—a'/a” promoted variant selection mechanism, which is
understood in terms of absence of mechanical stmamch is required for selection of
variants. The very low “transformation strain” whics clearly confirmed by low hardness
and strain distribution maps is yet another redsomabsence of variant selection mechanism

during transformations frofa phase.

g L (10.0)

3 3 o> ()
: h

1000 nm_
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Figure 3 Precession electron diffraction of wateilegched Ti-1Mo alloy.

Chapter 7 on “Microstructural characterization of athermal andthermalw in Ti-15Mo
alloy”, deals with ths—w transformation in Ti-15 wt% Mo and its absencdif25 wt %
Mo alloy. The Rietveld analysis of XRD patternsngsSynchrotron / or Cu-¢ sources and
phase contrast microscopy of product phases of teigiperature bcf phase in Ti-15 wt%
Mo alloy, after quenching thg phase at different cooling rates and isothermpbsyre at
748K are presented. The comparison of the chaistitsr of W™ and ©"°, the nature of
bonding inw'*® and the strengthening mechanism by the formatian afe highlighted based
on unit cell dimensions, interatomic distances, 3ain distribution, electron density
distribution maps and atomic column contrast imdga® hcpa, bcc 3 and hexagonab.
The characteristics @™ andw's® are compared with respect to the extent of disghent

(figure 4) during the ‘lattice collapse mechanissymmetry of the phases and morphology,

using Fourier filtering technique to image atommuenn contrast, for the first time in

Vi



literature. Identification of ‘graphite-like’ bortj) in ©*° based onthe interatomic distances

and electron density distribution is another ng§éltof the chapter.

(b) omegalntensity profile along (001)
11400 . _ _ iy
3 11300
o
]
D 11200
11100 Beta
Distance (nm)

Figure 4 (a) Atomic column contrast @f in S lattice, using image analysis procedure and
(b) intensity profile along <110>.

identified. JMatPro calculations and principlestlsérmodynamics and kinetics supports the
conclusion derived. The newly emerging Orientaiimaging microscopy in SEM and TEM
have been used to examine if variant selection am@sm is operative in Ti-1Mo and Ti-7Mo
alloys during martensitic and widmansttatten tramehtions. The systematics o phase

transformation, with respect to deviation from iitga degree of ‘lattice collapse’ and

Vi



crystallographic details have been studied usinHE®R and conventional and Synchrotron

XRD.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Development of titanium alloys has taken rapiddsisiin various industrial sectors in the last
six to seven decades. The versatile applicatioffiaé due to its unique combination of
properties. It is as strong as steel, as light@untdile as aluminium and as passive as noble
metals. Titanium alloys have high specific strengdixcellent corrosion resistance, bio
compatibility and mechanical properties [1-3]. Thas been possible in titanium alloys due
to a variety of phase transformation mechanismfgrdint combinations of metastable
products and their morphology, which influence thebperties. The phase transformations
are influenced by alloying additions and thermo-haical/chemical processing. This
chapter discusses the literature on phase tranafams in titanium alloys in general and Ti-

Mo in particular, followed by the scope of the metsthesis.

1.2 Role of titanium and its alloys in industriakstors

The vibrant growth of titanium industry, catalyzled the invention of Kroll process began
only in later half of the last century, despitediscovery 200 years ago. Titanium, one of the
most abundant metals in the eatlerust (0.6%), is present in igneous rocks and the
sediments. Ti occurs in minerals rutile (B)@nd ilmenite (FeTig), and is present mainly as
titanates. The strong affinity of titanium to oxygmakes the production and separation of
pure titanium rare and expensive. Extensive rebaarthe last century has demonstrated the

indispensability of titanium and its alloys in agpace, petrochemical and biomedical



industries. Presently, Ti has successfully (figutgInade its way into aerospace industry,
chemical processing industry, power generating strguand desalination, architectural and
civil engineering, automotive industry, consumeod® health and sports sectors. Titanium
has also assumed strategic importance followingrbsen performance in military and off-

shore applications.

Figure 1.1 Application of Ti alloys in various sexd ranging from aerospace industry to
biomedical field.

Lower density of Ti alloys (~4.5 g/cthin comparison with steels and Ni based supeys]lo
leading to high strength to weight ratio in additio excellent corrosion resistance has made
Ti alloys most suitable in aerospace industry fanofacturing airframe, engine, and various
parts of helicopter. The reduction in the weighttbé various parts of engine without
compromising its strength and other properties ceduthe fuel consumption to a larger
extent. Suitability for high temperature applicatiocorrosion resistance, galvanic
compatibility with polymer matrix composites andedefor miniaturization of components
promoted Ti alloy as a substitute for steels, Atl & based super alloys in aircraft and

engine materials .



As a structural biomaterial, Ti plays a crucialerébr the manufacturing of artificial valves in

the heart, cardiac simulator, urinary track recac$ton, and replacements in dental
structures, knee, shoulders, hip etc [3]. It isli@sting to note that the Young’s modulus of Ti
alloys (55-110GPa) [3] is close to human bone (&R48) [3] and far less than that of steels
(~206 GPa) and Co based (~240 GPa) alloys [4]. Ysunmodulus, hardness,

biocompatibility with human tissue, excellent caiomn resistance in the body fluids and high
strength to weight ratio [2-8] are the relevantapageters, which make Ti alloys most suitable

for biomedical applications.

Titanium alloys are classified intm, a + B and3 alloys, depending on the phase at room
temperature, as dictated by the nature and cormtEmirof different alloying additions.
Currently, a-Ti and a+f alloys of Ti are being used for the fabrication lb-implants,
despite their modulus being very high (=100 GPa)4[36, 7]. Initially, Ti-6Al-4V based
alloy was the widely used Ti based biomaterial. sMit Niinomi et. al. [4] reported no
variations in the Vickers hardness and fracturghoess of bio implant materials (Ti-6Al-4V
ELI, Ti-5Al-2.5Fe) before and after implantationliving rabbit. However, during prolonged
use of this alloy, the classic Ti-6Al-4V alloy paskealth hazards [4, 5], due to the presence
of toxic elements like Al and V. These reasons haativated development of Ti alloys,
without toxic elements, with elastic modulus matchwith bone. Addition of elements like
Zr, Nb, Ta and Mo are more suitable for developiidased implant materials [4], since
they are non-toxic and reduces the Young s modiasso/a + f alloys. So, research has
been focused of or nearp alloys of Ti with biocompatible additions like Mdlb and Ta.
Wrought Ti-13Nb-13Zr, Ti-12Mo-6Zr-2Fe, Ti-35Nb-75Fa, Ti-29Nb-13Ta-4.6Zr, Ti-
15Mo-5Zr-3Al, Ti-Mo are few among the current geaten bio implants [3].So, there is a

surge of R&D activities directed [1,3,4] towardsvd®ping next generation implant



materials: Ti-Mo/Ti-Nb basef alloys, with better bio compatibility and lower thdus [5]

thana, a+p based Ti alloys [3, 4].

A clear understanding on the principles of alloysige for each application of Ti has
emerged based on the extensive studies on progestsircture-property correlations. The
study of instability of high temperature bBghase and consequent transformation to either
the hexagonadv or hcpa phases has led to a unified theory of transfoiwnadf bcc to hep.

Ti has offered a unique platform to study a myreddohase transformations: diffusionless
martensitic, Widmanstatten, order-disorder and udiinal nucleation and growth
mechanisms. The consequent differences in the ptqazhases and their morphology, have
led to widely varying properties — mechanical ahémical, reviewed in detail in literature

[1-3, 5, 6, 9, 10].

1.3 Phase transformations in titanium and its allsy

Titanium exists as hcp) structure at room temperature transforms to prstucture above
1155K, which is termed as tietransus temperature. <~ phase transformation in Ti is
dictated by various factors like , temperature spoee or by alloying elements. The details
about each are explained briefly in the preserimec

Temperature dependence of the entropy term in thbe’'$free energy plays a crucial role in
the stabilization ofx andp phases in elemental titanium. As the temperatuwcezases, the
vibrational entropy of the system increases. Stheebcc structure is more open and loosely
packed in comparison with hcp structure, the irsgea the vibrational entropy with
temperature is higher in bcc structure. So, theedse in the total free energy is more rapid
in bcc structure with increase in temperature andisand its alloys prefers bcc structure at

higher temperature [1].



The ideal c/a ratio of hcp structures, when atorasaasumed to be perfectly spherical, can be
shown to be 1.633. This ratio is observed onlydioe hcp metal, Mg (1.623). Elements like
zinc have c/a~1.856, while titanium has a value-bb687-3% less than ideal. The implied
compression of atoms along ‘c’ axis is attributedat slight covalent component in its

bonding.

Thea—p phase transformation in elemental titanium camupeat room temperature at higher
pressure. However, the lower compressibility arel dtificulty to achieve a higher pressure
has limited the experimental observation of the esdit]. Another interesting pressure
induced transformation in elemental titanium is thephase transformation. At room
temperature and a pressure of ~ 2 GPghase of Ti transforms t structure and retains it
until 87 GPa. The possible reason attributed fa tiflansformation is the transfer of electron

from sp to d bands due to pressure [11].

In addition to temperature and pressure, the pisteailities in titanium, can be altered
significantly by alloying addition. The contributiof electronic structure to internal energy
is known to dictate the crystal structure of eletean the periodic table. Similar factor is
found to be valid for the influence of alloying atitehs in titanium alloys to stabilize or f.

Those solutes which enhance the d band occupantheianti-bonding states are found to

stabilizep phase.

An alloying element is classified as either or B stabilizer, based on whether it
increases/decreases tie>p transformation temperature of pure Ti. Alloying With non-
transition metals/interstitial elements like Al, ,Z6n, and O increases the transus
temperature transformation temperature amdhase is stabilized even above 882Hence,
these alloying additions are called asstabilizer. Such alloys exist either fully or

predominantly as hcp structure at room temperature. Ti-alloys belongimghis category



generally exhibit high strength, toughness, cresgistance and weldability. Elements like
Mo, Nb, V, W, Cr, Ni, Mn, Co, Fe are call@dstabilizers [1]. Addition of transition elements
with more d electrons promotes Ti to gain the stmecof next group to the right of periodic
table,i.e, bcc structure. They reduce tfetransus temperature, hence retaining its higher
temperature bcc structure below the critical terappge of transformation. Thig alloys are
heat treatable and have better strength and folityabhian o alloys. However, they are prone
to ductile to brittle transformation and exhibiti@wver creep resistance. Additionally, the
multi component alloys consisting bathandp stabilizers, can exist as-3 alloys, with high
maneuverability to achieve the required combinadrproperties. Among this category,
there are subclasses like neaand neay depending on the composition which make them
nearo/a+f or a+f/p respectively. The stabilization effect of eaclowlhg element for various
phases in multi component alloys is expressed bageithe equivalence of ‘Al' and ‘Mo’

content. The calculation [1] of the same is giverequation (1.1) and (1.2),

[Alleq = [Al] +?+[S’3—n]+ 10[0] (1.1)

B Ta [Nb] [W] [V] _
[Mo]eq = [Mo] +?+ X + T + 1oc + 1.25[Cr] + 1.25[Ni] + 1.7[Mn]

1.2)
+ 1.7[Co] + 2.5[Fe]

1.4 Metastable phase transformation mechanisms @ndducts

In addition to the equilibrium phases, Ti and it®ys mainly undergo following types of
phase transformations resulting in many metastatalducts: (1). Diffusionless or military or
shear and (2) diffusional phase transformation® fibn equilibrium, shear transformations
include martensitic and phase transformations. The diffusional transforomat involve
formation of various morphologies af through different mechanism. They are formed as

grain boundary allotriomorphs or primary / secogdaiplates or as massive/Widmanstatten
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a. Since the final property of titanium alloys degerot only on the end product, but also the
morphology of the product phases, i.e., the mesharthrough which has transformed,

different transformation mechanisms in titaniunogd are briefly described below.

1.4.1 Diffusionless transformation

The Ti-X alloys undergo martensitic transformat[@2] above a critical cooling rate (CCR)
for a specific range of alloying element conceimdratin contrast to steels, only a low super
cooling of 50K below th@ transus temperature is required for the martensansformation

in titanium alloys. The difference between martiiesstart temperature ()Mand martensitic
finish temperature (M is ~25K in Ti based alloys. Two types of martéiogiransformation
product reported in Ti based alloys namely htpl3, 14] and base centered orthorhombic
a” [15, 16]. Lower concentration @f stabilizing elements promote the formation of latp
[14] and a higher concentration of the same leadbhd formation of centered orthorhombic
a”.

Extensive literature is available with respect éamious aspects of these phase transformations
[1, 17, 18] and their influence on the hardnessdutus and other mechanical properties of
the Ti-X systems [10, 19-21]. Variation in the ikt parameter with alloying element has

been reported in Ti-Nb alloys by detailed Rietve&finement [15] and first principle

calculations [16].

Another mode of non diffusional transformation he tformation of athermab phase. The
transformation involves shuffle of atoms from theguilibrium position and retains its parent
composition. Athermab phase formation does not require long range ddfusf atoms, but
involves either atomic shuffle or co-ordinate atoravement. There is a specific orientation
relation between the parehtaind producto phase. The athermal phase formation competes

with the martensitic transformation in a narrow ganof composition for specific



thermodynamic conditions. Thephase transformation can occur either by the egipdin of
static pressure or due to quenching (athew)alr aging (isothermab). The transformation
proceedwia “lattice collapse mechanism”, illustrated in figut.2. This mechanism involves
collapse of alternate (222)lane of bcc lattice to intermediate position irgtay the
hexagonal symmetry [1]. Athermal transformationalves either complete or incomplete
collapse of {111} planes depending on alloying concentration andimngoate. Based on
degree of collapsey retains either hexagonal (P6/mmm) or trigonal ifpi3structure. The

complete collapse results in the relatigré a, ¢,=(V3/2) a[1, 22].
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Figure 1.2 Schematic of lattice collapse mecharf@nthe f—w transformation [23].

1.4.2 Diffusional Phase Transformation

Ti alloys display a wide variety of morphology améchanisms of formation of diffusional
phase fromp phase [24-26]a phase forms on isothermal aging in the two phaale.f
Additionally, during cooling from th phase, system traverses the two pheagkregion,
where thg} phase starts transformingdghase. Depending upon the nucleation site and the
mode of transformation, the phases are classifeedyrain boundary allotriomorph, inter
granulara and intra granulax, primary/secondary and massive or Widmanstatten

During cooling, just below th@ transus, equilibriuna nucleates heterogeneously at fhe
grain boundary and then preferentially grows aldimg grain boundary. It is called grain
boundary allotriomorpl. However, during further cooling, if the alloy leld at a specific

8



temperature for long time in thef region, primarya (0p) forms along with equilibriung
phase. They, can have plate/polygonal shape and forms eittoergathe grain boundary or
inside the grain. It follows the equilibrium compam corresponding to annealing
temperature. A further cooling of the equilibritnphase leads to formation of called
secondaryn plate, which involves both diffusion and sheansfarmation. So secondasy
plates strictly do not follow the equilibrium congdion. Compared to secondaxy primary

a plate are coarser. Sinog is a diffusion controlled transformation, it dosst, generally,
follow any strict orientation relationship with tiparentp phase. However, the secondary
follows an orientation relation with the pardghiphase. The grain boundary allotriomorph,
primarya plates and secondaayare relevant in the present study, which have begorted

in many Ti alloys [24, 26-28].

In addition to the complete diffusional transforrmoat Ti-X systems are also known to
undergo Widmanstatten transformation on slow cgoliom thef phase field [24, 27, 29] or
on aging in thex+p phase field [19, 30]. In Widmanstétten transfoinrgtthe system spends
enough time in the temperature range wheretteea+p transformation takes place. Hence,
diffusion and shear act together to yield Widmattatéproducts ot and g, with specific
orientation relation between product and parenncéilimited diffusion is allowed,
Widmanstatten products grow by diffusion acrosspiieo. boundary layer, in a cooperative
manner. Hence, the product always assumes morphofagternate lamellae af andp [24,
31]. The composition of products in many situatiole®s not reach the equilibrium value,
due to limited diffusion. This property, along withe characteristic morphology of products
distinguishes diffusional equilibrium in B matrix, from Widmanstéattea andf. Depending
on cooling rate, Widmanstétten structure can eitietsin a lamellar colony structure of
coarseo, andp plates arising fronfs grain boundary or the basket wave micro structure

mixture of two, with fine plates af andp phases [32]. The former has a single variant and



occurs on very slow cooling rate and is growth dwated. The basket wave micro structure
forms inside the grain and forms at a higher caplate and hence nucleation dominated. An

intermediate cooling rate promotes a mixture of thicrostructure.

Another diffusional transformation, the massivasfarmation is reported in several Ti based
alloys, for medium cooling rates, which is too sléav martensitic transformation and too
fast for long range diffusional transformations.eTéhort range thermally activated atomic
jumps across the interface of parent and produdtittdes composition invariance. The
thermally activated jumps cause re arrangementarhsin theo/p interface and cause the
nucleation ofa phase at the grain boundary. The growth is asafashe nucleation af and
demands large driving force. The growth kineticgrphmology and orientation relationship
during massive transformation is reported in tiamialuminide [33]. Ahmecet. al. [34]
reported the range of cooling rate required foriotsw modes of transformations like
martensitic, massive, and diffusional in Ti-Al-4¥A cooling rate above 410°C/s cause
complete martensitic transformation and a cooliag 0f 410°C/s to 20°C/s cause massive
transformation. A further reduction from 20°C/suses the alloy to undergo Widmanstatten

transformation.

Isothermal® forms during aging below the start temperaturens. The isothermalo
formation is a diffusional transformation involvirmut-diffusion of B stabilizing solutes,
leading to compositional change during th@recipitation. The reported temperature range
of ws for B Ti alloys are between 150-50C [35]. However, the exact temperature range
varies with alloys system [36]. During the atherraatl isothermab formation, the product
phase follows an orientation relation with the panghich is given below.

{111}411(0001),, , < 110 >4 || < 1120 >,

The characteristics of these transformations aeudsed in detail in the chapter 7.
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1.5 Phase Transformation in Ti-Mo based alloys

The phase diagram of Ti-Mo is well establisheduyffeg1.3) for titanium rich side and the
composition ranges and temperature limits for wegiphase domains are known fairly well.
The system offers excellent scope for the studyhafse transformation mechanisms in view
of the existence of wide spectrum of transformatitodes. Several experimental/theoretical
studies are still being carried out on various etgpef phase transformations in Ti-Mo alloys.
These include study of the nature of phase tramsfthons of the high temperatupephase
during both equilibrium thermal exposure conditioasd non- equilibrium cooling
conditions. The equilibrium phase transformationsTi-Mo alloys are well studied and
documented [1]. Aging always promotes the formabbdiffusionala+p structure in Ti-Mo

alloys.

There are several studies regarding the natumraie$formation products for different amount
of Mo concentration, for a particular cooling caimah. Generally, slow cooling rates
promote the Widmanstéatten transformation in Ti-Mtys. The transformation product
consists of alternate lamellae @fandp structure. The fast quenching always promotes the
martensitic transformation. Two types of martensstructures are reported in Ti-Mo alloys;
the hcpor and orthorhombia~[1]. The formation of hcpr phase and orthorhombic phase

is reported in Ti-Mo alloys for a concentrationG# wt% and 4-9 wt% of Mo [10, 13, 14].
On the other hand, b@cphase is retained for a Mo concentration of 10\#23. A measured
lower cooling rate called CCR is reported for thartensitic transformation. The CCR rate is
3000 K/s for pure Ti and decreases due to alloyitiaddfrom 420 K/s to 70 K/s for a
composition of 1 to 8 wt% Mo [13]. A very high cow rate of 11000 K/s could not
suppress martensitic transformation in Ti-Mo all¢$s There are reports mentioning the

formation of athermal or isothermal phase, for a concentration ranging from 10 to 1% w
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of Mo. However, there is no agreement among therteg values of Mo concentration for
the complete retention of bcc phase. Several repoention the upper limit as 10 wt % Mo
[10, 37]. However, detailed microscopy studies osamf{9, 22, 23, 38-40] that it is above this
value. The complete retention pfphase on quenching is reported for alloys of Tiddoa

concentration above 15 wt% [9, 38, 39].
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Figure 1.3 Phase diagram of binary Ti-Mo alloy.

The influence of each phase transformation on teehanical and physical properties is well
studied in literature [9, 10]. The details abouttephase transformation are discussed in the

respective chapters of the thesis.

1.6 Organization of the present thesis on “Phaseafisformations in Ti-Mo alloys”

A detailed study has been carried out in Ti-Mo yldo study the various aspects of phase
transformation, which includes both diffusional amon diffusional phase transformation.
The major part of the study deals with the idecdifion of transformation products with
conventional and synchrotron X-ray Diffraction (XRDn addition to mere identification of
crystal structure, detailed Rietveld refinement basn carried out to retrieve crystal structure

details like lattice parameter, atom positions,rdo@tion number, bond length, 3-D strain
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distribution and the bonding characteristics. Dethimicrostructural characterization was
carried out using Optical Microscopy (OM), Scannilgdectron Microscopy (SEM),
Transmission Electron Microscopy (TEM), and Origiota Imaging Microscopy (OIM)
which include Electron Backscatter Diffraction (HBSand Precession Electron Diffraction
(PED). The signatures of athermal and isothermyabre identified. Additionally, the
competing phase transformations and possibilityasfant selection mechanism is analyzed
for Ti-1Mo and Ti-7Mo alloys at various cooling aitions. The present thesis “Phase
transformations in Ti-Mo alloys” is organized afidws in Table 1.1.

Table 1.1 Organizations of thesis chapters

Chapter| Title Content

No:

1 Introduction Literature survey, existing gapsntciutions of
the present study and organization of the thesis.

2 Experimental andTheory and Principle, experimental detajls,

modeling details calibration, error and accuracy of investigatjon

methods.

3 Influence of Mo on Identification of non-equilibrium transformatign

transformation  productsproductsvia conventional/Synchrotron XRD and
of high temperature TEM/SAD.
parent bcq3 phase in Ti
Mo alloys
4 Crystal structure andRietveld analysis of X-ray diffraction patterns |of
bonding characteristics ofa’, a” and 3 phases of four alloys of Ti-Mo far
transformation  productscrystal structure parameters and first principle
of bccf in Ti-Mo alloys | DFT calculations to benchmark bonding nature

5 Competing phasginfluence of cooling rate on the mechanism| of
transformation phase transformation @ in Ti-1Mo and Ti-7Mo
mechanisms and produgtslloys is studied using experimental and JMatPro
in Ti-Mo alloys. calculations.

6 Variant selection Variant  selection mechanism during the
mechanism during martensitic and Widmanstatten phase
transformations off in | transformation of Ti-xMo (x-1,7 wt%) for various
Ti-Mo alloys. cooling conditions, using orientation imaging

microscopy in SEM and TEM.

7 Study of B — o | Characteristics of athermal and isothermaln
transformation in Ti-15 Ti-15 Mo established.
wt% Mo

8 Summary and scope for future work

As has already been presented earlier, extenssaareh work has already been carried out

on various aspects of Ti-Mo alloys. Most of thedsts on phase transformations are based on
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electron diffraction and microscopy. The X-rayfidittion has been used mainly as
preliminary identification of the product phasesow¢ver, the details of product phases
beyond crystal structure, like atom positions, ocdimation number, bond length, charge
density distribution and 3-D distribution of lagicstrain have not been so far reported.
Present thesis has made an effort to fill this gapother interesting debate in literature has
been about the bonding nature of thephase, in Ti/Zr alloys, which is mainly based on
interatomic distances and band structure calcuiati®he present work has for the first time
provided confirmation of graphite like bondingdnin Ti-Mo system, based on evaluation of
interatomic distances in various planes ©f using detailed analysis of XRD results.
Application of synchrotron XRD for detection of moin phases, orientation imaging
microscopy in TEM and SEM and Fast Fourier Tramsfiion (FFT)/Inverse FFT for

elucidating atomic column contrastdnare some of the additional contributions of thests.
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CHAPTER 2

EXPERIMENTAL AND MODELING DETAILS

2.1 Introduction

The current thesis “Phase Transformations in Ti-Mioys” focuses on the influence of
chemistry and thermal history on the nature of ldguum and non-equilibrium
transformation mechanisms and products3 gihase in Ti-xMo (x=1,7,15,25) alloys. The
study establishes the microstructural and crygediphic details, atom positions, co-
ordination number, bonding nature and strain digtron of the transformation phasesa’,

a", o, and B, employing various microscopy and X-ray DiffractigXRD) techniques.
Additionally, several computational methods haveoabeen employed, namely Miedema
model for energetics and Density Functional The@¥T) calculations using Vienna Ab-
initio Simulation Package (VASP) for charge denslistributions.

The current chapter gives the details of the proeeddopted for each of the technique
employed in the present study. The section 2.2ribescthe procedure of preparation of
alloys, followed by determination of the chemicangposition using Neutron Activation
Analysis (INAA). Details of various sets of thermteatments carried out for study of
different types of phase transformations are ptesem section 2.3. This is followed by the
methodology adopted for sample preparation forowaritechniques. Section 2.4 deals with
the major techniques used for understanding thewsmaspects of phase transformations in
Ti-Mo alloys. The conclusions of the study are rhaibased on results from X-ray
diffraction using both lab XRD and Synchrotron XRDetailed Rietveld analysis of the

XRD data forms major part of the present study.
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Microstructural characterization to study phas@dfarmation mechanisms was carried out
using microscopy techniques ranging from OM, SEMT&®M. TEM studies include the
following: (a) analytical TEM (ATEM) for micro staiural, micro chemical and crystal
structure details, (b) high Resolution TEM (HRTEf) atomic column contrast studies, (c)
OIM using PED technique in TEM and EBSD technigneSEM. In addition, mechanical

property like hardness has been studied using Ysakecrohardness tester.

For each of the experimental technique, the follmaaspects are discussed: the principle of
operation, the information that can be obtained, dperation parameters employed in the

study, calibration procedures, and method of arabfsresults, accuracy of results and error.

Section 2.5 deals with details of the computatideahnique/Miedema model, the principle
of the computational method, the inputs, the boundzonditions and the errors are

presented. Finally, Section 2.6 briefly summaribesdetails presented in the chapter.

2.2 Experimental Techniques: Alloy preparation amthemical analysis

2.2.1 Alloy preparation

The compositions of the alloys were selected basethe literature, the electron to atom
(e/a) ratio and the phase diagram. It has beenrshioat e/a ratio dictates the phase stability
in Ti-Mo alloys: 4-4.07 fora’, 4.07-4.17 fora”, for 4.06-4.14 fore and 4.2 or above for
retention ofp. Generally, a concentration of Mo up to 4 wt% potes the hcp’ phase
during quenching. Further increase in the alloyétgment of Mo up to 8wt% promotes the
formation of an intermediate orthorhomhit structure. The propensity of the formation of
athermal/isothermab phase is reported for a concentration of Mo 0B84% in the binary

Ti-Mo alloys. Detailed discussion on these aspantsprovided in Chapters.3, 4, and 7. The
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compositions of the alloys chosen were 1, 7, 15w2% of Mo. The details of alloy

preparation and chemical analysis are describexhbel

Pure metals of 99.95% purity Mo and 99.99% purityrdm M/s. Sigma Aldrich were used.
Ti and Mo rods were made into very small pieceseiosuring better mixing during alloy
preparation. The required amounts of Ti and Moesponding to each composition of the
alloy were weighed using Mettler AE 163 balancethwan accuracy of 0.1 mg. Before
melting, the metals of specified weight were malyualixed and kept in the water cooled Cu
hearth of the vacuum arc furnace supplied by M/acoim Techniques, Bangalore. The
empty Cu hearth was filled with Ti sponges, to muize @ pick up during melting.
Diffusion pump in combination with primary rotaryupmp was used for the generation of
vacuum of ~18 mbar. Once the pressure of the order ¢f fbar was obtained, chamber
was purged with high purity Ar gas. The process weeated twice to ensure minimum
contamination in the chamber. Finally, chamber wesntained at a pressure of ~2%10
mbar, to ensure minimum- @ickup.Tungsten electrodes were used for plasma generation
Even though, 15A current is used for initial arogetion, during melting this was increased
up to 220A. The current was selected in ordem&use proper mixing of both the elements
in the liquid state. The visual examination of fleav of the liquid metal in the Cu hearth
confirmed the proper mixing of both the elemeritelting was carried out repeatedly, ~7-20
times depending on the nature of the sample torefsamogeneity. Before each remelting,
the oxide layer present on the alloy surface wasoved manually using grit paper. The
alloy was cut again into pieces before the finaltimg. After each melting, micro chemistry
of several regions was evaluated using SEM/EDX,chkeck for contamination and
homogeneity of composition. If surface contaminatiof Cu, W were present, it was
removed mechanical grinding or drilling before thext melting. The process was repeated

till the alloy of homogeneous composition was aledl
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2.2.2 Chemical Analysis

The homogeneity of the alloy composition and presesf impurities after each melting were
analyzed using SEM / EDX and the accurate cheramalysis was carried out using Neutron
Activation Analysis.

2.2.2.a Energy Dispersive X-ray Spectroscopy (EDX)

The operating voltage used in SEM was 25 kV duli#igX experiments. The chemical
composition of the alloy used for present studiesgaven in Table 2.1.

Table 2.1 Chemical composition of Ti-Mo alloys obtad using EDX.

No Alloy Ti (Wt%) Mo (wt%)

1 Ti-IMo | 98.67+£0.32 | 1.32+0.32
2 Ti-7Mo | 92.64+0.13 | 7.35+0.13
3 Ti-15Mo | 84.92+£0.24 | 15.08 £0.24
4 Ti-25Mo | 75.19 £0.28 | 24.80+ 0.28

2.2.2.b Neutron Activation Analysis (INAA)

The Ti-xMo (x=1, 7, 15, 25) alloys were analyzed Imgtrumental Neutron Activation
Analysis (INAA) using KAMINI research reactor at GAR, Kalpakkam. Presences of
impurities like Fe, W, Co and Cu have been analyzed

Reasons for the choice of INAA

Even though widely acceptemiethods of chemical analysis ranging from wet cloami
analysis to spectroscopic techniques like Atomisoagbtion Spectroscopy, Inductively
Coupled Plasma Optical Emission Spectroscopy (I&S)and Inductively Coupled Plasma
Mass Spectrometry (ICP-MS) are available, INAA wa®sen in the present study, due to
the following reasons: Most of the spectroscopahitégues require proper dissolution of the
constituent element of the material in suitableveots and so, is destructive by nature. The

highly oxidizing nature of Ti poses difficultiesrfdissolution of Ti in proper solvents with
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minimum error in the measurements. In addition, ANeequires minimum amount of sample
and is non-destructive in nature.

Principle of INAA

The interaction of the incident, energetic neutfoom a nuclear reactor, with matter
generates radioactive isotopes.
1. The radioactive isotopes emyitays with specific energy, during its radioactilecay.
The energy oY thus emitted is characteristic for each element.
2. Detection and quantification oy rays enable the identification of constituent
elements.

The schematic diagram of INAA is given in figurd 2.

= Product
g Compound

/ Target : mli‘leus Radic “m‘.‘,\. nuelens
. nueleus adeis .

B particle

Figure 2.1 A schematic diagram illustrating the pess involved in Neutron activat
Analysis.

Principle of quantitative analysis

The activity @) of a sample, having decay constanfor a nuclear reaction with cross
section

o and number of target atoms ((he composition, that is being analyzed) irrgatlawith a
neutron flux @) for a time period (t) is given by the followinguation.

A" = Nyo@[1— e ] (2.1)
So by measuring activityi() followed by the proper substitution of the ab@asameters, the

number of atoms in the sample, i.e., the compasitam be calculated.
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However, absolute values of and @ are neutron energy dependent. So it is difficalt t
evaluate its values. Also due to the uncertaintigth the absolute values of thermal,
epithermal and neutron cross section, a relativehogehas been adopted for deriving the
elemental constitution of present alloys. Here stemdard samples along with the alloys of
interest are irradiated and their activities areasoeed in identical conditions. The basic
equation governing the analysis is as follows:

A'std  Nstd (2.2)
A'sample N sample

whereA'syand A'sampieare the activity (counts per second, cps) ofstaedard and sample,
Nsta and Nample are the number of atoms present in the standardsamgle at a time t.
Normally it is the time just after the completiohiwadiation. The irradiation of the sample
and standard can be done at same time. Howevey, rdne counting can be done one after
other for standard and the sample of interest. &0 dorresponding error; the ‘decay
correction’ and ‘counting correction’ ha to be oduced in the above equation.

Decay correction,DC,A'y = Ay X e *td (2.3)

1—e e (2.4)
At,

Herel—decay constanty t>decay timeA'q— Activity at time t=t, A'c— activity at time

Counting correction, CC =

t=0, t —counting time. So final equation for atomic wei@mi) of the sample is

cps sample o (DC x CC)std (2.5)
cps std (DC x CC)sample

=>m sample = m std X

The activity, cps (count rate) of the sample amtidard is identified as

peak area (2.6)
cps = —————

time

Thermal neutrons have more activation cross sectiompared to high energy neutrons. So,
for present INAA analysis, thermal neutrons (Kiondinergy, K.E < 0.5 eV) are used. The
epithermal (K.E - 0.5 eV to 0.5 MeV) and high enengutrons (K.E > 0.5 MeV) are filtered

out using suitable B or Cd filters.
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Experimental procedure:

1-2 mm small pieces of samples weighing minimummb 3o maximum 8mg were washed
with DM water and acetone and dried. The samplke®\wacked in double polythene covers
and heat sealed. The high purity standard chemisase used as elemental relative
standards, the details of which are given in Tab®e For Ti standard, Tidof Spec-pure

from Jhonson & Mathey Company, England was usdtk sealed sample and standard were

Table 2.2 Details about the elements, standardsduger the INAA analysis of Ti-Mo

alloys.
Sl. | Alloy Weight of Analyzed | Standards used
No sample given| elements
for analysis
Ti-1IMoWQ 6.9 mg Ti, Mo, | TiO, standard, Ferro molybdenum
. Fe, W, (12.33 mgq), Ferro Tungsten(5.25 mg),
Ti-7MoWQ 10 mg Co, Cu Lead brass (6.22 mg), Co foil (4.2 mg

1
2
3 Ti-15MoWQ 10 mg
4 | Ti-25MowQ | 7.895 mg

placed in irradiation capsule and irradiated atgbeer of 5 kW in Pneumatic Fast Transfer
System (PFTS) position of KAMINI reactor for 5mirf$°U-Al alloy is used as fuel for
neutron generation in the reactor. For present INg¥Alysis, thermal neutrons (K.E < 0.5
eV) are used due to its higher activation crosi@em comparison to high energy neutrons.
The irradiated sample and standard were assayecedmtely by high-resolutiory ray
spectrometry using Eurisys HP Ge detector couptedBk Aptec MCA card and its
acquisition software. The energy calibrationyafay spectrometry multi channel analyzer is
carried out using®>*Eu. Since the present study adopted relative mefbroguantification of
the elements, efficiency calibration was not caroeit.

Figure 2.2 shows they ray spectrum corresponding to Ti-1Mo alloy. Theakse
corresponding to 320.1KeV of Ti and 739.5KeV of M@ used for the calculation of the

concentration of the respective elements. Allghert duration irradiations of the samples
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were done independently and counted immediatelje Jame samples were used for long

duration irradiation.

& Aptec (1) KA3320.50 PCMCA/WIN Spectrum
Fila Edit Deply Sewp Collect ROl Anahzs View e

0K
35K

10

i
10036276

2.5% Countsfsec

Nel Count Fiate » 239,343+ 1,35% 695,
MDA = 1.35928 ops.

Figure 242 Spectrum of irradiated Ti-1Mo alloy.
Samples were allowed for decay of the short livetivation products and one set of samples

was used after 6 days and another set was used3éftdays. Each set of samples and
standards were prepared and irradiated for 6heasdme PFTS position of reactor at 20kW.
The samples were opened after overnight coolingcanthted at different intervals. All the
samples were counted long time for better counsitagistics. The gamma activities of the
activation products of 6 hours irradiated samples standards were measured using BSI p-
type HP Ge detector with 30% relative efficiencyd &l keV energy resolution at 1332.5
keV of ®°Co, coupled with ITECH Instruments quad ADC 8k M@®dule and Inter-winner
7.0 MCA software. The selection of relative methadthe present study for elemental
guantification minimized the possible errors expddrom the neutron flux measurement. In
addition to that, the decay and counting correstidaring they ray measurement have been
taken into account in the calculation. The abowthmds minimized the error bar of INAA
as low as +5%. The results of chemical analysithefalloys used in the present study are
given in Table 2.3.Based on the above analysigdfier, the four alloys will be referred as

given in column 1 of Table 2.3.
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Table 2.3 Amount of Ti, Mo and W in Ti-xMo alloy saples

Sample Ti (wt.%) Mo (wt.%) W (ppm)
Ti— 1Mo 98.99 £ 0.36 0.91 £ 0.01 717.1+£0.6
Ti—7Mo 93.46 £ 0.32/ 7.41 £ 0.04 945.1 + 13.8
Ti— 15Mo 84.87 £ 1.33 16.60 £ 0.10 369.2 +8.7
Ti— 25Mo 74.47 £0.48 24.00 £ 0.14 734.1+£6.3

2.3 Heat treatment and specimen preparation for ieaIs experiments

2.3.1 Heat treatment

Heat treatments were carried out in a tubular fcenditted with proportional temperature
controller. The hot zone of the furnace was ~12 atrthe centre of the furnace tube. The
temperature was measured and controlled usingratdih Chromel -Alumel thermocouple.

Figure 2.3 shows a typical calibration curve fdumace.

850

Set Temperature 750 °c

;-I-I----.------l-l-
800 + "\‘

o
£ \
=
E;-?so- \\
8 / \
700

/ \\
550[1.‘,.'.,.,,.,

0 5 10 15 20 25 30 35 40
Distance (cm)
Figure 2.3 Furnace calibration curve.

During homogenization, ingots of dimensions ~2.5xin were used. For quenching and
aging experiments, specimens of dimensions ~1.521gth were used. The samples were
vacuum sealed with Ti sponge at 2htbar pressure in quartz tube to ensure minimym O
pick up during heat treatments.
Prior to various quenching experiments, the vacgealed samples were kept at 1173K for
another 2 hour. This is followed by fast coolingtite quench bath like ice water (temp

~273K), ice brine (temp ~263K) and liquid Y 7K). During the quenching process, the glass

tube was broken just before dropping into the bakte cooling rate could not be measured.
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However, based on visual observations, it appetiradachieving bath temperature during
LN>quenching

was slow, in comparison with the other two, dug¢hi® possible formation of \gas around
the sample surface. In all cases, a colored oxgerlwas formed on the surface of alloy. Six
different heat treatments were carried out on the &lloys, for different themes of studies,
which are listed in Table 2.4.

Table 2.4 Heat treatment details of Ti-Mo alloys.

No | Heat treatment | Alloys used TemperatureTheme of the study

(B solutionising of

temperature) bath/outside
1. | WQ(1173K) Ti-1Mo, Ti-7Mo, 273K Identification of

Ti-15Mo, Ti-25Mo transformation products of
high temperatur@ phase

2. | LN2Q(1173K) Ti-15Mo, Ti-25Mo| 77K Confirmation aof
3. | BQ(1173K) Ti-15Mo, Ti-25Mg 263K presence/absence of ®
4, WQ(1173K)+A | Ti-15Mo, Ti-25Mo phase.

ging at 753K Identification  of lattice

parameter o phase.

5 AC(1173K) Ti-1Mo, Ti-7Mo 293K To study the infloee of
cooling rate on  the
transformation mechanis
and to study the varian
selection mechanism

=3 ®

6 FC(1173K)
WQ— ice water quenching, BQ Brine quenching, LBQ — Liquid Nitrogen quenching, F& Furnace
cooling, AG— Air cooling

The furnace and air cooling experiments of Ti-xMeX, 7 wt%) alloys were carried out
using the furnace manufactured by Vacuum techiedoBrivate Limited, Bengaluru, in the
UGC-DAE-CSR facility. Prior to cooling, the samplas kept at 1173K for 1 hr at fan
bar pressure. The cooling curve plotted based mpaeature Vs time data for both furnace
and air cooling experiments is given in figure ZIie cooling rate calculated from 900°C to
500 °C is 3.3°C/s for air cooling, where as it wa&43°C/s for furnace cooling. The

temperature is measured using calibrated Chromehal thermo couple.
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Figure 2.4 Experimentally measured cooling curveTielMo and Ti-7Mo alloys during (a)
furnace cooling and (b) Air cooling.

2.3.2 Specimen Preparation

Conventional metallographic methods of sample pedjsm were followed for optical
microscopy, Scanning Electron Microscopy, Microlmeesk, laboratory and synchrotron
XRD studies. Samples were polished using emerytsiudesuccessive grades upto 4000 grit
paper. This was followed by polishing using Oxidaighing Suspension (OPS) solution.
Mechanical polishing was finally followed by elextpolishingfor EBSD analysis. Electro
polishing was carried out using solution containmgthanol (99.95 %) and Perchloric acid
(60 wt %) in the ratio 9:1 at temperature belowR4Gsing a voltage of 20V and a current of
~2A. For SEM and OM, etching of the samples wasiedrout using 2% HF solution /
Kroll's reagent (70ml Distilled water+25ml HNO3+5mIF). Observations and recording of

images were carried out soon after the sample pagpa.

Transmission Electron microscopy requires sample®100 nm thickness to ensure
electron transparency for 200kV incident electr@arn. Hence, after mechanical polishing
up to 1200 grit paper to about 120n, the samples were electro polished using 10%
Perchloric acid in Methanol with Struers Tenupgkbpolishing unit. Electro polishing was

carried out at a voltage -15V and at a temperattir€8 to 30C. The samples for HRTEM
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analysis, which need to be even thinner than cdivead TEM, were made using ion

milling.

2.4 Experimental Methods

Many experimental methods were employed for thdystf phase transformations in Ti-Mo
alloys: conventional and synchrotron XRD, microscopechniques and Vickers

microhardness tester. The details of each techracugiven below.

2.4.1 X-ray Diffraction
In order to retrieve information regarding crystatructure, unit cell dimensions, atom
positions, co-ordination number, 3-D strain disitibn and charge density distribution,
conventional and Synchrotron X- ray diffraction exments were carried out.
Principle:
When X-rays of wavelength similar to the interatonspacing interact with this natural
grating setup, diffraction occurs and form diffiaot maxima and minima. This diffraction
pattern is specific to each material and so, isgef print of the crystal. The main attempt is
to arrive at various features as given below.
For a known wavelength, the inter planar distance, ‘d’ can be identififeain the Braggs
diffraction condition

2d sinf = nl (2.7)
A schematic XRD pattern is nothing but the lineipos ‘20’ Vs intensity ‘I' plot and is

given in figure 2.5.

The absence/presence of diffraction maxima, folhgathe “extinction rules”, provides a clue
about the crystal structure. The direct substitutdd angle of diffraction, “2” position in

Bragg's law yields the experimentally determinetkiplanar spacing'd’. Comparison of the
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experimental‘d’ values with ICDD data for an anpigied crystal system, as it happened in

present study, provides information regarding ttystal structure and indexing of the peaks.
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Figure 2.5 Schematic XRD pattern shgwhe | vs 2 data

The intensity values of the XRD pattern carry aateiinformation about the structure factor
of the lattice, which yields valuable informatiohoait the atomic co-ordinates and electron
density distribution. But the experimentally measlintensity is directly influenced by many
other factors [1]: (1) polarization factor, (2) mplicity factor, (3) temperature factor, (4)
Lorentz factor, and (5) absorption factor. Carefepparation of structure factor contribution
from other factors is carried out using detailedlgsis of the XRD pattern. The third useful
parameter in the XRD pattern is the Full Width aifHtMaximum (FWHM), which yields

information about the strain and particle size.

2.4.1.a Conventional X-ray Diffraction

Experimental details

An XRD instrument contains three major parts: are@yproducing the X- ray beam, sample
and the detector. Various sources are availabéeGik Ka (\=1.5405 A), Mo Kk (A=0.711A),
Co Ko (A=1.790A) Cr ko (A=2.291 A), and Fe (1=1.937 A) [1]. The choice of the source
depends on the required range &f @pected angular separation between closely lygaks

and possibility of fluorescence. With these crdaeffu Ku is used for present XRD studies.
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INEL XRG 3000 XRD spectrometer was used at an apeyaoltage of 40kV and a current
of 30 mA. Acquisition of the diffraction data waarded out in parallel beam geometry, with
monochromatic incident beam of Cultadiation of wave length,=1.54056 A. The size of
the incident, rectangular X-ray beam was 4mm/{126 The measurements were carried out
using samples, which were rotated at room temperaline data corresponding t6=20° to

95° was recorded using a curved position sensitiggector, with step size of 0.012°.
Calibration of the diffractometer, for getting acate distance between sample surface and
detector, was carried out using standard Si povrden National Physical Laboratory, New
Delhi.

Method of Analysis of XRD

Rietveld refinement of the XRD pattern was carreed using General Structure Analysis
System (GSAS) [2]. VESTA software [3] was usedptwotting the calculated charge density
distribution.

The various steps used in the above analysis arllowing: (1) generation of experimental
as well as calculated XRD pattern. The basic inpatameters like space group, lattice
parameter and atom positions were obtained fromDGlata and available literature. Si
standard from the National Physical Laboratory, Newihi, was used for generating the
calibration data, to correct for shift i 2nd instrumental broadening. TOF profile functon
was used to generate the model profile. (2) Theieétion of back ground noise of the
intensity data was carried out using shifted Chehgs function. The best fit was identified
by trial and error method among the available bemkgd functions. (3) Next, the refinement
of 20 and the (4) intensity values were carried outgidiarentian and Guassian part of the
pseudo-Voigt function, to incorporate broadening da microstructural features. (5) The
contributions due to polarization factor, zero ection, texture and thermal vibrations were

taken into account for the refinement. Each stefhis refinement was continued until the
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convergence was obtained for all parameters. Ingaromatching for experimental and
calculated profile was ensured during the refinenoéreach parameter. In addition to that,
trend in the unweighted and weighted reliability IRdices (WRp, Rp) and goodness of fit
(GOF) were checked, during the refinement of ealampeter in order to ensure an optimum

fitting.

The refined peak intensities of XRD pattern weredufor arriving at the structure factor
values. The calculated structure factors from awddl (hkl)'s were used for evaluating the
electron density distribution using Fourier methothe 2D and 3D electron density
distribution maps within the unit cells of all puoxt phases in each alloy were plotted using

VESTA software.

2.4.1.b Synchrotron X-ray Diffraction

It is difficult to detect low amount of product @&in conventional X-ray systems, due to
low current. Synchrotron X- ray sources overcomg limitation, by using intense, tunable,
collimated, X-ray source, with briliance 10 orderd magnitude, higher than the
conventional sources [4] making it possible toedeteven a low intensity peak of low

volume fraction phase, like' in the present studies.

Principle

The schematic diagram of synchrotron X-ray beam isngiven in figure 2.6.

[Nsnsns I [ NsnsNs ) 1-electron from an electron gun
Wiggler Undulator  2-lenear accelerator
[NSNsns J [NsNshs | 3-booster ring

4-storage ring with bending
magnets, wigglers & undulators
5-beam line

6-experimental stations

Figure 2.6 Schematic diagram of synchrotron X-ragin line.
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The electrons are accelerated to ~3Gev, whichdurthter the storage ring. The storage ring
contains bending magnets and many other components.

For diffraction experiments, the incident white a§¢rsource is collimated using appropriate
filters, to get single monochromatic X-ray beamhaliigh brilliance. The XRD experiments
can be carried out in reflection mode. The 2 dinmred MAR Research Image plate is used

as detector for the same.

The quality of the synchrotron X-ray source is sigeover the conventional method due to
its high brilliance. Generally, the ‘figure of memf the X-ray sources is compared with the

term ‘brilliance’ [4] and is defined as follows.

Photons /second (2.8)
(mrad)? (mm? source area)(0.1%BW)

Brilliance =

Experimental details

Synchrotron XRD experiments were carried out usingle dispersive x-ray diffraction beam
line (BL-12) at Indian Synchrotron Source (Indus, Zacility at RRCAT Indore.

Monochromatic x-ray beam of energy 13.081K&vQ.9478 A) was used. The calibration of
wavelength was done using XRD pattern of NIST {g®wder in transmission mode.
However, the actual experiments in synchrotron X&®Di-Mo alloys were carried out in the
reflection mode using MAR Research image plate (M345 DTB). Also due to certain

experimental difficulties, sample had to be kepttishary during the data acquisition. The
data acquisition was carried out till the saturatod detector, which is within few seconds.
Image plate data was converted to | Wspot using FIT2D software [5]. Generally, the
accuracy of the measurement of synchrotron XRDsismaall as 0.03°. However, in the

present case it was as high as 0.2°, due to theeahentioned difficulties.

The experiments were repeated for the identificatibo phase and determination of its unit

cell parameters accurately. Si powder from NIST waed as internal standard. Prior to
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analysis, the peaks corresponding to internal stahdas been subtracted out. This was used

for 1 Vs 29 plot. Further indexing was carried out as in corimal XRD analysis.

2.4.2 Microscopy Techniques

Microstructural analysis of Ti-Mo alloywas carried out with various microscopy
techniques like optical microscopy, scanning etettmicroscopy, and transition
electron microscopy. In addition to the microstwiet information about the micro-
chemistry was obtained by EDS (Energy Dispersivec8pmetry) analysis in SEM and
TEM, while micro-texture was studied using Autonght@rientation Imaging in SEM
and TEM.

2.4.2.a Optical Microscopy

Experimental details

Preliminary microstructural characterization wasriea out using LEICA MeF4A visible
light microscope fitted with a Leica digital camedang with image analysis software QWin.
The magnification calibration of the objective leaswas carried out with a standard
micrometer stage insert with 1000 lines/mm. In aeartcircumstances, polarized light was
used with the choice of appropriate polarizer amalyzer lenses, to enhance contrast among

the fine features.

2.4.2.b Scanning Electron Microscopy (SEM)

SEM is used to study the surface topography, metremistry and micro texture. Incident
electron beam, with energy around 10 to 30 keVeisegated by thermionic emission using
W or LaBs and field emission process in FEG guns. The intgnsi the incident beam
increases by an order of magnitude from W to LaB&EG. The incident beam scans the
surface of the sample, using a scanning coil. Tigeats used in the SEM are secondary

electrons for surface topography, backscatteredtreles for Z contrast, X-rays for micro
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chemistry and Kikuchi pattern for orientation. Tappropriate signals are detected using
suitable detectors.

The semi-quantitative chemical analysis is carpatl using characteristic X-rays generated
from the specimen due to incident electron beaeraation. The energy of the X-ray emitted
from the signal is characteristic of the Z of tHengent and the intensity of a peak is

proportional to the amount of the element presethe sample.

Qualitatively, amount of an elemer@t)(in the sample can be calculated, by comparing wit

X-ray intensity (I) in standard sample, using faellog equation:

Csample _ Isample (29)

Cstd Istd

However quantification of the above values requ#A§ correction to be applied, due to the
following factors: (a) Atomic number ‘Z’ to accouffdr the higher yield of X-rays from
elements with higher Z, (b) absorption (A) factoraccount for the change in intensity due to
mass absorption co-efficient and the path lengttleinser material and (c) Fluorescence (F)
to account for the secondary fluorescence due tayX-of neighboring elements, in addition

to the X-rays generated by incident electron beam.
So quantitative analysis of the material can beutated using the following equation.

Csample — Isample [ZAF] (2.10)
Cstd Istd . sampte

TheC andl represent the composition and the measured ityeesipectively.

Experimental Details

Calibration of magnification of SEM has been catrmit with standard cross grating sample
of 20 lines /mm and 2160 lines per mm. Acceleratioltage ranging from 20-30 KV is used.

For chemical composition and homogeneity analysigrgy Dispersive Spectrometry (EDS)

analysis in SEM was carried out in either Philids30 SEM, or Helios NanoLab- 600i Dual
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Beam Field Emission Scanning Electron MicroscofeSEM). Calibration for the same was

carried out using standard Cu grid. Energy resatutif EDX was 30 eV at Mn &

2.4.2.c Transmission Electron Microscopy (TEM)

Both Analytical TEM (ATEM) and High Resolution TERHRTEM) have been used in the
present study. ATEM is equipped with attachments BE®®S and Orientation imaging
analysis. .
Principle
An incident electron beam of energy 100 to 300 Keses through the sample of thickness
~10-50nm and forms image of the sample on a sonetndesired magnification and far
superior resolution, since resolution is given as

Tonin & 0.91(C, 13)a (2.11)
rmin—mMinimum disc radius,C; —»Spherical aberration coefficienf,—wave length of
incident electron beam. Electron diffraction pattemprovide crystallographic information
form nm sized regions. In conventional TEM, corttiasachieved by either absorption from
Mo rich regions or diffraction, from regions whi@re Bragg oriented. High resolution
lattice fringe image is obtained by interferencentaen various diffraction peaks. The sample
acts as a “pure phase object” and introduces oh@s@ change to the incident beam. The
image generated using only this change is refaiweas “lattice image” or “phase contrast

image”.

Experimental details

Morphology, micro structure, orientation and atoracdumn alignment of various products
phases have been carried out using TransmissiatréteMicroscopy (TEM). Among this,
detailed microstructural analysis of transformatmoducts of all Ti-xMo alloys has been

carried out using CM 200 analytical TEM operate@@dkV. Magnification calibration has
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been carried out using cross grating of 2160 ImesAvith a separation of 469 nm between
lines. Standard nanocrystalline oriented gold ity learbon film is used for calibration of
camera length and high resolution test with a temolution of 2.3A. Using Selected Area
Diffraction (SAD), crystal structures of variousoguct phases were confirmed. In order to
identify the distribution of various phases in gemple, selected area diffraction and dark
field microscopy has been carried out. An apertirsize 10pum was used for the same. The

post imaging processing has been carried out usiage J software for quantitative analysis.

B—o transformation was mainly studied using high reSoh transmission electron
microscopy FEI Tecnai F30 G2 TEM at 300 kV. At inmagmode, for low magnification
conditions (5to 100 kX at 300kV) calibration hasbearried out using standard grating of
2160 lines/mm corresponding to 463 nm. The highnif@gtion calibration has been carried
out using standard polycrystalline Au#646 specini@n (111) plane at a d spacing of
0.2355nm. In the diffraction mode, camera lengtlibcation was carried out using standard
Au-613. The post imaging processing has beenecthout using Gatan Digital Micrograph

and the simulation of diffraction pattern is donghWwEMS software version 4.2.

2.4.3 Orientation Imaging Microscopy

The orientation imaging microscopy at two levelge@golution was carried out using EBSD
in SEM and scanning Precession Electron Diffracfiatierns in TEM.

Principle

Electron Back Scattered Diffraction (EBSD) in SEMakaes use of “Kikuchi Pattern” to
identify the orientation of the crystal, on whid¢tetbeam is incident. The incident, parallel 30
keV electron beam, gets back scattered from tisé fiew um layer of the polished sample.
The back scattered beam is incident on certaineglah the crystal at Bragg angle, satisfying

diffraction condition. The diffracted beam produdég “Kikuchi pattern” containing the
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information about the orientation of the regionirterest. A typical experimental set up and

the Kikuchi pattern is shown in figure 2.7.

electron beam

Figure 2.7 (a) Typical experimental set up in SEB®D and (b) Kikuchi Pattern. (c) An
orientation micrograph.

The region of interest in the sample is scannethbyincident beam and the orientation in
each pixel is recorded using the Kikuchi pattermaly, mapping of the orientation of
individual pixels in the selected region of intei®@snapped using an appropriate colouring
scheme. Orientation imaging map is thus generatdgpical image of which is shown in

figure 2.8(c).

The orientation imaging studies were carried ouhgi€lectron Back Scatter Diffraction
(EBSD) attached with FEI make Helios NanoLab- @D0al Beam Field Emission Scanning
Electron Microscope (FESEM) at an operating voltag0kV and current of 2.7nA at a
working distance of 6mm. The indexing of Kikuchitigean was carried out using the library

data available with the EBSD software.

In addition to that, an automated orientation imgganalysis was carried out with the
ASTAR system with Precession Electron Diffractid®ED), from N/s. Nanomegas SPRL,
Belgium. The principle of this method is illustrdte figure 2.8. The high energy (200keV)
incident beam [figure 2.8 (a)] is precessed araimedoptic axis [figure 2.8(b)], in the region

of interest [figure 2.8(c)], followed by scanninglithin the residence time of the incident
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beam in each pixel, the electron pattern is calctecorded and stored. This process is
repeated for each pixel, for the entire area oéradt, using the scanning device. The
experimentally obtained electron diffraction patteérom each pixel [figure 2.8(c)], is

compared with library functions, to identify thernmoaxis of each pixel, which carries the

information about the orientation of the regiomy{fie 2.8(d)].

The conditions for acquisition of orientation mapsquired in the present study, using
ASTAR system attached to the PHILIPS CM 200 TEM gixeen in Table 2.5.The micro-
diffraction and precession was controlled by a catéid external device. The diffraction
patterns at the determined step size for the afeeterest were recorded with a fast
acquisition CCD camera of large dynamical rangé&diexternally on the viewing screen of
the TEM. The precessing angle was restricteds® tlkan 0.5to avoid beam broadening due
to precession. Prior to acquisition of diffractipatterns of the sample, diffraction pattern
from a standard [001] oriented gold specimen wasdu®r the calibration of angle of

precession and camera length.

Figure 2.8 Experimentat gp in Orientation imaging in TEM.
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Table 2.5 Conditions for acquisition of OIM maps

Parameter Value
Operating voltage 200kV
Precession angle 0.4°
Beam size 15-55nm
Step size 8-25 nm

Condenser aperture size | 50 um

Diffraction pattern 25-30 frames per second
acquisition rate

Camera length 12to 17 cm
Magnification 8800 X

The area of the region of interest was calibrateth whe image of the scanned region
acquired with an on-axis camera. After the acqoisiof the diffraction patterns, they were
indexed using a template matching procedure byrgéng the diffraction patterns along
various zone axes for the expected phases with krooystallographic details like the lattice
parameters and the space group. The degree of ingatchthe experimental pattern with a
theoretically generated template is characterizedrbss correlation index, which is defined

as

Z}ilp(xj'y]‘) Ti (%, ¥)) (2.12)

S PG IS 72 Gl

where, Q(i) is called the correlation index, Bfx is the intensity function of the

QW) =

experimental spot pattern at, ), while Ti(x;,y;) is the intensity function of the template.
Based on the Q(i) values, the index map is gergerdtiee reliability of a particular solution
in case more than one template is matched is diydR, reliability index, which is defined to

be
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(2.13)
R =

1- QZ/QJ .100

where, Q and Q are the index values of 2 nearly matching sol&iorhe value of R is
minimum if more than one solution is possible, ldeea grain boundary or inter phase. An R
value of 15 and above is generally accepted teehabte. The map generated for the spatial
distribution of the R values is called the relidgpimap. The orientation map generated based
on the template matching of the constituent phaselsides all the values of reliability
indices. However, a superposed image of the otientaimage and the reliability map helps

to identify points of low reliability.

2.4.4 Vickers Microhardness tester

The microhardness testing was carried out usingl EBMiniload-2 microhardness tester. A
static load of 100g is used for making an indeatatmark on each material using the
diamond tip of the Vickers pyramidal indenter. Id@r to minimize the error, experiments
were repeated for 10 times for each alloy and aeeistaken. The microhardness tester was

calibrated using the standards provided along hEITZ Miniload-2 microhardness tester.

2.5 Computational Method

2.5.1 Miedema model

Using Miedema approach [6, 7], an attempt has begate to find out the relative stability of
metastable phases over the solid solution phase. stébility of a phase at a particular
composition range can be predicted based on theskoenthalpy of formation. This is merely
based on the calculation of formation enthalpyaidssolution and amorphous phases. The
process involves mixing of solute atom in the sotveatrix by equalizing the potential
gradient. During this stabilization process, th#edence in the electron negativity, atomic

size, crystal structure and valence electrons tf bolvent and solute atom play a major role.
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According to this model, the enthalpy of a soliduion (4H5°") is the sum of chemical
(AH®), elastic AH®) and structura{4H®) enthalpy [6, 7].
AHS°' = AH® + AH® + AHS (2.14)
The chemical term originate due to the variatiorlgctro negativity and electron density at
the surface of Wiegner seitz unit cell. The elastithalpy term is related to lattice mismatch
energy and is calculated based on the atomic sSiferethce between solute and solvent
atoms. However, the structural contribution indésathe preference of the transition metal to
attain any of the bcc, hcp, or fcc phase basedervalence electrons. But the contribution
from the structural part is negligible comparing tbther two. So, it is assumed constant
lattice stability throughout the system. So for @glification ‘AH®’ is considered to be zero.
So,
AH®°' = AH® + AH® (2.15)
The chemical enthalpy of mixing can be calculated a
AHC = X, Xp[ X AREE 4 + XpAR3% 5] (2.16)
Xa and X represent the mole fraction of corresponding atosi§® is the enthalpy of
solution of one element in to another at infiniteition. The elastic enthalpy originated from
the lattice size mismatch can be calculated as
AH® = X, Xg[X4AhE ;) 4 + XA (2.18)

_ay(vi-v) (2.19)

AhY;, i = —F/————=
V(3 + 4i;K;)

iinj
where,V; andV; are the molar volume of solute and solvent yachd K; represents shear

modulus of solvent and compressibility of solute spextively.
For amorphous phase, due to the lack of periodiaityns have no constrained to fit in to a

specific volume. So, elastic contribution of enflyals absent. So, chemical enthalpy with
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enthalpy of fusion of constituent atoms dictates émthalpy of formation of amorphous

phasg AHSE).

AHZ™ = AHC + 3.5 1 (2)20

HereT,, is nothing but the melting of alloy. This canrepresented by the combination of
individual melting point of solvent and solute. So,

AHZ™ = AHC + 3.5 [X, T + XpT/ (2.21)

2.5.2 First principle calculation using Density Fuwtional Theory (DFT)

DFT is a quantum mechanical computational modetrgghod which identifies the ground
state properties of a many electron system likenatanolecules, metals, and insulator by
solving the corresponding Schrodinger equation gomg the system dynamics. In order to
understand the electron charge density distributiovarious transformation products of Ti-
Mo alloys, first principle calculations has beemrigal out using Vienna Ab-initio Simulation

Package (VASP)[8]. The theory behind this methdarisfly discussed below.

The system is described using a suitable Ay non relativistic Hamiltoniard)).
A=T,+T,+ Vo +Vy + V, (2.22)

The parameterg,, V., V,; represents kinetic energy operator correspondingeléztron,

potential energy operator corresponding to eleetlentron interaction and electron-ion

interaction respectively. It is possible to ddes the kinetic energy term of nucl&j)

in the Hamiltonian to be zero and the poténgaergy operator of ion-ion interaction

(V;;) constant, based on the well established Born- Gigiener approximation . The total

energy is expressed as a unique function extreln density, based on the Hohenberg-

Kohn theorem [9], which helps us to replace ttvave function by electron charge

density. This approximation is used to exptégsHamiltonian in terms of its energy

functional, in which the term related to exapparcorrelation functional is not exactly
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known. Generally, Local Density Approximation (LDAand generalized Gradient
Approximation (GGA) are the two most commonly ugsdhange correlation functional. In
the former approximation, the electron density tnsidered to be purely local; the
contribution at each point) is independent of other. The GGA is a modifieasion of

LDA where in addition to the local electron densitg gradient is also taken into

consideration.

The core electrons are tightly bound to the nuatel do not participate in bonding. Hence
most of the physical properties of solids depend/aiance electron than the core-electron.
Thus near the core region the strong electron-nyméential is replaced by a pseudo-
potential, which will same behavior of total poiahbutside the core region [10]. There are
different approaches to construct pseudo-potenfalgectedAugumented Wa@AW) [11]

method employed in VASP has been selected in tlesept study. In summary the

Schrédinger equation with K-S Hamiltonian can bétem as

Non relativistic LD&GA
2
<_ Zh_m Vz + vext(r) + vgoul(r) + vxc(r)> lpnk(r) = Enkl/)nk (T) (2-23)
Pseudo potential (PAW) SA-uses-plane waves

The functional/potential used for present studiesmarked in the equation. The basic idea
behind solving a problem using DFT is to identifig tsolution of Kohn-Sham equation. The
total energyE.[n(r)]’ of the system of non interacting particle can barigten in terms of
electron density as given below

Ei[n(r)] = T[n(r)] + Eexe[n(r)] + Ex[n(r)] + Exc[n(r)] (2.24)

T[n(r)] represents the summation of kinetic energies dividual electrons moving in the

field of all other electronsEy [n(r)] is the Hatree Folk Functional. The potentials thuthe
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‘nucleus-core electrons’ interaction is represerttgda pseudo potentialE,,.[n(r)] and
E..[n(r)] is the exchange correlation functional in the DEIcalation.

Computational details

All simulations are done using VASP package, wraatiploys the PAW pseudo-potentials.
PAW potential helps to not only helps to reducedize of basis set, but also incorporates the
accuracy of all electron calculations. The syst&r@bcedure adapted is as follows

1. Selection of exchange correlation functional: The suitability of exchange
correlation functional from LDA and GGA are checkied Ti and Mo atoms. For GGA
approximation analysis, both PBE [18hd PW-91 (Perdew-Wang) are used. The results
were analyzed with the experimental lattice paramgtee Table 2.5). The lattice parameter
calculated using PBE functional is less deviateunfithe experimental lattice parameter in
comparison with other potential. Hence PBE is getééor further calculations.

Table 2.6 comparison of lattice parameter of Ti abted via VASP calculations for various
exchange correlation functional and with the Rietiderefined parameter.

No Exchange Calculated Experimental | Variations in the
correlation lattice lattice lattice parameter
functional parameter (A) | parameter (R) | (A)

1 LDA a= 2.8536 Aa=0.0978

c=4.5180 Ac=0.1634

2 GGA | PW-91| a=2.9199 a=2.9514 Aa=0.0315

c=4.6188 c=4.6814 Ac=0.0626
PBE a=2.9239 Aa=0.0275
c=4.6240 Ac=0.0574

2. Optimization cut of energy (ENCUT) and K point meshsize: In-order to fix the
size of plane wave basis set and k-point meshiassef convergence test has been made.
Kinetic energy cut-off energy has to be definedirtmcate the size of plane wave basis set.
The kinetic energy varied for 250 eV-1000 eV, andnfd a convergence of the order of

(7.25%10" meV/atom) from 700 eV onwards. The k-point megk governs the sampling in
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the reciprocal space, and its convergence hastbstad. A Monkhorst-pack[13] pack grid of
size 17x17x11 k for Ti and 17x17x17 k for Mo isdiized (see figure 2.9)

3. Geometry relaxation After fixing all these values, geometry relaxatibas been
carried out for each structure. For Bulk Ti and Btom the volume relaxation scheme is
adopted. For the Ti-Mo alloy the ions position a®ll shapes were relaxed. During this
process we ensured a force on atoms of the orde‘oé\V/atoms and the external pressure
is zero.

4. Generation of Ti-25Mo alloy: For that, a super cell has generated by taking in
consideration the alloy composition. For eg: Themafpercent of Mo in Ti-25Mo alloy is
~14. It exists as bcc structure. So, for thaty@es cell of 2x2x2 is generated. Out of the 16
lattice position of this bcc structure, 2 are ogedy Mo atoms. For incorporating the Mo in

various lattice positions, Site Occupancy Diso(@DD) technique [14ik used.

T T T T T T T -7.750

—~-7.75654 %

£ (a) (b)

] -

g E.7.7521

2 .7.7560- I

£ >

E T7.754

® o !

-g'w 7555 2 / = "
DH1.15551 ©-7.756 1

e '/\'\.—-—-—.._. 3

o —————p l.t

Q

o -7.758 1 — . . ,
W -7-7550 5 10 15 20 25

200 300 400 500 600 700 800 900 1000

K mesh (a axis)
ENCUT

Figure 2.9 Optimization of (a) energy cut of vaarel (b) k mesh for Ti.

The technique allows the non periodic occupatioriaf and Ti atoms in the crystal
lattice by taking the advantage of crystal symmefgr the present alloy system, 4 in
equivalent configurations are generated using B® $echnique and is given in figure
2.10. DFT calculations are carried out by taking thptimized values of Ti/Mo for

defining plane wave basis sets, pseudo potential, exchange correlation functional.
After getting the charge density for each configjora averaging has been over all

configurations done to get a final charge densityctv will be close to the random solid
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solution of Ti-Mo alloy. The average charge densiptained from all these
configurations is used for further comparison with experimental results. The summary

of the same is given in figure 2.11.

Figure 2.10 The four in equ{valent cdnfiguratioh"ﬁ;fZSMo alloy super cell generated
by SOD technique.

Ti
Optimization of exchange
correlation functional
LDA, GGA (PBE,PW-91)

2x2x2 Super cell
BCC-16 lattice point

@2 L@

SOD technlq ue

Checked with experimental

| lattice parameter- PBE Selected | Ti-25Mo alloy
r — * . \ R IPE N N

Optlmlzatlon =K point k <4 in- equwalent Structures I>

K point =17x17x11 (forhcpTi) | = "™N_—=
g Calculated cha rge
. 17x17x17 (for beeTi) density
(:_ Average :,‘
Optimization ENCUT  Final charge Density |
ENCUT=700 eV

Figure 2.11 Overview of major steps involved in Bf€T calculation using VASP for
the identification of electronic charge densitytdizution of Ti, Mo and Ti-25Mo alloy.

2.6 Summary

The chapter 2 has presented the details of theus techniques used in the study: X-

ray diffraction, range of microscopy methoflsr structure, chemistry and orientation,

Miedema model and DFT calculations. The principdperating parameters, calibration

methods, and analysis procedures along with saifregors are described.

48



References

[1] B. Cullity, S. Stock, Elements of X-ray Diffraon, Addison Wesley,956

[2] A.C. Larson, R.B. Von Dreel&eneral structure analysis system (GSAS), Los Alamo
National Laboratory Report LAUR 86994

[3] K. Momma, F. IzumiJournal of Applied Crystallograph3011, 44, 1272.

[4] J. Als-Nielsen, D. McMorrow, Elements of modeXaray physics, John Wiley & Sons,
2011

[5] A. Hammersley, S. Svensson, M. Hanfland, AclkitD. Hausermanninternational
Journal of High Pressure Researt96 14, 235.

[6] S. Ghosh, J. Basu, D. Ramachandran, E. Mohandagd/ijayalakshmi, Intermetallics
2012 23, 148.

[7] J. Basu, B. Murty, S. Ranganathdournal of Alloys and Compound608 465, 163.

[8] G. Kresse, J. HafneRhysical Review B993 47, 558.

[9] P. Hohenberg, W. KohiRhysical reviewi964 136, B864.

[10] W.E. PickettComputer Physics Repori989 9, 115.

[11] G. Kresse, J. FurthmulldPhysical Review B996 54, 111609.

[12] J.P. Perdew, K. Burke, M. ErnzerhBhysical review letter$996 77, 3865.

[13] H.J. Monkhorst, J.D. PacRhysical Review B976 13, 5188.

[14] R. Grau-Crespo, S. Hamad, C. Catlow, N. Deungelournal of Physics: Condensed

Matter 2007, 19, 256201.

49



50



CHAPTER 3

INFLUENCE OF Mo ON TRANSFORMATION PRODUCTS
OF HIGH TEMPERATURE PARENT BCC (3 PHASE IN Ti-Mo
ALLOYS






CHAPTER 3

INFLUENCE OF Mo ON TRANSFORMATION PRODUCTS OF HIGH
TEMPERATURE PARENT BCC (3 PHASE IN Ti-Mo ALLOYS

3.1 Introduction

It is well established that there are a large nunobenetastable and stable phases in titanium
based alloys. The nature and composition of thetssldictate the choice of the particular
phase in which the alloy exists. The energetic metition between the phases and the
electronic structure variations during the alloyufigtates [1] the stability of phases. During
the addition of non transition elements like Altie Ti matrix, most of the electrons prefer
the lower energy band and not the Fermi level. ldetie Ti atoms try to avoid the Al atoms
creating a dilution effect and hence preserve trectionality of pre-existing Ti-Ti bond and
the hcp crystal structure [2]. However additiontrainsition elements to Ti matrix enhances
the concentration of conduction electron and s@ #treening of ion cores. As a
consequence, system prefers more symmetrical @thicture. In addition, due to lattice
vibration at higher temperature, the system goesugh the same steps. This is the possible
reason of the stabilization of bcc structure ahbiggiemperature [2]. Thus, alloying followed
by suitable heat treatments can stabilize equilibrphases like bdg or hcpa. Generally, the

a alloys have good strength, toughness, weldakality creep resistance [1, 2]. The absence

of ductile to brittle transformation makes themuéable candidate in cryogenic applications

2.

Many studies have also reported non equilibriumspbldike martensite or hexagonal omega

(w) on quenching the high temperature Bgohase. Two types of martensites with different
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crystal structures namely hcp)(and orthorhombico’) have been reported in Ti alloys on
fast cooling fromp phase field, depending on the concentratior aftabilizing solute.
Generally, a concentration of Mo up to 4 wt% [3fipmotes the hcp' phase during
guenching. Further increase in the alloying elem@ntMo up to 8 wt% promotes the
formation of an intermediate orthorhombic structur¢he binary Ti-Mo alloys [3-5, 7]. It is
well established that the propensity of non difbusil transformations in Ti alloys like
martensite and omega) depends on the average group number or the @héatom (e/a)

ratio [8].

Another interesting athermal transformation inniiten alloys is thés—w transformation. Of
various types of transformations, tke phase formation has been the subject of vibrant
studies, due to the complex nature of the transdtion and its technological importance.
Depending on the mode of transformation, dhphase can either be classified as athetmal
or isothermaln. The reported range af phase formation is 10 to 18 wt% [1, 4, 9-14] iR Ti
Mo alloy. The precipitation ob increase the hardness and Young's modulus oflke [4,

4,9, 15, 16] and so, normally avoided during teeedlopment of bio implant material.

Extensive literature is available with respecthte mechanism, thermodynamics, kinetics and
structure—property correlation for each of the phansformation in Ti alloys [1, 3, 4, 7-9,
12-14, 17-23]. Similar studies have been carrigdrodi-Mo system [3, 4, 7, 10, 12, 13, 17-
19, 24], especially in the context of developmehnbiomedical implants. Ti when alloyed
with Mo exhibits a plethora of phase transformadiaqpon change in cooling rate during
solidification and subsequent heat treatment. Téguance and the nature of the phase
transformations are altered depending upon composiénd thermal treatment [1]. In this
connection, development of a thermodynamic ratenal explain the phase transformation
behavior is extremely important. The electron peEmais a dictating parameter for the

stabilization of various non equilibrium phase®lthcpa’, base centered orthorhombitand
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hexagonal omegaw] and retention of higher temperature Edn this alloy. Specific
composition,i.e., electron to atom ratio (e/a) range is reportadefach type of these non
equilibrium phase transformation [4, 12, 13, 18. 1Bhea’ exists for an e/a ratio of 4- 4.07
anda" up to 4.1. It is reported that the athermalhase is favored for e/a around 4.13 £ 0.03,
and above 4.3 phase is stabilized [1, 8]. So, based on theatia, romposition is selected

in order to study the non equilibrium phase tramattion of Ti-Mo alloys.

The present chapter reports the influence of Mahentransformation products of ice water
guenched parent bgkinto hcpa', base centered orthorhomhit and hexagonal omega)(
and retention of higher temperature fcdor four different alloys of Ti-Mo. Synchrotron
XRD, which has not been extensively used in litmatwas found to be useful in identifying
low amounts of secondary phase lik@hase. Also, Miedema calculation was carried out f

entire range of Mo concentration, to examine thbity of solid solution.

3.2 Stability of solid solution phase over amorptophase-Miedema calculation

As has been explained in introduction, the pletlairphase transformation products of high
temperature bcf phase in Ti alloys has been understood based rwugastability criteria.
Several theoretical methodologies to examine thbilgy of phases on alloying titanium
have been carried out, ranging from simple calauabf free energy of various phases to
recent trends of DFT calculations [25]. In orderctapture the basic concept of almost all
these calculations, namely the minimization of fre@ergy dictating the stability of a
particular phase, the most fundamental, earliesianbas been used in the present study.
Miedema calculations have been carried out to gateaminary idea about the stability of

solid solution phase, which is presented in thetise.
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Miedema calculation was carried out mainly to ustierd (1)the thermodynamic criterio
for the stability of crystalline structure of thelig solution against the amorphous phas
Ti-Mo alloy and (2) theole of Mo in stabilizing the solid solution. Thermation enthalpy c
crystalline structure was calculated as the sumcloémical, structural, and elas
contributions. As the amorphous phase has no ¢rgstacture, the structural d elastic
contribution to enthalpy is neglected. Instead, #m¢halpy is considered as the sumr
chemical enthalpy and enthalpy fusion. The basic principle a the relevant equations f
the calculation of enthalpy of formation of both aphous and crtalline phases wel
discussed in chapter 2. Based on these assumpitieriermation enthalpy is calculated

solid solution and amorphous phase f-Mo alloy and is given inifure 3.1(a
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Figure 3.1 (a) Enthalpy calculation curve showirtge tstability of crystalline phase ov
amorphous phase (b) Entropy vs composition diagsaowing the maximum at-50Mo0%
and (c) Temperature Vs TS curve shovincrease in slope with Mo concentrat

It is observed (figure 3.1(a)) that the enthalpyhaf crystalline state is always more nega
than the amorphous state over the entire compogsitioge. This necessarily means that ¢
under the extremeonditions of cooling, crystalline phase will bealstized over the

amorphous phas&here is no tendency for formation of inter metatlompound:

In order to assess the relative stability of défgrcrystalline phases, an atc array of tota
number of N atoms have been considered, out oftwihien atoms of the alloying elemer
have been calculated and replaced in order to khédcrystalline state. The mathemat
representation of the statistical entropy Q number ofavailable state is given by tl

equation.
S=—-klnf (3.1) .,



where k is Boltzmann constant.

A plot of the equation (3.1) (Figure 3.1(b)) inakies that the entropy-composition diagram is
parabolic with maximum around 50 at% Mo compositidhis necessarily means that with

lesser and lesser alloying, second derivative efefitropy-composition curve becomes more
and more positive. This is reflected in figure 8)1(n which it is observed that entropy

diverges in the T-TS space. The difference in gytroan be taken into consideration to
assess the relative stability of the phases. Homesartain crystallographic order would

result in similar entropy. In this case, the refatstability would strongly depend on the
enthalpy, which basically originates from the chang coordination between Ti and Mo

atoms. The stability of solid solutighwith Mo content is experimentally evaluated inrfou

alloys, which is discussed in detail below.

3.3 Experimental details

In order to verify stability of solid solution arabsence of intermetallic compound and higher
stability of p with Mo content, ice water quenching (WQ) expemtsevere carried out from
1173K to ~273K in Ti-xMo (x=1,7,15,25) alloys. Ftre confirmation of formation ob
phase, further heat treatments like quenchingenbitne solution(BQ) and Liquid Nitrogen
(LN2Q) have been carried out in addition to aging expemts at 548K for ice water

guenched alloys of Ti-xMo(x=15,25wt%).

3.4 Transformation mechanisms & products in Ti-Mdlays

3.4.1 Preliminary studies of water quenched alloys

The average grain size of Ti-xMo (x=1,7wt%) allagsidentified using stereo micrograph
given in Figure 3.2 (a) and (b) respectively. Hoeragation at 1173K for 6 days resulted in

the formation of largg grains in ice water quenched Ti-1Mo and Ti-7Mmwdl. In both
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cases, the grains of the order of mm (Table 3.4 leeen formed. Similar trend (Table 2
is noticed in Ti-15Mo and T25Mo alloys at various heat treatment condition$he
unusually large grains in Ti albys are well documented and attributed to the lotivation
energy (20kJ/mol) for grain grow[26]. It is known that self diffusion is one of thecfars
that dictate grairgrowth in a system. The self diffusion coefficieftTi in § Ti lattice is
known to be very high due to the high binding egeod Ti with vacancy (2eV), lov
formation energy for vacancies (0.2eV) and high iitglof Ti-vacancy complex. In additic
as he Mo concentration increases from 1 wt% to 25 i#ble 3.1), the average grain s
reduces from 1.8 mm to 0.4 mm. The observed redluci grain size is probably
manifestation of the reduction in the diffusion #imeent of Ti due to addition of M.

Addition of Mo is known to reduce the diffusione&a[27].

Figure 3.2 Stereo microgrhs f (a)-1Mo and (b) Ti#Mo alloys showint
presence of largg grains

Table 3.1 Variation off grain size and hardness with Mo concentrati
No. Alloy Grain Hardness (VHN) product
Size(mm
1 Ti-1Mo 1.8+0.6 188 Martensite, hcpr
2 Ti-7Mo 1.2+0.2 244 Martensite, bce
3 Ti-15Mo 0.6+0.2 295 bcc+m
4 Ti-25Mo 0.4+0.1 250 bcc

Optical microscopy analysis of the above samplashien carried out. Figure 3.3 shows
distribution of acicular structure consisted oftptawith twin like features in th grains of

Ti-xMo(x=1,7 wt%).The absence af precipitate along the grain boundary [figure 3)Bés
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well as the observation of acicular martensiticuctire inside the grain supports
displacive, non diffusional transformation of bgcphase in -71MoWQ and T-7MoWQ
alloys. Thesize of the acicular maternsitic product also sh@avgradual decrease w
increase in Mo concentration from 1 to 7 wt% Mao.islknown[5] that the morphology ar
substructure of Tmartensites are sensitive to the concentratiorhefitstabilizer, whiclt
changes from lath with dislocations to plates wiitins as the concentration pfstabilizer
increases. The observation of plate martensite llinthe alloys suggests that even

concentration of 1wt% Mo is sufficient to form a ganhartensite

Figure 3.3 Microstructure of ~1MoWQ alloys quenched from 1173K (a) wi
normal illumination and (b) with polarized incidetight, showing fine acicula
structures within larges grains. Microstructure of ~7Mo WQ alloy, quenchec
from 1173K (c) witmormalillumination and (d) in the polariz¢ light showing twin
martensitic structure. The anisotropy in the oramn of various features
martensitic structure is visible in the polarizeghit.

Additionally, the morphology of transformatiproducts of TiMo alloy was also studied

detail with similar cooling rate. The ice water qaking (900K/s) promotes the formation
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complete martensitic structure in this alloy asTinLMo alloy under similar cooling rate.
Twin martensite formation was observed in thisyallwhich is shown in figure 3.3. Similar
analysis has been carried out in Ti-xMo (x=15,2%)yWQ alloys too (figure 3.4). However,
the microstructural examination shows retentionfograins and absence of martensitic
structures in these alloys. Retentiorpgshase above 10 wt %Mo is reported in literature [4
12, 28].

3.4.2 ldentification of transformation products of Ti-Mo alloys

In order to identify the crystal structure of treorenation products, X-ray diffraction studies
were carried out in Ti-xMo(x=1, 7, 15, 25)WQ alloysigure 3.5 (a-d) shows the X-ray
diffraction (XRD) pattern of Ti-xMo(x=1, 7, 15, 25VQ Ti-Mo alloys. An unambiguous
confirmation of hcp phase in the Ti-1Mo alloy anase centered orthorhombic in Ti-7Mo
alloys is evident. The results are in agreemert wia ratio discussed in section 3.1 and the

reported literature [4, 5, 12].

(a) 1 ®

_:u_l : N
1001
Figure 3.4 Presence of retention of ktgrains and absence of plate like morphology
in (a)Ti-15Mo WQ and (b) Ti-25MoWQ alloys.

In Ti-15Mo and Ti-25Mo water quenched alloys (fig8r5), all peaks df phase in the range
of 20=20° to 9 are present. So, presence of Ifcstructure is confirmed in both these
alloys. However, there is no clear distinct XRD lpesE » present in the pattern. The
possibility of existence ab phase has been predicted along with retajhettucture in Ti-

15Mo alloys on fast quenching experiments [4, 18, 17-19], though, it is difficult to
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confirm experimentally the presence wfphase in this composition range,. The challenges
are due to its low amount and overlapping of stlpuigffracting peaks with those of bd¢c
phase [4, 18, 19]. The unique peaksogbhase distinct from th@ phase are of low intensity
and difficult to be observed with conventional XRThere is hardly any literature based on
conventional X-ray diffraction studies for the comfation ® phase formation in Ti-15Mo
water quenched alloys, since many reports defivg%5as the upper limit for formatiom
phase. So, the volume fractionwphase formed in this composition range is lown&ally
TEM is preferred for the study ab phase [1, 4, 8, 10, 13, 14, 17]. In certain cases,
synchrotron based XRD is employed, to identify dhphase in Ti alloys [18-20]. However,
athermal and isothermal transformatiorpeto in Ti-15Mo alloy has not been studied so far
using synchrotron based XRD. In order to pronftew transformation, the parefitphase
was cooled at faster rates, like brine water agdidi nitrogen quenching. Present study
employs synchrotron based XRD to examine the faonaif ® phase an@ phase stability

in Ti-15 and 25 wt% Mo alloys with quenching mediamice water, brine and LN

1.0 1.0{{c) -
Ti-Mo Ti-15Mo
hcp, o'

50.5 =0.5

s = a

s § s sg§< =

E £ £ J=88| ¢

2 . OFL i

£0.0 z0.0

Z1.0 a1.0r

@ Ti-7Mo 7]

7] o

3 base centered g

= : " o

50.5 orthorhombic, o 20.5

z fwm 22
o e A=
sg &N ©°
N - ol N
o W 1)

0.0 1 0.0 N 1 T 1 T
30 40 50 60 70 80 90 30 40 50 60 70 80 90
20 20

Figure 3.5 XRD patterns gf quenched (a) Ti-1Mo confirming the presence of &cp
structure and (b) Ti-7Mo showing the presence af &¢ phase(c) Ti-15Mo and (d) Ti-
25Mo showing the presengehase.

In most cases, TEM/SAD analysis is resorted to figt] the identification otw. However, if

the crystal structure parameters have to also bienasd, XRD is a more appropriate
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characterization method, especially using synchroXRD, which is discussed in section
3.5.

For further confirmation of finer micro structuratrystal structure details, TEM/SAD
analysis was carried out for all water quenchedyallof present interest. Figure 3.6 shows
the TEM micrograph along with the SAD analysis MAWQ alloy. The TEM micrograph is
shown figure 3.6(a) further confirms the formatiohtwin martensite in the Ti-1MoWQ
alloys. The SAD pattern (figure 3.6(b) confirmsrf@tion of hcpa’ structure. The matrix as
well as twin spots are clearly visible in the mgraph. Formation of hcp' martensite phase

is in agreement with the XRD analysis and the riegabliterature [4, 5].

Z.A: [1101]

N5 )“\ o s
T e X B =
P Bt T TN
Figure 3.6(a) TEM micrograph of quenched Ti-1Mo alloy showing plate martensitenwit
twins(circled) and (b) SAD pattern along [1-101}moaxis of hcpof) structure.

—
500 nm

TEM/SAD analysis is carried for Ti-7MoWQ alloy fdurther confirmation of micro
structural details and phase identification. Traigsman electron micrograph and Selected
Area Diffraction (SAD) pattern of quenched Ti-7Mo alloy are shown in Figure 3.7(@] a
(b) respectively. Martensitic structures are visibl the TEM micrograph shown in figure
3.7(a). The SAD analysis confirmed formation adhorhombic martensitex{). The analysis
of SAD in figure 3.7(b) confirmed the presenceadfalong [1-10] zone axis. Both these

results are in agreement with conventional XRD ysialand optical microscopy studies.
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Daviset. al.[5] reported the variations in the morphology ofrtaasitic structures in Ti-Mo

alloy.

Figure 3.7(a) TEM micrograph gf quenched Ti-7Mo alloy showing plate martensitid w
twins(circled) and (b) SAD pattern along [010] zameas of orthorhombica(”) structure

Similar analysis is carried out for Ti-15Mo and Z5Mo alloys too. The result is shown in
figure 3.8 and 3.9 respectively. TEM micrographgifie 3.8 (a)) shows fine plate like
structures. However, XRD analysis ruled out possiof formation of such martensitic
structures in Ti-15Mo alloys and Ti-25Mo alloys., Sietailed analysis was carried out using
selected area diffraction to understand the systedetail. The analysis of SAD in figure
3.8(b) confirmed the presencefpophases along [013] zone axis. However, the miarosire
shows the possibility of formation @f’ phase along [1-10] zone axis too. Intense diffuse
scattering is observed in the SAD pattern of Ti-D5h addition to the well defined spots of
B. A detailed analysis of the diffuse scatteringswarried out using HRTEM. The details of
which will be discussed in the chapter 7. This tgpéiffuse scattering is well established to
be characteristic of athermal in many Ti and Zr based alloys [1, 4, 14, 17{.hds been
understood based on “lattice collapse mechanisrd’tha diffuse scattering is shown to be
an indication of incomplete collapse of liEplane. This can happen if the composition of the

alloy was slightly shifted from the region corresding to ideal® formation. The
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transformation product ifi quenched Ti-25Mo alloy is shown in figure 3.9(agdb). The
bright field image is similar to that of figure329( but the plates are finer. Analysis of SAD
pattern [figure 3.8(b)] confirmed the presencg ghase along [001] zone axis. It is observed
that streaking in the SAD pattern continues to tes@nt, however, to a lesser extent than in
Ti-15Mo alloy. Since there is no clear distinct kisaots in the XRD pattern analysis / SAD
pattern, the unambiguous confirmationeophase is difficult in the Ti-15Mo alloy. For the
unambiguous confirmation of expect®ghase in Ti-15Mo and for the identification of tgla

morphology observed in TEM micrograph, synchrot@®D experiments were carried out.

Figure 3.8 (a) TEM micrograph gf quenched Ti-15Mo alloy showing fine platextfand
(b) SAD pattern along [1-10} and [013} zone axis and curvilinear streaking dughase.

The brilliance of synchrotron source is ~ 10 ordd#rsagnitude higher than the conventional
source [29], enabling the identification of phases of volumacfion less than 1%.
Synchrotron XRD pattern of Ti-15MoWQ alloy is givem figure 3.10 (a) confirms the
presence of phase. The unique peak®fcorresponding to (11.2) plane is clearly visilvle i
the pattern. However, there is no such indicatib® phase formation in Ti-25MoWQ alloy.

Also, there is no signature for the presence osebdike orthorhombia” as suspected from
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the TEM and SAD analysis. Reason for the martensttuctures in the TEM/SAD analysis

is discussed in section 3.5.4.

Figure 3.9 (a)TEM micrograph gf quenched Ti-25Mo alloy showing fine plateadf
and (b) SAD pattern along [-100]and [001) zone axis and streaking duephase to a
lesser extent than figure 3.4(b)
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Figure 3.10 Synchrotron XRD pattern showing theation» phase in (a) Ti-15MoWQ
alloy and its absence in (b) Ti-25MoWQ alloy wittclg phase. No indication for the
formation of orthorhombie” structure in both the alloys.

3.5 Effect of heat treatment on the phase formation.

Further quenching experiments were carried oufTfetMo alloys (x=15, 25wt%) to answer

the following questions
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* Doesw phase formation occur in Ti-xMo (x=15,25) alloys warious quenching
conditions?

» Does ageing promote the formationu#

» Does concentration of Mo and quenching conditiofisience thes phase formation?

* Does any martensitic transformation occur in Ti-xNjg=15, 25 wt%) alloys as

observed in TEM micrograph in any of the heat tresatt conditions?

3.5.1 Influence of quenching condition on the phase formation

For the confirmation of phase stability in Ti-xMo(x=15, 25wt%) and to \grif p—o
transformation is influenced by the rate of coolitige experiment was repeated by increasing
the cooling rate through quenching the alloys fribwa 3 phase field in iced brine (NaCl +
H20) solution and liquid nitrogen (LIN In addition, aging experiments in thep phase

field at 748K/1day was carried out for ice wateenched alloy.

Figure 3.11 (a) shows the optical micrograph ofl3MoLN,Q alloy. p grains of order of ~
mm are visible in the micrograph. Conventional XRRperiments were carried out for
identification product phases. The data acquisitsoextended to 3 h for the identification of
low intensity peaks. However, XRD pattern giverfigure 3.11 (b) shows no clear evidence
for the formation oto phase. No unique peaksofare identified in the lab XRD pattern. So,
synchrotron XRD experiments were carried out. Tlackrotron XRD pattern of Ti-
15MoLN.Q alloy is given in figure 3.11(c) confirms the gune » reflections corresponding
to (00.1), (11.1), (00.2), (11.2) planes.

The conventional XRD results in Ti-Mo alloys repaftin literature have not been able to
confirm thep— transformation in compositions around 15 Mo [4, 12). Earlier literature
reported retention df phase alone in as cast structure of Ti-xMo (x=2Ibwt%) [3, 21], and

the quenched samples of Ti-xMo (x=10 to 20 wt%@)][1n fact, Mo equivalent of a Ti alloy
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is defined based on a critical concentration ofvi@ of Mo to completely stabilizg phase
on B quenching [28]However,Ying Long Zhouet. al.[22] reported the presence ofphase
in the quenchedample of T-10Mo and its absence in ZBMo using conventional XRL
Wen Fu Ho[12]studied T-xMo (x=7.5, 9, 10, 12.5, 15, 17.5, 20) alloys intaileusing
conventional XRD and TEM. They could confirm theeggnce ofow phase in 1-xMo
(10,12.5 wt%) and its absence above 15 wt% of Mogusonventional XRD. But, detaile
electron diffration analysis of the above mentioned alloys cordurthe presence of shaw
reflections in Ti1OMo and diffuses streaking in-20Mo [13] Devrajet. al.[10] reported
presence ob» phase in 1-9 at.% Mo in as quenched as well as annealed samiplenosi
cases, conventional XRD analysis is not sufficfentunambiguous identification @f phase

Therefore, electron diffraction is resorted
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Figure 3.11 (a)Optical micrograph showing largg grains and (b) conventional lab XF
pattern showinghe absence of unique peaks (¢ Synchrotron XRIpattern confirming the

formation ofw phase in 1T-15MoLNQ alloy.

Quenching experiments are carried out i-15Mo aloys again with brine solution. Tt
trend was observed to be similar. As in ice watenghed and LN2Q -15Mo alloy, optical
micrograph showed largp grains. No clear evidence for the formation wfphase ir
conventional lab XRDpatterr [figure 3.12(a)] Only synchrotron XRD experiments cot
confirm the formation of» phase [figure 3.12 (b)]The alloy shows unique peakswiphase
corresponding to (00.2), (11.2) planes in additmthe overlapping peaks wifhphase

From these three results, it 1 be concluded that irrespective of quenching coowitj a low

volume fraction of athermab phase formed in -15Mo alloys, which could not be detec

65



using conventional XRD . However, synchrotron XRDdaTEM/SAD could provide

evidence for formation ab phase.
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Figure 3.12 (a) Conventional XRD pattern showing tAbsence of» phase and (b)
Synchrotron XRD pattern confirming the formatiorogbhase in Ti-15MoBQ alloy.
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3.5.2 Effect of aging on the» phase formation

In order to answer the second question, aging eeased out in Ti-15MoWQ alloy at
748K/24hours. Figure 3.12 (a) and (b) shows thécalptmicrograph and conventional lab
XRD pattern respectively in Ti-15Mo alloy after agi Optical micrograph in figure 3.13 (a)
shows the presence efplate. The conventional XRD analysis unambiguogskyfirmed the
formation of ® phase along witlu and B phases. This suggests the formation of higher
volume fraction oo phase in the aged alloy in comparison to quendiddMo alloy. The
thermal activation due to aging promotes the kaseindf—w transformation. Detailed
study is carried out to understand the bonding emydtallographic details of constituent

phases and is discussed in detail in chapters Z.and

The synchrotron XRD results [figure 3.13(c)] arscain agreement with the above findings.
More number of unique diffraction peaks®f(11.1), (11.2), (30.1) is observed in the XRD
pattern, in contrast to the results of quenchedyslldiscussed earlier. This observation
suggests that ageing promotes the growthw gbhase, as reported in literature, based on

electron microscopy studies in Ti-Mo system [11@].
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Figure 3.13 (a) Optical micrograph of Ti-15Mo allaged 748K/24 hours after ice water
guenching showing the presence cofplate. (b) Conventional and (c) synchrotron XRD
pattern of the same alloy showing the formation,g@fandw phases.

The intensity ratio of peaks in synchrotron XRDteat was found to be not following the
ratios reported in ICDD even in the alloy withg phase oé or 3, which could be due to
the larger grain size of the alloys than the beem, $exturing and static sample during data
acquisition. Estimation of the low volume fractiomd » phase requires controlled
experiments with optimized geometry of the sampdesl recording of diffracted intensity.
Hence, quantification of the phase volume fraction was not attempted in thidysfor any

of the alloys. In addition to that, no conclusiocasibeen arrived out based on the intensity
values of synchrotron XRD peak other than the naatification of various phases present

in the each sample witho allowance of 0.2°, for peak identification.

3.5.3 Influence of Mo concentration and heat treatmnt on ® phase formation.
Conventional and synchrotron XRD experiments wargied out in Ti-25Mo alloys also for
various quenching and aging conditions in ordedémtify the possibility of formation ab
phase. Both conventional and synchrotron XRD amalgkown in Figure 3.14 (a and b)
suggest only the presence Bfphase and phase was not observed in brine quenched(QLN
and aged alloys. From this analysis, it can beclooled that irrespective of heat treatment
(WQ, BQ, LN:Q or aging at 748K/24hoursy phase formation occurs in Ti-15Mo alloy

along withp phase. In contrast, tlfiephase is fully stable in Ti-25Mo alloy
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Figure 3.14 (a) Conventional (b) Synchrotron XRDit@an of Ti-25Mo alloy for various
guenching and aging conditions confirming 100% mé&te 5 phase and absence ofphase
formation.

3.5.4 Martensitic transformation in Ti-15Mo and Ti-25Mo alloys

The fourth point addressed in this experiment is itkentification of the possibility of
formation of martensitic structures in Ti-xMo (x5185wt%) alloys which is observed in
TEM/SAD analysis. In both Ti-x Mo(x=15, 25 wt%) ajls, fine plate like features were
visible in TEM micrograph. However, the conventibaad synchrotron XRD experiments
did not confirm the possibility of formation of tlsame. So, experiments were repeated for
Ti-15MoWQ alloys. During the certain attempts, tbptical micrograph could identify
regions with plate like morphology (see figure 3.1Betailed analysis of the plate like
structure in TEM micrograph was carried out. Welddadex SAD pattern for both fcc as
well as base centered orthorhombic structure. Hadnamd Kelly [30] reported formation of
such strain induced martensite in the thin TEM dampf Ti-Mo alloys. Such formation of
fcc martensite with a ~4.8 has been reported [30] to be observed in TEM istuadf
qguenched Ti-20%V, Ti-11.6% -15%Mo and Ti-6%-20%@oys, all of which are or f+w
alloys in the bulk form as revealed by XRD. Inlswases, they have reported formation of
fine features on the optical micrograph of the tforl around the thinned edges of the
material. Present examinations also revealed theesaSo, the fine structures in the TEM
micrograph is an artifact formed during the sanplkeparation, which were minimized with
more care during specimen preparation.

68



[

\ IR \B2 21 —
Figure 3.15 Plate like morphology observe(Ti-15MoWQ alloy
3.6 Influence of Mo concentration and crystal striuge on the microhardness of -

Mo alloys

Microhardness measurements were carried out in alllingsaof Ti-x Mo (x=1, 7, 15, 25
wt%) using an external load of 10Cto identify thecontribution of transformation produc
and amount of Mo on the hardness values. Tablel®Ws the microhardness of ice we
guenched TiMo alloys. Generally, a higher hardness is expesteahartensite due to tt
presence of dislocations. But, pre: results do not follow the general trend. From [&:
3.1, it is clear that there is marginal increase in the midrardness values with M
concentration, except in 15wt%Mo. The increaséhamdness with Mo conctration is
probably due to theaductior in grain size (see Table 3.1). The higher hardmeds-15Mo
[13] alloy is due to the presence of fimephase formatic[1, 4, 13]. This is in agreement

with reported literature.

3.7 Summary

From the microstructual and XRD anas of Ti-Mo alloys, the following conclusions ha
been arrived at.
1. Miedema calculation confirms the stability of so#idlution over the amorphous phe

for all composition of Mo
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2. The higher solutionising treatment time of 6 days a&emperature of 1173K resulted in
formation of coarse grains, with size of few mmalhthe water quenched alloys of Ti-
Mo.

3. The grain size shows a gradual decrease as theohtent increases due to reduction in
diffusion coefficient.

4. Martensitic structure is formed in Ti-1Mo and Ti-éMalloys at fastest cooling rate of
900K/s.

5. The synchrotron XRD experiments in Ti-15 and 25 %o Mlloys enabled the
unambiguous identification of transformation prouaf high temperature bfcphase.

6. These experiments confirmed the formation of bdkiermnal and isothermal phases in
Ti-15Mo.

7. Irrespective of heat treatme@tphase is stable in Ti-25Mo alloy.

8. The threshold concentration of Mo to stabilize Bgshase is between 15 and 25 wt% of
Mo.

9. The transformation products in Ti-Mo alloys during water quenching is as follows

& & (Ti-1Mo)

S a” (Ti-TMo)

——> p+o(Ti-15Mo)

> B(Ti-25Mo)

10.The transformation product in Ti-15Mo aged allogi$+m.

11.Due to decrease in grain size, a gradual increasgdrohardness is noticed with respect
to Mo concentration.

12.The highest hardness is observed in Ti-15Mo alloy o phase formation.
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CHAPTER 4

CRYSTAL STRUCTURE AND BONDING CHARACTERISTICS OF
TRANSFORMATION PRODUCTS OF BCC B IN Ti-Mo ALLOYS

4.1 Introduction

Emergence of computational capabilities in receary has enabled in-depth insight into the
stability of crystal structure, bonding nature ahdir influence on mechanical properties in
titanium alloys [1-3]. Initially, the stability ofarious phases with alloying addition was
understood in terms of electrons to atom ratio)(efad d-electron occupancy. However,
inability of e/a to capture the intrinsic mechanisfrelastic behavior and the need for better
description than e/a, were realized. Subsequemtgiepth understanding of role of solutes
was achieved in terms of energetics, density aéstdermi energy and Brillouin zone. First
principle calculations [1] have provided furthesight by relating the compromise between
covalent and metallic bonding nature to be theiomg the stability of the metastable phases.
It is demonstrated that b@cphase is stabilized when d-electrons start filtimg anti-bonding
states, on adding solutes rich in d electronse@aitfor the mechanical stability of phases and
its correlation to e/a and the modulus, have beeved at [2].

Experimentally, 3-Dimensional Atom Probe (3-DAP)],[4electron microscopy [5-8],
Rietveld [9-12] analysis of XRD using conventiorj&@ 8, 10, 11, 13] and synchrotron
radiation [14-18] and neutron diffraction [19] habeen used extensively to study the
structure and stability of crystal structure inamium and its alloys. There are many
overviews [5, 20, 21] and books [@Jailable on phase transformation mechanisms and

structure-property correlation studies in titaniatoys.
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Most of the studies are based on first principlécudations, with respect to bonding
characteristics in titanium alloys. Saravaretn al. [12] reported the bonding nature and
charge density distribution of elemental Ti basednsaximum entropy method (MEM).
However, similar experimental reports explaining thle of alloying elements in altering the
bonding characteristics of titanium alloys have heen reported so far to the best of the
existing knowledge.

Of the various titanium alloys, Ti-Mo, alloy of arest to the present study, has been
extensively studied in the recent past, due t@atential biomedical applications [2, 3, 13,
22-25]. Formation energy calculations for the alsgible crystal structures, o”, ® andp in
Ti-Mo system, have yielded ranges of molybdenunstability of various crystal structures,
which agree well with the experimental reportsstprinciple calculations have been carried
out to evaluate the cohesive energy of formatigminmum volume and lattice parameter [2,
3] of equilibrium bec phase in Ti-Mo alloys. Criteria for the “mechanistability” of the
various phases has been arrived at, based on @stinid Young’'s modulus and elastic
constants for different molybdenum content. Striesfaroperty correlations @ phase alloys
of Ti-Mo system have been carried out mainly toleate their suitability for bio-medical
applications [8, 13, 17, 22, 26, 27]. The relati@tween the low modulus and ductility to the
charge density distribution has been establishewyusst principles pseudo potential plane
wave method [28] inB phase titanium alloys. Rietveld analysis of comimal and
synchrotron XRD studies in Ti-Mo alloys has yieldatbrmation on unit cell dimensions of
various phases [11] and micro structural paramelikes domain size and micro-strain.
However, detailed Rietveld analysis of the crystalicture and bonding characteristics in Ti-
Mo alloys, have not been reported so far to the bethe author's knowledge. Hence, the
present chapter, attempts to evaluate unit celedsions, atom positions, bond length, co-

ordination number and electron density distributiorthe unit cell of hcpx', orthorhombic
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a” and bccf in four Ti-Mo alloys. In addition, the role of mdddenum on stability of the
crystal structure and nature of bonding is under$ia terms of the nature of Mo atoms.

The salient features of the present chapter ardolémvs: Rietveld analysis of X-ray
diffraction patterns oftx’, a” and phases of four alloys of Ti-Mo has been carrietl tou
refine their crystal structures and understandrtim@iture of bonding. The addition of
molybdenum to titanium is found to shift the stapilof crystal structure from hcp to
orthorhombic to bcc, as expected. The unit celleisions and the atomic positionsoafa”
and B phases were evaluated, with good reliability iedic The reduction in unit cell
dimensions and its volume, bond length and co-atthn number with addition of
molybdenum is consistent with the reduced sizeohite atom. The orthorhombi¢ phase, a
transition phase with a minor distortion of h@p is found to be closer ta' than3 phase,
based on the orthorhombicity (b/a) and the volurhequivalent orthorhombic unit cells of
the phases and the atomic shuffle y in 4c Wycko#ifions along ‘b’ axis ([010] direction in
(100) plane) oft” phase. The Fourier electron density contour maggest that the bonding
in all phases is predominantly metallic. Howevetdidon of molybdenum delocalizes the
spatial distribution of charge density, suggestarg enhancement of metallic character.
Anisotropy in charge density was observed along%0dnd <011> directions in (100) plane
in orthorhombica” phase of Ti-7Mo alloy. This offers the direct exide for the origin of

anisotropy in the values of elastic constants, nteplan literature.

The organization of the chapter is as follows. ®ecté.2 discusses the detailed Rietveld
refinement of conventional XRD of hap phase in Ti and Ti-1Mo (section 4.2.1), bgc
phase in Ti-15Mo and Ti-25Mo (section 4.2.2) anitharhombic structure inTi-7Mo (section
4.2.3) to arrive at accurate crystal structure itfettattice parameters, atom positions, unit
cell volume and density. In addition, section 4.2lécusses about the influence of

molybdenum on bond length and co-ordination nunidfeall these phases. The bonding
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characteristics in Ti-Mo alloys are discussed ioti®a 4.3 in the same order as above. The
bonding nature in hcp phase of Ti and Ti-1Mo is discussed in subsecti@nil, followed by
bonding nature in bdg phase of Ti-xMo (x=15, 25) in section 4.3.2 andtthf orthorhombic
a” structure in Ti-7Mo in section 4.3.3. The rolenablybdenum on structural parameters and
bonding nature is discussed in section 4.3.4. allwe results are discussed in section 4.4 in

the light of three major themes:

(a) a”: transition phase ofr' andp, in the section 4.4.1

(b) Influence of charge density distribution insotropy of orthorhombia” phase in section

4.4.2 and

(c) Influence of crystal structure and bonding aodorus of Ti-Mo alloys in section 4.4.3.

Section 4.5 summarizes the major findings of thespnt chapter on crystal structure and

bonding of all product phases of H&8phase in Ti-Mo system.

4.2 Crystal Structure analysis using Rietveld metho

In chapter 3, using conventional and synchrotronDX&d TEM [7, 14, 15] the high
temperature bc@ phase of four alloys of Ti-Mo, was reported tons@mrm to several
metastable product phases, during different typé®eatments. The present chapter examines
the crystallographic and bonding characteristichefproduct phases. An attempt is made to

understand the influence of addition of molybdennrthese characteristics.

4.2.1a'-hcp phase in Ti and Ti-1Mo alloy

The equilibrium hcp phase in pure Ti and non-efuiim hcp phase in Ti-1Mo are referred
to asa & o' respectively in literature. Since both are crystabphically similar, with small

difference in unit cell dimensions, the hcp phasds be referred asu’' hereafter in this
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chapter.The experimental XRD patterns from pure titaniund an-1Mo, both with hcp
phase, were analysed as explained earlier. Thalisituctural model for the hap- phase of
pure Ti and Ti-1Mo are as follows (ICDD # 00-04494}29]: space group symmetry:
P63/mmc, Laue symmetry: 6/mmm, lattice parametera=8=2.9505 andc=4.6826A and
atomic position as 1/3, 2/3, 1/4. In Ti and Ti-1M©0.2) peak was found to have high
intensity due to preferred orientation and hené@eement was carried out using the March-
Dollase formalism [30, 31]. Intensity of each (hklane was refined to account for texture in
both elemental Ti and Ti-1Mo alloy. In the final oy of refinements, the anisotropic
temperature factor was also accounted for, witrstamed model. In the constrained model,
the atomic co-ordinates were occupied by “pseudmgtwhose proportion is same as at%
of each element in the alloy. The thermal vibratwdrthe most dominant elemeng, Ti is
chosen as the basis for the calculation of isotrogmperature factor (9 of pseudo atom.
The refinement included presence of transformattaain also. However, it was found during
refinement that the change in unit cell parameiétts and without strain was not significant.
The typical experimental and refined profiles alavith the difference map, for pure Ti and
Ti-1Mo alloy water quenched frofd phase field, are shown in figure 4.1(a) and (bje T
accuracy of refinement is evident from the differ@ncurve between the observed and
calculated intensities, which is almost a straighe. However, the difference curve shows
that there is a measurable residue around 35-4feelegRepeated refinements suggest that
this is the best possible fit, as also revealefltbgss parameters. R indices of the refinement

are as follows: Rp -5.87, wRp - 7.71, GOF-1.
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Figure 4.1 Rietveld plot of hcp' in (a) Ti and (b) Ti-1Mo. The dots represent the
experimental data and the solid lines show caladaprofile. The small bars close to the
profile indicates the Bragg peak positions. Théedénce plot is marked as the solid line in
the lower part of the figure.

Table 4.1 lists the crystallographic data for eletakTi and Ti-1Mo alloy. As expected [47],
thec/aratio of elemental titanium is 1.5877, which isdehan the ideal value of 1.6333. It is
observed that the addition of Mo to Ti further reelsi the lattice parameters of hcp Ti. The
reduction in the value ott‘'is more compared toa’. While the ¢’ value has reduced by
0.86%, the & value is reduced only by about 0.39%. Consequyetitke c/a ratio decreases
from 1.5877 to 1.5853 by addition of 1wt% Mo to Teading to compression of unit cell
volume by 0.45%. The observed reduction in c/déegresent study is in agreement with the
available literature of Ti based binary alloys ggsfinst principle calculations [1]. This can be
understood directly as due to the smaller sizeobits atom352 for pure Ti and Rp - 6.97,

WRp - 9.00, GOF-1.13 for Ti-1Mo.

The estimation of unit cell dimensions for leephase, in Ti based alloys [10, 32, 33] and Ti-
Mo [11, 34-36]has been extensively carried out in literature Feg4.2). However, the
detailed Rietveld analysis studies are much less 19, 37, 38]. Of these, only few studies
report the values of Rp and wRp in the range, 8584.89 [11],i.e., higher than those of
present studies. The values of unit cell dimensmfngifferent phases of Ti-Mo alloys from

the present studies (Figure 4.2) compare reasomadlywith reported values.
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Table 4.1 Crystallographic parameters of productgges

Alloy | Lattice parameter Atom position unit Density | Uiso
cell glent | (A?)
volume
(A%

aA) [bA) [cA) | xy2)
hcp (a,a')
Ti 2.9514 |2.9514 4.681: (1/3,2/3,1/4) 35.317| 4.504 0.060
(1)* 1) (2) (5) (2)
Ti-1Mo | 2.9475 | 2.9475 | 4.6728 35.158 | 4.547 0.029
(2) (2) (4) (8) (4)
bcc @)

Ti-15Mo| 3.2523 | 3.2523 | 3.2523 | (000) 34.404 | 4.999 0.04

(4) (4) (4) (15) (1)

Ti-25Mo| 3.2423 | 3.2423 | 3.2423 34.088 | 5.333 0.048

(3) 3) 3) (11) (6)
base centered orthorhombiog")

Ti-7Mo | 2.9867 | 5.0471 | 4.6672 | (0,0.1862,0.25) 70.355 | 4.686 0.089

(6) 21) [ (1) (8) (35) (4)

* Number in parenthesis represents error.

4.2.28 bce phase in Ti-xMo alloys (x=15, 25)
Figure 4.3(a) and (b) shows the experimental, taled XRD patterns and the difference

plot for Ti-15Mo and Ti-25Mo alloys. The phase was assumed to be absent, during the
refinement of XRD pattern of Ti-15Mo alloy, despder earlier observation of its presence,
in studies using synchrotron XRD [7, 14, 15]. TRssumption is valid, since the volume
fraction of them phase is below the detection limit of conventiodRD. The inputs for the
initial structural model (ICDD # 04-013-0263) [38fe as follows: bccf{; space group Im-
3m; Laue symmetry: m3m, lattice parameter, a=32&25d atomic position (0, 0, 0). The
preferred orientation index for bcc structure oft5Mo and Ti-25Mo alloys was found to be
unity, indicating the absence of texture. The mafilent was continued until convergence was
obtained with Rp-7.18, wRp-9.08, and GOF-1.141Tiet5Mo. The same input was used for
the refinement of Ti-25Mo alloy and the correspoigdR indices were Rp - 6.78, wRp - 8.77,
and GOF-1.014. Similar values reported in literatuor 3 phase in Ti alloys, range from

8.53 to 14.89 [11]
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Figure 4.2 Comparison of unit cell dimensions gfda (b) 5 and (c)a"” phases as a function
of amount of Mo in Ti-Mo alloys. In the figure, f&timental’ refers to current work.

Literature refers to published data [11, 34-36].
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Figure 4.3 Rietveld plot of bgg structure in (a) Ti-15Mo [14] and (b) Ti-25Mo ajls. The
dots represent the experimental data and the dolas show calculated profile. The small
bars close to the profile indicates the Bragg ppakitions. The difference plot is marked as
the solid line in the lower part of the figure.

The unit cell dimensions, volume of the unit celtdahe density have been calculated and are
listed in Table 4.1. The error limits for the vaduef lattice parameter were obtained using
non-linear least square fitting in GSAS. Volumetad bce unit cell has reduced with increase
in the amount of molybdenum in the alloy. This isomsequence of reduction in the unit cell
parameter due to addition of undersized atomsuatg Vegard’s law. Similar observations

have been already reported in literature [35, 8%, Bhe unit cell dimensions of bphase
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of Ti-Mo system reported by many investigatorssirewn in figure 4.2(b). Our values agree
well with the reported literaturéddany first principle calculations have also showattthe
formation energy in a given Ti-Mo alloy, is minimufor the equilibrium volume of th@
phase [2] and the minimum value of volume [1] geduced due to addition of smaller Mo

atoms.

4.2.3 Orthorhombic a” phase in Ti-7Mo alloy:

Figure 4.4 shows the experimental, calculated XRiepns from water quenched Ti-7Mo

alloy, along with the difference plot.
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Figure 4.4 Rietveld plot of orthorhomhi¢ phase in Ti-7Mo alloy. The dots and the
small bars close to the profile are similar to figut.3. The difference plot is marked as
the solid line in the lower part of the figure

Literature data [10] was used for the constructainthe initial model due to the non-
availability of ICDD data for orthorhombia” phase in Ti-Mo system. The inputs for the
initial structural model are as follows: space gra@mcm, Laue symmetry — mmm, lattice

parameters -a=2.9800, b=5.0761, c=4.6949 A and atom position- 0, 0.1800, 1/4.

Additionally, texture coefficients were refined mgithe March-Dollase function [30, 31].
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This set of input data provided an excellent fit the base centered orthorhombic’)(

structure with Rp - 7.72, wRp - 10.07, GOF-1.533.

The crystallographic structural details descriktimg unit cell of orthorhombia” are listed in
Table 4.1 There are fewer reports [10, 32, 33]henunit cell dimensions of the orthorhombic
a” phase in Ti alloys in general and Ti-Mo alloygarticular, in comparison to the other two
phases. The limited data available on the latti@emeter values [Figure 2(c)] agree well
with our resultsDuring the refinement of atom position, a slightuament of atoms in the y
direction parallel to b axis in the (100) plane,swabserved for Ti-7Mo alloy. This is in
agreement with the reported literature based @h firinciples calculations [1] of Ti-Mo and
other Ti based alloys. However, there is no supmppexperimental evidence [1], reported so
far in Ti-Mo alloys. Banumathyt. al. [10] have reported similar observations in Ti-Nb
alloys and pointed out that the atomic shuffleitytt” is a function of concentration of solute
atom. Their reports are in good agreement with fire¢ principle calculations [41] for
orthorhombic Ti-Nb alloys. This atomic shuffle wbke discussed later in the context of the

relative stabilities of the product phases.

4.2.4 Influence of molybdenum on bond length and eordination number

It is seen from Table 4.1 that on addition of Mg tdensity of pure titanium is increased
from 4.504 g/cm for pure titanium to 5.333 g/chfor Ti-25Mo alloy, despite the expected
9% increase in packing fraction of close packed dmppared to the open bcc structure. Mo
is known to have higher density (~16.65 gfpifi22], in comparison with elemental Ti. The
observed increase in the density of the Ti-Mo alayth Mo is understood in terms of the
following factors: basic change in the product gghaand hence the crystal structure,

compression of the unit cell volume discussed eadnd addition of heavier Mo atom. The
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observed increase in density implies that the faateentioned above offsets the anticipated

decrease based on the difference in the packicgdra

In addition to refinement, the crystal structurésh® various metastable phases in Ti-Mo
alloys and detailed analysis on the nature of cmation and bond length were also carried

out using GSAS and VESTA, the results of whichdiseussed below.

The exact effective coordination number (CN) wateeined, as per the standard procedure

(equation 4. 1) adopted in VESTA [42].

CN=), exp{l—@jf} 4.1)

li is the distance from the central atom to fhedordinating atom antl, is the ‘weighted
average of bond length’, details of which are giwsewhere [42]. The effective co-
ordination number and the bond lengthodf are closer tax' than3 phase, which has an

implication on the relative stabilities of the pbas

Figure 4.5 shows the different bond lengths (BLartdst, BL2, BL3) selected for
calculating the average bond length and co-ordinatiumber, in the lattices of hag,
orthorhombica” and bcd3 phases. The ‘minimum’ bond lengths and effectioveination
number were calculated and listed in Table 4.& $ieen that within each phase field, hcp or
bcc, bond length reduces marginally with increaseolybdenum. This could be due to the
smaller size of molybdenum atoms. The reductiobdnd length for a specific phase field,
suggests an increase in bond strength, which isistemt with the increase in melting point
and strength, with increase in molybdenum [6]. Téguction in these two parameters, bond
length and effective co-ordination number is caesiswith the expectation of influence of

lower size of solute atoms.
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Figure 4.5 The effective bond Iength in the thn@stal systems (a) hop' in Ti-1Mo, (b)
base centered orthorhomb& in Ti-7Mo and (c) bcc in Ti-25Mo.

Table 4.2 Bond length and co-ordination number famalloyed titanium and Ti-Mo
alloys

Alloy Minimum Effective
bond length,| co-ordination
A number (CN)

Ti 2.8952 11.96

Ti-1Mo 2.8904 11.95

Ti-7Mo 2.8443 11.79

Ti-15Mo 2.8166 8

Ti-25Mo 2.8079 8

4.3 Bonding Characteristics in Ti-Mo Alloys

The elastic properties and strengthBgbhase Ti alloys, crucial for biomedical applicato
are governed by the nature of bonding. Rietveldyaisaof XRD patterns provides the best
means of directly viewing the spatial distributioihcharge density around atoms. Hence, the
diffraction results of the present study from theee phases of Ti- Mo alloys have been
further analysed to calculate electron density @antmaps ofa’,a”, and 3 lattices. The

method of analysis is described in chapter 2. Elsalts are presented below.

The refined intensities of the Bragg reflectionstioé individual phases in Ti and Ti-Mo
alloys are used for deriving the geometrical strceetfactors, which in turn are converted to

electron densityn) distribution using the equation 4.2:

) 4.2
0°(X, Y,2) = Vlzzz Fo exd-27i(hx+ky+12)] (4.2)

84



As mentioned earlier, prior to the charge densistridhution calculations, structure factor
data has been corrected for texture and micronstiéhese factors influence the structure
factor values in reciprocal space. However, aceurgfinement of the XRD data ensures that
the charge density distribution finally arrived isiore or less represents the ideal crystal. The
guantification of the influence of the charge dgnsiistribution due to texture and strain

factor is not feasible, in the current study.

Additionally, the reliability of the electron dengidistribution data depends largely on the
accuracy of the calculated structure factors, wicturn, depends on the number of peaks
included for the calculation. The current datansyag over few peaks, therefore provides
low resolution data. Hence, only gross qualitatiegails about nature of bonding have been

inferred based on these data.

4.3.1a'-hcp phase in Ti and Ti-1Mo Alloys

Elemental titanium is used as the reference samjdble 4.3 shows the calculated and
experimental intensity values £Fand E2 for all reflections ofa’-hcp phase in Ti-1Mo.
Similar values were obtained for Ti also. The npulitity of each plane {hk.l} and the
corresponding d-spacing are shown in Table 4.3. @&gerimentally observed intensity
values }ps agreed well with the intensity valueg,,l calculated after refining, as per the
procedure explained in Chapter 2. The correspondimensities, ¥ and E° and the
contribution from the preferred orientation to theensity of each (hk.l), during refining, are
also included in the Table 4.3. Based on the hystbthe sample, the origin of texture can be
traced back to the transformation Bfa' during quenching. Similar transformation texture

in titanium based alloys has been reported edfl@r
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Table 4.3 Observed and calculated intensity valfms(hkl) planes of all phases in Ti-Mo

alloys

No | (hkl) multiplicity | Value of| Intensity Preferred
‘d(A)  [EZ2 [F2 orientation index

hcp a' structure Ti-1Mo
1 | (10.0) 6| 2.5526| 1.15E+04| 1.08E+04| 0.6139
2 |(00.2) 2| 2.3364| 1.68E+05| 1.62E+05| 2.6534
3 | (10.2) 12| 2.2401| 3.54E+04| 3.45E+04| 0.7741
4 | (10.2) 12| 1.7234| 1.10E+04| 1.09E+04| 1.1425
5 (11.0) 6| 1.4737| 1.89E+04| 1.76E+04| 0.6139
6 | (10.3) 12| 1.3296| 2.53E+04| 2.32E+04| 1.5219
7 | (20.0) 6| 1.2763| 3.05E+03| 3.03E+03| 0.6139
8 | (11.2) 12| 1.2465| 1.49E+04| 1.46E+04| 0.8228
9 |(20.1) 12| 1.2312| 9.49E+03] 8.68E+03| 0.656
10 | (00.4) 2 1.1682| 3.30E+04| 3.46E+04| 2.6534
11 | (20.2) 12 1.1200| 3.16E+03| 2.47E+03| 0.7741
12 | (10.4) 12 1.0622 498E+03| 4.33E+03 1.8188
bcc B structure Ti-25Mo
1 | (110) 12| 2.29272| 8.48E+04| 8.27E+04| 1.0000
2 | (200) 6| 1.62119| 4.43E+04| 4.14E+04| 1.0000
3 | (211) 24| 1.3237| 2.35E+04| 2.24E+04| 1.0000
4 | 220) 12| 1.14636| 1.43E+04| 1.28E+04| 1.0000
5 | (310) 24| 1.02533| 1.22E+04| 7.65E+03| 1.0000
base centered orthorhombiar” Ti-7Mo
1 | (110) 4| 2.57037| 9.08E+03| 8.73E+03| 0.7425
2 | (020) 2| 2.52356| 2.50E+04| 1.87E+04| 0.4044
3 | (002) 2| 2.33361| 1.74E+05| 1.70E+05| 2.6583
4 | (111) 8| 2.25151| 1.17E+05| 1.15E+05| 2.2489
5 |(021) 4| 2.21984| 1.96E+04| 1.93E+04| 0.5006
6 | (112) 8| 1.72776| 5.56E+03| 5.36E+03| 1.1509
7 (022) 4| 1.71333| 1.45E+04| 1.34E+04| 0.7315
8 | (200) 2| 1.49336| 1.43E+04| 9.27E+03| 0.6328
9 | (130) 4] 1.46582| 1.44E+04] 1.22E+04| 0.4994
10 | (131) 8 1.39847| 9.89E+02| 1.72E+03| 0.5796
11 | (113) 8 1.33094| 1.07E+04| 1.08E+04| 1.1704
12 | (023) 4/ 1.32431| 7.83E+03| 7.14E+03| 1.0267
13 | (220) 4/ 1.28519| 3.41E+03| 3.43E+03| 0.7425
14 | (040) 2| 1.26178| 1.11E+01] 9.70E+00| 0.4044
15 | (202) 4/ 1.25785| 6.68E+03| 6.11E+03| 0.9285
16 | (132) 8 1.24126| 8.69E+03| 7.85E+03| 0.7111
17 | (221) 8 1.23907| 5.50E+03| 4.93E+03| 1.2162
18 | (041) 4/ 1.21805| 8.56E+03| 8.10E+03| 0.4301
19 | (004) 2| 1.1668| 2.27E+04| 1.39E+04| 2.6583
20 | (222) 8 1.12575| 3.91E+03| 4.85E+03| 2.2489
21 | (042) 4/ 1.10992| 1.01E+01] 5.64E+00| 0.5006
22 | (133) 8 1.06686| 8.17E+02| 5.16E+02| 0.7976
23 | (114) 8 1.06246| 9.05E+02| 6.17E+02| 1.4029
24 | (024) 4/ 1.05908| 2.69E+03| 2.31E+03| 1.3223
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The electron density distribution within the unélloof hcp for reference sample of titanium
and Ti-1Mo alloy were calculated as stated aboigurg 4.6 (a) and (b) shows the 3-D unit
cell of hcpa’ with the atoms at the appropriate positions. Thdoum charge density

distribution is shown by plotting an iso-surfacelo$/A.

(a) (b)

Figure 4.6. (a) 3D unit cell with atoms of pureatiium and (b). Ti-1Mo alloys
showing the charge density distribution. The elattcharge density iso surface
value of 1 e/Ais shown in the figures.

The charge density distribution along (11.0) cystmaphic plane of Ti is shown in Figure
4.7. The electron density at any point in a giviame depends strongly on the distance of the
chosen point from the atom positions in its neighbod. It is clear from (11.0) plane that the
distribution of electrons around the atomic cenignsearly spherical and it persists to be the
same even up to fairly large distances. The uniflevndensity of charge in places other than
atom centers is due to the free, valence electommdgirming the metallic nature of bonding.
The above inference based on GSAS Fourier calouldtr pure Ti is found to agree well
with charge density of pure Ti calculated using \PA&de (Figure 4. 7(b)) This qualitative
observation would further be discussed by comparefathe mid-bond intensity in bonding
and non-bonding directions, with and without molgbdm, in section 4.3.4. The
investigations [12] on charge density distributiarliterature, based on Rietveld analysis of

XRD patterns, also suggest that the bonding irs Tnetallic.
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Figure 4.7 Charge density distribution in the (D1.0lane of hcpa titanium
calculated by (a) X-ray diffraction Fourier meth@te contour levels are set at 0 to
1 e/R saturation level for X-ray Fourier map) and (b)diirprinciple calculations.

No significant change was observed in the electtemsity distribution between Ti and Ti-
1Mo alloy, as can be seen from Figure 4.8 in tt®40plane, with the presence of atoms.
Both show the core of the atom positions to haveespal distribution of electron density,
while the intra spaces show concave nature. TH#iaelal charge density in the interatomic
space in Ti-1Mo in contrast to elemental titania®,seen in Figure 4.6 (b), is more likely to
be an artifact rather than genuine effect. Thilsiither supported by the fact that increase in
Mo by 10 % in bcd3 has not displayed similar additional charge dgnsis will be shown

later.

i

ID

Figure 4.8. Charge density distribution in the @0plane of hca in (a) pure Ti and
(b)Ti-1Mo alloy viewed at 2x2 unit cells. The anntlevels are set at 0 to 1 /A

saturation level.
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4.3.2B-bcc phase in Ti-15Mo and Ti-25Mo alloys

The calculated and experimental intensity valuesafioreflections of the bc@ phase in Ti-
15Mo and Ti-25Mo alloys were obtained and thoseesmonding to Ti-25Mo are listed in
Table 4.3. Figure 4.9(a) and (b) show the 3-D ebectdensity distribution for the bdg
phase, consistent with the symmetry of the crystalboth these alloys. Figure 4.9 also
represents the atoms at the appropriate positidms.shaded portion of the atom represents

the amount of molybdenum.

Figure 4.9 3D electron density distributions in @)15Mo and (b) Ti-25Mo alloyg.he
electron charge density iso surface value is £ s#furation level

Figure 4.10(a) shows the 2-D electron density ithigtion in (100) plane of the bcc lattice
obtained from Rietveld data. The charge is foundddocalized around atom centers, with a
uniform smearing in-between the atom centers. Tow@ observation, in Figure 4.10(a) was

found to be in agreement with the results of VA&@Rwations, as shown in Figure 4.10(b).
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Figure 4.10 2-D Charge density distributions of |da the plane (100) (a) calculated by
XRD Fourier method with, the contour values arease® to 10 e/Asaturation levels, (b)
2-D Charge density distribution in the plane (1@@)pccg Ti-25Mo alloycalculated using
VASP. (c) Line profile of same along <100>, <110mrda<111> of bccB of Ti-25Mo

alloy.

The VASP calculations showed that the substitubiblklio atom does not change the metallic
nature of bonding in Ti-Mo alloys. The localizatimi charge around atom centers and
uniform smearing of charge in the region between dlomic centers suggests the strong
metallic character of bonding in the B8ghase. Figure 4.10(c), which is the line profife o
charge density along <100>, <110> and <111> dwastiof bc@, shows that there is no

significant change in the mid-bond values.
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In order to study the relative changegffor different amounts of molybdenum, line profiles
of pe in all five systems, along shortest bond lengsheailculated and shown in Figure 4.11.
The inset in Figure 4.11 shows that the degreeetrfcdlization of electrons is higher arf

and phase tham' phase, suggesting that the addition of molybdetemds to enhance the
metallic nature of the alloys, which is in tune lwitterature. However, the inset shows that

the trend is not observed in hepphases of Ti and Ti-1Mo, the reason for whichngnown.

1.0 s T T

S
®
1

o
o
|

0.4

0.2 -

Normalised electron density (e/A’)

o
o
|

0.0 012 0f4 016 0.8 1.0
Normalised bond distance (!)
Figure 4.11 1-D line profile oft® along the shortest bond lengths (co-ordinates of
which are given in section 4.3.4) in all the fiystems of interest. The inset shows the
enlarged view of linear portion of the curve.

Similar studies in literature demonstrate [12] ¢ualitative metallic nature of bonding based
on charge density distribution along [110], [001}da[100] directions.Based on the
electronic structure of a large number of transitedements and the way the bonding and
anti-bonding states are filled, it is deduced thatease in mid bond electron charge density
(mid) in metals with covalent character is due to theitamh of electrons in the bonding
states. With increasing atomic number, once alldbanstates are filled, anti-bonding states

start getting filled, resulting in reduction pf.iq and consequent strengthening of metallic
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bonding natureln contrast, some of the calculations have sugdeftg strong covalent
nature in thex'-phase of titanium, based on the presence of psgapmear the Fermi level

in the density of states.

4.3.3a"- orthorhombic phase in Ti-7Mo Alloy

Similar analysis for orthorhombic phase of Ti-7Mimw was carried out. Table 4.3 presents
the values of intensities, while Fig. 4.12 showes 3RD distribution of electron density within
the unit cell. The observations with respect torghadensity distribution are more or less
similar to that of hcp (Ti and Ti-1Mo) and bcc (I% and 25Mo) alloys. The charge is
isotropic, localized around the atom centers anakiyedistributed uniformly in the space in-
between. However, the cumulative charge along icedaections in some planes show

anisotropy, which will be discussed section 4.4.2.

c

I

’=-==::> b

Figure 4.12 3D Electron density distributioin orthorhombic phase of Ti-7Mo alloy. The iso
surface level is 1ef&aturation level.

4.3.4 Role of molybdenum in structural parameters ad bonding nature
It has been shown in Table 4.1 that the unit detleshsions of the given crystal, hcp or bcc
reduce with addition of molybdenum. Correspondintie unit cell volumes also continue to

decrease with addition of molybdenum. This is ndlynexpected to be due to the reduction
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in the atomic size. In the present study, the &ffecatomic size after alloying is measured

using the variation of charge density along thetslsb bond length, as shown below.

Figure 4.13 shows the normalized electron denstydistance along different bond lengths,
calculated using VESTA code. The shortest interatodistance in the four alloys was
calculated using the profile along the shortestdblmgth directions (BL1) in Figure 4.13
and Figure 4.11, which correspond to the followi(@0,0) and (1/2,1/2,1/2) along <111> of
bcc, between (1/3, 2/3, 0.25) and (2/3, 1/3, 0afbhcp and (0.0000, 0.1862, 0.2500) and

(0.5000, 0.3137, 0.7500) of orthorhombic system.
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Q‘-“ o (2) Ti-1Mo ——cr f" 1.0+ .
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Figure 4.13 Normalised electron density vs. the badd distance tht)a;cge (tl;)ond lengths of (a)
Ti-1Mo and (b) Ti-7Mo alloys.

Shortest interatomic distance for the five allogitcalated based on the line profiles of charge
density along close packed directions with amodimholybdenum is shown ikigure 4.14.
Hence, the reduction in unit cell dimensions, asit volume, the effective bond lengths and
co-ordination numbers with molybdenum discussedeiction 4.2 is shown to be due to the

associated reduction in atom size, determined usiagcharge density distribution of the

alloys.

93



2.90 4
2.88 4
2.86—- 4
2.84—- _
2.82—- \ _

2.80

Shortest Interatomic distance (A)

T T
0 5 10 15 20 25
Mo Content (wt.%)

Figure 4.14 Shortest inter-atomic distance of Ti-Mloys, calculated along BL1

4.4 Discussion

Many studies have shown that an intermediate cdrateon of Mo in Ti-Mo alloy, promotes
the stabilization of the transition phase.base centered orthorhomiwi€. Most of the papers

in this field mainly discuss about the identificati of transformation product and its
influence of various thermo mechanical propertiddowever, the results reported in the
present chapter include the crystal structure deddiall these phases, in addition to bonding
characteristics. On the basis of the results ptedesbove, it has been possible to explain the

following aspects:

* a”-a transition phase betweehandf3, with addition of molybdenum
* Anisotropy of charge density distributionari of Ti-7Mo and

* Influence of crystal structure and bonding on madwf Ti-Mo alloys.

4.4.1a": transition phase of a' and 3

Figure 4.15 shows the variation of e/a (valencetede per atoms) ratio of the four alloys

studied and the reference titanium metal, with amofi molybdenum in the alloy. It is clear
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that e/a increases with addition of molybdenumtisigffthe stability of the phases from hcp

to base centered orthorombic to bcc, in agreeméhtreported literature.
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Figure 4.15 Variation of e/a ratio with amountMb and stability of
different metastable states for Ti-Mo alloys

The results presented above were analyzed to fddahe relative differences between the
lattice ofa” from that ofa’ and3 phases of the four alloys. The stability of thedaentered
orthorhombic a” phase depends basically on two fundamental paemsnethe lattice
parameter and the atomic position. Crystallograghjicthe orthorhombic structure has four
independent parameters, that dictates its stablilke the orthorhombicity-b/a, c/a, volume
of the unit cell and shuffle of atom position iretbasal plane, y. The comparison of the
relative change imt” from thea' and3 phases in the four alloys of interest, based @mveab

parameters, is discussed below.

The volumep/a andc/a were calculated using the values of the “orthorbiunit cells of
thea', a”and phases in the four alloys, reported in Table Zhk volume change iAV’

calculated using the equation (4.3).

_ Viri—xmoy = Vp(ri-25M0) o (4.3)

AV 100

VB(ri—25M0)
The method adopted for selection of the equivabetitornombic lattices of' and[3 phases

is the same as used before [34], which is baseth@Burger’'s orientation relation between
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the three lattices. Figurg6 shows the equivalent orthorhombic lattices @f tiwree phase
and Table 4.4 shows the variation of the unit detlensions of tha', a” andf3 phases in the
four alloys. It is clear that the unit cella” is a simple distortion of the hep (Cy= ¢y .(AC =
-0.005A) Iy < by (Ab = -0.058 A) i > & (Aa= 0.039 A)), with large contraction alon-
axis, minor expansion alongg’‘ axis and even lesser expansion along c axis,tlie
concentrations of Mo investigated in the presenidwt Purely based on geometri
considerations of the orthorhombic latticeshcp and bcphases, it is possible to show t
the limiting values borthorhombicity, b/a arv/3 for hcp and/2 for bcc. It is seen that tl
b/a of Ti-7Mo alloy is closer t&3 thanv2. This implies that the addition of 7wt%Mo is |
sufficient enough to either dilata’ or contract b’, to the required extent. The change:

volume and/a, (Table 44) also suggest that tla” phase is closer t thanf3 phase.

a

a

(a) (b)

&

(001)a

(001)a’ T

Figure 4.16. Equivalent orthorhombic lattices o) (acp a’, (b) orthorhombica”
and (c) bcgB phases.

Table 4.4 Variation of the unit cell dimensions ithe equivalent orthorhombic system, f
the ar, a”’and S phases in the four alloy

Phase a(Ad) [b(A) |[c(®) | Volume|b/a cla Volume
Considering as  bag (A)° change
centered orthorhomt (%)

a'(Ti) 2.9514 | 5.111¢ | 4.6814| 70.6295| 1.7320| 1.5861 3.6

o'(Ti-1Mo) | 2.9475 |5.105Z | 4.6728| 70.3143 1.7320 1.58583.1
a’(Ti-7Mo) | 2.9867 |5.047. | 4.6672| 70.3541 1.6898 1.56263.2
B(Ti-15Mo) | 3.2523 | 4.599¢ | 4.5994| 68.8007 1.4142 1.41420.9
B(Ti-25Mo) | 3.2423 | 4.585! | 4.5853| 68.1692 1.4142 1.414P---
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The second basic parameter governing the stabilitiie a” phase is the movement of atom
along the ‘b’ axis, due to the shuffle introducedtidg the diffusionless transformation. Table
4.1 lists the atom positions of tlg phase, in which it is clearly seen that the atam h
moved along the ‘b’ axis to the final position 01862 A. The initial value of atom position
(0.0, 0.20, 0.25) has site symmetryne2mwith multiplicity factor of 4. The titanium atom
connected with the first two bond lengths, (fouoras at BL1=2.8455A; four atoms at
BL2=2.9318A) shows distorted pseudo eight fold damation, whereas, the Ti atom with
next higher bond lengths, (BL3=2.9870A and BL4=3A&pclearly shows the distorted 12
fold coordination. The change in co-ordination neménd bond length, as a consequence of
the movement of atom is calculated and listed ibl§@.2The co-ordination number CN of

0"(11.79) is closer ta'(11.95) tharf3 phase (8).

Our results discussed above suggest tifain Ti-7Mo alloy, is an intermediate structure
between hcm' and bc3 phases. This does not imply that the pafephase transforms

to many intermediate phases before reachingy final phase. Since the Mo content is
varying, these results do not throw any ligit the transformation paths in an alloy
of chosen composition. Another factor is ttlzgange in the phase field, itself, unlike
the efforts in literature [10, 32]for Ti-Nb st¢m, where in phase field is retained within
a”. The base centered orthorhombit phase can be viewed as a transition phase, obtaine
by only a very minor distortion of the hap phase and:” is closer toa' than3 phase.
Amount of molybdenum (7wt %) in the present alleyot sufficient enough to transform the

system to retaifp phase.

Many reports are available [32, 34] in the literatuegarding the study of similarity of’

phase too and3 phases, in titanium alloys. The orthorhombicityodfis reported to have
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limiting values ranging from b/a = 1.732 for hcp1al14 for bcc. Another signature is the
shuffle in the y position of atoms parallel to bsam the (100) plane. It is reported that the
movement of atoms along ‘y’ direction is driventhge tendency of the system to achieve the
eight-fold co-ordination of the bcc phase from theelve fold co-ordination of hcp, with
addition of 3 stabilizing solutes. The extent of ‘y’ is reportgd 10, 32] to depend on the
amount of the solute, with the permitted range®(§er bcc to y=0.18 for hcp) [1] dictated
by geometrical considerations, as stated earlianil& atomic shift y in 4c Wyckoff
positions has been reported[10, 32] in Ti-Nb systemd y is found to increase with Nb,
within the phase field ai”. Crystallographic symmetry based arguments [3gld aupport

the view thatr” is a transition phase between hic@and bed3.

It is clear from our studies that the extent offfawf atom positions in Ti-7Mo alloy, is not
sufficient enough to directly transform the systeam hcpa' to bceef3 phase. The approach
to equilibrium phase has to be facilitated by either ‘thermakrgy during aging or an

intermediate phase likee"or o, as is very often observed in titanium alloys.

4.4.2 Influence of charge density distribution in aisotropy of orthorhombic a” phase

Titanium and its alloys are known to show high @egof anisotropy in many properties, as a
result of bonding anisotropy along different crilsigraphic directions. The information of
the charge density distribution in the unit celltitdinium alloys, of the present study, is very
useful in providing evidence for the origin of treported anisotropy of elastic constants and
properties. This can be identified qualitatively dgalyzing the integrated intensity along

suitable crystallographic directions.

Dai et. al. [2] have calculated shear anisotropy factors, A2,and A3, ina” of Ti-Mo

system, using first principle calculations. Theahanisotropy factors depend on the bonding
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anisotropy between atoms in different planes aedcatculated by the following equations

[2, 43]. Daiet.al.[2] reported that A1>A3>A2.

These anisotropy factors are influenced by the gehatensity differences along specific
directions in certain planes. Hence, the integratéghsity of then” structure along specific
crystallographic directions in the following planesrresponding to the reported anisotropies

Al, A2 and A3 are calculated:

Al —[011] and [010] directions in (100) plane,
A2 —[101] and [001] in (010) plane and

A3 —[110] and [010] in (001) plane.

Figure 17 shows the 2-D charge density distributitomg the (100), (010) and (001) planes
of a” structure in Ti-7Mo alloy. The line profile of theharge density distribution along
different crystallographic directions is shown as iasert in each figure. The integrated
charge densities along different crystallographiedaions are listed in Table 4.5. The charge
density variations between different crystallogiaptiirections are also calculated. These
values are compared with anisotropy factors caledldased on elastic constants evaluated
using DFT calculations. The reports suggest thatottopy in Al is maximum followed by

A3 and A2 successively. It is observed that théedkhce in the integrated charge density
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along relevant crystallographic dirions shows a similar trend with shearisotropic facto
along the corresponding crystallographic directiand planes: A1 > A3 > A2. Thus, it t
been possible to obtain direct evidence for thgiomf reported anisotropy ia”phase of Ti-
Mo system, in the present study.

FMu
|

[t10]

[010]

Min

Figure 4.17 2D charge density distribution (0.58@/£ step of 0.5e/8 o” along
(a). (100) plane with line profile charge densitigtdbution along [011] and [010
(b). (010) plane with line profile charge densitigtdbution along [101] and [001]
(c). (001) plane with line profile charge densitgtdbution along [110] and [010

Table 4.5Variation in the values o in specific crystallographic directions ia” phase in
Ti-7Mo alloy

anisotropy| Plane | Direction Integrated Charge
factor Charge density density
(along the| Variation
direction) Ape
Al (100) | [011] 80.4471 75.856
[010] 4.5906
A2 (010) | [101] 2.6923 0.5248
[001] 2.1674
A3 (001) |[110] 3.9798
[100] 1.8823 2.0975
Al >>A3 > A2

4.4.3 Influenceof crystal structure and bonding on modulus of T-Mo alloys

The recent spurt of research activitiesp phase titanium alloys is driven by the need
replacing the current generationa+ (3 Ti-Al-V base alloys for biomedical implants, w

alloys of lower modulus to reduce the ‘stress slgj’ effect. T-Nb and TiMo based alloy:
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are being evaluated due to the lower modulys plhase alloys, in addition to their non-toxic

nature.

The present studies have demonstrated that th&akstsucture, unit cell volume, e/a ratio,
bond length and hence the bond strength varies antbunt of molybdenum. The linear
increase in e/a ratio and the observed reductidmomu length with molybdenum, suggests an
increase in the bond strength with molybdenum. ldent would be expected that the
modulus would increase with molybdenum amount. Tdebavior is consistent with the
reported increase in Young's modulus with molybden[8, 44], in thep-phase field.
However, as the amount of molybdenum in the altoyeduced, th@ phase becomes more
and more unstable, leading to hefo” in Ti/Ti-1Mo and Ti-7Mo. The metastable phases
lead to significant increase in modulus offsetting anticipated reduction in modulus due to

higher bond length in Ti and Ti-1Mo.

Thus, the results of the present study on stru@ancebonding nature are consistent with the

reported changes in the young’s modulus with amotintolybdenum in Ti-Mo alloys.

4.5 Summary

Rietveld analysis of X-ray diffraction patternsrirditanium and Ti-Mo alloys was used for
refining the crystal structure and calculate thargk density distribution within the unit cells

of hcpa', orthorhombica” and bcd3 phases. The major conclusions are as follows:

» The unit cell dimensions and atom positions opatiduct phases (hap, orthorhombic
a” and bcd3 phases) in water quenched Ti-Mo alloys and titanmetal were obtained,

with good reliability indices.
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The effective co-ordination length calculated usiing profile of charge density along
the nearest neighbors was found to reduce with atafunolybdenum. The reduction in
unit cell volume, bond length and co-ordination tu@mwith molybdenum is identified
as due to the reduction in effective atom size.

The electron charge density distributiondityand3 phases is more delocalized than
thus demonstrating the tendency of molybdenum tmpte metallic character of
bonding.

Thea” phase in Ti-7Mo alloy has been found to be a ttimmsphase, closer ta' thanf3
phase. The molybdenum added is not sufficient eémaagntroduce the required shuffle
of the atoms along the ‘b’ axis, to transform dikgérom a' to 3 phase.

Anisotropy in the charge distribution along cryktgtaphic directions is calculated using
one dimensional charge density distribution, incefeplanes and directions in Ti-7Mo
alloy, along which elastic anisotropy was repotiediterature. This provides the direct
evidence for the origin of anisotropy in reportealues [2] of elastic constants af
phase.

The results of present study on the crystal strecamd bonding nature in Ti-Mo alloys
are found to be consistent with the reported depecel of modulus on amount of

molybdenum.
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CHAPTER 5

COMPETING PHASE TRANSFORMATION MECHANISMS AND
PRODUCTS IN Ti-Mo ALLOYS

5.1 Introduction

The influence of chemistry on transformation mecsranand product has been studied in
detail in last two chapters. Another parameter Wwigoverns the transformation path is the
cooling rate. Gilet. al. [1] studied the influence of cooling rate on the@rphology of
Widmanstatten structures and its effect on mechapioperties in Ti6Al4V alloy. Study of
morphological characteristics of microstructure jaiihbear the signature of different modes
of transformation, has been helpful to study th@tformation mechanism in titanium alloys.
As the cooling rate decreases, the size of Widra#est plate and allotriomorphs increases
due the increase in residence time at high temyp@sitA similar observation of increase in
the thickness of grain boundaryphase and coarse lamellaexgshase is reported in Ti-5Ta-
1.8Nb alloy [2, 3]. At low cooling rates, the allog elements get sufficient time to diffuse
inside the matrix. This enhances the nucleation and growtthefdiffusionalo. phase. The
competitive nature and morphological variationsnedrtensitic to massive and diffusion
controlled Widmanstatten transformation is reporteda cooling rate of >420°C/s, 420-
20°C/s, and <20°C/s respectively for Ti-6Al-4V allé]. An increase in the volume fraction
of massiven with decrease in cooling rate is reported in e study. The reason for this is

the initiation of massive transformation at higtenperature.

Studies on Ti-Mo alloys demonstrated various mafgshase transformations in these alloys

at various heat treatment conditions [5-11]. Ti-Mpary alloys having Mo composition less
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than 8wt% undergo martensitic transformation unf@st quenching of the order of few
hundred K/s and leads to the formation of eithgp htor orthorhombica” martensite
depending on the Mo concentration of the alloy 18;13], which has been discussed

earlier.

In addition to the non-diffusional martensitic tsformation, Ti-Mo system can undergo
diffusional Widmanstétten transformation on vermgvsicooling from thg3 phase field or on
aging in then+p phase field. During slow cooling, the grain bounydallotriomorphsa form
along thef} grain boundary creating a concentration gradiér stabilizing element (Mo in
the present study) near the grain boundary. Thke bomncentration op stabilizing element
stabilize the bcc structure and hence retard tiibdugrowth of GBu in the early stage of its
formation itself. In thig3 rich region due to certain perturbation, Mo leawl aich regions
are created. The region lean in Mo further grovesdie thef grain rejecting the Mo, normal
to the growth direction. This causes the formabbalternate lamellae af andp structures,
which is a typical Widmanstatten structure. Furaler al.[14] studied the morphology and
crystallography ofa precipitate in thed matrix for various aging conditions in the Ti-Mo
alloys of Mo composition 10-40%. Precipitation @fplate at the grain boundary and its
further growth inside thp grain is observed for binary alloys of Ti for a Moncentration of
10, 20 and 30 wt%. The detailed study of effectcomposition and aging treatment on
microstructure and mechanical behavior has beeortexp by Flaviaet. al.[12] for a Mo
concentration ranging from 3 to 15 wt%. The studgfoms the formation oé' structure for
alloys with 3 to 5wt% Mo and” structure in alloys with 6 to 7.5 wt% Mo @nquenching.
Alloys with 8 to 10wt% Mo alloys show co-existenmien” andp structure. The study further
confirms that the phase variation influences thengps modulus of the alloy. High modulus
of alloys forming martensitic structure liké ando” are low due to the low strain from the

substitutional elements. However, the precipitatddrm phase in the 8wt% quenched alloy
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leads a higher modulus. The aging of the 5wt% alavit?o Mo alloy at 573K leads the
precipitation ofo phase and hence cause a higher hardness and ¥auogdulus. Similar
behavior in Ti-Mo alloys withow phase is reported by many investigators [8, 13, The
present chapter would focus on the influence ofliogorate on the mechanism of phase
transformation and the final products during decositpon of § in Ti-1Mo and Ti-7Mo

alloys.

The chapter is organized as follows. Section 5eagmts the influence of cooling rate on the
transformation mechanism of Ti-xMo (x=1,7 wt%) ogi. This section includes

identification of microstructure using conventiomalcroscopic techniques and the crystal
structure using Rietveld refinement of X-ray diffian pattern of Cu K source. The

influence of alloy composition and cooling ratetba crystal structure details of transformed
phases is discussed in section 5.3. BasicallyRieéveld refined data of XRD patterns is
presented to derive details regarding accuratedafiarameter, atom position and relative
volume fraction of transformation products. Secttof describes about the variations in the
hardness of present alloys in the light of diffeein the crystal structure/ microstructure of
transformed product discussed in the precedingosect Section 5.5, summarizes all the

results presented in this chapter.

5.2 Transformation mechanism and products for difést cooling rates in Ti-1 & 7

Mo alloys

The present section discusses the effect of cootites (900°C/s, 3.3°C/s and 0.13°C/s) on
the transformation mechanism and product of highperature paren-bcc phase, in Ti-

1Mo and Ti-7Mo alloys.

109



5.2.1 Studies in Ti-1Moalloy
Optical and SEM micrographs of Ti-1MoWQ alloy, éddy presented in earlier chapters, is

reproduced here for the sake of completion), imrgg5.1(a) and 5.1(b) respectively show
the typical, characteristic plate morphology of teasitic structure. The grain boundary
shown in figure 5.1(a) is devoid of grain boundarydue to non-availability of time required

for diffusional transformation above Ms. Rietvelfined XRD pattern shown in figure 1(c)

confirms formation of 100% hcp' structure in the water quenched alloy. There as n
signature of the retention of parent ficphase, in the XRD pattern, as expected. In additio
EDX analysis in SEM confirmed the composition inaace of constituent elements from
region to region. The result presented above aosfithat water quenching of Ti-1Mo alloys
promotes martensitic transformation of parent pghase to hcp’. The observation in the

current study is consistent with results reportediterature for the quenched alloy of Ti-
1Mo. The observation of martensite for a coolintg raf 900°C/s is in agreement with the

reported critical cooling rate of 420°C/s, for negusitic transformation in Ti-1Mo alloy.

In order to understand the finer microstructurdhde, transmission electron microscopy was
carried out. The microstructure of Ti-IMoWQ allsyshown in figure 5.1(d). Fine plates of
martensite with micro twins are clearly visiblethre TEM micrograph. SAD pattern along
[1101] zone axis of hcp' corresponding to figure 5.1(d) given in figured &), shows the

presence of twin reflections. Both these obsermatioonfirm that the plate morphology

observed in figure 5.1(d) is a result of formatadriwin martensite.

The experimental results described above could pnbyide information about the room
temperature product and the transformation mecirani® understand the different stages of
transformation during cooling, JMatPro calculatigfigue 5.2) were carried out to arrive at

relative phase fraction of Ti-1Mo alloy at diffetetemperatures, based on TTT and CCT
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diagrams. The grain size used for the calculatiwas 1800um, based oy grain size after

solutionising in thed phase field at 1173K.
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Figure 5.1 Evidence for formation of hepin Ti-1Mo WQ alloy: (a) Optical (b).SEM
micrograph of plate morphology of martensiti¢ (c) Rietveld refined XRD pattern
confirming formation of hcpr.(d). Transmission electron micrograph@fjuenched Ti-
1Mo alloy showing hcp containing micro-twins, (e) SAD pattern from teame
region along [101] zone axis of'(M), along with the twin reflections (T-circled).
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Figure 5.2(a) shows the TTT curve, calculated basedlassical nucleation and growth rate
equations, for isothermal hold at various tempeestufor formation of grain boundary
allotriomorph at high temperatures afge>a transformation at the lower temperatures. The
CCT diagram of the alloy was calculated at différsooling rates of 1.0, 0.1, 0.01, 0.001C/s.
The CCT diagram shows that the grain boundatig a high temperature product, due to
balance between the low driving force and the e&seicleation along the grain boundaries.
The room temperature product will consist of graimundary allotriomorph only if the
“residence time” of the system at high temperafare42s. A cooling rate of ~900°C/s,

marked in the CCT diagram, shows clearly that glstesn does not encounter the nose of the

CCT diagram.
. @) ' : " (b) a GB (0.5%) ©0.1Cls
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Figure 5.2 JMatPro calculations in Ti-1Mo alloy skimg (a) TTT diagram (b)CCT
diagram at various cooling rates and (c) phase fi@t calculation confirming 100%
martensitic transformation of high temperature qahase, cooled at 900° C/s.
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The phase fraction calculated using the CCT diagfam900°C/s is given in figure 5.2(c).
This figure shows the formation of 100% martensite atgeratures below 821°C, thus in
agreement with experimental observations and CQT, diagram, presented above. Based
on the above results, it is concluded that the hmghperature bc@ phase in Ti-1Mo
transforms completely to martensitic hepduring water quenching and is in agreement with

literature [8, 10].

Further reduction in cooling rate to 3.3°C/s, clemthe transformation mode and product of
B phase in Ti-1Mo alloy. The optical micrograph igure 5.3(a) suggests mainly the
presence of Widmanstatten transformation produ®tsinning electron micrograph [figure
5.3(b)] shows the presence of grain boundary adlmorph o and presence of fine plates
within the grains. The wide distribution of sizecoplates is possibly due to its formation in a
range of temperatures, during cooling. XRD expentsevere carried out to confirm the
crystal structure of product phase. Figure5.3(gjficms the presence of predominantly hcp
a. In addition, the XRD results provided unambigusighature of bc@ phase also [Figure
5.3(c)]. A non-overlapping (11ppeak along with peaks overlapping with that of lcgs
clearly visible. However, the observed intensityl®0% intense (11p)peak is low. The
amount off3 phase calculated using Rietveld analysis of theepawas identified as 5%. In
order to confirm the presence fpphase, careful SEM/EBSD phase map studies wenedar
out. The uniform distribution of very fine partisl®f bccf could be obtained using phase
map in SEM/EBSD, as shown in figure 5.3(d). The ami@f bccf3 measured from phase
map is ~3% [inset of figure 5.3(d)], which is oeteame order of magnitude as that obtained

from XRD analysis.

SEM/EDX spot analysis (see figure 5.4) was caraetito determine the chemistry of beth

and B phases. However, many regions with Mo concentnatit wi% corresponding ta
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phase were identified. The area with higher cotmeéon of Mo representing bdt phase
could not be identified. This is probably due toadler size ofp particles, which will be
demonstrated below, in comparison with the incidemtbe size and the beam broadening
within the specimen. These observations suggestaih@ooling Ti-1Mo alloy from the[3
phase field leads to the transformationffophase to a lamellan+p microstructure. The
formation of such a Widmanstattert3 microstructure in Ti-1Mo alloy at a cooling raié
3.3 °C/s is understandable, since this cooling iat@uch less than the critical cooling rate
for martensitic transformation, 420 K/s[10]. Opticaicrograph of the Ti-1MoFC alloy is
shown in figure 5.5(a).The presence of mixture dfecent morphologies of hcp
microstructure is observed. So, for resolving timerf micro structural details, transmission
electron microscopy was carried out. The resuksgmted earlier are reproduced here, again
for the sake of completion. The bright field micragh is shown in Figure 5.5(b) clearly
shows the presence of alternate lamellaenofnd 3 phases, typical of Widmanstatten

transformation.
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Figure 5.3 Microstructure of ~1Mo alloy air cooled fromp phase field: (a) optice
microscopy and (b) Scanning electron micrographwshg the o+ Widmansatten
structure (c) XRDpatterr showing presence of andf (d) Phase map using SEM/EB:
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Figure 5.4 (a) SEM image of -1MoAC alloy showing distributioof a plate (b) EDX
spectrum taken from spot 1 in (a) indicting therolstry ofa phase
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Formation of coarse grain boundary allotriomorpla along the prio boundaries observe
in figure 5.5(b), suggests that a diffusional tfanmation of parenf3 phase, precedes t
Widmanstatten transformation. Similar observation dir/furnace cooled -1Mo alloy has

beenreported by Flower et.al [1
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Figure 5.5 Transformation mechanism and productd@ Ti-1Mo alloy: (a) Optical
micrograph showing mixture of different morpholagief o phase (b) TEM micrograg
showing alternate lamellae of hia and bccS of Widmanstatten product along with gr:
bourdary a(c) Reitveld refined XRpatternshowing presence efandp phases (d) Phas
map using SEM /EBSD showing distribution of isalat@e particles off phase (blue
colour) around thea phase (red colour
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XRD studies [figure 5.5(c)] confirm the presencéoth hcpa and bcd3. The phase map of
EBSD analysis in figure 5.5(d) shows the distribntof fine 3 particles, aroundx grains.

The amount of bc@ phase, determined using Rietveld refinement of Xditern and the
phase map of SEM/EBSD [figure 5.5(d)] confirmed ttmation of 7 and 8 % (by volume)

of bcc phase, respectively.

The increase in the amount of H&an furnace cooled sample compared to air cooletpta

is consistent with the higher residence time fa ttansformation of parent bfcphase of
the alloy during furnace cooling. Figure 5.6(a) whotypical Widmanstatten structure
obtained using TEM. The SAD pattern taken from shene region given in figure 5.6(b)
confirms the formation of hcp and bccp phases along [41.-3] and [1-10] zone axis
respectively. The microchemistry afand phases varied widely. TEM/EDX analysis from
various regions in figure 5.6(a) shows 0.08-0.4%wlo in a phase and 8.4 to 26.73 wt%
Mo in B phase, suggesting the transformation to proceadwide range of temperatures, for
varying times. Based on the above results, it msoaable to conclude that the high
temperature3 bcc phase undergoes diffusional transformationscaoling at the rate of
0.13°C/s resulting in grain boundaty phase and Widmanstatten structure consisting of

alternate lamellae af + (3 phases.

Calculation of the amount of phases present in Mo-lalloy, cooled at 1.1 C/s, using

JMatPro shown in figure 5.2 (a), is in agreemerihwhe above experimental results. Below
this critical cooling rate, the mode of transforiroatchanges to diffusional transformation.
The results presented so far in the present stiglynaagreement with earlier observations

[10, 12, 17, 18].
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Figure 5.6 (a) TEM micrograph of furnace cooledIMo alloy showing the typical
Widmanstatten structure consisting afand g phases. (b) SAD pattern corresponding
to the marked area in figure (a) showing the pregsensfa andf phases.

5.2.2 Studies in Ti-7Mo alloy
The optical and SEM micrographs of Ti-7MoWQ alloyown in figure 6.7(a) and (b)

respectively shows distribution of coarse and fitees with twin morphology. The prifr
grain size, which dictates the martensite plate,sias estimated to be about 1.2 £ 0.2mm.
EDX analysis in SEM showed compositional invarianiceoughout the sample as in Ti-
1MoWQ. XRD pattern shown in figure 5.7(c) confirtiie formation of 100% base centered
orthorhombico” phase. The TEM micrograph shown in figure 5.7 {@ves the formation of
orthorhombica” with plate morphology. The inset in figure 5.7&hows the SAD pattern
along [010] zone axis af”. The above observations confirm [8] the completasformation

of high temperature bdé to martensitic base centered orthorhombic strecfiff) in the Ti-

7MoWQ alloy.

JMatPro calculations have been carried out forMe&lloy, for a cooling rate of 1000°C/s
and grain size 1.2 mm. The result [figure 5.8] ms agreement with the experimental
observations. The Ms temperature for Ti-7Mo allcgiculated using JMatPro is 571° C and

this matches with the value estimated based amfitee [10].
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Reduction in rate of cooling, to 3.3° C/s is expédo change the transformation mechar
of B phase in TifMo alloy. Tte optical microstructure shows the formation oefigrains
than TiZMoAC. The grain size was evaluated to be 169ure.site of parerf3 grains in air
cooled Ti7¥Mo alloy was observed to be significantly smallel0(-200 um) than water
guenched samples rim), which is attributed to the deformation carriedt prior tof3

solutionising.

3500 (C] Ti-TMoWQ

—— obs|
3000 ——cal
1 — diff
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Figure 5.7 Phase transformation mechanism ir-water quenched -7Mo alloy: (a)
Optical (b) SEM micrograph showing plates of masien (c) Rietveld refined XR
pattern showing orthorhombiia” and (d) TEM micrograph showing orthorhombic pl
martensitewith inset showing SAD pattern along [010] zones.
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Figure 5.8 JMatpro calculations in -7Mo alloy showing the phase evolution cu
showing the transformation of bgcphase to 100% martensitic structure at an
temperature of 571°C.

The SEM microstructure of TiMoAC alloy is given in figure 5.9, which shows ¢k
different morphologies of transformation produdts) primarya plates in the interior; (Z
grain boundary allotriomorph ca and (3) occasionally, small packets of Widntatten
product ofa+{3. Similar morphology of primara is reported for many Ti based all( [14,
17]. EDX analysis in SEM from various regions givan figure ¢(a) showed that th

concentration of Mo to be ~5wt?

Figure 5.9 Transformation products in air cooled-7Mo alloy: Scanning electro
micrograph showing (1) primarya plates, in addition to (2) grain bounda
allotriomorphsa and (3)Widmanatten a+p.

Figure 5.10 shows the XRD pattern o-7MoAC alloy, clearly confirming the presence

hcp a and becf phases. However, the hardness, as presented eartlez highest, whic
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could not have been contributed only doyand 3 phases. The weak unique peakswfih
Figure 5.10 suggest that the high hardness couldukeeto the formation of hard brittley
phase. It is reported in literature that for Mot between 5 and 10, the hagal phase is
expected to form on aging treatments [12], in theagerature regime of 250° to 450°C,
though not during water quenching. The air cootingld have provided the residence time at
lower temperatures, required for nucleation andmfnoof ® phase. Hence, it is concluded
that air cooling of Ti-7Mo alloy has led to the riwation ofa and phases, by diffusional
and the Widmanstétten transformation, in additmmathermako phase. The formation of
phase in the present cooling rate is probably duéh¢ following reason: The diffusion
followed by Mo enrichment df phase is expected to occur at the higher temperag¢gime.

It is possible that the enrichment of Mo immicroscopic regions, could have reached
the composition range, conducive for formatidn o phase. Under such circumstances,
few regions of even Ti-7Mo could have undergdhdo o transformation. If the Mo
concentration is very high, tifephase is retained without any transformation, imclv case
the hardness of the alloy will be low. The abseofce” in Ti-MoAC suggests that lowering
the cooling rate suppresses the martensitic tramston, in preference to diffusional and
Widmanstatten transformation. It is reported ierkiture that cooling slower than the critical
cooling rate changes the mode of shear transfoomdtom martensitic to Widmanstatten.
JMatPro calculations have not been carried ouTfefMoAC, since JMatPro does not take

into consideration the formation afphase.
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Figure 5.10 Rietveld refined XRD pattern showing to existence af, f, and o
phases in Ti-7MoAC alloy.

Further reduction in cooling rate @f phase in furnace cooled Ti-7Mo alloy, resultedain
microstructure (figure 5.11(a)) consisting of tag prior B grain boundary along with
Widmanstatten structures and (b) an enlarged podioWidmanstatten structures (c) the
discrete plates of primarg homogeneously distributed inside the grain. The&SBBphase
map [figure 5.11(b)] shows the well resolved indival alternate lamellae of hepand bed3
phases, confirming Widmanstéatten transformationtailel TEM analysis revealed the
presence of hcp grains, within which coarse lenticular platesfophase could be seen as
shown in figure 5.11(c) and (d). EDX analysis inMthas been carried out to study the
composition of constituent phases. Figure 5.11{eyvs the EDX spectrum taken framand

B phases. The analysis could identify the concaatraf Mo varies from 0.22 to 1.43 wt%
in the regions identified as hepand 11.08 to 13.53 wt% in the regions correspantbrbcc
structure.The XRD pattern of the furnace cooled Ti-7Mo allslyown in figure 5.11(f)
confirmed the formation of hcg and bed3 phases, irrespective of whether they are formed
via Widmanstatten or diffusional transformation. Thesss no signature of orthorhomlmé¢.

The above observations confirm that furnace coadingi-7Mo alloy promotes formation of
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Figure 5.11 Transformation mechanism in furnace ledoT-7Mo alloy (a) Optica
micrograph showing primara plates, along with Widmanstatten products withi@ ginains
(b) SEM/EBSD phase map showing well resolved lametif o (blue) andp (red) of
Widmanstatten products (¢ and d) Transmission elecinserograph showing growth of fir
a grains and lenticulalB phase withina grains. (e) TEM/EDX specta of and f phases
showing enrichment of Mo i phase and (f) Rietveld refined X pattern confirming
presence ofr and S phases
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a” phase. The above observations confirm that furcacéing of Ti-7Mo alloy promotes
formation of equilibriuma+p by the high temperature diffusional transformationaddition

to Widmanstatten transformation.

The experimental results described above matchwitll predictions of JMatPro, as shown

in Figure 5.12 wherein the room temperature praglact onlya andf phases

1004 0000 e e e = - = -

rnases(atvo)

T T T T T L) )
0 200 400 600 800 1000 1200 1400 1600
Temperature (°c)

Figure 5.12. JMatpro calculations in Ti-7Mo alloh@wving the phase evolution curve
showing the transformation of bgphase taxt+p.

5.3 Variations in crystal structure parameters

Based on morphology and crystal structure, the edimg transformation mechanisms of
parent 3 are identified as either martensitic or diffusion@ihe various transformation
products were identified as hep, orthorhombioa”, diffusional hcpa and bcd3 phases. A
detailed examination of the Rietveld refined XRD tt@an, in conjunction with
microchemistry enables the identification of coglirate dependence of volume fraction of
phases and crystal structure parameters like whitdimensions. The results of Rietveld

refinement of XRD pattern of Ti-Mo alloys are givenTable 5.1.
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Table 5.1 Rietveld refined crystal structure detadf Ti-Mo alloys

Allo Phase/space | Lattice A('[J(;mlocn xglc'tio Reliability
y group parameter (A) P factors
(xy,2) n (%)
hcp a=2.9475(2) Rp=0.07
. (1/3,2/3,1/4) | 100 _
THIMOWQ | beaimme | c=4.6728(4) ‘C’;"sng'gg
hcp a=2.9456(7)
i (1/3,2/3,1/4) | 95 Rp=0.10
Ti-1MOAC P63/mmc c=4.6845(1) WRp=0.14
Bcc a=3.2499 (4) | (0,0,0) 5 GoF=3.90
Im-3m '
hcp a=2.9481(0) 93 _
1/3,2/3,1/4 Rp=0.08
Ti-IMoEC | P63/mmc c=4.6810(0) | ) wap:0.11
bce a=3.2425(2) | (0,0,0) 7 GoF=1.85
Im-3m
_ | a=2.9867(6) Rp=0.10
Ti-7TMoWQ gmcr’;homb'c b=5.0471(21)| (0,0.18,0.25)| 100 | WwRp=0.07
c=4.6672(7) GoF=1.53
hcp a= 2.9483 (2) 72
Ti.7MoAC | P63Imme | c= 4.6614 (4) | (1/3:2/3.1/4)
bce a= 3.2616 (3) | (0,0,0) 11 Rp=0.07
Im-3m wWRp=0.09
Hexagonalpm | a=4.5765(15) (2/3833 Uz | 17 GoF=1.97
P6/mmm c=2.8368 (5) | (1/3.2/3,1/2)
hcp a=2.9470(2) | (1/3,2/3,1/4) | 88 Rp=0.07
Ti-7MoFC | P63/mmc c=4.6798(4) pr=b.10
bee a=3.2530 (3) | (0,0,0) 12 GoF=1.35
Im-3m

(1) Table 5.1 confirms the formation of 100% martengitenda” in 1 and 7 wt% Mo
alloys respectively on water quenching (~900°Ci$)ough many papers deal
with the different phase transformation aspect#amium alloys, Rietveld refined
details are available only for very few systems-2P§. Chun-Xia Liet. al.[23]
has reported that Rietveld refined parameters tifodnombica” for Ti-Mo are
rarely reported, unlike Ti-Nb. In this context, tlalculations of the lattice

parameter, relative shuffle of the atom along ‘iredtion of thea” phase of Ti-
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7Mo alloys using Reitveld refinement of XRD datathe present study assumes

importance.

(2) Reduction in cooling rate, leads to the formatibdiffusional o andp phases, for
both the alloys. However, the final products depemnatially on the chemistry, for
intermediate cooling rate of 3.3°C/s: diffusionap for Ti-1Mo, while diffusional
o + 3, along withw, as Mo content is increased to 7 %. This can hieratood in
terms off3 stabilizing effect of Mo, which retards the growtte of diffusionab

with increase in Mo, leading to retention of unstmmmedp.

(3) There is no significant change in the ‘a’ and ‘alues of hcp - irrespective of
whether it is a product of diffusion less martensitansformation (Ti-1MoWQ)
or Widmanstéatten product (Ti-7MoFC) or high tempera, diffusional
transformation (Ti-IMoAC &FC and Ti-7Mo AC & FC).hIs observation is
consistent with the weak temperature dependena®lability limit of Mo in a

(Mo™-0.1 wt% at 695°C and MU' - 0.02 wt% at 876°C ) obtained from phase

diagram.

(4) A variation in the lattice parameter of fg¢phase is found to vary depend on both
cooling rate and alloy composition: A reductiordttice parameter (~0.01 A) was
observed in both alloys, as the cooling rate chsaufigen 3.3°C/s to 0.11°C/s. The
reduction in lattice parameter is probably dueh® ltigher concentration of Mo in
the bcc lattice during slow cooling. This could &ttributed possibly due to the
formation of most off phase at lower temperature range, wherein theephas
diagram dictates higher amount of Mo fn This is understandable, based on

‘higher residence time’ in this temperature regiohgring slower cooling. A
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decrease in lattice parameter of high temperatced phase with increase in Mo

content in Ti-Mo alloys has already been reporfid].|

(5) Table 5.1 shows the variation in the relative voduiraction of various phases, for
the two alloys, with three different cooling ratés. the Mo concentration changes
from 1 to 7 wt%, an increase in the volume fractodrp phase was observed in
both air and furnace cooling. This is due to fhestabilizing effect of Mo.
However, there is no significant variation in tiegative volume fraction of bc

phase for a particular alloy composition betweeraad furnace cooling.

(6) The transformation products in Ti-7MoAC axe3 andw. The amount otv was
estimated to be 17%, using Rietveld refinement @DXdata. It is known thatJ

phase transforms t phase, on prolonged aging [24].

(7) The volume fraction of hcp in Ti-7M0oAC sample (72%) is less in comparison
with Ti-7MoFC alloy (88%). This is consistent withe higher residence time of

the alloy during furnace cooling.

5.4 Microstructural map of transformation mechanisand products

The transformation paths and products for Ti-1Md di-7Mo alloys for different cooling
rates, explained in section 5.1, can be summaiizeal microstructural map as shown in
figure 5.13 and understood in terms of basic thelynamic and kinetic principles, as

explained in this section.
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Figure 5.13 Schematic diagram showing the transé&tiom mechanism of phase in Ti-
1Mo and Ti-7Mo alloys. For the purpose of dépg the mechanisms, schematic
diagram does not show change in kinetics betweeand 7 Mo alloys. The TTT diagre
at high temperature range represents grain bouyda, while the low temperature one
represents diffusionad:.

The mechanism and product of transformatiorp afan be understood in terms of (1) the
thermodynamic driving force, which keep continugushanging with temperature, as the
system cools, (2) kinetics of competing transforaratmechanisms which is dictated by
amount of Mo and the (3) residence time of theesysat various temperature intervals.
Figure 5.14 represents the increase in the thernadic driving force, for any chosen alloy
of initial composition @, at T [figure 5.14(b)], when T << T; [figure 5.14(a)]. Figure

5.14(b) represents similar concept of reductiodnring force for transformation di—a,

with increase in Mo, at a constant temperature.
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Figure 5.14 (a) A schematic diagram showing theiatam in driving force for a given
composition at two different temperatures.(b) f@o different compositions;&nd G

For fast cooling rates, the above mentioned drivorge is far too low compared to that of
martensitic transformation ¢ to hcpa'. Hence, both systems, Ti-xMo(x=1,7wt%) choose
the martensitic transformation in preference tdudibnal a. Additionally, the “residence
time” during fast cooling is not high enough foettiffusionala to nucleate and grow. The
reduction in cooling rate introduces the kinetictéa through the combined role of diffusivity
and the ‘residence time’ at various temperatureslMatPro calculation explained in the
previous section has quantitatively captured traiferences. Hence, TTT curves of both
alloys for 0.5% transformation are used for un@egrding the combined role of chemistry,
diffusivity and residence time. The shift of TTTagram for diffusional matrixi, to larger
time (~158s for 7Mo & vs ~2 s for 1) and loweisedemperature (991K for 7 Mo vs 889 K

for 1 Mo) with increase in Mo content of the allgydue to it$} stabilizing effect.

Combination of the above two thermodynamic andticrfactors, enables us to picturise the
events that could have taken place in differentpenature zones during different cooling
rates and to arrive at the sequence of transfoomamiechanisms and products. A schematic
diagram is shown in figure 5.15. In this diagramitical cooling rate for martensitic
transformation is shown. When the experimental iogotate is faster than the CCR and
intersects the Ms before encountering the isotheifid curves, martensitic transformation

takes place, leading to hap in Ti-1Mo and orthorhombi@” in Ti-7Mo alloy. But, the
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transformation sequence in slowly cooled samplesbeaunderstood by the curve 3 in figure
5.15. When the system reaches temperatures just ltleé3 transus the first product to form

is the grain boundary allotriomormh so long as the residence time is at least 42186728 K

for Ti-1Mo or 158s at 783K for Ti-7Mo.
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2 800iccr ] 1
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Figure 5.15 Schematic diagram depicting differehaige transformation mechanisms
for different cooling rates.

This zone can be named as temperature zone -2 e phase field is the first zone. The
fraction of boundaries along which the allotriomorphs have formed is dictated by the
‘residence time’ of the system in this range of penature, which has been calculated using
JMatPro software. At the end of zone 2, certain@mof parenfl is expected to be retained.
Subsequent cooling, allows the system to encouh&el TT curve for thgd — diffusional /
Widmanstattern plates. Hence, the co-existence of primaplates and Widmanstatter
microstructure is observed in slow cooled Ti-1Md dim-7Mo alloys.

Thus, the transformation mechanisms and produsisugsed so far, can be understood in
terms of three different temperature zones, aslaggul above. The selection of
transformation mechanism off phase in an alloy is dictated mainly by the irget®n

positions of the cooling curve with TTT curves fograin boundary a and
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diffusion/Widmanstattern and the ‘residence time’ of the system in the éhoperative

temperature zones or martensitic transformatitingfcooling rate is above the CCR.

5.5 Influence of transformation mechanism and prodis on hardness of Ti-1Mo

and Ti-7Mo alloys

The variations in the microstructure can influetioe mechanical behavior of the alloy. The

present section discusses the influence of coohlig and chemistry on the hardness of the

alloy.

The Vicker’'s microhardness of the Ti-1 and 7 Mamwd, cooled from th@ phase at three
different cooling rates are depicted in figure 5alfdl listed in Table 5.2. The salient features

are described below.

Hardness (VHN)

Figure 5.16 Variation in the Vicker's hardness aftMo(x=1,7wt%) alloys on various
cooling conditions.

* For any given cooling rate, the hardness increasétdamount of Mo.

Increase in molybdenum content, has increasedatunbss of the alloy, as can be seen from
the hardness value of Ti-IMoWQ (188 VHN) to Ti-7M@M244 VHN). The possible

reasons could be the solid solution strengthenjnigld and the difference in structure of hcp
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a' and orthorhombia” and the grain size. In the present study, the aredgrain size of Ti-

1Mo was 1.8 mm, in contrast to 1.2 mm in Ti-7Mowl|

Table 5.2 Variations in the hardness of Ti-Mo alloywith various cooling rate.

No | Alloy Hardness Microstructure
(VHN)

1 Ti-1Mo WQ 188+10 martensite,

2 Ti-1Mo AC 243 £ 15 Fine Widmansttatent(3)

3 Ti-1Mo FC 169 +7 Course Widmanstatten+{p) + grain boundarg

4 Ti-7TMoWQ | 244+ 4 martensite,’

5 Ti-7Mo AC 3844 B grains (m) smaller than WQ(~mm) +fine +
Widmanstattenof).

6 Ti-7Mo FC 261+ 6 B grains (m) smaller than WQ(~mm) + course
Widmanstatteno(+)+ grain boundary

* For a given alloy composition, a variation in hasgs is observed with cooling

conditions and was maximum during air cooling.

The transformation mechanisms and products descebeve can be used to understand the
hardening behavior of the alloys. The hardnessiitMoWQ sample (Table 5.2), where
100% martensitic' formed is lower than Ti-1MoAC, with Widmanstattent 3. Generally,
the martensitic transformation is expected to gatees high density of dislocations and high
strain in the lattice and maximize the extent afleaing. However, the current observation is
not in agreement with the above expectation. Orntbefeasons is that the substitutional Mo
atoms introduce less strain in the lattice, redyi¢ire extent of hardening. Another reason is
that the homogeneous distribution of finelamellae in Ti-1IMoAC alloy is expected to
harden the alloy, much more efficiently than a exsitic microstructure. Flaviat. al.[8]
reported an increase in the hardness in Ti-Mo alldye toa phase precipitation during
aging. Further reduction in cooling rate to FC 6flMo has led to a lower hardness, than air
cooling. This is mainly contributed by the copiqurecipitation of “defect free” coarse grain

boundaryu, in addition to the formation of coaraep Widmanstatten structure of the matrix,
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due to higher ‘residence time’ in high temperatanege. In Ti-7Mo alloy also, the grain size
of AC and FC alloys is around 150 pm, in contrasti2 mm for WQ alloy. The higher

hardness of AC and FC alloys, therefore, is dueltawer grain size.

* The highest hardness is observed in Ti-7MoAC alloy.

The hardness is maximum for air cooling in Ti-7Mdhich is mainly due to the formation of
o phase. Several studies have reported an incredsardness of Ti based alloys due to the
precipitation ofw phase formation [5, 6, 8, 13, 16]. The hardnesE-GMo alloy is less after
furnace cooling than AC. The lower hardness istdube absence of phase formation and

formation of recrystallised grains.

The current study has shown that the cooling maflaences the transformation mechanism
and products in Ti-Mo alloys. The smaller grainesiine a plates and formation of hard
brittle ‘w’ increase the hardness. The maximum hardness biatmed for an intermediate

cooling rate of 3.3°C/s.

5.6 Summary

The present study has examined the competing ephaansformation mechanisms and
products of high temperature par@nphase in Ti-1 and 7 Mo alloys. The selection oates
understood in terms of thermodynamic and kinetiosaderations, based on which the
possible sequence of events that could have talee puring cooling have been arrived at.
The variation in hardness with chemistry and capliate is understood in terms of the phase

transformation mechanism and products.
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CHAPTER 6

VARIANT SELECTION MECHANISM DURING
TRANSFORMATIONS OF B PHASE IN Ti-Mo ALLOYS

6.1 Introduction

The previous chapters have demonstrated the ooco@ref many types of phase
transformations in Ti-Mo system: diffusional typlke grain boundary allotriomorph,
primary a and the shear driven transformations like martensio”. The variant selection
mechanism normally pertains to the latter typerahgformation, since the system strictly
obeys the orientation relation between the paremi #e product. These type of
transformations are either martensitic or Widmatestd products. In titanium/zirconium
alloys, the specific ORe., Burger's relation, in the above two transformattgpes can be
stated as follows:

{110} // {0001}, and <1-113 // <11-20%.
The OR exhibited by titanium/zirconium alloys isidtrated in figure 6.1.
The product crystal in specific orientation relatizvith a single parent crystal is called a
variant. The number of product crystals which cdreyo OR depends on the symmetry
considerations and the OR. In titanium alloyssleswn earlier, {110} ||(00.1) and <1-11%3
|| <11-20%. A typical example of formation of 12 differentgha crystals from a single bcc-

[ crystal, obeying the orientation relation in Tiogk is shown [1] in figure 6.2.
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[010]
%

(a)

[001]

Figure 6.1 lllustration of OR {11(z// {0001}, between parent bg8and product hcja
in titanium alloys. (a) (10J) in the unit cell of bcys and (b) growth of unit cell of hc
a, retaining (00.1), parallel to (1015 The directions <1-11z marked in (a) i
parallel to <11-20>,(arrow).

If all the above 12 possible variants from a given singl@ crystal form with eque
probability, the} - a transformation is said to evolve without varianiesgon. On the othe
hand, if certain specific variants occur much mivegjuently than other viants, then the

transformation is understood to proceed obeyingaaselection mechanisi

als T o

3 .a3

a3 a3 ¢
a=180 a=240 =300

a=0

Figure 6.2Possible twelve variants of hwa, for a given bcgs crystal, duringl8 —a
transformation in Ti alloys.

Several systems, especially Ti and Zr based systmseporte(2-6] to display varian

selection mechanism, especially in the presenextefnal stres:
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Energetically, the variant selection mechanismrédgred by a system, in order to minimize
the elastic strain energy of the system. Patel @aden model [7] explains the energetic
criterion for predicting the variant selection mantsm. The total driving force or the change

in free energy is written as follows:

(AG)Tot = (AG)chem + (AG)mech

The propensity for a system to display variantdea mechanism is minimized when the
chemical driving force dominates. The extent ofiasatr selection depends on the ratio of

mechanical driving force to the total driving fol§AG)mech/ (AG)rot) for the transformation.

In the present context, it is interesting to examiinvariant selection mechanism reported
very often in Ti alloys is operative durifig~a transformation in Ti-Mo alloys or not. It is
well known that the3—a phase transformation, obeys the Burgers oriemtattationship,
{110}4]|(00.1) and <1-113||<11-20% [2,9]. Based on crystal symmetry, it is possible to
identify 12 crystallographically unique combinatsoorof (110)/ [1-11] paren3 phase.
Similarly, for every single orientation @f crystal, 12 possible variants of prodactrystals
can also be identified. It is known that parameli&es the chemistry, prior deformation, and
cooling rate[1] can influence the probability ofrigat selection mechanism. Karthikeyan

al. [1] reported the presence of deformation textureatd rolled Ti-5Ta-1.8Nb alloy and
transformation texture during toa, in the alloy of same composition slow cooleahf
above the3 transus. The presence of grain boundary allotripima formed during slow
cooling was found to promote variant selection na@dm during Widmanstatten

transformation, to minimize the total strain enefgly

In the present study, martensitic/Widmanstattemndformations in Ti-1Mo and Ti-7Mo
alloys are used to examine the extent of variatftcien mechanism, using emerging

technique like the precession assisted orientati@ging in TEM and EBSD in SEM.
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6.2. Orientation Imaging Microscopy studies

6.2.1 Ti-1Mo alloy
Bright field micrograph and orientation imaging mdgwth recorded using TEM from the

same region of water quenched Ti-1Mo alloy is shamwfigure 6.3. It is observed that the
orientations of martensite plates in the two adjya¢e grains on either side of the grain
boundary are completely different. This suggestd trariant selection mechanism is not
operative. It is also interesting to note that phetes in eaclf§ grain are twin related which
was also shown in Chapter 3 and 5.

It is generally well known that most of the titamualloys display [1, 8] variant selection
mechanism during martensitic / Widmanstatten t@msétions. However, on a careful study
of the literature, it is found that almost all @#léoys which show variant selection mechanism
have experienced deformation. It is also known thatmechanical driving force has to be
more dominant than chemical driving force for vatiaelection mechanism to be operative
during B to a transformation. Hence, the absence of variantcsete mechanism in Ti-1Mo
alloy can be understood in terms of (1) high chainiciving force forf} to a transformation
being close to Ti and (2) absence of any exterefdrchation.

g L (10.0)

3 o s ()
% EFe s

“ g W _f.:‘- 1000 nm.

Figure 6.3 Martensite plates on either side of aigrboundary in Ti-1MoWQ alloy in (a)
BF image showing hcp martensite (b) orientation nmaEM. The difference in color
indicates change in orientation according to thé& I€vlor code for hcpr phase given in

(€)
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In order to examine the influence of other compget@actions during slower cooling and
obtain more meaningful statistical information, HBSEM was carried out in air cooled-
1Mo alloy. Figure 6.4 shows the band contrast enaiga regin near grain boundary, aloi
with orientation and phase map. The results shoat the transformation product
predominantlya, on either side of a grain boundary, as expedtedjew of very smal
amount of alloying element, Mo. The orientation gaanap confirms that the orientations
all the differenta packets are entirely independent of each otheffjroting the absencof

variant selection mechanisi

Titanium (Beta)

(c)

ooA 101

Titanium (Alpha)

oond

Figure 6.4 EBSD/SEM images of air coolec-1Mo alloy: (a) Band contras
image showing the predominea plates (b) Orientation imaging map, of sa
region as in (a) showing that the-existing regions otr plates do not hav
same orientation; (c) IPF dor code (d) Phase map showing the distributio
small amount of finS particles (red) ina matrix and inset shows percentage
the two phases.
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G.A.Sargentet.al. [9] have shown that cooling rate inflasolutionised alloy of titanium
influences the variant selection mechanism, whightriggered by transformation strain
during B—a transformation. The phase map, in the presemlystshows the presence of
“disjointed”, fine, 3 particles probably in a lamellar morphology, samihed between wide
o lamellae. SEM evidence shown in Chapter 5 confithad the air cooled Ti-1Mo shows

Widmanstéatten transformation.

Further reduction in cooling rate to furnace caglof Ti-1Mo alloy, resulted in formation of
a Widmanstéattea+3, as shown earlier in Chapter 5. Figure.6.5(a)@b¢b) show the band
contrast image and orientation map of furnacderb®i-1Mo alloy. The low magnification
does not permit us to derive reliable infeesn A careful examination of phase map in
Figure 6.5 d shows that tifeparticles in the Widmanstatten lamellae are fragegk It is
also seen that these fifeparticles are along the boundaries af plate. In order to confirm
this, same regions were examined at higher magtiic. Figure 6.6 shows the results of
these observations. It is clear that well growmrains, along with uniform distribution of
fine 3 particles along the interfaces, are seen in figude More importantly, the orientations
of thea grains are not the same. These fine grains grectad to have formed during fresh
nucleation and growth of grain, during the high residence time at highengerature,
during furnace cooling.

It was shown in the earlier Chapter 5 that reductio the rate of cooling of the high
temperature parent bdd phase, promotes growth of grain boundary allotagrh, a,
Widmanstatten product of alternate lamellaeoef, in addition to the diffusionat. In order
to examine the nature of orientation between treengboundary allotriomorph oft and
Widmanstattero+(3, orientational imaging using PED in TEM with betresolution was

more useful, as presented below.
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Figure 6.5 (a) Band contrast image of furnaceledoT-1Mo alloy showing broa
grain boundaryo and finea plates (b) Orientation imaging map, of same regagnin
(a) showing that the existing regions ofr with different orientations; (c) IPFolour
codes ofx andp phases (d) Phase map showing the distributianall amount of fin
[ particles(blue) at the boundaries @plates (red

' ;'- 3!:

L

Figure 6.6 High magnification EBSD/SEM images oé tsame region shown
figure.6.5. (a) Bandontrast image showing grains; (b) Orientation image (c)pha:
map showing low amounts of fii precipitates (blue) at the grain boundarie phase
(red)in furnace cooled -1Mo alloy. IPF colour codes of andf phases are given
figure 6.5 (c).
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Figure 6.7 shows the results of orientation imagitglies in TEM of the furnace cooled Ti-
1Mo alloy. The BF image is shown in figure 6.7{ahich shows the Widmanstétten lamellae
is clearly resolved, though the grain boundarytaimorph is not very convincing. In order
to identify the phases, the phase map was imagedhvis shown in figure 6.7(b). The grain
boundary allotriomorph is seen clearly. The oaépnh image is shown in figure 6.7(c),
which shows that alternate lamellaeoofind3, in the Widmanstatten colony have the same
orientation, as expected.

The grain boundarg appears to have crystals of various orientatiange of which is the
same as Widmanstattem It has been demonstrated [1, 10] in literaturat tthe grain
boundarya will choose that variant which has near Burger® With relation to at least one
of the3 grains. The variant selection is made to miningdeeiation of OR with respect to the
B grain, which is away from Burger's OR. Extenditings line of approach, Karthikeyan
et.al. [1] have shown that at slower cooling rates, thientation of the grain boundary
allotriomorph a influences the orientation of Widmanstéatten which grows into the
untransformed parerfp grains. However, due to the high thickness of tégions, the
reliability map of indexing, from these regions eppto be too very low as shown in figure
6.7(d), to draw any meaningful inference about thentations in grain boundary or
Widmanstattem, for which the reliability index is too low.

Based on the above studies, it can inferred theretis no strong evidence to support that
variant selection mechanism is preferred by Ti-1Moring the various transformations of

high temperature bd& phase on cooling.
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Figure 6.7 Orlentatlon imaging microscopy of fureacooled Ti-1Mo alloy: (a) BF
image showing Widmanstatten structure; (b) phasp (med — bccS and green — hep
@), showing grain boundary allotriomorph and Widmstatten lamellae otr and S
phases; (c) Orientation map of same region andréipbility map, suggesting the
determination of orientation of Widmanstattenalone is reliable.(e)and(f)represents
IPF colour codes of andg phases.

6.2.2 Ti -7Mo alloy

Experiments similar to Ti-1Mo were carried out fldaf7Mo alloy. It is relevant to recall
the fact that the Ti-7Mo alloys were compresspdor to solutionising, unlike Ti-1Mo
alloy. Since the results are more or less the sasrbat of Ti-1Mo, typical results of furnace
cooled alloy alone are presented below.

Figures 6.8 and 6.9 show the series of imagesafordifferent types of products formed in
the alloy: Widmanstattea + [3 lamellae near grain boundamyin figure 6.8 and diffusional
a grains in the interior of the grains in figure 6.9

Figure 6.8 shows the band contrast image, oriemtathage with IPF, phase map along with
the color code. Similar to Ti-1Mo alloy, it is seanWidmanstatten lamellar+f structure

form and the orientation of alternatelamellae within one colony remains the same, thoug
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different from adjacent colony. The results weaeetully analyzed to see if the orientation
of grain boundary influences the selection of orientation of Widntéattena colony on
either side of it. The orientation of unit cells gelected regions A, B and C are marked in
figure 6.8(b). It is clearly seen that orientatiohregion A and B are similar, while it is

different for regions A and C, as also shown bydbleur scheme. Comparison of orientation

orientation at A and B

orientation at C

Phase map

Figure 6.8 EBSD/SEM images of furnace cooled Te dlloy (a)band contrast image
of the transformation products (b) Orientation ineagf the same region in (a), showing
that orientation of grain boundaryr and Widmanstattem is similar only when not
interspersed by, in between (c) Phase map of the same regionifididate bcgs and
blue indicate hcpa). The rotation of unit cells in A, B and C are alslearly
superimposed. (Inverse Pole Figure is same agumd 6.5(c).
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map and phase map, suggests that similar oriensatice selected between two regions if
there is no bc@ in between. Hence, it can be concluded that tiseeetendency for variant
selection mechanism to operate in Ti-7Mo alloy, uifio there is no strong evidence for
variant selection mechanism.

The orientation of the diffusional grains in the interior of the high temperat@rgrains in
furnace cooled Ti-7Mo alloy was studied high retiolu by OIM in TEM. The results are
shown in figure 6.9 (a-d). BF image in Fig. 6.9¢apws the presence of lameltaand
phases. The orientation map in fig. 6.9(b) showss dhentation ofo. and phases. The

identification ofa andp phases is carried out using the phase map inefi§La(c).

Figure 6.9 Orientation imaging studies in TEM farrface cooled Ti-7Mo alloy, (a) BF
image showing lamellae af and g phases originating from grain boundaty (b)
orientation imaging map, (c) Phase map (greeand red -3 ) and (d) reliability map.
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The orientation ofa phase is predominantly similar within a colony, ttwismall
misorientations. But adjacentcolonies have completely differing orientationssagn from
figure 6.9(b). The reliability map in figure 6.9(dliggests the reasonable indexing aindf3
phases used for fig. 6.9(b) and 6.9(c). Confinimgegions with high reliability index, it is
clear that the orientation of all adjacemtcolonies are different, thus reconfirming the
absence of variant selection mechanism even dgtow furnace cooling of Ti-7Mo alloy.
This could be understood in terms of high residdimoe during furnace cooling, promoting

diffusional transformations in this region.

6.3 Reasons for the possible absence of variargc@n mechansim

The complete absence of variant selection mechamsht1Mo and weak tendency in Ti-
7Mo can be understood based on relative role ainated and mechanical driving forces for
thep to a transformation. As stated in introduction, theiant selection mechanism is
dominant when the ‘mechanical’ driving force fortkransformation is dominant. In the
present study, there was no external stress andatin@les have not been subjected to any
deformation, at any stage of the experiment folMie alloy. However, Ti-7Mo alloy was
compressed prior to solutionising. Hence it appe#nat the different types of
transformations are allowed to proceed predomiganyglthe ‘chemical’ driving force. It is
expected that the advantage of lowering the seagrgyvia., variant selection mechanism
under the experimental conditions of the presentdystis not too high in terms of
minimization of strain energy of the system. In7Mo alloy, where prior deformation was
present, there is signature of weak variant s@eatechanism, in regions which have
undergone Widmanstatten transformation. Hencep#tavior of the two alloys studied,
suggest that mechanical driving force has ® dominant for the variant selection

mechanism to operate.
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It has also been shown in literature [1, 9, 10} tha system has “memory” of the selection
mechanism, during any stage prior to the specifiasp transformation. Karthikeyanal.

[1, 10] have shown that the deformation texturéugrices the subsequent recrystallisation
and transformation textures. It is also shown th#lhe system is taken to liquid state, by
erasing the memory of any type of previous histagriant selection mechanism is not
operative. J. Romero [2] has observed hardly anyiant selection duringa -3
transformation in a Zr based alloy, when fhsolutionising is carried out for very long time
at temperatures far higher th@rtransus. This suggests that the recrystallisaggture of3
could probably be due to incompletenessuofs (3 transformation. Thus, variant selection
mechanism is unlikely if the parefit grains have truly random orientations and no/not

enough deformation is applied to the systemhas been the case in our present study.

6.4 Summay

The orientation imaging microscopy studies usingS&nd TEM have confirmed that
variant selection mechanism is not strongly opegain Ti-xMo alloys (x=1,7wt%) , for the
cooling rates employed in the present study. Tleemde of variant selection mechanism is
understood in terms of absence of / insufficientimamical driving force and domination of

chemical driving force for the transformation ofjhitemperature parent bBghases.
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CHAPTER 7

CHARACTERISTICS OF B—® TRANSFORMATION IN Ti-15Mo
ALLOY

7.1 Introduction

B—o transformation in Ti/Zr alloys has provided aguhise for physical metallurgists, due
to the interesting insight that this transformatadfers. Additionally, the necessity to develop
titanium alloys for biomedical [1] applications hdsven extensive research in the study of

mechanical properties of forming titanium alloys.

The earliest detection of' in Ti and Zr under pressure was based on XRDistu[2]. The
formation ofw was proposed based on similarity with the stradtdetails of &’ in Ti-V, Zr-

Nb and Zr-V, which generated intense interesp-+im transformations subsequently. The
extensive literature available so far have confantee conditions with respect to alloy
chemistry, pressure, temperature and rate of apalinder which th—w transformation in
titanium and zirconium alloys is favoured [3]. Thesbservations have been understood in
terms of existence of favourable e/a ratio, andseqgbent detailed rationalisation based on
electronic structure [4, 5] and lattice dynam@s{]. Thep—w transformation is understood
in terms of “lattice collapse mechanism” and theeinand growth of “displacement wave
vectors” due to minimization of free energy cor@sbing to specific displacement
amplitude. It is shown thal—w transformation proceeds by collapse of {lgIlanes,
wherein the extent of collapse dictates dhtd be either hexagonal [8] or trigonal [9], which
is dictated by the amount @fstabiliser in the alloy. The morphology @fin Ti/Zr alloys is

either ellipsoidal or cuboidal, depending on thiabee between misfit and interfacial energy.
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The p—o transformation can proceed either by a displaanezhanism during quenching
from the 3 phase field, leading to athermal or by a diffusional mechanism resulting in
isothermalw. The degree of collapse and amount of displa@teermalw, increased with
cooling rate. Strong diffuse scattering in neutrelectron and X-ray diffraction patterns,
characteristic of athermab, confirmed the deviation from ideality in the egfed lattice
correspondence. The partial collapse of (F2pJanes, in athermal, resulted in retention of
trigonal symmetry along <111> direction of bcc,de@ to incommensurate structure. In
contrast, isothermab is found to grow around the embryos of athermaby out-diffusion
of B stabilising solutes, which subsequently act aseation centre for hcp. The degree of
collapse is complete leading to discrete diffrattiotensity maxima, dividing the reciprocal
lattice vectorgii, of B phase into three equal parts. The completion damse yields a

hexagonal symmetry to the product with a commenswtaucture.

The ‘w phase particles in titanium and zirconium all¢§gs10-13] are known to significantly
strengthen the alloys, with a concomitant reduction ductility, leading to & -
embrittlement”. In early days, Silcock [11] propdshat the embrittlement could be due to
one of the following three reasons: inhomogenetipsor unfavourable orientations of three
variants or the coherency strain [pintroduced byw. Wen-Fu Ho [12] have attributed -
embrittlement to dispersion hardening of the allagd found [3] to be significant for volume
fraction of w higher than 0.6. The micro-void coalescence mashawof failure is reported
[3] in w containing alloys, wherein the dimple size wasnfibio depend on ductility. The
strengthening mechanism was found to be eitherdsgipg [3] ofw particles, or “shearing
mechanism”. Of late, the emphasis on developmetiagmmedical implants has provided a
large impetus for the development of low modulusyal The steep increase in modulus

values in the @ containing titanium alloys, has motivated recspurt of modelling studies.
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These studies have been successful in predictengamposition of titanium alloys, to avoid

w and achieve modulus compatible with bone.

One of the proposed reasons for the brittle natdreo containing titanium alloys is its
covalent nature of bonding, for which there is npec confirmation, despite extensive
studies on electronic structure @fphase. Early studies have proposed two modelthéor
electronic structure ofay in Group IV transition metals and alloys: loaation of ‘d’
electron model of Jamieson [2] and graphitic bngdinodel of Doherty and Gibbons [5].
The former is based on application of Pauling’'semak bond model to the observed
interatomic distances, which could explain the regmb changes in volume and electrical
resistance of Ti and Zr under pressure. The |attedel is based on the different types of
bonding in the two different sites ofv” one of metallic nature and the other of covalent
nature using sdhybridized orbital, similar to $pin graphitic structure. However, both
models suggest reduced metallic character wf phase compared t@ or 3 phase.
Subsequent studies on temperature and pressuraddge of electric field gradients, XPS
studies and band structure calculations, suppertgtiaphitic bonding model, which could
also explain the high hardness af tontaining alloys and hence is widely acceptezlv @b
initio calculations have extended [4] the calcwias to the maps of electron localization
function, which show only the non-spherical natafeelectron density around atoms. Some
of the first principle calculations have suggestkd non-uniform strength of bonding in
different planes of, based on correlations between crucial interatafistances. There are
very few studies on the nature of bondingoathat too, only in pure titanium and Ti-V alloy
[14-17]. In this context, the current study on biogdof various metastable phases using

XRD in Ti-Mo appears to be the first experimentadiapt.
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The current chapter 7 on “Characteristics bf o transformation in Ti-15Mo alloy”
presents the Rietveld analysis of XRD patternsgusynchrotron and Cu<K sources and
phase contrast microscopy of product phases of tagiperature bc@ phase in Ti-15Mo
alloy, after quenching thg phase at different cooling rates and isothermpbsure at 748K.
The comparison in the characteristicsuf' and®"*°, the nature of bonding ia"° and the
strengthening mechanism by the formation «f are highlighted based on unit cell
dimensions, interatomic distances, 3-D strain ithigtion, electron density distribution maps
and atomic column contrast images from hgpbcc 3 and hexagonab. The characteristics
of o™ andw'™ are compared with respect to the extent of digpfent during the ‘lattice
collapse mechanism’, symmetry of the phases andpmotogy, using Fourier filtering
technique to image atomic column contrast, forftfet time in literature. ldentification of
iso

‘graphite-like’ bonding in®™" based onthe interatomic distances and electron density

distribution is another novelty of the present stad

7.2 Characteristics of» phase

The results on Rietveld analysis of XRD patternagisynchrotron and Cu#Ksources and
phase contrast microscopy of product phases of tagiperature bc@ phase in Ti-15Mo

alloy, after quenching th@ phase at different cooling rates and isothermpbsure at 748K

are presented in the sequence of characteristis&oaindw'.

7.2.1 Characteristics of athermak» phase

The unambiguous characterization of crystal stmgctletails, micro structural parameters
and bonding characteristics ®fphase requires high quality diffraction data. Tikisendered
difficult in XRD studies of Ti-Mo alloys, due to ¢hlow intensity of unique peaks ofand

overlap in high intensity peaks @fandw® phases. Hence, synchrotron XRD experiments
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have been carried out to enhance the intensityn@fue, low intense peaks af. Another
method to obtain reliable, measurable intensityunique ® peaks is to promot§—w
transformation. Extensive studies have shown thatease in the cooling rate promotesfthe
—o transformation. Hence, different cooling ratesbo€ 3 phase were employed, to study
™ in Ti-15Mo alloy. Figure 7.1(a-c) shows the opticaicrographs of Ti-Mo quenched

from B phase in three different media, like ice-watemdand liquid nitrogen.

100 ym

Figure 7.1 Optical micrograph of Ti-15Mo alloy quered fromg phase into (a) ice water
(b) brine solution and (c) LN2 showing large graofg.

The micrographs, as expected, do not show any eegdef phase transformation. Hence,
further studies were carried out using synchro&b and the results are described below.

7.2.1.a Synchrotron XRD studies of quenched Ti-15&ltoys

The synchrotron XRD image plate data of brine ghedalloy of Ti-15Mo is given in figure

7.2.

Figure 7.2 Synchrotron XRD from brigeenched Ti-15Mo alloy.
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It is clearly evident that the few continuous rirtgsat are visible are too broad, with non-
uniform angular distribution of intensity. Additialty, the pattern is very noisy. These
observations could be directly understood in teomkigh lattice strain, overlap ¢f andw
peaks and possible texture. The large grain siZr(in) and the static nature of the sample
during data acquisition resulted in variations he tintensity of the peaks. The data
acquisition time of ~10 to 20 seconds for the imgglate was optimized after 4 to 5 runs, to
enable detection of resolvabiepeaks. In the process, a certain degree of satarat high
intense} peaks was unavoidable. Hence, the Rietveld asatysild not be carried out, due
to the inaccurate information on the intensitiesddfracted peaks. Despite all these
difficulties, synchrotron XRD was continued onlyr flhe confirmation of formation ofo,
especially in view of the fact that existing literee could not confirm [12, 18, 19] the
presence oty in this composition of the alloy using conventibX&D, though expected
based on TEM evidences [12]. Similar data was abthior other two quenching rates also.

These data were converted to | ot using fit2d software. The plots o¥$ 20 for the Ti-

15Mo alloy3 quenched at three different cooling rates are shaviigure 7.3.
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Figure 7.3 1 vs 2 plot of synchrotron XRD data, using fit2d softwai@ Ti-15Mo alloy

guenched from thg phase at various cooling rates. Unique peaks afe clearly seen.
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The detection of discernable (11.2) peakubhase, unambiguously confirms the presence
of ® phase in these samples. Most of the high intepsigks of3 phase are coinciding with
that of . However, unique low intensity peaks (00.1), (J,1(00.2) (11.2) of» phase are
also clearly visible for all quenching conditiotsowever, reliable quantitative estimate of
volume fraction using peak profile analysis of XR&tterns could not be carried out. In order
to obtain convincing evidence for formationfphase, data acquisition time was optimized
resulting in unavoidable saturation Pfphase peaks, which made it difficult to calculate

amount ofw phase.

The occurrence @ to o transformation during quenching at temperaturesrevtthe self or
solute mobility is too low suggests the displaanature of transformation, as expectéte
observation of unusually broad peakswo$uggests that these particles are expected tmobe t
fine, of nm size with high amount of locked in ledt strain. Additionally, it is observed that
the (00.1) peak is dominant for LN2 quenching less dominantbirine quench and almost
invisible for water quench, while (00.2) peak doed follow the same trend. This could
possibly be due to texture effects intensifying (@@.1), peak, due to thp grain size (~0.6
mm) of the stationary sample being larger thanitioedent beam size (300x300um). The
synchrotron experiments on alloys with differenbtlony rates were useful to confirm the
formation of athermab phase in Ti-15Mo alloy.

The reported composition range of Mo in Ti-Mo systén whichw is known to form is ~10
to 20 wt% Mo [20-22], of which the low concentraticange is more favorable. Most of the
evidences in literature, for the formation ofin B quenched Ti-Mo alloys, originate from
electron diffraction studies. The XRD studies terdature could not detect the unigug@eaks
and there are hardly any studies using synchroti®D to study this aspect. Conventional

XRD analysis could be comfortably used to confitme formation ofo phase in the low
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composition range. However, 15wt% Mo falls slightibove this composition range
favorable foro phase formation. Conventional X-ray diffractiomdies have reported only
the retention off phase in Ti- 15Mo alloys, as it is unable to detke uniques phase peaks
[23]. In this context, present synchrotron XRD stégcconfirming the formation @b phase in
parent bcd3 matrix in the same alloy composition, whesecould not be detected, assumes
relevance. The effect of rate of cooling in thesee@f3 to o transformation has been
demonstrated [3] as early as 1969, in Ti- 6 wt%allyys. Cooling rates as high as 11000
K/s, could not prevent the formation @fphase [10]. Electron diffraction studies have show
that the intensity of diffuse scattering decreaséth appearance of discrete spots with
cooling rate [7], suggesting an increase in the wmhof o phase. However, there is no
systematic study of the unit cell dimensions ofduat phases with cooling rate.

The lattice parameter of andp phases at different quenching conditions couldebeeved
based on analysis of figure 7.3. The lattice patarsewere determined using MAUD
(Material Analysis Using Diffraction) Java basedffe fitting code [24]. The refined lattice
parameters for both phases at different quenchamglitons are given in Table 7.1 which
does not show any significant change in their v@lue

Table 7.1 Lattice parameters @dand S phases in8 quenched Ti-15Mo alloy

guenching Lattice parameter | Lattice

medium (o phase) parameter (bds)
au(A) coA) |3 (A)

Ice water 4.5751 2.7828 3.2503

Brine 4.5451 2.8153 3.2387

LN2 4.5594 2.8413 3.2412

There are reports in literature, which show théugrice of quenching conditions @nto w
transformation. De Fontaet. al.[7] observed change in the intensitywtiffuse scattering
in the SAD analysis depending on exposure condit@ndifferent temperature in Ti-15Mo

alloy. However, systematic XRD analysis of variaian the unit cell dimensions af with

158



guenching rates is very few in literature. Theurfice of Rietveld refined lattice parameter
on quenching conditions of athermalphase is established using synchrotron XRD in the

present study, for the first time to the best ef éixisting knowledge.

The high background and discontinuity of the syontion XRD patterns in figure 7.2
restricted the analysis to only calculation of wetl dimensions. Since the main purpose of
the synchrotron XRD experiments was to idendifphase, the data acquisition time of ~10 to
20 seconds for the imaging plate was optimized dft® 5 runs, mainly to enable detection
of resolvablew peaks. In the process, a certain degree of saturax high intensgd peaks
was unavoidable. Hence, the Rietveld analysis coatdoe carried out, due to the inaccurate
information on the intensities of diffracted peakghe entire pattern. The detailed, reliable,
guantitative Rietveld analysis could be carried wgihg conventional XRD of isothermal

i.e.,» *° which is explained later.

7.2.1.b Phase Contrast Microscopy Studies of quastii-15Mo alloy

Having unequivocally established the formationwfin the 3 matrix of Ti-15Mo alloy
guenched in all cooling rates, detailed high resmuTEM studies were carried out in the
water quenched alloy to complete the microstruttetaaracterization. The details are
presented below. Figure 7.4 (a&b) shows the brighd image and SAD pattern of the Ti-
15Mo alloy, water quenched from above fhgansus. The bright field image does not show
any ‘mottled’ contrast, oto. However, the SAD pattern in figure 7.4 (b), takedong the
[110] zone axis of bcB phase, shows clearly the presence of primary measinad secondary
maxima associated with diffuse scattering of tieensity along preferred orientations. The
primary maxima clearly corresponds to ficmatrix along [110] zone axis, as revealed by the
indices of the reflections marked in the figureeTualue of unit cell dimension of bgg

measured based on the SAD is 3.47 A, which is dogbat of the value from synchrotron
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results (Table 7.1). The secondary maxima withagirey were analyzed to be from with

the zone axis along [2-1-10]. The diffuse scatigin the reciprocal lattice sectionswihas
been confirmed as a strong ‘signature’ of the inglete nature op—w transformation [7],
which is known to proceed through “lattice colldpseechanism. In contrast, the SAD
pattern shown in figure 7.4(c). from the alloy qcieed in liquid nitrogen shows the reduction
in the extent of diffuse scattering along with E&se in the intensity of discrete spots at 1/3,
2/3 di1o. This observation suggests that liquid nitrogermgplning has promotefl —w

transformation, in agreement with reported literafr].

[-110]8, <2-1-10>w (c) [11318, <2-1-13>w

* s ot *

R .
<1 ] 1 ’ .(u$ -

\’*-_\ j N,
0.5 it '“\ 3

Figure 7.4 TEM micrographs of Ti-15Mo alloy (a) dink field image; the entire region
corresponds to bc@ and the size ab is below the detection limit and (b) SAD pattelong
[110] 4 for ice water quenched alloy and (c) SAD pattetong [113]s for LN2 quenched
alloy.

Figure 7.5(a) shows the SAD pattern taken fromayetther zone axis @ phase in the water

guenched Ti-15Mo alloy. The diffraction patternaisalyzed to be along the zone axis of
<102x . The secondary maxima in this SAD pattern could meyaed to be from [2-1-16]
zone axis ofw phase. The SAD pattern shows that the spots wi#nsity less than the
primary B spots divide the g vector into three equal distances. The dark figldge in
figure 7.5(b) is imaged using (20.zl)eflection [circled in figure 7.5(a)], confirminthe
uniform distribution of nm sized particles, in tune with the very broad peaks olesgiin

the synchrotron XRD patterns of figure 7. 3. Itisarly seen that second phase particles of

nm size, of various shapes are uniformly distriduteoughout the matrix.
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[102]B, <2-1-16>w

Figure 7.5 TEM results of ice water quenched Ti-t68loy. (a) The SAD pattern along
[102] zone axis of. (b) The dark field micrograph imaged using (20sfdt (circled in 4a)
from<2-1-16>».

In order to image the lattice planes of the coustit phases, phase contrast microscopy was
carried out. As per the previously reported HRTEMuits, it is stated that resolving of the
collapsed atom pairs along the <111> directiorhefgarenf matrix individually is difficult
due to the resolution limit of the microscope uf&sl 26]. Even though Sukedei. al.[27,

28] attempted to show the coexistence of regions sfructure as well as regions with two-
dimensionally-ordered linear defects, the atomgpldicement for the transformation i
matrix could not be imaged perfectly. In the présstndy, it is demonstrated that the well
resolved images of atomic columns of single var@into could be obtained to study the
‘lattice collapse’ mechanism, by using advancetdriihg techniques. This method chooses

Inverse Fourier Transform images using reflectifvam only one variant of the to image

the lattice planes ab phase.

Figure 7.6 (a) shows the HRTEM image recorded altheg[-110} zone axis. The inset
shows the FFT of the entire image in figure 7.6()s difficult to distinguish the lattice

fringes corresponding § andw phases from figure 7.6(a). However the FFT unaoigly
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confirms the presence of the two types of lattiddse similarity between the inset in figure

7.6(a) and figure 7.4(b) also is clearly obsena=dexpected.

BRI FFT of region A

Figure 7.6 HRTEM images of Ti-15MoWQ alloy. (a) HERT lattice image recorded along
the [-110]z zone axis; inset shows the FFT of this image; nil@gnified image showing
atomic column contrast variation in different regg The regions A and B show KEmatrix
contrast in [110] zone axis; (c) The FFT is takeonfi region A and B in figure 7.6(b).

An attempt was made to identify the lattice planéshe two phases in figure 7.6(a) by
magnifying a chosen region of figure 7.6(a), whishshown in figure 7.6(b). This figure
reveals the presence of different atomic columrtreshin different areas of the image. The
left top region (marked as A) in figure 7.6(b) sisothe well resolved atomic column
contrast, revealing the presence of two sets ofgslaperpendicular to each other. The
intensity profile along the two perpendicular dtress, yielded the average interplanar
spacing of the two sets of planes to b 2.366 A and g, =1.659 A. These values agree
reasonably well with the expected ‘d’spacings ofilO)g and (002). Based on this
observation, the directions are marked in the regiof figure 7.6(b). The FFT of region A
shown in figure 7.6(c) shows that the intensityr@flections corresponding  is far too
high compared to that @b. The analysis of the intense spots in FFT takéecgeely from
region A [shown in figure 6(c)] enables the identtion of region A to be mainly from bcc

B matrix, as expected. After properly aligning tHeTFwith the lattice image, the (002) and
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(110) planes off matrix could be unambiguously identified and madrke figure 7.6(b). In
the same image, region B (the right part) showszayf contrast, where the atomic columns
are not well resolved. The FFT of region B, alsoveh in figure 7.6(c) shows that the
intensity ofw reflections is far too higher than that of regm@and intensity of reflections of
B has reduced considerably compared to region Ae drtalysis of reflections stronger than
corresponding FFT of region A, confirms that thesgespond tao phase. Thus, the results
of the present study shows that it is impossibl®ltain phase contrast image form only
either3 or w and the observed phase contrast image alwaysigsm@ntributions from both
w andp phases. This is mainly due to the fine sizeoqfarticles, leading to sandwiching of
particles inf3 matrix, within the thickness of the thin foil. ke, additional filtering and
inverse FFT procedures are essential to imageattied planes of onlyo and these are

discussed below.

An attempt to image the lattice planesupfneeds to take into account another factor, namely
existence of four major variants af (w; to wy). Of these variantgshe SAD pattern along
<110, would contain reflections from two variants, andwy, due to the presence of two
<111> directions at an angle of 70.5°, in the (1p@ne. The reflections frors and wy
overlap with reflections o8 phase which get filtered, wh¢hreflections are filtered out, to
image single variant ofo phase. Hence, viewing the lattice planes of singleant of w

requires simulation of diffraction patterns antefiing from the reconstructed FFT patterns.

As a first step, the diffraction pattern of <1}0end <2-1-10> otw andwy, are simulated
[figure 7.7(a) -7.7(c)], using the input parametéfigure 7.6(c)) from the FFT of the
experimental phase contrast image. The superpoffi@ll the above three simulated SAD
patterns were carried out based on information aboentation relationships betwepr& o

andwl& 2,
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002 -1-12 -2-22

Figure 7.7 Simulation of diffraction patterns @fand w phases. (a) diffraction pattern of
[110] 4 (b and c) diffraction patterns @; andw, along <2-1-10> zone axis, oriented at 70°
with each other;(d) The superimposed diffractionitgra of 8 with w1 and w, and (e) Final
SAD pattern including double diffraction spots (kedt as x). Notice that figure 7.7(e)
matches well with the experimental pattern in fegdr4(b).

The circles in figures 7.7(a) to 7.7(c) show theertapping reflections of <22B>and
<0003 in the individual SAD patterns. Figures 7.7(b&ck ariented at 70° with each
other. Figure 7.7(d) shows the superimposed SABepatontaining3 and the two variants

of w phase. The final reconstructed SAD pattern aloa@03 shown in figure 7.7(e)
includes the double diffraction spots (marked aalg®, as has already been observed during
the analysis of figure 7.4(b). Figure 7.7(e) isrfduo match well with experimental SAD

pattern in figure 7.4(b). However, the diffuse akiag observed in the experimental pattern
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in figure7.4 could not be reproduced in the simafgtsince the different degrees of lattice

collapse inm domains are not incorporated in the simulation.

The last step is to view the lattice planes of amhe variant ofw, using the inverse FFT of
the reflections corresponding to only one variagntoo The Fourier filtered image of figure

7.6(a), corresponding to only one variantopis shown in figure 7.8(a).

The circled regions in figure 7.8(a), correspondut@hase, embedded in the remain[hg
matrix. The co-existence @ andw phases, as has been discussed earlier, is relsigofusi
the well resolved lattices of both, seen in figit8(a). The viewing plane corresponds to
{110}g. These circled regions correspond to the embryosooln order to view the
displacement of lattice planes @fmore clearly, the circled region is enlarged amovg in
figure 7.8(b). Comparison of two lines along <0B2one withinf3 and another including the
regions offy andw, clearly reveals the atomic displacement wittjrieading to the observed
difference in the contrast. The unit cellpfindw are also marked in the figure 7.8(b). The
orientation relations are clearly followed in tladtice images shown in figure 7.8. Tidike
embryos of size 2- 5 nm embedded in fhmatrix shows coherent nature with the matrix, as
shown in the line profile [figure.7.8 (c)] of intgities of atomic columns along line marked in
figure 7.8(b). The experimental image shown gufe 7.8(b) was compared with image
simulated using multislice simulation. The best ¢hatg of the simulated and experimental

image could be obtained only if trigonal symmetfyods considered.
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Figure 7.8 (a) The Fourier filtered image afl reflections. The encircled region shows
like embryos (b) Enlarged image ®flike embryos shows the unit cellfwith orientation
relationship withg (c) Intensity line profile taken along AB markedi

Thus the phase contrast microscopy of water quehdmd5Mo alloy enabled the direct
imaging of lattice planes oo and (3 lattices, showing the adherence to the proposed
orientation relation, displacement of atoms insidembryos and the coherent nature of the

interface.

The synchrotron XRD and HRTEM results presentedvalm o™, can be summarized as
follows:
1. o phase formation is confirmed using synchrotron XRD Ti-15Mo alloy,

guenched from thp phase at three different rates of quenching.
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2. Homogeneous distribution of 2-3 nm sizedlusters in th@ matrix is demonstrated.
3. Phase contrast microscopy was carried out to inzgeic column contrast, from

f ath

single variant ofw™, confirming orientation relation witf3 matrix, atomic displacement

insidec®™ and the coherent nature of interface betwgandw.

7.2.2 Characteristics of isothermats phase

The equilibrium phase diagram of Ti-Mo system con§ that the alloy of interest (Ti-15Mo)
to the present study exists in the two phase féldcpa and bcd3, up to a temperature of
approximately 1073 K. However, quenching followed dhorter durations of exposures at
temperatures ~ less than 773K, suggests the famaif isothermalo, i.e., WJ*° It is
expected that the thermal activation could prontbte kinetics and extent gfi—~wo phase
transformation. In order to arrive at the Rietve#dined accurate lattice parameters, the
microstructural ‘strain’ parameters and the bogdmature, conventional XRD studies were
carried out on the Ti-15Mo alloy, isothermally agatd748K for 24 hours after ice-water

quenching fromB phase. In order to compare the extent of transitiom with o™ phase

contrast microscopy was carried out and the reautpresented below.

7.2.2.a Rietveld Analysis of XRD of aged Ti-15Mdogl

The optical microstructure of Ti-15Mo alloy aged 248K for 24 hours followingB
guenching is shown in figure 7.9. TRegrains of size in the mm range are clearly visihle
the optical micrograph of the alloy. Usually, theaig size off in titanium based alloys is
known to be very high and is understood in termsexdeptionally high self and solutes

diffusion coefficients, in the high temperatfg@hase.
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Figure 7.9Microstructure of Tid5Mo aged alloy showing isothermal phase formatiol
inside the large grains ¢f phase.

The uniformly distributed equilibrium phase is marked in figure 7.9. The Rietveld refi

XRD pattern from aged Ti5Mo alloy is shown in figure 7.1
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Figure 7.10Rietveld refined XRIpatterr of Ti-15Mo aged 748 K/24 hours showing prese
of a, 5, andw phases.

The input parameters for the initial model torare as follows (ICDD # (-007-2125)[29]:
space group symmetry: P6/mmm, lattice parametera=8s4.625A° and c=2.813A° al

atomic position as(000) (1/3, 2/3,1/2). The values foridguum o andp were the same
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that referred by Sabeee# al.[30]. It may be noticed that the hexagonal symynfgr o has
yielded Rp and wRp values as small as 0.08 and 6dirming the symmetry a6 to be
hexagonal. Care has been taken to derive amounb-ekisting phases from a textured
sample during the refinement. The crystal structletils with weight fraction of all phases
obtained during Rietveld refinement of conventiod&®D analysis of Ti-15Mo aged sample
are given in Table 7.2. Based on the unit cell disnens in Table 7.2 and the geometry of the
relevant planes of parent b@cand hexagonab, the complete degree of displacement is
estimated as 0.3 A.

Table 7.2Rietveld refined crystal structure details of Ti-W® alloy aged at 748 K for 24
hours.

PHASE | Space Lattice parameter (A) Atomic wit
group Position fraction(%)
A b C
HCP P&/mmc | 2.9483 (6) | 2.9483 (6) 4.6618 (D) (1/3, 2/HY.2 52
BCC Im-3m 3.2506 (2) | 3.2506 (2 3.2506 () (0,0,0) 23
Omega | P6/mmm 4.5899 (10) 4.5899 (10) 2.8254|(3)0,dD, 24
(1.3, 2/3,0.5)

Reliability factors : Rp=0.0837, wRp=0.1086, GoF3 1

The unit cell ofo was found to contract durirfiy— transformation. The atom positionsen
listed in the Table 7.2 correspond to 1a and 2d Réfymotations, corresponding to the one
atom in position ‘a’ and two atoms in‘d’ positiadowever, the present diffraction data could
not identify if the titanium and molybdenum atonmmefprentially occupy these atom sites.
The volume fractions ofi B and w phases, were calculated using peak profile arsalysi
XRD pattern. The analysis confirmed the presericg286 of a, 23% ofp and 24% ofw
phases. If equilibrium is achieved, the amountaégistinga andp phases, as per the phase
diagram, at 748K happens to be around ~75% mfase and ~25% @fphase. However, the
presence of ~24% ab suggests that the system has not achieved equmhbit is known

that the metastable, being depleted of Mo acts as nucleation sitesfand will transform
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finally to a. If this is also accounted for, the amount of gtng phases measured
experimentally, match reasonably well with the extgagon from phase diagram.

The next step is to calculate the charge densstribution of the three phases using the
structure factors calculated using the refinednisity of diffraction peaks. Since the bonding
in equilibrium phases, hcp and bccp are conventional ‘metallic’ in nature, the current
discussion would confine to that of only hexagomnalThe nature of bonding is known to
influence the bond lengths and interatomic distanEer this purpose, the nomenclature used
in literature is extrapolated: Assuming the twonagoin Wyckoff 2d positions to be a sub
lattice of B atomsand that of 1a to be of A atoms (not based on ‘cbiey), the relevant
interatomic distances gda, d a5 and dg_g and co-ordination numbers are measured and given
in Table 7.3 and indicated in figure 7.11(a). Thealkies have certain implication on the type
of bonding inw unit cell, which will be discussed in section 2.4.

Table 7.3 Bond Length (BL) and Effective Co-ordinah Number (ECN) of the product
phases

Comp. hexagonatu bce hcpa
wit%
BL ECN | BL ECN | BL ECN
Ti-15Mo | dgg - 2.81640(16)| 8 2.8877(5)2| First
2.6518(3), 9 .9501(4) Neighbors: 6;
daa - Second
2.8265(4) Neighbors
da-s 30049(3) :11.9156
Ti-25Mo 2.81348(3) 8
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(c)

Figure 7.11(a)w unit cell; The effective bond length and chargesity distribution of (b)
(00.1) (c) (00.2) and (d) (12.0) atomic planesiif phase of aged Ti-15Mo.

The direct information on nature of bonding withifi’ in Ti-15Mo alloy could be obtained
using electron density distribution maps, as staadier. Figure 7.11(b-d) shows the two
dimensional electron density distribution mapshreé planes: (001) with A-A atoms, (002)
with B-B atoms and (1-20) with A-B atoms. It is tuclear that the bonding in (001) and (1-
20) planes is predominantly metallic, with mostoé charge density distributed spherically
around atom centers and low uniform distributiotwaen atom centers. However, the charge
distribution in (002) plane is strikingly differenwith a strong non-spherical distribution of
charge around the centers of B atoms. This suggestsong anisotropy in the nature of
bonding. However, the vertices of the triangulagph of the charge density are not
‘touching’ each other, which would be expected @ralbly along with a region of overlap of
charge density, if the bonding between B atoms wevalent in nature. Hence, current study
suggests that there is no clear evidence for stconglent bonding between the atoms in the

w phase. This aspect will be discussed later in ection with the interatomic distances.
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As stated earlier, there is very little literat@w@ncerning the direct evidence for the nature of
bonding. The interatomic distances and their cati@h to certain bond lengths have been
used to derive inferences regarding the natureonéling and even the type of atoms in the A
and B sublattices, which will be further discussedection 7.4.2.

Rietveld analysis of XRD peaks of aged Ti-15Mo wllcan also be used for deducing
microstructural parameters like the size of cohedkenmains of co-existing phases and the
microstrain locked up within the lattice of thedbrphases. While an attempt was made to
calculate the microstructural parameters, it wamdbthat the large grain size, overlap of
intensity from three different phases made the yammalvery difficult, to obtain reliable
coherent domain size. However, the 3-D distributbbmicrostrain could be arrived at using

the experimental data. The Williamson — Hall platsthe three co-existing phasesf3 and

w phases are shown in figure 7.12.
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Figure 7.12 The Williamson Hall plots for the threm existing phase®, fandw.
It is observed that the plots are linear with vigitle scatter fora and3 phases, while the
phase shows a lot of scatter in the data, suggestin anisotropic strain fow phase.
Generally, the values of slopes for all the phasessmall. However, the equilibrium lattice
of a shows very low strain, as expected. Thand3 phase lattices appear to have higher
locked in strain relative ta phase. The actual values of the total strain éntkinee lattices

are marked in the figure.
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An attempt was made to identify the anisotropiaurabf strain in the three lattices a, 3
and w. The 3dimensional strain distribution in the three-existing phasea,  andw are

shown in figure 7.13.

25000 -25000 50000 -50000

Figure 7.13The 3D microstrain ellipsoid with 2D contour of @)(b) a (c) £ phase. Strain
is more forw phase comparing the other two phases. The scalegflot isd/d X 10P.

Similar results have not been so far reportedterdiure for the titanium based alloys. I
clearly seen that the strain distribution is notropic. The variation in the strain distributi
is a combined effect of anisotropy in elastic cantt and the microscopic stress field cat

by the matrix in which the three phases ar-existing.

7.2.2.b Phase Contrast Microscopy Studies of age-15Mo alloy

The microstructural characterization w®° was carried out using conventional TEM ¢
phase contrast microscopy, which is explained befgure 7.1(a) is the SAD pattern of
the aged alloy, showing the presenc3 andw. It is clear thathe SAD is along <110> zot
axis of the bc@ matrix and <-1-10> ofw. The unit cell dimensions, measured using fi
7.14(a) are as followspa 3.263 A; g = 4.655 A; ¢ = 2.845 A.In this orientation, the nc
overlapping reflections ob phase, alor the zone axis <2-10>» are clearly observed.
comparison of a similar pattern for the®" in figure 7.4(b) shows that there are disti
differences between tHeAD patterns oto, before and after the isothermal annealAfter
isothermal annealinghé secondary intensity maxima corresponding fthase have becor
stronger than that of athermal The diffuse intensity has completely disappeataghesting

the completion of the displacement/collapse of atom (111z planes and hence the
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formation ofw phase. In continuation of the presence of tweaws ofw, discussed earlier,

it can be seen from figure 7.14(a) that it considtenly one variant of and the reflections
of the second variant are very weak. Figure 7.1d(lows the dark field micrograph imaged
using (01.1) reflection of the SAD pattern alongx20>, (encircled in figure 7.14 a). The
uniform distribution of 50-100 nm size ellipticahnpicles ofw, in the matrix is clearly seen.
The major axis of all the ellipsoids which are iredgare parallel and lie along <222>
correspond to a single crystallographic variantagfout of the four possible variants,
expected as explained earlier. Thus, it is confirieat the isothermal exposure of the water
guenched Ti-15Mo alloy results in the formationptdtes ofa and uniform, fine, ellipsoidal

particles ofw in B-bcc matrix.

(011w

Figure 7.14 (a) The SADP taken along <110>/®Mmatrix; (b) The dark field image with
(01.1), reflection (circled in a) showing th@phase particles.

HRTEM study was carried out to understand the ataoiumn contrast from the isothermal
®"° and hence the degree of displacement of atomis 111} . Figure 7.15(a) shows the
high resolution phase contrast image taken alori@l The FFT (inset) shows the presence
of both B andw phases, as expected based on the fine size*bf Following the same

procedure as explained in section 7.2.1.b, forrathbw, atomic column contrast f@ andw
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is derived and shown in figure 7.15(b). The crystabphic directions parallel to th and

w are clearly marked in the figure.
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Figure 7.15 HRTEM micrographs (a) The hi?h resaantphase contrast image taken along
<110> zone axis of3, (b) The Fourier filtered image shows the boundbepween»’ and
‘Bregion (c) Line profile showing the contrast vai@ of atomic columns ab and S5 in
(110)8 plane along [002F direction taken from the line marked as AB frogufe 15(b).

The line profile of projected intensity is shownfigure 7.15(c) confirming the completion of
collapse inw phase. The multislice simulated image«5f matches well with experimental
image only if hexagonal symmetry is assumed. A@othlevant observation is that there is
no distinct, easily recognizable interface betw#®ntwo lattices oto and3, as shown in
figure 7.15(b). This observation suggests the aaitemature ot in 3 matrix, which would

influence the strength or the hardness of the aisywould be discussed later.
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7.3 Influence ofw phase formation on the mechanical properties oetmaterial

Table 7.4 shows the hardness value of Ti-15Mo ahajifferent heat treated conditions. It is
observed that the hardness for all quenched alfiess than aged alloy. The XRD results
discussed above show that while thepeaks in quenched alloys is extremely difficult to
detect, necessitating Synchrotron XRD, the isotlaéran could be easily detected with
conventional XRD.

Table 7.4 Variation in hardness of Ti-15Mo alloy thi different heat treatments

Serial No. Heat treatment Hardness(VHN)
Ice water quenched 29518

2 Liquid N2 quenched 33815

3 Brine quenched 340411

4 Aged 45017

This suggests an increase in amountwoih aged alloy in contrast to quenched alloys. In
addition, while there is extensive diffuse scattgrnn the electron diffraction patterns of ice
water quenched alloy, the aged alloy showed theepiae of discrete spots af Similar
trend has been shown for LN2 quenched alloys agpaoed to ice water quenched alloy.
This suggests that aging or lowering of quenchiagperature promotes thg to w
transformation. This is the cause for the obselvigth hardness in aged alloy compared to
guenched alloy and LN2 quenched alloy as agaieswater quenched alloy.

It is reported [10-12] that the observed variatinrthe hardness ab-forming titanium or
zirconium alloys could simply be a manifestationirmfrease in the amount of nm sized
particles, due to either increasing the cooling rat the isothermal exposure. However,
additional insight could be obtained in the presgatlies, regarding the contributionwfto
strength of the alloy, based on information abtet bonding nature inside, presence of

variants ofw and the nature of interface betweerandf3, which will be discussed later.
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7.4. Discussion of results

The results presented above are useful in arriairigferences regarding the (a) comparison
of characteristics o™ and w*°, (b) bonding nature within'® and (c) origin of observed

increase in hardness.

7.4.1 Characteristics ofo®" and w*
The results presented so far, provide multiple e@vegs for arriving at the difference in the

A andw*® , which are presented below:

evolution ofw
» The well known orientation relation [10] betweeneasting3 andw phases, during the

formation of ideako, suggest the following relation between unit dathensions:

a, = (\/5) ag andc, = (\/2—5) ag
Table 7.5 lists the unit cell dimensionsflbandw, for quenched and aged samples, thus

revealing the deviation from ideality for athernaald isothermado phases. This suggests

that the extent of deviation from ideality is mdoe athermako phase than for isothermal

phase.

« Diffuse streaking was observed in the SAD pattefrns™ in contrast to discrete spots in
diffraction pattern ofw®. The presence (figure 7.14a) of discrete reflestiat simple
fractions (1/3 and 2/3) of <222>in the reciprocal lattice sections af*® suggesting
trebling of unit cell ofw along that <222>g8 confirms the existence of a commensurate
superstructure. This is to be contrasted with dhservation (figure 7.4b) of diffuse
streaking in the SAD pattern of*", suggesting loss of translational symmetry along
<2223 and hence, an incommensurate structure, with solosanslational periodicity.

* The atomic column contrast images (figures 7.8 aa8) on both the’s show that the

degree of displacement is incompletedif', while it is complete in the case ©f°.
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Table 7.5 Deviation from ideality for athermal anidothermalw

S | Heat | Experimental lattice Calculated lattice Deviation of
. | treatm | parameter (A) parameter(A) experimental from
N | ent calculated (A)
3y Co 3 3y Co A C
(V2a) (V3/2 g
1. | WQ 4.58 2.78 3.25 4.596 2.815 0.016 | 0.035
(0.35%) (1.24%)
2. | LN2 4.56 2.84 3.24 4.58 2.806 |0.02 0.034
(0.44%) (1.21%)
3. | aged 4.59 2.83 3.25 4.59 2.815 0.0 0.015
(0.53%)

« Another feature characteristic @ andw'*°concerns the symmetry af In the case of
o™, excellent agreement between experimental and JEiMS8lated image could be
obtained only if trigonal symmetry is considered][3Similar inference could not be
drawn using Rietveld analysis of Synchrotron XRDdB™, for reasons stated earlier. In
the case ofw™, best Rietveld refinement of laboratory XRD pattemnd agreement
between experimental and simulation images in HRTE&MId be obtained only if
hexagonal symmetry is assumed. These results dugfymsge from trigonal symmetry
of w, in the ‘as-quenched’ state to hexagonal with peg in aging, in tune with
available literature

Based on these evidences also, it is reasonabtEntdude thaty*"is non-ideal characterized

by incomplete collapse of the lattice planes, whihe collapse mechanism is nearly

completed inw°, which has approached close to the ideal conftgura

The extensive literature @f+-o transformation in Ti-Mo system has shown thatekeent of
collapse or the degree of displacement of <222keéaplanes off to formw embryos and its
further growth, depends on the solute content. WM3 system, with Mo, a strongp

stabilizer, it restricts the degree of displacemesgulting in three fold, trigonal symmetry of

w. On aging, out-diffusion of Mo frorw into surrounding3 matrix is expected [26] to occur,
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leading to completion of collapse. When the cokaps more or less complete, reaching a
value of %2 ¢, six fold hexagonado forms. It is also reported that the embryossdbrmed
during quenching act as nucleation site for th@&nversion to equilibrium, hcm, on

prolonged aging [32].

The last feature which differentiate$™ and «*® concerns the morphology of the particles.
The present study has shown that in Ti-Mo systé@,uniform distribution of nm sized
particles were either elliptical (figure 7.14b) the isothermal case, with the major axis
parallel to <111gwhile a similar morphology was not observed (f@itSb.) in the case of
athermalw. This observation is consistent with the repotitiature [33]. The arrangement
of o particles in matrix is known to be a combined effect of int¢i@at between elastic
strain due to atomic displacement and slight volauimenge associated with the 4 variants of
w. The solute richp isomorphous alloys with low misfit strain favordtipgical particles with
their major axis along <113pwhile the solute learfy eutectoid systems with high misfit
strain promotes particles, along <130with a cuboidal shape driven by a reduction in
matrix elastic energy. The misfit strain calculatedhe present study is 0.36%, which is less
than the critical misfit value for ellipsoidal mdrplogy, which is in tune with the
expectation. The arrangementwparticles i3 matrix is also known to be a combined effect
of interaction between elastic strain due to atothgplacement and slight volume change
associated with the four variantscof

7.4.2 Correlation between interatomic distances, mal lengths and bonding nature in
iSO

W
The values of interatomic distances,., d g.s and dag in ® *°, were provided in section
7.2.2a. An examination of these values suggestthigatls g the distance between atoms at

(1/3,2/3,1/2) and (2/3,1/3,1/2) w is the lowestMore importantly, this value is close to the
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shortest distance, D(1)or Pauling’s single bondtlerin a-Ti, which happens to be 2.648 A.
In the present studyg@ is found to be 6% shorter than shortest bond ke(BL1) in bcc-f

of Ti-15Mo alloy. In addition, Table 7.3 shows tlthts is shorter than the shortest distance
in the A-B plane, gg. Similar correlations about interatomic distancagsehbeen reported in
manyo forming systems. These correlations have beeteckta the nature of bonding in the
B-plane of® and the electronic structure ef These correlations suggest that the bonding
between B atoms is stronger than A atoms in pldevea and below, making the plane

containing B atoms act like a graphite-like layer.

The manifestation of the proposed electronic stmecofw in many physical properties like
electrical resistivity, internal friction and magitesusceptibility has been studied supporting
the ‘graphite-like’ bonding inb. There are few computational efforts to study ehextron
localization function, mostly in Ti, Zr, Ti-V andr&\b alloys, the classic systems in which
the above proposal is examined for many decades cillifrent study is the first of its nature
to provide an experimental confirmation of the dir@nal nature of electron density
distribution in the B-B plane and metallic or sgbal nature of charge density distribution in
the A-A and A-B plane, im of Ti-Mo alloys. The charge density distributioffigure 7.11)
provide the direct confirmation of the differeneaaghe bonding in the three different planes
discussed above. Similar correlations have alem lagrived at in many systems like Ti, Zr,
Ti-V and Zr-Nb alloys. Computational studies hauvsoayielded electron localization
functions off3 andw phases, though this feature has not been cleeslyght out. However,
the direct experimental evidence about the diffeesnin the bonding has been provided in

the present study for the first time in literature.

Our studies, both based on correlations betweemnatamic distances with bond lengths and

charge density distribution in different planswfphase, support the view that the atoms in
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the plane (002), the middle plane ©f are more strongly bonded than that of (001). The
attraction across the parallel planes is rathekw€here is no evidence for covalent bonding
in w phase of Ti-15Mo alloy, though there is stronglewice for anisotropy of charge density

distribution.

Neutron diffraction evidence exists [15] for “bomtluced configurational ordering” within
o, in Ti-V alloys. The strong bonding in the midd®’ layer of w is found to promote
ordering of titanium atoms in this plane. It hascabeen independently shown [26] that the
composition ofw could be around 4% Mo, in Ti-Mo alloys. Howevdre tpresent results are

not sufficient to probe this question of configuwatal ordering withirw in Ti-15Mo alloy.

7.4.3 Mechanisms of hardening im of Ti-15Mo alloy

It is shown in section 3.3 that the hardness of Thé¢5Mo alloy increases with rate of
cooling from thef3 phase field and isothermal exposure to elevateghéeature. In Chapter
3, it is also shown that the hardness is maximunthi® composition of 15%Mo compared to
other alloys which were studied like 1, 7 and 25%Mdich has been attributed to the
presence o phase. Extensive literature is available on thengthening mechanisms and
embrittlement in titanium alloys, due to formatiohw phase [33]. The three major reasons,
proposed in literature [11, 13] are as follows: ®wup of close neighbors in strongly bonded
w thanf, along the slip direction [11din allowed slip planes or presence of three offtiue
variants ofw with irrational directions parallel to [11gl]or the coherency strains. Most of
the studies in literature attribute the increasstiangth and loss of ductility of containing

Ti alloys to the covalent bonding w phase. However, our studies do not support tles/ vi
An analysis of electron diffraction patterns comfithe presence of both variants of
expected if exact orientation relation were to exidence, an attempt was made to

understand the increase in hardness in terms afdherency strains introduced byin the
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alloy. All the phase contrast images, of both ghedcand isothermally aged alloy suggest
that the interface betwe@nandw are coherent [see figures 7.8(c) and 7.15(c)].

The 3-D distribution of lattice strain, in the bBamatrix of water quenched Ti-15Mo &Ti-
25Mo alloysis shown in figure 7.16. It was noticed that thsaute value of strain along
anyone of the three axes, is higher for alloy comg 15%Mo (figure 7.16(a)) than 25 %

Mo.

0 I

= (b)

20000

+30000 -

400DERCG

Figure 7.16 3-D strain distribution and their 2D mour in water quenched alloy of (a) Ti-
15%Mo and (b) Ti-25%Mo. Note that the maximum vadliestrain in x,y and z axis is
+40,000 for 15%Mo alloy and 30,000 for 25%Mo allblye scale of the plot &/d X 10°

Similar observation was also observed for the atlogled in LN2. It may be recalled that the
phase transformation products during coolindg ghase have been identifiedas o in Ti-
15%Mo alloy and3 in Ti-25%Mo alloy. Hence, the observation suggebkat the locked up
strain inf lattice is higher in the presencewgfthan ine -free3 lattice.

Additionally, the difference in the interplanar t@isces of the» regions embedded in tlfge
matrix are too very small suggesting the coherdmeiyveen the two phases. It has been
shown based on the atomic column contrast in figut&(b) that the interface betwe@mand

w phases is coherent in nature. These two obsengasioggest that the strain in {Bidattice

originates due to the coherency strains introdulbgdn. Therefore, it is reasonable to
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conclude that the major strengthening contributiomi-15Mo alloy due to the presencewf

arises due to the coherent nature of the intesatte3, than the bonding nature.

7.5 Summary

This chapter on “Characteristics [@f>» transformation in Ti- 15Mo alloyhas presented the

Rietveld analysis of synchrotron and laboratory Xpddtern and phase contrast microscopy
results in Ti-15Mo alloy, on cooling from tlfiephase field at different cooling rates and also
after isothermally aging at 748K, following quenching. Synchrotron XRD studies could

th

confirm the B «™" transformation in this alloy for all cooling rate§he unit cell

dimensions, and the degree of displacement alorid>slto form w suggest that'*® has
reached the ideal structure, whit8" is far away from ideality. The correlations be¢mwe
interatomic distances i phase, suggest stronger bonding in the plane ioamjaatoms at
(1/3,2/3,1/2 ) and (2/1,1/3,1/2) w phase. This is also confirmed by examination @argh
density distribution in various planes @fphase. Three dimensional distribution of strain of
Ti-15 Mo alloys confirm that the containing alloy is stronger thamnfree lattice of bc@
lattice in Ti-25 Mo alloy. Coherency strain has mégentified as the cause of strengthening,

which is supported by the observed increase innemslin isothermally aged alloy where in

there is higher amount of phase.
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CHAPTER 8

SUMMARY

8.1 Summary

Solid state phase transformations, in gendralje invoked tremendous interest for many
decades in the past. Phase transformationstitamium alloys, in particular, have

attracted attention of many industries andeaechers since 1970. Despite the intense
research of the past, research in phase foramstions in titanium alloys continue to

remain active even today, mainly due to #uvent of many investigative techniques,
both experimental and theoretical, to solveresolved issues. In this backdrop, a
careful selection of problems in Ti-Mo alkoyn the current thesis, could lead to

following new additions to the existing fagure:

(1)  Application of synchrotron XRD for the accwatdentification of amount of
titanium stabilizing bc@ phase.

(2) Complete analysis of XRD results of all m&hke phases in Ti-Mo alloys, to
not only give information about crystal stwe, but also about co-ordination number,
bond length, charge density distribution andeerdimensional strain distribution.

3) Established that the orthorhombi¢' phase is intermediate betweehand 3 for
the first time in Ti-Mo, though has beenrmdt out in Ti-Nb system for various
compositions insidex" phase field.

(4) Demonstrated that the elastic anisotropy tegorin literature based on first

principle calculations correlates well with sotropy in charge density distribution.
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5) Provided evidence for the first time for grapHike bonding inw of Ti-15 Mo
alloys, based on interatomic distances in diffiéplanes ofo phase.

(6) Precession electron microscopy has been used dofirgt time in Ti-Mo alloys to
examine if variant selection mechanism is operativeot.

Above all, the studies have provided an excelllearning ground for basic aspects of
various types of phase transformation mechanismsaddition to good exposure to both

experimental and theoretical research methgjedo

The salient features of the studies on PHasansformations in Ti-Mo alloys” can be
summarized as follows: The stability of variousetastable phases with increase in
molybdenum as alloying element has been eskaol, using conventional and
synchrotron XRD. In addition, Miedema model waarih to predict the relative stability of
amorphous over solid solution phases. While mo$t the XRD studies in Ti-Mo are
confined to structure determination, current Esiccould obtain additional information
about atomic co-ordinates, co-ordination numbeond length, strain and charge density
distribution in  the metastable phases usirtgildel Rietveld refinement methods. The
experimentally determined charge density distridmgiagreed well with first principle DFT
based VASP calculations. The presence of compethase transformation mechanisms
always provides ample scope for tuning the tlartneatment to preferentially favor one
mechanism over the other, which has been studiedi-iMo and Ti-7Mo alloys for
different cooling rates. The experimental obseorai are in agreement with JMatPro
calculations. Theé—w transformations in Ti-15Mo alloy has been studiedietail, with
respect to the mechanism of formation, signaturfes difference between athermal and
isothermalw and graphite-like bonding nature, The absencevoh Ti-25Mo alloy had
manifested in lower hardness and less 3-D strastriblition, as calculated from XRD
studies. A new emerging technique called the pstae<lectron diffraction in TEM has
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been used to examine if the—ao'/a” in Ti-1Mo and Ti-7Movia martensitic transformation

displayed variant selection mechanism, which iasnd to be absent.

8.2 Scope for future work

While doing the project on phase transforovedi in Ti-Mo alloys, several interesting
situations were encountered, for which additiorraore sophisticated experiments were
required which could be scope for future work:

The atomic number of Ti and Mo being veriffedent, the system provides enough
scope for detailed work on the atomic natufewophase in the alloy. There are many
speculations in the literature that out diffusiof Mo is expected fromw phase, thus
acting as strong nucleating sites for the d&acy/ith advanced microscopy techniques, it may

be possible to confirm this in future.

Ti-Mo is one of the possible basis for depeh@nt of p phase alloys and hence
extensive work has been carried out in predidireg modulus of the alloys. It would be
possible to make meaningful correlations betwenicrostructure and modulus to

understand the role of Mo in influencing elagtioperties through phase transformations.

Search for ternary and quaternary alloyinglittwhs to the basis of Ti-Mo to optimize
the modulus to be as close to human bone ash@swill be an excellent contribution to

human society.
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