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Abstract

Titanium aluminide alloys have garnered significant attention as materials that offer
comparable or superior high-temperature performance while substantially reducing the weight
of critical jet engine components, such as low-pressure turbine blades, valves, and nozzles,
which operate under extreme conditions. The aerospace sector relentlessly works to enhance
the performance and efficiency of aircraft engines. These components present considerable
potential for not only weight reduction but also substantial improvements in engine
performance, efficiency, and long-term durability. This thesis provides a comprehensive
investigation into the high-temperature oxidation behaviour and diffusion kinetics of - and y-
based Ti-Al alloys by focusing on the role of refractory elements in modifying the

microstructure, enhancing oxidation resistance, and influencing diffusion parameters.

This study begins by investigating the isothermal oxidation mechanism of pure Ti
within the temperature range of 600 °C to 1200 °C, by calculating activation energies for two
distinct oxide growth regimes. A quantitative growth model is developed, that yielded an
activation energy of 155 kJ/mol for the stable parabolic growth regime. Marker-based
experiments reveal that oxygen ions are the dominant species driving the growth of TiO.. Based
on these findings, a temperature-dependent isothermal oxidation mechanism for titanium is

proposed, integrating both experimental observations and thermodynamic analyses.

Oxidation response of Group V (V, Nb and Ta) and Period V (Zr, Nb and Mo) refractory
metals alloyed y-TiAl phase has also been studied at 1000 °C in air by conducting a systematic
comparison-based study where the atomic percentages of Al, Ti, and the refractory alloying
element have been kept consistent across all alloys. An external oxide zone develops for all the
alloys comprising of three distinctive layers: (i) innermost (AlO3 dominantly) (ii) intermediate

(AL2O3 + Ti0Oy) and (iii) outermost (TiO2 + small pockets of Al>O3). However, tiny amounts of
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refractory based oxides of Nb,Os, Ta>Os, ZrO> and MoO» also formed for the respective alloyed
v-TiAl. An internal oxide region of (AloO3+TizAl) developed in the case of binary y-TiAl and
Nb-alloyed, while (Ti, Zr) complex oxides had formed in the Zr alloyed y-TiAl. Mo- and Ta-
alloyed y-TiAl produced no internal oxide layer, but segregation of Mo and Ta was observed at
the alloy/oxide interface. The Group V elements had good solubility in TiO; and oxidation
resistance of the alloys increased down the Group V in the sequence of Ta>Nb>V. While a
sequence of Nb>Mo>Zr was observed for the Period V elements with no specific trend. The
Ta-alloyed y-TiAl exhibited the highest oxidation resistance because of an increase in the
vacancy formation energy of oxygen in TiO2. The oxygen vacancy formation energy of TiO2
was concluded to be the most crucial factor governing the oxidation resistance of alloyed y-
TiAl phase compared to the valence of the alloying elements. The oxidation mechanism of the
alloyed y-TiAl has been delineated considering the oxide phase evolution and the associated

thermodynamic phase stability of the respective oxides.

Based on the oxidation studies on y-TiAl, Ta and Nb were selected as the alloying
elements for high temperature oxidation studies on B-Ti(Al) alloys. The addition of Ta to B-
Ti(Al) alloys was found to significantly reduce oxidation rate constants in both linear and
parabolic growth regimes. Synergistic alloying of B-Ti(Al) with both Nb and Ta demonstrated
highest oxidation resistance, as the (Nb+Ta)-containing alloy exhibited the lowest weight gain
and slowest parabolic oxidation rate compared to alloys containing only Nb or Ta. Oxide phase
evolution revealed that Ta-containing B-Ti(Al) alloys developed a multi-layered external oxide
zone (EOZ), with Ta-rich TiO2 and B-Ta20Os forming in the inward region, and Ta-free TiO: and
a-Al0;s in the outward region. Additionally, these alloys exhibited the formation of a-Al2Os
lamellae within the internal oxide zone (I0Z) at 1200 °C, with adjacent regions transforming

into TizAl
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Inert marker experiments showed oxygen as the primary diffusing species in Ta-free -
Ti(Al), while for Ta-containing B-Ti(Al), oxide formation involved both oxygen and metallic
ion diffusion. Presence of columnar and equiaxed TiO: grains forming on either sides of the -
Ta>Os grains within the EOZ was observed, which again proved the participation of both
oxygen and metallic ions in the oxide growth process. DFT analysis attributed the improved
oxidation resistance of Ta-containing B-Ti(Al) to modifications in TiO2 defect concentrations,
where Ta increased the formation energy of oxygen vacancies and decreased titanium vacancy
formation energy, thereby suppressing TiO- growth. Finally, a Ti-Al-Ta-O phase diagram at
1200 °C was established, and a comprehensive oxidation mechanism was proposed, integrating

both experimental and computational insights.

To assess the diffusion parameters of Ti and Al in the B-phase, which are the major
diffusing species during high temperature oxidation of B-Ti(Al) alloys, diffusion studies were
conducted using the diffusion couple technique. An increase in interdiffusion coefficients with
an increase in Al content in binary B-Ti(Al) is rationalized by a decreasing trend of activation
energy for interdiffusion and an increase in driving force for diffusion. Higher activation energy
of impurity diffusion coefficient of Al in B-Ti than that of self-diffusion coefficient of B-Ti may

further suggest lower interaction tendency of vacancies with Al atoms in the B-Ti(Al) phase.

The effects of Ta and Nb on the diffusion kinetics of the B-Ti(Al) solid solution phase
were also examined using the pseudo-binary diffusion couple technique at temperatures
ranging from 950 to 1100 °C. Both B-Ti(Al, Ta) and B-Ti(Al, Nb) systems exhibited
consistently higher interdiffusion coefficients compared to the binary B-Ti(Al) system. This
increase is attributed to the reduced activation energy for interdiffusion and an increase in the
thermodynamic factor with Al content. The decrease in activation energy is linked to higher
vacancy concentrations and easier atomic migration due to the addition of Ta or Nb. A reduction
in the pre-exponential factor with addition of Ta/Nb was also observed, which was attributed
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to a decrease in the correlation factor. Additionally, the increased impurity diffusion
coefficients of Al in B-Ti(Ta) than Ta-free B suggest a stronger interaction between vacancies
and Al in the presence of Ta. Kirkendall marker experiments revealed that Ti has a higher
intrinsic diffusion coefficient than Al in the B-Ti(Al, Nb) system, which was explained by
Lazarus' valence model. The effect of vanadium (V) on diffusion parameters in the B-phase

was also explored, revealing that V enhances interdiffusion in the B-Ti(Al) phase at 1000 °C.



A

g ggfaATss Msergsit 4 ST druHH WR IchE Uesi o 91Y-91Y Sic 971 & Hgayuf
gehi—og foh A-UR @ =g, dicd 3R Asiad—adh aoi- # Ieoig+ g et AT Y Ih
&T9dT o ThIRUT ATTh &A1 TRV fehaT &1 TIRITUY &5 TR TIREhIUE 11 o el 3R
ZeIdT hl SgdR I oAl UITH hdl g1 A °deh 9 Shdel duid " &t feem A sfeer g5
HIAEHT, G&1aT 3R diefehifeien feepraus # GUR &l GH1aAT¢ Hff URgd ohd &1 I8 2y B- 3R
y-3TaTRd Ti-Al FAsrargai & 3= arua™ WR SHiedTeheuT agR 3R faeRor fadht 6t g Sira
UXJd T 8, Ay wu & Riheedt gl &l e W &= Shfed ad g, ST geeRa &l
LM ded €, sifarfiarzor ufastyr agrd &, ofiR fawRor ATdst il manfad &ed €1

3 ST hY TSN g TSaH chl FHATH Sifaienvur foham &t Sita & gidt 8, it
600°C & 1200°C arqar diar & 6 73, S &t = sifaarss gfe &=t & forg afthgor St
<Y TOTT I TS | Goh AT gl ATee faehid fohar T, forem R tRreiferss g & & forg
155 kJ/mol <t Ffehaur Hsif Ua chi | ATch:-%e Tl I8 &2fd & foh Tio, i gig & sttt
I gHE qfAehT ATd €1 37 fAsehst o YR W, TARTHS Sadie-l iR SENARRT
faciwort st ehiehd shed gU T am o folg araae-fek arard siferdienzor d uarfad ferar
T

T8 V (V, Nb, Ta) 3R SreshATaR V (Zr, Nb, Mo) & Rihaest urgsit & Agrarged
y-TiAl TROT T 1000°C IR IR # SHicrdepzor ufdafehar ot «ft cgafedd et sreaas o ares
9 Sirg Fi 718, Stef Al, Ti $iR Rihaest daa &t uraTfudes ufasraar @it srarget & g <&@t
TS| goft Asrengait # yes argy Sifangs e faenfla gon foad = fafre u=d off: (i) get ofiad
(=T Al,03), (i) FegadT (Al,05 + TiO,), 3R (iii) sTgrad (TiO, + 31T A & Al,O5) | |1
8l Nb,0s, Ta,0s, Zro, 3R MoO, i€ Rihaedt deal & sifearge ft deifda Msrergst # &a
AT & s91 y-TiAl 3R Nb-ffSa amet & (Al,05 + TizAl) @ 3ridRe sifargs & fAafad
g, STefeh Zr-fasrarg | (Ti, Zr) Siiee sifermss -1 Mo 3R Ta fafsa y-TiAl # &g stiaRen
JfeIsE WRd el &, Wg MAyurg/sifeEg Rt W Mo 3R Ta & GUeRRUl
(segregation) T Siqeiich fehar |

Group V adi I TiO, # 3! gersiterdT urg 73 3fR sifadiereor ufaxier Ta>Nb>V &
ohH | dgdT T | STefeh Period V dcl & fag Nb>Mo>Zr @l kA UTG g31T, IR <his fafre ugha
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gl urs 1 Ta-fAfAd y-TiAl 3 gaf= siferfteor ufaRte uefia fosar, St Tio, # sifedie
Rfcrrat &t fAmfor Saf 7 gfeg & wror a1 ag sy fAearer man T @srenged y-TiAl @RoT &
Siferfterzor ufaRieY ept FAfAd e aTelt 9ot Agaqul shiRes TiO, <hl Siferiter Rfckrat &t fAwfor
St 8, 7 foh Mgrurg act o1 Gatsier A4 (valence) | Astenged y-TiAl & 3iTeRfTeRRoT o3 ot
3HieraTEs TN & faenrd 3R Heifda SeAmTiad fRRdT & SmyR W wWE fohar mam|

y-TiAl TR 3R 39 3ffaitepRuT 3remg-T & SMYR WR Ta 3R Nb @l I=a draq™
SierdtenxoT 1T & forg B-Ti(Al) fAgrarget & Msrarg 9@ & =9 & 1 ™M B-Ti(Al)
fAgrargat & Ta 6 JufRAfT A SI—ET 3R Rreifcrer—agfeg & 7 sfferdtenzon &R f@RihT @t
HIthT 8¢ dah beT f&ar Nb 3R Ta a1 & I/ @ ured B-Ti(Al) fAsierg A gaiea etz
ufekty uefia fomar, wifs (Nb+Ta) gea fseng & avi gy 9@ o0 ok ReEifow
HTerfiesor &R Ta it T siiearss @RoMl & fa & a8 A a gon foh Ta gaa B-Ti(Al)
fAsrergsit A gen Ig-w a1g] Sifess & (E0Z) foerfard foman, foras siaet v # Ta-9g
TiO, 3R B-Ta, O SR IMEd I F Ta-XfRd TiO,, 3R a-Al, 0, 571 39k HfaRed, &7 fAsrargsn
# 1200°C WR 37idiRen 3iferargs &5 (10Z) & HiaR a-Al, 05 Al et Rmfor g, fSieh sme-
Uy & &7 TizAl & uRafdd gl mui

S AR AT & T F1d g foh Ta-fga p-Ti(Al) # siferitor v faa=or uenfa ¢,
Stafer Ta-gerd B-Ti(Al) # siferarss Anfor 7 siferfte ok enf@er sma=t ST a1 avrer @
EOZ & iR B-Ta, 05 TSI o giHI 3R &9 aTet columnar 3R equiaxed TiO, SFTSH o
Tk IR O g yeforg foha o siferaree gfyg & sifofier ofik ang st @41 Y wrfierd 21
DFT fasciwor & ag uran ma fs Ta-gaa B-Ti(Al) fRsrearg & TiO, v digdr & uRad- & &roT
SHferfienor ufeRty SgaR gom; S Ta 3 sifeRfieq Rfsrat & Fafor ot at sgrn ok
sy RiTrat it Foif @t e, 9@ Tio, & gig @@ 7)1 3idd:, 1200°C &R T Ti-Al-
Ta-O U ARG (phase diagram) wfud forar T 3R T THT AHAlaiehRoT d5 Uedrfad
fohar a1, 99" gahT 3R TIUHTHS (computational) Sidgied 1 gAML 81

B-TRoT H Ti 3R Al <kt faeRor fasiwaratt st gedich ez & forg, St B-Ti(Al) fAsremgast
h I ATOHT UR 3iTeRiTehRuT o SR U@ faaRur weitfadl €, faeror g (diffusion couple)
deh-ten o1 AT foram mam| fgaeas B-Ti(Al) & Al &t AT g+ WR SRfSwIeH 1ot | gfg ot
Gfchaor Sett A fRTae 3R fawRor ke 91 (driving force) # gicg & Areaw & aareiAd forar
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ATl B-Ti # Al T SIR[GdT faEROT 7uTich, B-Ti & W fawRT urich ¥ 31fdek g4 & HRUT a8
Gohd faerdr ¢ foh B-Ti(Al) # Rkt i Al oreTuge & ovr urReRes foha gl 81

Ta 3R Nb &1 5oma +ft B-Ti(Al) 319 faera= avor & fareRor fdeht . 950°C & 1100°C
Ik ATOHT UR W&!-a18-R faaror g deh-ten @ Sitar marl B-Ti(Al, Ta) $iR B-Ti(Al, Nb) &=t
gunferat & fgaeen B-Ti(Al) & a1 F SfSwRIe T[urich 31fdes @11 a8 gieg afchaor it |
AT 3R Al Il & G1Y FANTARIT &Res (thermodynamic factor) # gfeg & &RUT g3
Hfehaur St ht et Iz Ry igar 3R Ta a1 Nb &t Iufefa & wzamopet & smam afdefierar
4 Set ot T €1, Ta/Nb o 9/ 9 gd-grdich! 7utish (pre-exponential factor) & st off
¢t i, O ggdeY ke (correlation factor) ® fiRrae @ Siter mam| 39 stfaRked, Ta-gad
B-Ti(Al) # Al & 313[gar fagrur urier # gieg qeridt g foh Risrrat ik Al & st srfder AsTed
gRERes fohar gidt 81 forchelel AT U & ag Te gan foh B-Ti(Al, Nb) woredt # Ti a1
Sfaf-ifed fare=or qutien Al &t a1 # 31fereh ¢, [o8 ATeiRE & HdisTer Aied (Lazarus' valence
model) RT THTAT TAT| B-TROT § V & Ua a1 ot sreaa fohar mar, 9@ ag gar =< fo

V, 1000°C W B-Ti(Al) TR01 & SexfSRISH ot Igmar ST 8
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Chapter-wise summary

Chapter 1 gives a brief review of the importance of titanium aluminide alloys as an alternative
to superalloys in aerospace industry and the role of refractory alloying elements (V, Nb, Ta, Zr,
and Mo) in enhancing oxidation resistance of B-Ti(Al) and y-TiAl alloys, while emphasizing

the need for a systematic study to understand their role.

Chapter 2 articulates the motivation and objectives of the research work. The study aims to
systematically investigate the effects of Group V and Period V refractory elements on the high
temperature oxidation behaviours and diffusion kinetics of B-Ti(Al) and y-TiAl alloys, focusing
on the oxide phase evolution and the mechanisms of oxide growth. Ultimately, the goal of the
research is to identify effective alloying elements amongst the Group V and Period V refractory
elements that improve oxidation resistance and understand their influence on atomic mobility.
The research aims to investigate the effects of specific refractory elements on oxidation
mechanisms and diffusion kinetics in B-Ti(Al) and y-TiAl alloys, focusing on phase evolution

during high-temperature exposure.

Chapter 3 details the experimental approach used in this study. The text outlines a series of
experimental studies aimed at understanding high-temperature oxidation and diffusion
behaviours of the y and B alloys. The study employs Thermogravimetric Analyzer (TGA) and
calibrated muffle furnace techniques to investigate oxidation responses, while alloy
compositions are strictly controlled for comparative analysis. The alloys are prepared through
vacuum arc melting, followed by homogenization, and subjected to isothermal oxidation
experiments at various temperatures. In addition to oxidation studies, pseudo-binary diffusion
couple experiments are conducted on B-phase alloys, and various characterization techniques,
including X-ray diffraction and electron microscopy, are utilized to analyze the oxide phases

formed during oxidation. Density functional theory (DFT) calculations using Vienna Ab initio
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Simulation Package (VASP) provide atomistic insights into the role of Ta in oxidation

resistance.

Chapter 4 discusses the results of the isothermal oxidation of pure titanium at temperatures
ranging from 600 °C to 1200 °C to understand the kinetics and transport behaviour of titanium
and oxygen in the oxide phases. Through various experimental techniques, including XRD and
SEM, the study establishes the formation of rutile as the predominant oxide phase and explores
the mechanisms of oxidation, including the interface-controlled linear and diffusion-controlled
parabolic growth regimes of the oxide layer. The findings indicate that oxygen plays a dominant
role in the growth of the oxide layer, with significant implications for the performance and

longevity of titanium-based components in high-temperature environments.

Chapter S investigates the effects of various refractory elements on the oxidation behaviour of
v-TiAl. The study focuses on the high-temperature oxidation response of y-TiAl alloys that are
alloyed with several refractory elements from Group V and Period V of the periodic table,
including Vanadium (V), Niobium (Nb), Tantalum (Ta), and others. Experimental techniques
such as XRD and FE-SEM are employed to analyze the microstructures and phase
compositions of the alloys before and after oxidation. The oxidation kinetics are assessed
through TGA at 1000 °C, revealing that the addition of different alloying elements influences
the weight gain and oxidation resistance of the alloys. The research identifies the formation of
oxide phases such as TiO: and Al:Os, impacting the overall oxidation kinetics. The study
concludes that Ta provides the highest oxidation resistance, followed by Nb, while V and Zr
are detrimental to oxidation resistance. The research highlights that the valence of alloying
elements plays a crucial role in determining the vacancy formation energy, which is a key factor

in the oxidation kinetics.
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Chapter 6 investigates the impact of alloying elements, specifically tantalum (Ta) and niobium
(ND), on the high-temperature oxidation resistance of B-Ti(Al) alloys. The incorporation of Ta
and Nb into B-Ti(Al) alloys significantly enhances their oxidation resistance. The study shows
that increasing Ta content reduces oxidation rates effectively, as weight gain during oxidation
decreases. This highlights the critical role of alloying elements in developing materials with
improved high-temperature stability. The oxidation of B-Ti(Al) alloys leads to the formation of
a distinct oxide phase structure, including TiO: and a-Al20s. The study shows that in Ta-
containing alloys, the internal oxide zone (I0Z) evolves differently compared to Ta-free alloys,
with the presence of Ta promoting the formation of B-Ta:Os. This showcases how alloy
composition influences oxide phase characteristics. The study quantifies oxidation rate
constants for various alloys, revealing that the addition of Ta reduces both the linear and
parabolic oxidation rate constants. This correlation provides valuable data for predicting the
service life and performance of alloys in high-temperature applications. By correlating
experimental results with DFT analysis, the study elucidates the defect chemistry governing
oxidation processes. It demonstrates that the formation energy of oxygen vacancies is altered
by the presence of Ta, suggesting that alloying strategies can be optimized to enhance oxidation
resistance through targeted defect engineering. This chapter contributes to a deeper
understanding of the oxidation mechanisms in B-Ti(Al) alloys and underscores the importance
of alloying strategies in developing materials for high-temperature applications. Future
research can build on these findings to explore additional alloying elements or composite
structures that may further enhance the performance of these materials in demanding

environments.

Chapter 7 provides a comprehensive exploration of the interdiffusion behaviour in B-Ti(Al)
solid solution phases, utilizing advanced techniques and significant analytical frameworks. The

insights gained from this study are invaluable for advancing the understanding of Ti-Al alloy
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systems, particularly in high-temperature contexts where diffusion plays a critical role in
determining material performance. Key findings include the linear increase of interdiffusion
coefficients with Al content, variations in activation energy, and the role of vacancies in
influencing diffusion behaviour. The implications of this research extend beyond theoretical
understanding, offering practical pathways for optimizing material properties in various

engineering applications.

Chapter 8 discusses the influence of refractory elements, particularly Niobium (Nb) and
Tantalum (Ta), on the diffusion kinetics of B-Ti(Al) alloys. It highlights the importance of
understanding how these elements affect the diffusion behaviour of the B-Ti(Al) system,
especially during high-temperature service conditions. A pseudo-binary diffusion couple
approach is employed to quantitatively analyze the diffusion kinetics of these alloys. The
results show that the presence of Nb and Ta enhances the oxidation resistance and increases
interdiffusion coefficients compared to the binary Ti-Al system. Additionally, the chapter
examines the effects of Vanadium (V) on diffusion and provides insights into how the atomic
size and lattice distortion of these elements contribute to changes in diffusion behaviour. The
chapter provides a comprehensive analysis of the effects of Nb and Ta on the diffusion kinetics
of B-Ti(Al) alloys, highlighting their potential in enhancing material performance under high-
temperature conditions. The insights gained from this study could pave the way for the
development of advanced titanium alloys with improved mechanical properties and resistance

to oxidation.
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