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Abstract

Stress-induced martensitic transformations (SIMT) in retained metastable phase are known
deformation mechanisms that provide additional plasticity in several metallic alloy systems.
Iron-, titanium- and high entropy-alloy systems exhibit metastable phases that show
transformation plasticity due to twinning or martensite formation. Metastable g-Ti alloys, in
specific, show significant potential for martensitic transformation through microstructure
modification promoting leading to transformation-induced plasticity (TRIP). Typically,
P(austenite) — a'’(orthorhombic) and g — a'(HCP) martensitic transformations are induced
in them either by quenching or application of load. The two transformations differ from each
other in terms of atomic shuffle displacement, with the former requiring less than the latter.
As a result, B — ' transformation can be considered as a crystallographically incomplete
B — a' transformation. Further, the influence of different alloying elements in metastable /-
Ti alloys also plays an important role in driving the a’’ — a’ martensitic transformation. In
addition, the microstructural state, in particular the g phase stability and /£ grain orientations,
play an important role on the martensite transformation during deformation and eventual
property enhancement in metastable S-Ti alloys.

This thesis work effectively demonstrates SIMT in metastable g Ti-10V-2Fe-3Al (Ti-
1023) alloy resulting in enhanced cold deformability. The evidence of phase transformation
from g - a'' — a' martensites is observed in Ti-1023 alloy during continuous deformation.
Microstructural characterization using electron backscattered diffraction (EBSD), X-ray
diffraction (XRD) and transmission electron microscope (TEM) analysis confirmed the
transformation of a” to a’. It is noted that the combined effect of lattice strain induced by
cold rolling and the different alloying elements, drives the a' — a’ martensitic

transformation. A correlation of the lattice strain and alloying elements on the transformation



of B - a” — a' in Ti-1023 has been established. The observations thus confirm stress-
induced martensite (SIM) been the prime reason for achieving enhanced cold deformability
(up to ~ 43 %). Significant fraction of SIM provides preferred nucleation sites for new strain-
free grains upon recrystallization annealing. The thermomechanical treatment results in grain
refinement by ~ 93 % in Ti-1023 alloys. Further, the influence of grain size on the SIM
transformability based on micro hardness variations has been deduced. In addition, the role of
the stability of g phase on the SIM transformation is elucidated using Electron Probe Micro
Analyzer (EPMA) in the Ti-1023 microstructure. EPMA confirms the influence of
diffusivities of alloying element (such as Fe, Mo, V, Cr and Al) as a function of
recrystallization time on the f phase stability.

Furthermore, the surface characterization of micro indents using EBSD technique
highlights that only a few grain orientations on the top surface showed the formation of
stress-induced martensitic laths after micro indentation, suggesting that the SIMT is
influenced by the grain orientations. Therefore, nanoindentation has been used to elucidate
the grain orientation relationship on the SIM transformation behaviour during deformation
and their eventual effect on the mechanical properties of Ti-1023. Austenite grains with
specific crystallographic orientations of near <001>, <101> and <111> are chosen.
Nanoindentation is performed with two different diamond indenters viz. Berkovich and cono
spherical. Nanoindentation reveals dominant stress-induced martensitic (of a'’ type)
transformation in the grains with near <111> crystallographic orientation, which contrasts
with near <001> orientations showing only the presence of slip at the surface. In addition,
lowest hardness (~ 4.1 GPa) is observed for near <111> grain orientations, while the hardness
increased further for the near <101> and <001> grain orientations (~ 4.3 GPa). The
observations confirm that near <111> grain orientation is the most favoured grain orientation,

followed by near <101> for enhanced SIM, while the near <001> grain orientation is the least



favoured. Therefore, deformation micro-mechanisms across various length scales have been
established by study of local deformation behaviour at the nanoscale.

Plastic deformation characteristics has been studied through different modes of
localised deformation like micro and nanoindentation, however, the influence of SIMT on the
overall material’s mechanical behaviour is critical. Thus the influence of SIMT on the tensile
deformation properties has been evaluated. The alloy show SIM transformation with strength
enhancement, and the triggering stress variation with £ grain size. However, the % strain to
failure shows a significant decrease. Furthermore, the dual impact of SIM on the deformation
and fracture behaviour is found, wherein the presence of SIM induces embrittlement during
the plastic deformation, which resulted in absence of necking, despite enhancing the overall
strength of the alloy by double yielding. Consequently, also providing indication for the
absence of necking followed by non-uniform elongation during tensile deformation, which
can be attributed to the embrittling actions of SIM. Since £ grain size mainly governs the
martensitic lath spacing and width, grain boundary engineering serves the foundation for
creating high-performance Ti alloys.

Overall, the study highlights that the SIMT has successfully shown to result in
achievement of the enhanced cold deformability. Furthermore, the high cold deformability is
attributed to the orthorhombic-a”” martensites coupled with strain-induced a'’ — o'
martensitic transformations resulting in enhanced plasticity. SIM also acted as
nucleating sites and eventually promoted grain refinement. Additionally, indentation studies
have demonstrated the influence of grain orientations on the SIM transformability, providing
confirmation that near <111> grain orientations are most favored, followed by near <101> for
enhanced SIM, while the near <001> grain orientations are the least favored. Finally, the dual
impact of SIM on deformation and fracture behaviour is found, wherein, the presence of SIM

induced embrittlement during the plastic deformation despite enhancing the overall ductility
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of the alloy by double yielding. Additionally, also provided indication for the absence of
necking followed by non-uniform elongation during tensile deformation, which is ascribed to
the embrittling actions of SIM. Consequently, the study evidently elucidates that £ grain size
and triggering of multiple variant martensites control the SIM transformability during plastic
deformation. The study further demonstrates that effective control of SIM transformation
potentially could provide strength-ductility enhancement via transformation-induced

plasticity in metastable £ titanium alloys.
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LIS

T19-30d AICfed aRad- (SIMT) H I& T8 Aeread tol § Sigt S arelt fagpfd
gifAe! § S ®% UTqgad darg yunfaal § Sifafad wiefIdt uaq &xdl g1 e,
crRefTH, 3R 3= T It-uarg unferdl Heredd bl o) fexard & S e o aré=amge
fAafor & PRU uRad wifeRidt fderd g1 fafkly ®u 8, deréed ster-esefam
TaraS, Areffess ulkadd & e Heayul GHTaT fe@rdt € St ArSshRea=R J=NeH &
A1 A IRGA-I0d WIRSRIET (TRIP) BT THIC Hdl g | JTHRIG: sieT (3iReAge) —
TehT" (SHTYRID) 3R dieT — TewbT (TG HicT=afees URadHT 1 G4 a1 dl i
1 S A ¥ O a1 ST 31 59 &1 uRacHl & tefie e fawimed & aivied |
3R BT g, Forad ugdl g ¥ FH &I AaHdl ¢| 39 URUMRGEY, Siel-Teh"
URad ! freamnithara 31eRT SteT-Teth! URad- & &9 H faaRT S 9ol § | 39
31T, HeReqd diel-erge gy Taigel § fafie SaiiiT dwi o1 vura oft siftifasrar Oar
HRAT ¢ SNl Lol - Tehl HICaied URad- ®I FaiRid & § Headqu! YfieT FHurar g
g% QA AgHReaRd RUfd, faRver der e RRaT 3R dter gF &t fammg,
HeReqTd Siel-erscan Taras | uRady & aRF 3R 3id & dufd gur o Agayuf
Yf¥yeet T &1

I8 JRYE H1H HeRES §lIeT Ti-10V-2Fe-3Al (Ti-1023) T H SIMT 1 THTE! &
T e fRid #xdl g, o 381 Wi § QUR @11 81 Ti-1023 T & p—Tehl - T

OISy & RIFIARUN BT WETDHR Tdd TR & GRIM BidTl g1 S ddhidhes
fShaRM (EBSD), TaT-X fEThaRM (XRD), 3R THITHRM Saiae - AIgsh R IY (TEM) fa=aiwor
D1 SUANT PP HIZhRCFRA (AT = TAhT" F el &1 URaa- Wy fdhan| I8 e
forar T B fp 38 A ¥ Uer gu e A ok fafta Saifi dw@l &1 Sgad WG,




THT" — T HIcARfed URad &I ORd &=l g1 Sicl-Tehl ~TewT | Ti-1023 §
fre ¥ 3R AT Tl & URGH IR dfed T IR SATAMRNT Il & FganT § Th
iy R fora T 51 9 3Edid- 9 I8 WE g1 § [P a1a-Idd Ae-4Ise (SIM)
Jaad R 3T Tt & 1T T RO § (@ ~ 43 % AP D) | SIM BT ASHfthdre
UTT Rfchreargoie Tl W 9 -t 3= & forw urufires Jfoquee Argey uer
AT 8| YAHB ST ciede J Ti-1023 TArgS & 34 Rprgade T ~ 93 % gl 3
S AT, HIgeh! BTe 14 fafdudrell TR MUTRd SIM IREAHITAT IR I A1Zel & THIA
&1 THM TS Ts & | T SATaT, siel ol FRRAI IR SIM IRad &1 THE &I Ti-1023 &
AEHRETR | Ade- Nd HIZHh! TATAROR (EPMA) BT SUURT b WP fohar T g
EPMA 3 STAITIT dd &1 FSTIfSIact &1 UHTd (G T Fe, Mo, V, Cr, 3R Al) TR et taf
fRRAT & THg & 1Y dieT ol FRRAT R g &1 5|

& AR, EBSD Tl BT IUANT Db HIZh| Sl DI Tdg Bl faaiwul
feaTa & fb had T =it 97 S =i Tde W ARH! S & dIg dH19-3ad
Heffees ded 1 AT fewardt €, 59 A Rig 811 8 fob SIMT 3 3iRuee = W gufad
g1 3T, I ST & TR T THGRI UK HRA & oY IS e’ &1 SudiT fba
T 5, o faefd & SR SIM uikadd &1 JagTRear 3iR 3@ ofd | Ti-1023 $I
Tif3e T 3 aTe UHTa BT T a1 o vl g | Fde <001>, <101> 3R <111>F
freauithe SRUSIH & 1Y AeATZE I B! AT 1T |1 AIssceH &I & faftm

8'[&14_6'3@?# I Berkovich 3R cono spherical %‘GITUWTI'CIT%I 3 \Iégc\:-‘el-l HfA®e
<111> fhearire NRTEIH & I & W9 dHE-3dd Aced (YHR TahT)
gfkac &1 UgW Bia §, S <001> fheeanmnfre siRkiesg & Fad vag W &y &
IURR fe@T @1 21 59 Sififad, Aide <111> I NI & o Iad &0 greay




(~ 4.1 SidiY) Bt B, Sl BT fdhe <101> 3R <001> I ARG & o ot
93 S § (~ 4.3 Sy | 339 g a1 § i A <111> 39 SiREewH qed wxidiar
I 3iueeH g, S Ade <101> & forw sgrar g1a1 8, Siafes Mde <001> A 3iuesH
T HH TNciel ]| gufo, fafte dars Al wR gife fawfaal &1 siermm sre faftd
TR R ¥ fawfadt & wfid fear T gl

wee fagpid fFAAVaTd ATgeh! IR TS Bt TR VMY fagpid & fafs
TBRI & HIEH F 3T P 7S §, BT, SIMT BT Jguf Irrft & Fifie sgagR R
TUTT TE@qul g | SHFAT, SIMT & WHTG HI Jia- & forT dwgarl fadfa o7 &1 Hedidh
foa T 81 U8 Ua WY TRIGHe & WY SIM TRad feardt €, 3R ster 99 Iree &
1y fefer ww faftrardr §1 gife, % fagfa & fau €9 # we wefe gen g1 9%
3ifafRad, SIM & g1 gRT [agfa 3R haeR IaER W SIM & g4 &1 YHTa et &, fored

SIM BT WY P GRM URICAHE B IUF B &, s TRUTHGEY Tlig BI 3HIT
&1 gRUTYT et ©, BTelifer Targ &1 qu fRUfa &1 algR difcdT & W1y Aoiglt UaH Hdl
21 TP URUIFRGEY, T W37 & 3fHTT &1 a1 Ht TS T 8 SNl el [ShingH
& SR e 3NGIG & SUTT BT HRUN G Fabel 8, S SIM & TfEsTefeiT foparafi &1 any
IoTH & foTe o11a g | aifes el 39 IIse T U 9 A1eied ay WRAT 3R dieTs &I
YR B 5, I TS oA I UaRH €8 Tard &1 +1d UeH a5

9, 3eggq # U8 YW 914 g [ a-a-3ad Hicuied uRadd (SIMT) o &t
WRERIE B Thaaigde Wit & A1fod i1 &1 9 J¢! §s oo WIRSRIC! BT HRUT
HTIRITS®- Tl AICATSCH & 81 o A1Y-UTY TH1G-3Ud TAhT - TART ATCANICH
gRacHI &1 g, o wiie Rt # gur gt 81 siM 7 1t gfaeufen ugey & U & s
foram ofR ofd & 99 Rwrgie &1 Manfed fovan 3ue sifafvad, SSexM e A 34




SNRECI WR SIM TRIHIATSIE! TR UHTd &1 UafRid fhar §, fores T gidn & for e
<111> I ST Fa9 T diaT &, o R s <101> & oW ggmar @, gTaife Foe
<001> U MY T HH UHdIal g1 SqP SMadl, 3T A fapfd 3R 1T sqagR
W SIM & g UHId &I UgdH &I 3, S d, sim &t Aeeth wifes fasfa & SRM
UfRieeiic B! I B 8, BTl Talld &1 $a gwiegd! # seof AT & 9 gfg
B & Jrace | 39 HfaRad, 7ifie fAefa & RM A-gRwH Tal-IRE & 31419 &
AT U A & e ot Gem1 UeH &_a1 8, St SIM & Titste e foranaii & fa smeatfd
3T ST T 81 39 URUTHRGET, 3e0d- Wdl 4 WF Rl & [ diel I Iee 3R
€ Wifed fapfa & SR sremae g it vefRia @ar 8 & siM alkad & gurdt =0 §
AT = A HeRedd diel s eiaH Teied H TpIHRM-SSES WIRSRIC! & HIEH
T WY-sfdefordt i uem &1 o Jad g
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List of abbreviation

TWIP
TRIP
SIM
SIMT
CP
HCP
BCC
Y.S.
T.S.

El

Mo Egq.
Ti-1023
Ti-5553
TMP
CcVv
SAED
Ms
FIB
AFM
SEM
ASTM
ST
WQ
CR
EBSD
XRD
TEM
LAM
IPF
EPMA
UTM
QCsSM

Twinning induced plasticity
Transformation induced plasticity
Stress-induced martensite
Stress-induced martensitic transformation
Commercially pure

Hexagonal close-packed

Body centered cubic

Yield strength

Tensile strength

Elongation

Molybdenum Equivalency
Ti-10V-2Fe-3Al
Ti-5Al-56Mo-5V-3Cr
Thermo-mechanical processing
Correspondence variants

Selected area electron diffraction
Martensite start temperature
Focused ion beam

Atomic force microscopy
Scanning electron microscope
American standards for testing of materials
Solution treatment

Water quenching

Cold rolled

Electron backscattered diffraction
X-ray diffraction

Transmission electron microscope
Local average misorientation
Inverse pole figure

Electron probe micro-analyzer
Universal testing machine
Quasi-continuous stiffness measurement
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Glossary

a phase

a stabilizer
a'’ pase

a' phase

P phase

p stabilizer

B’ phase

Ty
@-phase
Athermal
Beta fleck

Delta glaze

Double yielding

Isothermal

Lattice correspondence

variants

Phase stable at temperature below Ty

Alloying elements that stabilizes the a phase

Martensites with orthorhombic structure

Martensites with HCP structure

Phase stable at temperature above Ty

Alloying elements that stabilizes the S phase

Phase formed via phase separation reaction in solute lean
alloys

Atomic shuffle displacements

Temperature above which £ phase remains stable

Fine uniformly distributed particles in f phase, acts as soruce
of embrittlement

Phase transformation induced during quenching, independent
of time

Defect that occurs due to fast diffusion of iron in Ti alloys
during aging.

Silicon based organic glass, used to provide protective coating
against oxidaton on Ti alloys during heat treatments

Characteristic of stress strain curve exhbited by Ti alloys
showing SIMT

Phase transformation induced during ageing, dependent on the
time

Different variants of a phase oriented in different
crystallographic directions
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Martensite start
temperature

Martensitic
transformation

Martensite variants

Metastable g

Molybdenum
equivalency

Strain-induced
martensite

Stress-induced
martensite

Thermo-mechanical
processing

Trigger stress

Twin

Temperature during cooling at which martensite formation
starts

Formation of martensites indcued either by quenching or
deformation

Martensites oriented in different crystallographic directions

S phase retained at room temperature without martensitic
transformation after quenching from above Ty

Measure of stability of  phase

Primary martensite formed from the parent grain provides
nucealtion sites for martensite formation during deformation

Martensite formation from the parent grain during deformation
Process that combines mechanical or plastic
deformation processes with thermal processes like heat-
treatment, water quenching.

Threshold stress beyond which SIM forms

In twinning, the portion of crystals takes up an orientation

associated with the orientation of the rest of the untwinned
lattice in a symmetrical and defined way
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