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ABSTRACT

Titanium and its alloys have garnered significant attention in various industries due to their exceptional
properties, including high strength-to-weight ratio, corrosion resistance, and biocompatibility. As the
demand for lightweight and durable materials continue to rise across diverse applications such as
aerospace, automotive, biomedical, and sporting goods, titanium alloys have emerged as a preferred
choice. Among the titanium alloys, Ti-6Al1-4V, also known as Grade 5 titanium, is one of the most
widely used titanium alloys due to its exceptional combination of properties, making it vital in various
industries. However, the metastable £ titanium alloys have gained significance due to their attractive
properties like high biocompatibility, high fatigue, corrosion resistance, and young’s modulus close to
that of the human bones. Though £ titanium alloys exhibit numerous advantages, certain limitations
such as coarse f grains, limited formability, relatively higher density and susceptibility to phase
instability, particularly at elevated temperatures or under load, limit its consideration among the
titanium alloy classes. Despite this, ongoing research and advancements in alloy design, processing
methodologies, including those involving severe plastic deformation (SPD) process, and understanding
of phase stability aim to mitigate these challenges and thereby, expand the potential applications of

metastable f titanium alloys in various industries.

Among the metastable f titanium alloys, $-21S Ti-alloy exhibit a unique balance of strength, toughness,
and weldability, particularly suited for aerospace structures, marine components, and medical implants.
p-218S Ti-alloy is used for manufacturing the tail plug for the B-777 engine. Most of the research on f-
218 Ti-alloy has been carried out extensively on microstructural characterization and mechanical
properties of various solution treatment and aging processes to improve the strength, but the ductility
has significantly reduced. However, studies involving processing techniques such as SPD process to
modify fS-21S Ti-alloy microstructure and eventually effect on its mechanical properties and
formability characteristics have not been attempted. Among the SPD processes, constrained groove
pressing (CGP) is considered as the most suitable process for deforming materials in the sheet form.
Hence, the broad aim of the current study is to achieve grain refinement using CGP process for an

optimum combination of strength and formability in the 5-21S Ti-alloy.

The p-218 Ti-alloy demonstrates good ductility with moderate strength in the solution treated (ST)

condition. So, severe plastic deformation processes like constrained groove pressing (CGP) and
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constrained groove pressing — cross route (CGP-CR) techniques are used to achieve grain refinement
in the p-218S Ti-alloy. The average grain size, tensile and anisotropy properties in the ST, CGP and
CGP-CR conditions are determined. Aging of the CGP processed samples are carried out to alter the
mechanical properties to achieve an optimum combination of strength and formability. The formability
characteristics in terms of stretchability and drawability are characterized in ST, CGP and CGP-CR
conditions. In addition, the tensile properties, anisotropy and formability in terms of stretchability,
drawability and stretch flangeability of solution treated f-21S Ti-alloy has been compared with most
widely used Ti-6Al-4V alloy to establish the specific advantages and limitations of -21S Ti-alloy over
Ti-6Al1-4V alloy.

p-218S Ti-alloy sheets of 2 mm thick were used for the present study. Chemical composition analysis of
the as-received material was conducted using X-ray fluorescence (XRF) and electron probe micro-
analyzer (EPMA). Both methods predicted accurate quantification of elemental composition across
multiple regions. Initially, the CGP and CGP-CR simulations were carried out using QForm software,
considering sheet dimensions of 64 mm x 64 mm x 2 mm to estimate the effective plastic strain
distribution and load required for CGP and CGP-CR processes. Grooved dies, flat dies, and constraint
blocks were designed using SolidWorks software and manufactured using D2 steel via CNC machining.
The Modified Hensel Spittel model proved to be the most suitable flow model for simulating the
behavior of f-21S Ti-alloy sheets during CGP and CGP-CR processes. It was observed that strain
inhomogeneity was more pronounced in the transverse direction (perpendicular to grooves) compared
to the longitudinal direction (parallel to grooves) due to variations in shear and shear+bending regions.
Experimentally, the f-218S Ti-alloy sheets were solutionized at 900°C for 30 min in uncoated and delta-
glaze coated conditions. The uncoated sample exhibit a thick oxide layer while a glossy surface has
formed on the delta-glaze coated sample. Oxygen diffusion during solution treatment is a significant
concern for titanium alloys. Therefore, amount of oxygen diffused in the sample was evaluated through
elemental mapping using electron probe micro-analyzer (EPMA). The investigations showed that the
oxygen had diffused into the matrix of the uncoated sample while the delta-glaze coating acted as a
barrier for the diffusion of oxygen atoms at higher temperatures. CGP experiments were conducted on
a 300-ton hydraulic press for samples subjected to solution treatment using delta-glaze coating.
Successful deformation was achieved in CGP up to a maximum strain of 3.48 (CGP-P3), while CGP-

CR reached 4.64 (CGP-CR2). Simulation results has closely matched with the experimental values on
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the estimated force. The hardness inhomogeneity observed in experiments corresponded to the strain
inhomogeneity predicted by simulations, as both values decreased with increasing strain. Intermediate
annealing after CGP-P2 was attempted but it did not improve in reaching higher CGP passes, indicating
the limitations of the CGP process compared to CGP-CR. Consequently, CGP-CR emerged as the

superior process for achieving higher strains with lower inhomogeneity.

Microstructural analysis was performed using optical microscopy, X-ray diffraction (XRD), and field
emission scanning electron microscopy (FE-SEM). Furthermore, electron backscatter diffraction
(EBSD) and transmission electron microscopy (TEM) were utilized to analyze microstructural features
and twin-like structures. The optical microstructure of samples in ST, CGP and CGP-CR conditions
reveal the presence of twin-like structures alongside grain refinement, with higher magnification
showing different morphologies and the coexistence of slip bands. With increase in the CGP passes,
grain refinement of ~ 48% (CGP up to 3 passes) and ~62% (CGP-CR up to 2 passes) was achieved. In
addition, the fraction of twin-like structures increased from 7% to 22%, suggesting that accumulated
strains lead to stress concentration and nucleation of twins. XRD analysis confirmed the presence of a
single f phase and suppression of stress-induced martensitic transformation (SIMT) during
deformation. The peak shifts and broadening in XRD patterns indicated the strain-induced lattice
distortion and grain refinement, with higher broadening observed in CGP-CR, signifying the potential
for higher grain refinement. EBSD analysis further revealed the twin-like structures to be either
{332}(113) twins or kink bands and further grain boundary misorientation analysis suggests a transition
from low angle grain boundaries to high angle grain boundaries with increasing strain. It was observed
that during CGP-P1, the strain accumulated was primarily contributed to the higher grain refinement
of approximately 39% along with the initiation of twin-like structures within the grains. However, at
higher strains (¢ > 2.32), microstructure evolution showed that primary twins had evolved from the
kink bands, while the secondary twins have formed within the primary twins. Additionally, the peak
intensity ratio of 1(002)/I(112) increased with increasing strain accumulation, resulting in localized
crystal rotation. The combined effect of the formation of kink bands and localized crystal rotation are
expected to have played a vital role in activating the planes favorable for the deformation resulting in
higher strain accumulation (e=4.64) by CGP-CR process at room temperature. TEM and selected area
electron diffracton (SAED) images confirm the presence of twins and kink bands, with increasing strain

leading to the evolution of primary and secondary twins from kink bands. A hypothesis is proposed
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outlining the stage-wise evolution of complex microstructures during deformation, highlighting the role
of dislocation density, strain accumulation, and crystal orientation changes in twin formation and grain

refinement during severe plastic deformation processes like CGP and CGP-CR processes.

Tensile tests were carried out on samples in ST, CGP and CGP-CR conditions. In the case of CGP
processed samples, the tensile samples were considered in both the longitudinal and the transverse
directions, and the strain-hardening behavior was analyzed. The Hill’s plastic strain ratio method was
adopted to determine R-values. Hardness measurements were performed using a macro-Vickers
hardness tester, and stretchability was evaluated using Erichsen cup test. The engineering stress-strain
curves indicated that the ultimate tensile strength (UTS) increased with the number of passes for both
CGP and CGP-CR samples, while elongation decreased. The presence of twins and kink bands played
a crucial role in achieving an 18% increase in strength, with a 25% reduction in ductility, contrasting
with other titanium alloys which typically experience a 10% strength increase but undergo a more
significant 45-60% reduction in ductility after CGP-P1. Strain inhomogeneity significantly impact both
strength and flow behavior, especially when samples were tested in the transverse and the longitudinal
directions to the grooving. CGP processed samples tested longitudinally show higher strength
compared to transverse samples, with enhanced hardening behavior in the latter. In CGP-CR samples,
strength surpassed transverse CGP samples but remained lower than longitudinal ones. Despite
variations in strength, similar elongation behaviors were observed, suggesting minimal influence of
groove impressions on elongation. Flow softening behavior was observed in all conditions, with
varying degrees of hardening and softening behavior in uniform plastic region. CGP samples exhibit
improved hardening in the transverse direction than in the longitudinal direction which is attributed to
microstructural heterogeneity. Finally, the room temperature mechanical properties and formability of
B-218 Ti-alloy in solution treated condition and Ti-6Al-4V alloy in as-received condition are evaluated
and compared. The alloys are subjected to various deformation modes, such as biaxial stretching,
stretch flanging and deep drawing. Formability was characterized in terms of forming limit curve
(FLC), limiting dome height (LDH), hole expansion ratio (HER) and limiting draw ratio (LDR). p-21S
Ti-alloy exhibit flow softening with similar strength, higher ductility and lower anisotropy than Ti-6Al-
4V. Forming limit curves (FLCs) of both alloys were determined by performing tests in different strain
paths using the simplified Hecker’s method. The FLCs showed that limit strains of f-21S Ti-alloy are
marginally higher than Ti-6Al-4V. In addition, the LDH, HER and LDR values of #-218S Ti-alloy are
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found to be higher than that of Ti-6Al-4V. Thus, the findings indicate better overall formability of
metastable f-21S Ti-alloy making it more suitable than Ti-6Al-4V for room temperature forming

applications.

Keywords: (-21S Ti-alloy, Ti-6Al-4V, constrained groove pressing, constrained groove pressing —
cross route, twins, kink bands, slip bands, grain refinement, forming limit curve, limiting dome height,

limiting dome height and limiting draw ratio.
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eTS O 3R ! [l YT 3T SH T 0N, O I fad-H-ao SUTd, R0 UfeRle, 3R
SId AT & HRUT AT I & Agaqul & THT B @] ¢ | -0l gedb 3IR [Pl
TR ) T TR, sffemifed, Smfssd iR Wd & I S fafay srya # 56 36t
g, TrReiad iy urqd Uh tHidial fadhed & U H IWR @1 § | ergean iy argeft #, Ti-6Al-
4v, S U8 5 egeam & A1 ¥ +ff ST ST €, 3197 SRR T[0T & 4o & ®RuT fafia
SN H TS =0 I ITANT &1 o arelt 7Y U1 8| gTalifeh, Heread p ergci-ad iy rgasii 3
I 1 W], S B WeRlY, HeRoT Uferiy, $iR A9 gfgdl & IHH dW A1aid ot
3TN 0T & HRUT AgaqUl RIT U 361 5 | TRIf p erse=ad iy o1t o5 oy Ue Rid Sl
g, Ofop SoH o T ot §, S Hic p oM, Wfid FTuiaRdl, Jaé® ©U ¥ 3 99, 3R
IRy &0 ¥ I 99 AT YR & d8d IRUT SRRAT o Ufd Fdg=Medr | S8 sravig, Ty g
fegTe, TR0 ugfaat & ufa, o 1k wnfes fapfa (spp) ufsear wnfira 8, iR @Rm
fRRAT ! JHgH § Id @ WY 7 FHIGAl B HH B &I Y9N od ¢ AR it e o
NeRedd p er3ea s argsii & THTfAd Sy &1 fadR & &1 I $d & |

NeRedd p ergefad iy urgafi o, p-21S Ti-f% U1q d1ehd, o RdT 3R deafafae] &1 U Sifgad
g USRI HRl g, S ARy U I TRRUY WRa-1sl, Tg! gedi iR Rafdhe gaRmul &
o Sugad 81 §t-777 S99 & <@ Wi & FH0r & p-218 Ti-fAY U1 &1 SUAIT e Sat g1 p-21S
Ti-For8t o7 TR SITRIHTRT XY AIShREdaRa A&f0N 3R fafia TH1e IuaR SR ol ufsharst &
gitAe TN IR UG ¥0 ¥ fHU 77U § dfd 39H! arbd | GUR &1 Fob, Afde al § Ag@qul
w0 Y HH TS ¢ | gTaifcs, THUTS! Ufehar SIiT URIReBRUT doh-idh| T SUTRT & p-21S Ti-Fg o1
Bl AgpRedR § YL 3R 39 Fifiep Uit 3R FUiaRdT RARWATell TR UHTT &7 e el
fora T g | Tt ufsharsit H, Tiftra g oRi (o) @ 2ffe & w9 § Il @ fagd axa
& foIe a8 Iugad Ufshar A1 ST 8| 39 UBR, TaHT 30T &1 AUd 3689 p-21S Ti-fHy
o H ST uiRie & forg dioiidt ufshar o1 SUTRT &A1 € dift aidhd SR TUicRdl &1 Ud
SYAH YIS Ut 81 b |
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B-21S Ti-fir8f 4T T Iu=id (Toeh) fufa & Hegd d1ehd & A1y et Tedl UefRfd #rar g
gqfory, Wfid 37a Rk (isiidh ik Tifera 7a R - wig T (@S- dem) S=f ik wies
fagfa wforaraft &1 IUTRT p-21S Ti-fsr g o TS UR=ITeH U v & o fopar 7 g1 Taet,
o, ok Tioidl- e fufedl & Sfid 3FTT STHR, a=adT, 3R Sifrufiaar 1or fFuifkd farg
T | o TG d A 1 31 FeiRa & 39 FifAe 0N ! dga & [l 3 0N J GUR
&1 YHTGT T euie- b T TAfaferet sik gifaferdt & da o wuiarar ol & Tael,
iofidt 3R defidt-rem fRufaat & aftfa fosar marn s sifafkea, g™ Iu=iia p-21s Ti-fay
oTd 1 =g, sifeEfiadr, SR wafaferd, srufaferd ok Wa wnfaferd & Yo & wuidazar it
qoT A0S U F YN DI S aTelt Ti-6A1-4V Y YT o A1 &1 TS dlfdh p-21S Ti-Ms arg &
RIS @y 3R 131 & Ti-6AL-4v TR R o S 9o |

A 3reqg o ford 2 Fordt |iers &1 p-21S Ti-fy urg e o1 IuanT fosa Tt | UTed IreRh &1
AT TR [IRAN0T XX TIRIIN (XRF) 3R Zaae- Ud HIgeh1-[aRaued (EPMA) &1 SUTNT
B fooar mar| < faftry = fafvre &= 7 acal ot 9die A o Higsgarft & urRY #, Hieidt
3R ol TR RAARM QForm TIFEATR &1 IUIANT FRab T T 3, forad e & smaml &
=0 H 64 el x 64 foef} x 2 Fof} @1 oo & T g, ot SiR Tieidl-TeirR ufsharsit & forg
TGS YHTE! WIREH a-1d FIaR0T 3R HR &1 STHH AT 1| 68 IS, T 812w 3R
I AP BT SolidWorks TTFCIIR BT ITANT FHRob (SIS [ohaT T 3R D2 Wi BT ITART IR
cNC T & Aregm 3 AT forar man Hefidh ek dieiid-Sem ufssarsif & SR g-21S Ti-
firy u1g ey & AaER I Rimee 31 & g AfSwzs du e Hisd 9a IugH UaT6
AiSd AIfad aiT| I8 <l 71 {3 -1 Bt SRITIA Cias = (I8 & daaa) | 31t o, srafds
AlfRTegfed fa= (You & THHIR) | &H 2, S R iR e+ & aaf o fimarsit & aror
ot | AT U 9, p-21S Ti-Forer o1 e &1 fom1 SifeT $iR Seer-1aw dics Ryt # 900°c
IR 30 e & fow garenfa frar man fomr it & 793 R T At SifTgs wRd 31 TS,
SIaith Seel- o ®ics T IR U THHER Tde a1 | THIYM ITAR & R Siaior &1 TR
erzefan iy urgsht & o ue Heayuf fofar g1 swfe, T & vaiia sifRiieH &t Jm &1
i Saidci- Ui ATSehI-fd=eiyd (EPMA) &1 STANT Rah dcdid HHRAU o H1egd § foban
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7| ST A feEmn o fomr Sife ara T # Siffiom 3 ffeaw o veia fasan ot siafes
STCI-TA P 7 I AU TR SHTRITo TRATYSH & TR & ot Teh 3Ry & =0 8 Hd
fohaT | SeeT-Tarel BT BT IGANT R FHIU TR T UR 300-C BIS ST U TR Htoidt
T fpu T | ot & sif¥ean 3.48 (@ Sid-tl3) d% d-a R % fasfa v &1 T8, Safe
oIS A 4.64 (FoNd-M3R2) d% Uga a5 | Rigelz@ & aRomt 3 sA+d 90 W
TN AT & 1Y FAidvear I Od @rnl war § Sl 718 doRdl SR RasE gri
Yiqsaaroft o1 718 91a SR & Sy oY, Fifds Gl A a1d Se- o 1Y & H gu | dieidl-th
& SIC ATd! AT ST YA fohan 7, fe g 3= Aol O d& Uga | YUR el &%
T, S et ufehar ot STell ®f g=idl ¢ | TRumHRaEy, iR &8 SR & 61 3=
aTd T - & e 9% vfoha & &0 § S|

YEAIRATAS =0T Do a ARHRPIUT, TRIX fdad (XRD), 3R Bice THRE Wi
ZAaCI- HIZ I Ul (FE-SEM) BT STANT b [ T | 39 Sifalad, IaaeH daidheR faac-
(EBSD) 3R TRIHRM Saaci- HIZH DIl (TEM) BT SUTNT YEAERDTHS [aRivdraf 3R fge-
SR RISl T faRawur v & fore foma | T, ot ofR ieiidh-wftem Rufaat & 7t
& PP AFHREHRR 7 3T IRNET F -9y fg7-Sf TRemmeit o) Jufufa &1 geman
forar, o S smaeH = fafirs &t 3R R 989 o Ug-siida & ! fe@man| dieid! url &1 3fg
& Y, TTHT 48% (ST & 3 UM dF) 3R ~62% (ot & 2 UM d) o1 3T giR=me
TG o T | S SHfaRad, fg -t STl &7 31=1 7% ¥ 22% A ¢ 14T, Fora) o e
g o fad a1a & HRUT TG BT g1 3R fg=a &1 1S §1d1 ¢ | XRD [a=ayur 3 Tevd p =Rl
! JUfRT 3R fapfa & SR a1a-0fkd Ardamefesd uikad (SIMT) & &HA &1 gfY ST XRD
Oe # Ui e 3R dieTg A a919-URa ofew fawfa iR 3T uR=ny= &1 ddbd faar, foras
Fofidt-frem 7 3= st T 712, St 3= 3 uRENeA Bt IHTaeif & 3fd et 81 EBSD
for=erwor = fga-Sieft TRamsfi @1 (332)(113) fg=a a1 fheh 950 & &9 T Udhe far iR 3T ATAT
T a1 faxayur 3 Fgd d1d o 1Y Y HI0T S THH1S T 3o D107 3TN TS B 3R
HhHUI 1 Y1a 1| T8 11 71 fds CGP-P1 & SR Hd -1 BT G INTGH THTHT 39% &
I TS IRRNYA & Y- TS o iR fg1-oRkit TRa1ef & SRy H o7 | gTaiifes, = a-1a
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(e >2.32) R, GEAIRET faem A feaman i urufies fg= fhas dgw ¥ fawRRia gu, Sefes fgdias
fo=g wufies fg=a & iR a1 S99 sifafvaa, disb diaar sraTd 10002)/1(112) H dgd d-1d A4
& Iy gfg g3, e aRumRaey i fhed AewE ganl fbe d59 ok - fhea
RIS & 6 BT Tgad WHTA [aw T & e sred Tl & Afthd B H Agayul YfHeT FH=
®! YU 8, TR CGP-CR UfhdT GRT HHR & dIUHM R 3 d-1d T (e=4.64) U g3
TEM 3R TAMd &5 3o fadd- (SAED) Bfad A fg= 3R fheh dg9 1 Iufufa & gfs &1,
R Sed a1d & 1Y fhd S89 I Ul SR fadiae fg=a &1 9w ganml U aR&bea
TRATIAd B T3 § off fAPpid & GRM Sied YEAURTIS & dRU-AR f[dH™ & X@ifdhd dxdl g,
fored fg=1 fmfor 3iR st uR=ie # sraawt g, I-1d T9d SR fheea sififa=mg ufvad =t
1 YT P IR a1 7T &, S ot 3R Iroidt-TtaR ot iR wnfRess fagfa ufsranai
H1 ST, CGP 3R CGP-CR FRUfTTl § AT TR T URI&01 T W | CGP TR d 15| & A 1,
T AT 1 el 3R Sy G fe=maif § foram T 3R IH1a-SHERal HagR BT fa=eoor
forar T R-ge! &1 RUTRa H & fore fed &) wikes 9-1a SrgaTd faftr oS 15| HaRar
AT & 1T Hepl-faed HERAT TRI&d o1 ITANT i 7T, SR e afaferd! &1 Jedie TRawH &4
TRI&I0T T SUANT DR (0T TT| Sl IH1a-d-1d dshi - Wobd fedl fd Gl CGP 3R CGP-
CR THAT & o oral ot Tveam & | Sifad a=aan wfad (UTS) H 9f< 83, Saf daTs 9g4 | St
s | fg=a SR fher dgw &t Iufyfa = fda & 18% IS FxA | Ag@yul YfiyewT FuE, Safe
TR H 25% 1 HHT 3718, S 3 erscan By el & fausid €, forH SRk W 10% Wfda
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List of Abbrevations

HCP - Hexagonal Close-Packed

BCC - Body-Centered Cubic

CP-Ti - Commercially Pure Titanium

Moeq - Molybdenum Equivalence.

UFG - Ultrafine-Grained

NG - Nano-Grained

SPD - Severe Plastic Deformation

ECAP - Equal Channel Angular Pressing

ARB - Accumulative Roll Bonding

FSP - Friction Stir Processing

HPT - High Pressure Torsion

RCS - Repetitive Corrugation and Straightening
CGP - Constrained Groove Pressing

CGR - Constrained Groove Rolling

STS - Severe Torsional Straining

FEA - Finite Element Analysis

CGP-CR - Constrained Groove Pressing — Cross Route
CGP-P1 — CGP Pass-1

CGP-P2 — CGP Pass-2

CGP-P3 — CGP Pass-3

CGP-CR1 — CGP-CR Pass-1

CGP-CR2 — CGP-CR Pass-2

GBS - Grain Boundary Sliding

CDRX - Continuous Dynamic Recrystallization
ST — Solution Treatment

WQ — Water Quenching

CD  —Cold Rolling,

RH - Rate of Heating

PFZ - Precipitate Free Zones
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YS - Yield Strength

UTS - Ultimate Tensile Strength

GP - Groove Pressing

FLD - Forming Limit Diagram

LDH - Limiting Dome Height

HER - Hole Expansion Ratio

HET - Hole Expansion Test

EDM - Electro Discharge Machine

LDR - Limiting Draw Ratio

XRF - X-Ray Fluorescence

EPMA - Electron Probe Micro-Analyzer
XRD - X-Ray Diffraction

FE-SEM - Field Emission Scanning Electron Microscopy
EBSD - Electron Backscatter Diffraction
TEM - Transmission Electron Microscopy
IF - Inhomogeneity Factor

BHF - Blank Holder Force

LVDT - Linear Variable Displacement Transducers
SSE - Sum of Squares Error

Lagbs - Low-Angle Grain Boundaries
Hagbs - High-Angle Grain Boundaries
KAM - Kernel Average Misorientation
C-J - Crussard—Jaoul
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Nomenclature

o — Alpha Phase

[ - Beta Phase

o - Omega Phase

®q - Athermal Omega

wiso - Isothermal Omega

0 - Groove Angle

ger - Effective Plastic Strain

n - Strain Hardening Exponent
R - Normal Anisotropy

AR - Planar Anisotropy

K - Strength Coefficient

R - Plastic Strain Ratio

RY - Hill’s Plastic Strain Ratio
or - Flow Stress

€ — Strain

€ - Strain Rate

T — Temperature

my, my, ... mg - Material Constants
S; - Strain at the i’ Point

Savg - Average Equivalent Strain

Fuax - Peak Force
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