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Abstract

Metals and their alloys have long served as foundational materials across various
industries due to their versatile properties. With advancing technology, the need to
enhance and tailor the properties of metals and alloys, has become increasingly crucial
to satisfy modern application requirements. High entropy alloys (HEAs) represent a new
class of metallic materials characterized by their unique multi-element compositions,
providing an expansive range of compositional possibilities and enabling unprecedented
opportunities in materials science. HEAs have demonstrated remarkable properties
across diverse fields, including outstanding strength, toughness, corrosion resistance,
and thermal stability. Due to their superior mechanical and thermal characteristics,
HEAs show significant potential as alternatives to conventional structural materials like
steel, titanium and Ni super alloys. However, the underlying mechanisms responsible
for these exceptional attributes are not yet fully understood in current literature,
inspiring researchers to explore the mechanisms behind their unique behavior and to
develop methods that would enhance their properties and, hence, broaden their
applicability. Among the most promising are CoCrFeNi-based HEAs, which exhibit
desirable mechanical properties, particularly when alloyed with Al and Ti. These
elements have been shown to improve precipitation strengthening, further enhancing
mechanical performance. However, the deformation mechanisms in non-equimolar
CoCrFeNi HEAs with Al and Ti additions, particularly the effects of aging and
compositional variations on deformation, remain largely unexplored. This thesis
presents a systematic investigation into the deformation behavior of
AlxCoi 5CrFeNij sTiy (Where x +y = 0.5, in atomic ratio and x =0, 0.2, 0.3, 0.5) HEAs,
with a specific focus on understanding how alloy composition, aging, and

microstructure affect their tensile, strain-hardening and hot deformation properties.
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In the initial stages of this study, the four HEA compositions were subjected to
solutionizing and peak aging treatments. Tensile tests on both solutionized and peak-
aged samples were used to derive stress-strain and strain hardening curves. An increase
in Ti content and aging notably enhanced the strength and elevated the strain hardening
rate of each alloy. Fractographic analysis revealed that the alloy with highest Ti content
has the highest tendency for brittle fractures, showing cleavage features, while the alloy

with lowest Ti content retains the most ductile characteristics.

Further, high-resolution transmission electron microscopy was employed to examine
the microstructure in deformed regions after tensile tests. The study found that Ti
additions increased the work-hardening rate and affected deformation by inducing
planar slip and forming Taylor lattices and stacking faults. TEM analysis further
confirmed a shift in deformation mechanism from wavy to planar slip as Ti content
increased. The precipitation hardening mechanisms varied in various age hardened
alloys, with B2 precipitates enhancing hardening through Orowan looping, whereas L1
precipitates primarily caused hardening through shearing by partial dislocations and the
interaction of stacking faults forming Lomer—Cottrell (LC) locks. The deformation
substructure, specifically Taylor lattices, were observed exclusively in the solutionized
condition, with their formation significantly reduced upon aging, thereby absent in
peak-aged conditions. Deformation in all the alloys primarily occurred via planar slip

on {111} planes.

The alloy Alp3Co15CrFeNiisTio2 (Al03Ti02), after aging, emerged as the only alloy
among the four to exhibit two types of precipitates in peak-aged condition, achieving
the highest yield strength increase while maintaining considerable ductility. Peak aging
after 120 hours produced both B2 and L 1> precipitates, resulting in a ~187% increase in

yield strength, and a ~214% rise in hardness compared to the solutionized state. Hence,
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the thesis presents findings from a detailed analysis of the mechanical properties, aging
behavior, and strain hardening mechanisms of AI03Ti02 alloy, and was selected as a
primary focus for further studies on hot deformation due to its intermediate Ti content

and balanced mechanical properties.

Henceforth, the thesis explores the hot deformation behavior of AI03Ti02 alloy at
temperatures from 923 K (650 °C) to 1,373 K (1100 °C) and strain rates of 102 to 1 s™
using a Gleeble® 3800 thermomechanical simulator. Constitutive modeling and
processing maps, based on the Dynamic Materials Model, were developed to identify
optimal processing conditions and safe work domains. At 923 K, the power-law
breakdown was observed, and flow curves showed no softening. While the highest hot
workability efficiency (~34%) was found in the 1,300 K (1027 °C) temperature range
at strain rates between 0.03 s and 1 s™!, the unstable region predominantly occurred
within the strain rate range of 0.01 s' to 1 s™ and the temperature range of 923 K (650
°C)to 1,165 K (892 °C), characterized by the formation of voids and cracks. Dislocation
climb and discontinuous dynamic recrystallization were identified as the primary

deformation mechanisms.

Overall, this thesis provides a comprehensive understanding of how alloying, aging, and
microstructure  influence the mechanical and deformation behavior of
AlxCo1 5CrFeNi; sTiy HEAs, with detailed insights into strain hardening and hot
deformation mechanisms. These findings underscore the critical role of precipitates,
dislocation substructures, and microstructural evolution, and open pathways for
optimizing the properties of HEAs through controlled alloying and heat treatment
techniques. The outcomes contribute valuable knowledge for developing advanced
high-performance materials suitable for demanding structural applications. Future

research could focus on exploring the effects of additional alloying elements such as

vi



Mo, Nb, and C in non-equiatomic CoCrFeNi systems, as well as refining grain size
through thermomechanical processing, to enhance strength and provide deeper insight

into microstructural evolution and deformation mechanisms.
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R

YTqU 3IR 3o MyTg da Iug ¥ Al I & giarc el & w0 o ugad
1A TR &, il 37U SgHT Ul & BRI ABIA g § | TENRIDT & FRaR fabr
& Y, ST foRarstl & GURAT R B BT TaRId gl T § dlfs
MY ST B} AT B QR oot o1 Tah | BT YT ATy (HEAs) UTgsfi ot
T A4 907t 8, ! faivdr 39! ag-adadia Wa1 81 98 W1 AU Haro
HUTTATY T Bl & SR GrEht {99 7 sndyd s/aeR Jledt o

HEAs = fafde & & srememor o1 yefRid g §, Sif S ddd, BRI, HeRol
TiRIY SR aTdig fRRAT| 7 dgeR i SR ardia faRwdrsit & SR HEAs
URURS WS TR O Kid, Trgefad ok fod senid guruara &1
feped a9 31 eTaT TWd § | BT, 37 SRR U & Ui & Tifdes o anf ot
T8 TRE & TS TR U B, O Sierpatan &) 39 SIaeRITd faRISaTal ) See
3TR a1 BIUEHT bl TG o ferg IR fHyerclt &1

CoCrFeNi STHTRA HEAs B! Ga¥ 31fie FHITATRIIE AT 9Tl &, faRive oid 3%
THHA (Al) 3R eZeaH (Ti) S Il & fAfed fosar srar g1 3 9@ a8y
PHSIBT (precipitation strengthening) BT TG & 3R 39 UPR TifA YR &I 3R
SR §F1d & | BTdifeh, TR-GHTUIA® CoCrFeNi HEAs & Al TR Ti & 1Y STaH 715

TR, JGTARIT TR FIAD 0N TR YHTT BT 37699 Hfd @7 3|
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I MY H Al,Coy sCrFeNiysTiy (S8 x +y = 0.5;x =0, 0.2, 0.3, 0.5) HEAs ®1 A&
IER W TP UUITHIaG T U foat T &, Forad flrsrenq SRa1, Jamaw
3R AR & YHTd B JHSH $T YN favan T 5|

BT TRONT H IRI HYrgafi &1 TAe™ a9 SU=R (solutionizing) 3R aTRH

JGTART (peak aging) UTohaT3T I TOIRT TATI =TT URI&UN (tensile tests) I T
I1a-fapfa I HSH0T gl & fazas T I g a1 {6 Ti B AT SR goraRaT ¥
dTHd B g 83 3R HSIHR0 R T I YUR gofT | Traeinfthes fazawor
& xifar 3 = Ti aret foigreng o R fads @t ugfy sifties <, STafes e &9 Ti
arell fiysrenq 3ifies 77 (ductile) STaBR T B

T URIEUT & SIG Sd-Releg=H CRfERM Sadg- TS ! (TEM) ¥ fagd
&t o1 ger faarvor fsan mar) oot & udr =an i Ti Bt Suffa | wiikes
fopfar o @R &0, TR A quT RfHT Biecy SR fIRwdg S gt 81 L12
UHR & A8 3 fdad= gRT 9UT B2 /@& 3fRa I gRT Heidor §
TG Td § 1 SR I TREHT had TGRS a1 & ¢l 18 SR ies ufohr
& 971G I aRg SrufRyd o | it frsrengsii @ fapfd qer =0 ¥ (111} T80 W @R
U & mem 9 gl

IRI & I Alo3Co1 sCrFeNi) sTio2 (A103Ti02) fErsreng, die Ui & a1e, L1, 3R B2
I TR & 3fF&Y UefRid B arcll T fhigerg Ot 399 dics Wy ~187%
3R FERAT H ~214% BI g W T3 | 39 Afora TifAe oI & HROT A103Ti02 BT
T & gl FSHIHRM sieqg=i & forg g1 |
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3T =M T A103Ti02 FAYUTg $1 glc fSHIHRM Ia8R 923 K ¥ 1373 K d® &
AU T 3R 102 ¥ 1 s B LA X AT F Gleeble® 3800 YHHBHDB
Rgeier gR1 Sreqe fovan T SRR Mg Alsd (DMM) TR 3eTRd
FifRccdfed Hisd iR TRIRIT 7w fasRd fy Mo, o Iugad TSGR
fRufeat 3R JRfera wrfe ugam o wd 1 923 K TR UTaR @f 9613+ ol a7 3R
Tl o H Pig Qe -1 Ao fa | Tat 3= SHTIGRIAdT (~34%) 1300 K 3R 0.03—
1 s I X T AT IR UTS T8, Saiop SHFRURAT & T@A: 923 K—1165 K o &g T,
o ohep SIR dlsgd o &1 Ugid ol Tz | T fagpfa o H fexaies Fomse
3R 3RIad SIS Rfsheeeze U )

3 UPR, TG MY AlxCol.5CrFeNil.5Tiy HEAs B YT WRTI, JGTaRAT 3R

JERIRET & YU P AUS U J AT § 3R §9 q-1a-Hedul aul §ic
fEwTHT agR & siafHed o= W A= STarar 81 uRom <xifd § i fifia
fArgerg TaeH SR gic Sictc adb-iidl GRTHEAs 1 UILHT & Sfdierd fobar Sl
FH T 6 | HITST & MY T Mo, Nb, TUTC S Tl & THTT TR YHHPB e el TRIRBRUT
SRT I SR iz &1 fern & & fova o wban g1
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