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Abstract

High entropy alloys (HEAS) are a new class of materials formed with five or more
elements in equiatomic or non-equiatomic proportions. They are also known as multi-
principal element (MPEs) alloys or complex concentrated alloys (CCAs). HEAs have
attracted much attention from materials scientists in recent years because of their unique
compositions, excellent thermal stability, microstructures and adjustable properties. This
Ph.D. dissertation presents the research work conducted to develop precipitation-
hardenable high entropy alloys using face-centered cubic (FCC) non-equiatomic
Co15CrFeNiys quaternary base system. The additions of aluminium (Al) and titanium (Ti)
contents in the base system make the alloy amenable for precipitation hardening (through
aging) by formation of the second phases in the FCC matrix. The addition of Ti
specifically alters the grain size and precipitation hardening Kinetics. Further the
precipitation due to these elemental additions play a vital role in modifying the alloys

mechanical properties.

A combinational approach has been used to assess the compositional, microstructural
and property relationships. Vacuum arc melted AlxCo1sCrFeNiysTiy (where X, y values in
atomic ratio, such that x + y = 0.5) HEAs were selected for this study. Based on
composition variation, three promising FCC-based precipitation-hardenable alloys have
been identified- AlosCo15CrFeNiys (labelled as Alos), Alo2Co15CrFeNivsTios (labelled as
Alo2Tigs) and Co15CrFeNiysTigs (labelled as Tips). With the addition of Al content,
elongated grains have been observed after solutionization treatment. Whereas, with an
increase in Ti content, there was a gradual change from coarse columnar shaped grains to

near equiaxed grains. Additionally, an increase in hardness value was observed due to the



significant lattice distortion in HEAs, revealing the contribution of solid solution

hardening, primarily in solutionized condition.

The aged Ales, Alo2Tios and Tios alloys were strengthened with two different
structured precipitates. One with body-centered cubic (BCC) based B2 structured needle-
shaped precipitates in Alos, the other was FCC based L1, structured spherical- and
cuboidal- shaped precipitates in both Alo2Tios and Tios alloys. Transmission electron
microscopy (TEM) studies have been performed to confirm the crystal structure of
precipitates formed in the aged HEAs. The microstructure observation suggests that the
morphology of precipitates varies with the addition of elements (i.e., Ti and Al). The
microhardness results show that the Tigs alloy has the highest peak hardness compared to
Alo2Tioz and Alos HEAS. These changes were attributed to the finer precipitate distribution

within grains.

The effect of different variables, such as aging temperature, quenching medium and
pre-deformation (i.e., pre-strain prior to aging) on the microstructure evolution and age-
hardening behavior of HEAs have also been investigated. It has been observed that the
aging temperature and quenching medium significantly affect the age-hardening behavior,
especially for Algs and Alo2Tios HEAs. The key factor includes a higher hardness,
excellent thermal stability, and a higher number density of precipitates. For 650 °C and
750 °C, a significant age-hardening behavior has been observed compared to 850 °C. It
was attributed to the higher number density of precipitates. The precipitation hardening
response and precipitate characteristics for brine quenched and water quenched has been
found to be significantly different compared to air-cooled samples. The higher hardness
value, finer distribution and the higher number density of precipitates were observed in
brine quenched and water quenched samples. Further, the precipitation hardening

behavior was found to be significantly affected by the pre-deformation prior to the aging

Vi



treatment. The key effects include shorter peak-aging time (i.e., from 240 h to 50 h),
higher peak hardness, and distinct over-aging behavior. It is attributed to an increased
number density of precipitates for all the three HEASs in their solution-treated and pre-
deformed (labelled as ST-PS) conditions, than the solution-treated (labelled as ST)
conditions. In addition to this, the coarsening kinetics of precipitates for Alos and Alo2Tios
HEAs are significantly faster in ST-PS samples than ST samples, while it remained
similar for Tigs in both sample conditions due to broader precipitate size distribution

observed in ST-PS than in ST samples.

Furthermore, the yield stress (oy) of the three HEAS subjected to various treatments
such as aging, pre-deformation, different quenching medium and various aging
temperatures has been predicted using the Ashby-Orowan model. The yield stresses (oy)
of the three HEAs were also estimated using the experimental obtained hardness values
following the Tabor’s model. These models were used to understand the contributions of
precipitates (i.e., Ashby-Orowan model) to the overall strength (i.e., Tabor’s model) of
the aged samples. The predicted and estimated oy values were successfully correlated for
the aged HEAs and have been validated with their experimental oy values from the
literature. The results suggest a good agreement between predicted, estimated, and
experimental yield strength values. The observed results emphasize the role of

precipitation characteristics in controlling the strength of the aged HEAs.

From the comprehensive studies carried out, it is clear that the Co1sCrFeNiys alloys
with Ti and Al additions present the potential to offer high strength and excellent thermal
stability through precipitation strengthening, suitable for several high-temperature

applications.

vii



R

TS TCI! TAT (TIRU) GHURHIUGS a1 IR-HG ST § Uid a1 31 dai
& 1Y ST R BT U 41 I §1 I8 98-UHT dd (THUTS) iy a1 Sfed dfgd
iy (Rfie) & =g & ot 97 ST B 1 8T & anf # TEsU A IRl aefae! § It

33T TS, IFHT YHd RRAT, AZphReaR 3R THNY T[0T & HRUI 9gd &M
e frar 31 o8 Miwast Wy By-des wfde @HANh R-IUdH™
Co15CrFeNiys TqUid® SMYR TUCH o IUINT dRop URIUCRH gre -1 818 Trerdt
A Y1t &1 o oA & o fee 0 2y S &l TRgd HRal 8| 99 Req #
T 3R Treeiad &t IRl & Ydhad § Miyerg Twee Afced o gak wrol
& T3 & gR1 WRftewE grsfHm ot & wreny ) & forw ITRer) 8 S B
crgefgH o1 Yeha faRy U J U7 IIgel 3R URAUCRH ST = ard bt
! gad odl | $HP SATal 37 YaHed URad & HRUT g arelt YRR gref
fhrsr erq & i TN &1 INTAT A H Tg@qul YHwT FHurd 31

DN, AISHRERER 3R 70 J&df BT 3AHe B & T Th GaroH
BT BT IUTRT fobar AT B 9RgH 3 Aees AlCorsCrReNipsTiy (ST8T X,
Uil MU H §, S b x + y = 0.5) TISU &1 994 39 g9 & ol foan T g
SIS fHadl & YR W, i SHRAMeh THER-3MyiRd YR grsfHi

ey ergsff @ UgAM @B TS 8- AlosCoisCrFeNins (Als & ¥U H dda),
Alo2Cos1 sCrFeNiysTios (Alo:Tios & U H Aae) 3R CoysCrFeNivsTios (Tios b ¥0 |
) forar AT § | Tegfiiad Il & dead 9 Sifafed, TaRF SUER & 91
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HR & I F THT I0H 99 & dR-IR aRkad= genl su9d sifafked, Tagy &
Teayul dfed fEeRIA & HRUI g g ¥ 3 &t 8, S wifers IqRA
BTSTT B & ANTGM DI e Bl 6, T-I U I YoM SUDR &1 fufd H

TS Alos, AlosTios 3R Tios T G SET-S1aT TR URAUCe & AT Aoigd [T
T ¥ T Siel-dcs agfad (SR SURd B2 Waek e & MHR &I Uffuee
Alos T, TIRT THER STUTRA L1, TR MardR URIUSe Al Ties # iR dgaigsd
HR & URIUCT Ties Ty urgell ¥ ¥ T Tast # o4 dra URifice & foreea
TRR DI Y B o AU CBRHE Sade = ArShRIU! (C1gH) I &g fdbar T
g HIEHRCHRR 3fadid- ¥ Udl Iadl & for URifUee &t siepfa Il @, g
3R TGAaH) & Yhad & Y deadl 8dl ¢ | HTShIgre-4 & TR §dTd § &

Tios T T & AlozTios 3R Alos TIRT HI T § Iwad Uidh 8189 ¢ | 39 uRaai
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