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Abstract

Steel is extensively used in many industries, including automotive, petrochemical,
food processing, biomedical, and aerospace, due to its cost-effectiveness, strength,
hardness, biocompatibility, wear and corrosion resistance characteristics. However,
it has limitations in extreme environments. Austenitic stainless steels, like SS304,
are preferred in such extreme environments, but they degrade under intense corro-
sive and wear conditions. Hence, these surface/sub-surface degradations of SS304
steel can be eliminated by developing a new novel material. Nowadays, a novel
category of alloys known as Multi-principal Element Alloys (MPEAs) has garnered
significant interest from the scientific community owing to their multifunctional fea-
tures. This study focuses on developing a novel TiNbMoMnFe-based MPEA using
bulk fabrication and surface coating techniques. The performance of the developed
MPEA and the coating are benchmarked with the responses of the SS304 steel.
The present research has been classified into three sections: (i) the development
of bulk MPEA using microwave sintering, (ii) the development of MPEA coating
using the High-velocity oxy-fuel (HVOF) thermal spray process, and (iii) exploring
the effect of heat treatment on HVOF-sprayed MPEA coating properties. Fur-
ther, the metallurgical (XRD, FESEM, Raman, XPS, etc.), Mechanical (Hardness),
Physical (Density, Porosity, Surface wettability), Tribological (Friction, Wear), and
Electrochemical (Corrosion) characteristics of the bulk MPEA, MPEA coating, and
heat-treated MPEA coating were studied and established the role of microstructural
changes on their superior properties.

Initially, the TiNbMoMnFe-based bulk MPEA was fabricated using the microwave
sintering-assisted powder metallurgy technique. The MPEA powder was initially
synthesized using a mechanical alloying technique. The optimal composition of
the alloyed powder was further compacted into green pellets and then microwave-
sintered at different temperatures. The exact single phase (BCC: TiNbMoMnFe)
MPEA evolved at 1400 °C. While sintering at less than 1400 °C resulted in mul-
tiphase (BCC, FCC) MPEA. Thus, developed single-phase (TiNbMoMnFe) MPEA
exhibited a hardness of &~ 16 GPa and porosity of around 8%. The tribological
exploration suggested that the multiphase alloys (sintered at 1100 °C - 1300 °C)

are prone to adhesive wear followed by oxidative wear. Due to high hardness, the
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single-phase MPEA underwent minimal plastic deformation and some surface abra-
sion. This also resulted in the exposure of nascent surfaces, leading to oxidative wear.
Hence, the wear resistance was increased by ~ 54%. The single-phase MPEA (BCC:
TiNbMoMnFe) showed excellent corrosion resistance (Corrosion rate: ~ 99% reduc-
tion for short-term exposure, ~ 83% reduction for long-term exposure) attributed
to the lack of high-energy sites and the formation of a stable and continuous passive
layer on the surface.

The SS304 steel-facing surface/sub-surface degradations can be projected by devel-
oping the MPEA coating. The TiNbMoMnFe-based MPEA coating on SS304 steel
was developed using the HVOF thermal spray process. This study investigated
the role of feedstock powder preparation on the overall coating performance. The
MPEA coatings were developed by preparing the feedstock powder at different time
scales, 5 h, 10 h, and 15 h, respectively. Among them, the 15 h milled MPEA coat-
ing exhibited a very dense and homogeneous structure with low porosity (=~ 1%),
superior surface finish (Ra ~ 2.57 pm), and hardness (= 13 GPa). Tribological stud-
ies under dry sliding conditions revealed that the 15 h milled MPEA coating was
highly wear-resistant compared to other coatings (86% reduction). For long-term
exposure to simulated body fluid (SBF), the MPEA coating showed much-improved
anticorrosion performance (corrosion rate reduced by ~ 98%). The dual protective
mechanism involved the formation of a TiNbMo-rich passivating layer and apatite
deposition on the surface during long-term exposure. Long-term exposure to NaCl
medium,15 h MPEA coating recorded a ~ 99.5% reduction in corrosion rate after 5
weeks. The protective mechanism was associated with the formation of a TiNbMo-
rich passivating layer. However, the SS304 substrate was prone to severe corrosion.
The erosion studies suggested that the failure mode was ductile. The 15 h milled
MPEA coating showed an =~ 88% reduction in erosion rate at a 30° impingement
angle.

The 15 h milled MPEA coating was further heat-treated at 700 °C, 900 °C, and 1100
°C, and the effect of heat treatment on the mechanical, metallurgical, corrosion, and
tribological properties was studied. Heat treatment made the coating denser, more
compact, and less porous. Upon heat treatment, the single-phase BCC structured
as-sprayed MPEA coating transformed to dual-phase (BCC and FCC) MPEAs, and
the presence of the FCC phase dominated over the BCC phase when heat-treated
at 1100 °C. The 900 °C heat-treated coating showed the highest nano and scratch
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hardness due to the dual-phase behavior, and hardness started degrading after 900
°C. Also, the 900 °C heat-treated coating had excellent wear resistance; the major
wear mechanism was abrasive wear followed by oxidative wear. Similarly, the 900 °C
heat-treated MPEA coating had the highest corrosion resistance (~ 92% reduction).
Hence, the particular composition is not recommended for heat treatment beyond
900 °C.
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TETA T IUANT g AN H fohdT Srar &, ore siidimifed, Ugionfiche, T T, Jramm-
fgopet 3T TTrOy AN &, 39 ana-wuasiiear, fed, werdr, Sa-Tamaed, foae
3R FeyrRuT UfaRie farwdret & SRuT| gTdifeh, Sl I¥H aTda<ur H AU 8| TqUd30y S
ST T STUTA ol U IR ITATaR0T | YIS fohall SITAT &, @ik d die HeTReh 3R foama
&1 f&fa § @ 8 91a €1 39y, THTdsoes 3Id il 57 Tde/IU-ade FR1ae &t Teh T
YT e f¥d ohech FHTE fohdT ST ekl €1 ATSTehd], Aecl-TUfiue Tlede iy erg (TH.41.3.7)
& €U H ST aTed TSy T3t <hl Uk Fdi Uit 3 IATh FHard & Ieh! dglohareiiet fasisrareit
% T HEcaqul ST UTLd <l 8| Tg eI Toch IcdTe AR IURAA ATa0T Aheiichl hl JTANT
Fch Teh 419 A3ME Te UHSN THTA Th-3mymia Tadieu faefaa o w i &1 fawfa
TH.UT.3.T 3R Ieh SATIRUT o Faei ohl THUH30x FTTA hl UTAThaTT o 1e e fohdT T &
TAAT FTHY <l I N H avficha foham 7T €: (i) Wigshidd f&efar o1 IudnT ad gu do<h
TH.ULE.T &1 faahrd, (ii) er8-aentarct siferddl-wgel (Ta.d1.30.0%.) et B Uiohar o1 I
F¥eh TA.ULE.T AT ol faahrd, X (iii) fogermd fhy 10 tr.dt.E.0 Sraor T[ur oY SoAT-
JURTRA & THTE <l @ISl | 39k AT, UThH (T ARSI, UF.3.TH.3.0H, T, T U1LT9,
M), Fifeh (FORAT), Hifdeh (Tcd, TIYAT, Tdg ATGRATeAdT), Agalciiiotehel (0T, forama)
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B H ot foram T 3R O fafer= aromm R Argehtaa-Ee foram mam geara Uahe aror (&ff
ot &t S el THe THUA %) TH.ULE.T ¢goo feift Qfcdard W faef¥a gam Stafes egoo
foift Afcaaa & w0 w el & uRumreasy g avor (14, TwdE) gadise giar 81 3a
TR, T d Toha-awor (31 Tat TS TAUH ) TH.H.E.T 3 ~ 2§ SHUIT i waRar 3R
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