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Abstract

Medium entropy alloys (MEASs) are a subset of compositionally complex alloys (CCAs)
whose mixing entropy lies between R and 1.5R where R is the universal gas constant. The
properties of MEAs largely depend on the phases present in the alloy such as solid solution
(SS), solid solution + intermetallic (SS+IM) and amorphous (AM). Hence, the correct
prediction of phases can enable the efficient selection of material compositions with
anticipated properties. Non equiatomic MEAs have gained significant attention due to their
unique combinations of properties including high strength, good ductility, excellent thermal
stability and corrosion resistance. The non equiatomic compositions provide flexibility in
tailoring the mechanical, thermal, magnetic, biomedical and other functional properties to
meet the specific application requirements. However, the literature survey reveals the scarcity

of non-equiatomic MEA design strategy to explore the vast elemental search space.

To address the research gaps, an MEA specific dataset was constructed from the curation of
available literature. Three machine learning (ML) algorithms viz. k-nearest neighbors (KNN),
artificial neural network (ANN), and random forest (RF) were employed for the ternary phase
classification problem. It was found that only three features were sufficient for the phase
prediction in MEAs. Among the three ML algorithms, ANN had the highest macro averaged
F1 score (86.7%) and accuracy (87.3%) in predicting the phases in MEAs, while RF has the
lowest macro F1 score (84.67%) and accuracy (84.8%). However, for phase prediction
between single phase SS and multi-phase SS, distance-based algorithm i.e. KNN was found
to be suitable. After identifying the best performing algorithm and important features for
phase prediction in MEA system, a novel design approach was proposed to identify
quaternary non equiatomic MEA for biomedical application. The design methodology
employs multi-objective optimization of empirical phase formation parameters and ML

algorithm to design SS containing non equiatomic medium entropy alloy. The suggested
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approach scans over a large composition space to find possible non-equiatomic MEAs with
desired phases. This step significantly reduced the time and resources utilized in MEA design
by decreasing the number of experimental runs. Based on the design strategy,
MgeoTi24.24Zn966Nbs.1 alloy was designed and selected for fabrication through powder
metallurgy route by employing microwave sintering. The Mg rich alloy exhibited the
presence of two SS phases viz HCP and BCC in both prealloyed powder and final sintered
specimen. The developed alloy showed a high microhardness value of 153.9 £ 0.85 HV with
a measured density of 2.82 + 0.03 g/cm®. The mechanical properties such as yield strength

(oys), ultimate compressive strength (o), elastic modulus (E) and fracture strain of the

developed alloy were found to be superior to that of pure Mg and AZ31 fabricated through
the same manufacturing route. Mechanical properties of local phases present within the alloy
were assessed through nanoindentation technique. Elastic modulus (E) and hardness (H)
values for the Ti rich BCC phase were 118.9 £ 7.2 GPa and 4.65 + 1.1 GPa, respectively,
whereas the Mg rich HCP phase showed values of 65.2 + 7 GPa and 1.6 + 0.43 GPa,

respectively.

Further, volumetric shrinkage (V;) and 0., of MEA were statistically modeled by using three
microwave sintering process factors viz sintering temperature (ST), heating rate (HR) and
dwell time (DT). Two evolutionary optimization algorithms viz multi objective genetic
algorithm (NSGA I1) and multi objective particle swarm optimization (MOPSO) were
incorporated to identify optimum process parameters. The samples fabricated at optimized
parameters (ST=867°C, HR=30°C/min, DT=34 min) exhibited a V5 of and o of 20.82 +

0.4% and 347.1 £ 6.8 MPa which were in close agreement with the predicted values.

The corrosion behavior of MgeoTi24.24ZN96sNbs1 MEA in physiological environment was
evaluated by four different tests i.e., hydrogen evolution reaction, static immersion test,

potentiodynamic polarization and electrochemical impedance spectroscopy. The corrosion
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rate of the MgeoTi24.24Zn966Nbs1 MEA was compared against the corrosion rates of pure Mg
and AZ31. The developed alloy exhibited a corrosion rate of 0.46 £ 0.09 mmpy which is
significantly lesser than the corrosion rate of AZ31 and pure Mg (4.19 + 0.62 mmpy and 3.92
+ 0.45 mmpy respectively). The corrosion layer formed on the MEA showed the presence of
multiple oxides and hydroxides. Further, the formation of hydroxyapatite and Cas(POa)2 over
the surface was confirmed from both EDX and XPS which is beneficial for tissue
regeneration. The MEA sample at all concentrations (100%, 75%, 50%, 25% and 10%)
exhibited no toxicity (cell viability>80%) which led to minimal cell death and can be
visualized from live-dead staining images. Further, the hemocompatibility analysis performed
on the MEA sample demonstrated a low hemolysis ratio of 1.3 + 0.6%, indicating minimal
hemolysis. The absence of fibrin network/pseudopods on the platelets confirmed the

antiplatelet adhesion characteristic of MEA.

Thereafter, the prealloyed MgeoTi24.24Zn966Nbs1 MEA powders were blended with spherical
carbonyl iron powder (CIP) and specimens were fabricated by a rapid manufacturing
approach which combined additive manufacturing and pressureless microwave sintering. The
volume percent of MEA was varied and multiple properties such as mechanical, corrosion

and biological properties were studied. The Fe-10MEA exhibited a oy of 67.9 + 2.87 MPa,

corrosion rate of 0.384 = 0.03 mmpy and cell viability of 105.9 £+ 6.26% and further utilized
for bone scaffold fabrication. A computational scheme for designing graded scaffolds was
proposed, which employed the normal distribution function to determine feature position and
size. The graded design demonstrated a higher energy absorption per unit volume as
compared to the uniform design. The permeability of the uniform and graded scaffolds was
confirmed to meet the requirement of trabecular bone. The wall shear stress (WSS) value
obtained from the CFD analysis of uniform and graded scaffold are consistent with the

requirement for cell differentiation.
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LIRS

Teod Tedt iy 41g (MEAs) TREFATTd ¥4 ¥ Sifed 78 a1l (CCAs) BT T ST §
o1 foreor Tt R 3R 1.5R & o9 Bidit & Sfel R WraHIfie 19 fRRI% 81 MEAs &
07 B! B& db 0% UTg H Aie[g aRull R 1R aRd & oY 319 91 (SS), 319 91 +
ZERACAD (SS+IM) 3R SFIHR (AM) | FHITY, TRON &1 Ta! GargHH TR o1 &
1Y AU TSl & HRA T Pl GeH R Ghdl gl IR THRANGS MEAs 5 I
e, 3BT AGAH, IHT U FRRAT 3R Y&Rur ufeRiy Jfed oI & 3= 3
TS & BRI Hedqul & G fohdr g1 TR-GHURHITa® T4 fafR1y Syt
TEHAISN B ] HA & o8 Fisw, yoid, Jaay, TamfsHd AR 3 Hrafdas
0T B R HR- & AT U Sl ¢ | gTailids, Aifec waer ¥ fawna difere @
I BT Uell M b o TR-HH-URHTY] TAST FEWTg UM 1 bl bl Uell <reicll & |

ST SR BT WA HA F e, Iudsy Wit & T8 9 U wHst falkiy Serie
1 fmtor far mar ur1 &= #=fi=a af= T (ML) TEiRer siufa) et TRor arffes<or g
¥ fore -Farean gl (KNN), FEH et Aead (ANN), 3R arefessd a4 (RF) &I
fanford fobar T o011 I uran a1 f MEAs H aR0T HidsgaToRt & g dhad i fa=iward
g ol d9 ML TEREH | 8, ANN &1 MEAs H =RUIT & Hfdwraroft s # I=aH
Hop! SHIEd F1 TR (86.7%) 3R WcTahdl (87.3%) Ut, Sl RF BT Jad HH Hehl F1 ¥R

(84.67%) 3R THAT (84.8%) 2| BTaTifop, Thal TRUT SS 3R FG-TRUT SS & &I ARO[
Yiaegarolt & fore, ga-eneriRd Tenied It KNN SUgd Tl 71| MEA WOTTal 8 =RUT
Yigsgaroft & forg Td9y UekM A ard TeReH iR Aedqu! faRiarstt &1 ugaH
B & SIC YT T ARIHT ifSd RO & 1Y JHIIT TR-THIRHTUG THST B WioH
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¥ 1T U 92 GO RIM R W BT 81 59 HEH = TS I B IS Bl HH
TR THSU SOz & ITNT fohT o aTel T8 SiR 1eHT &1 eyl U ¥ & R
fean| f&Srg 0N & SMUR WR, MgeoTiza24Zn966Nbe 1 THY €T D1 HISchida RichRaT o1
JUIANT FXb Ur3ex 4T fam ant o wreas 9 fator & o fEeime $ik g1 mam o1l Mg
TG Wy g A derdias urseR ¢iR sifad Rics i Fif § &1 ss wrult 3rdfd Hep
3R BCC &t IURRUfA UafRid &t | fawRa [y ot 7 2.82 + 0.03 g/cm3 & WU T4 &
Y 153.9 + 0.85 HV H I AShigie~d 0 fewmn| faemiRa iy g & Fifie o
S IUS T (o), SHTH ST KT (0c5), ATGR ATAID (E) 3R TR A DI 34T
fafmfor anf & areom ¥ [T e Mg SR AZ31 & 9gaR T T Ay § dig
RIFHG RO & TS O BT Jedid A-Iee e db-id & A1egd ¥ foar T Ti
TG BCC TRUN & oY TEeR A (E) 3R HSRAT (H) AH HA: 118.9 + 7.2 GPa
3R 4.65 + 1.1 GPa ¥, Wb Mg FHG HCP TRUN A SHHRT: 65.2 + 7 GPa 3R 1.6 + 0.43
GPa & AWM @MY 39 3fATET, MEA & dlegifed RIge (V) 3R o, B! 9 AIZHIdd
RieheT Ut SR srfd RiThIT aa|M (ST), BT &R (HR) $R a9 €I8H (DT) &1
IUUNT PR JiRTBI U F Aigd fbar man| & fAergard sree teilRen srufa

fFeg SRfed TENREH (NSGA 1) iR AR Siissifded uifidepd Wi

SHTTDHTSHIRA (MOPSO) B! STAH UfehdT AU S! Bl Uga B P fo1T Wifara foar man

7| 3Iapierd AIUGS! (ST=867°C, HR=30°C/fBMc, DT=34 fiFe) W Mftfa a4t 7 20.82
+ 0.4% 3R 347.1 £ 6.8 MPa & V, 3R o, UaRId fu St gafqaa geut & a1y wrot

8¢ d% IgHd Ul

YRR ATATARUT T MgeoTiza24Zn9ssNbs1 MEA & HERU FdgR &1 Jedih IR 3He-

3TT TRIEN gRT fooam T o1, el eI fawr ufaferan, Wides fawe uster,
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UcRRSEIG  gdieor ek Soacieited  Ufaeyr WagReT|
MgeoTiza24ZNn9 66Nbs1 MEA BT TH&RUT &R B Ga-T g Mg 3R AZ31 BT HeR0T & J
&1 T2 | famfRyd fIserg 3 0.46 + 0.09 mmpy Pt HeRT &R Ui St AZ31 R IS
Mg (PHRT: 4.19 + 0.62 mmpy 3R 3.92 + 0.45 mmpy) B YR X I BBt HH g
MEA TR ! TR IRd 7 H3 RS 3R gRIdEs & Iurfd foars| &
3T, T8 W g8 SIaIUCe 3R Cas(POs), & T3 HI ¥ EDX 3R XPS Gl ¥
TS Sl S Go- & o8 WragHe o | THt Figarsil (100%, 75%, 50%, 25% 3R 10%)
TR MEA T 3 B fauTeddr @ 1RieT ragrddrs>80%) Taf fears, e SR gad
HIABT TG g3 3R 3 SNfad-Jd 4o sfaal I @1 o Fbdl g1 $qP 3al,
g Ufefafert faxa o THET 9 WR fHhU 71U 3rema 3 1.3 + 0.6% & HH gAY
3UId ! UerRid fba, S gAaH gHIRY @1 idl g1 Wedcd W WigisH
Fead/GEIied Bt rgufRif I TT # tede e Rdvar 71 o

AP dIg, MI@AIS MgeoTiza24ZnassNbe1 MEA USSR &1 TATHR HIEI-d TR
TSR (CIP) o ATy THfSe foram Tam iR T & T v faf-mfor e ior gR1 duR fasar
a1, fo ufsfea AglhaaiiT 3R URRA HIgwida Riehr &) firamr mar MeA &
3T fa=d fF T SR Tifes, Wemur 3R Sifdd T[0T oI ds 01 &1 37eaa foha
T 4TI Fe-10MEA 9 67.9 + 2.87 MPa &1 o_ys, 0.384 + 0.03 mmpy &I T&RUT &3 3R

105.9 + 6.26% P! Ad IRl URid &t 3R M 4R 7= Ao & o Suam

fPar USs ol & feoed axA & AU Th HIgeIAa dioHT Udlidd & T3 o,
forgd BeR #1 R SR SR FYiRd B & T I faaRur e &1 IuanT
fopan T 7| TS FETRA A U GHM fSuls &1 gaq1 H ufd SH1s Sa- | 3 Sl
AR &1 TR fhar| T T0F 3R USS HaM! & IR &1 I Sfaper gt
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®I SHTIRIHAT B T B & [T B 718 | TP JAF SR VS8 HIH! & CFD fazamor
T U IR HaRAT a9 (WSS) T BIFRIHT UG o1 Sagdhd] & S0 g
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