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Abstract

Magnesium (Mg) based alloys have attracted significant attention as potential
biodegradable implant materials owing to their good biocompatibility, superior
osteogenesis ability and admissible biodegradability. However, their higher corrosion
rate limits widespread applicability, which degrades the mechanical integrity of the
magnesium implant even before the damaged tissue has healed. Therefore, it is
necessary to design and develop an Mg-based alloy with improved corrosion resistance
having acceptable mechanical and tribological properties. The drawbacks mentioned
above can be overcome by effective alloying and thermomechanical processing.
However, the alloying addition in the case of biomaterials should be chosen such that
the byproducts of the alloy degradation should not be toxic so that the biocompatibility
of Mg is not compromised. Among alloying elements, rare-earth (RE) elements enhance
corrosion resistance by preferentially forming an impermeable protective layer, grain
refinement and removing impurity elements via the scavenger effect. Scandium (Sc) is
the most promising RE alloying addition as it unprecedently enhances the

biocompatibility and corrosion resistance of the Mg alloy.

However, the high cost of RE elements limits their addition in significant quantity.
Thus, to develop a cost-effective implant material, the addition of calcium (Ca) as an
alternate alloying element to Mg alloys has been considered as Ca provides all the
specified biomedical benefits. However, the concentration of Ca was restricted at 0.6
wt. % to avoid a higher volume fraction of detrimental intermetallic Mg.Ca phase.
Therefore, Sc as a ternary addition to the binary Mg-0.6Ca alloy was explored. First, a
pseudo-binary Mg-0.6Ca-xSc phase diagram was developed using ThermoCalc, which
exhibited enhanced solubility on simultaneous addition. Then Mg-0.6Ca-xSc alloys
were developed through a die casting process. In the current dissertation, the influence

iv



of Sc as a ternary addition on the deformation, corrosion, mechanical, and wear
behaviour is investigated to evaluate the potential of the developed novel alloy

compositions.

The produced alloys were thermomechanically processed to achieve desired
microstructural features, for instance, finer grain size and strong basal texture. During
thermomechanical processing, the effect of simultaneous addition of non-rare-earth
(Ca) and rare-earth (Sc) elements on the hot-rolled deformation behaviour,
recrystallization and texture evolution of Mg alloys is evaluated. The simultaneous
addition of Ca and Sc resulted in the desired microstructural features. Based on the
results of thermomechanical processing, the Sc concentration was restricted to 0.5 wt.

% as the gains on further Sc addition was not cost-effective.

The influence of Sc as a ternary addition and thermomechanical processing on the
corrosion behaviour of Mg-0.6Ca binary alloy was explored. The Sc addition resulted
in improved corrosion resistance. In-situ corrosion study was performed on an as-cast
Mg-0.6Ca binary alloy to develop an understanding of the activated corrosion
mechanism. Additionally, the cytotoxicity of the developed novel composition was

studied, where the developed Mg-0.6Ca-xSc alloys exhibited negligible cytotoxicity.

Further, the influence of Sc addition on the mechanical viz tensile and compression
behaviour was studied. The Sc addition up to 0.5 wt. % did not significantly affect the
mechanical properties, as compared to other RE additions. In-situ tensile study was
performed on recrystallized Mg-0.6Ca binary alloy to develop an understanding of the
deformation and fracture behaviour. The tensile testing was done at multiple strain rates
to explore the strain rate sensitivity as Ca addition is known to increase the strain rate

sensitivity.



The stress corrosion cracking (SCC) and wear behaviour of the developed novel alloys
were studied in 0.9 wt. % NaCl to study the influence of the combined effect of
corrosive media and mechanical strain. The SCC behaviour was studied using the slow
strain rate testing method under tensile strain. The wear experimentation utilised a ball-
on-disc tribometer with the countersurface as an alumina ball. The analysis of the wear
track was performed using field emission scanning electron microscopy (FESEM) and
a 3D profilometer to understand the underlying wear mechanisms and calculate the wear
rate. The Sc containing alloys exhibited reduced susceptibility to SCC and improved

wear resistance.

In summary, the present study reports a systematic study starting from the development
of Mg-0.6Ca-xSc alloys to exploring the mechanical, electrochemical, tribological and
cytotoxic behaviour to develop a comprehensive understanding of the developed alloy

compositions.
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R

TAREA (Mg) SmeThRd ey ergail 7 ST 33t S-S adl, 9gaR SITRUSH &l
3R DT Sa3THHUT & b PRUI GHTIIT BId-3(ThHUNY TIRIYU At &b U
H Heaqul & Sneiid fordr |1 gidifes, 3! 3 &Rl & TUH JasTdl &l
i PRl 8, S &faRd Seled & b T ¥ Ugel 81 HURIH YR bl Fifieh
IRGESAT I HH PR odl & | ST, WD e 3R crZarars ol ard sgaR el
gfeRIY & Ty AW -smenika firy arg &1 feome iR fawfia & siaxas 3|
SR aftfa Bt & guTd! frs org SR YHH B UGN GRT gR foaT S Fahdl
¢ | gTaifes, SrAfeiaed & ArAe # 1y UTg &) 39 aRe ¥ AT o1 31e T o fisr emg
& JOUSTE SEsid A g dife REH &t e riefafae ¥ wHiar 7 g
oTd Il B, gay-Jd dd HfIEF: T 0T JREMHAD IRd SR, U YT 3R
TR YHTT P T J Sl dedl Bl SThR HRUT UTRIY B g1 & | TSI (Sc)
Y 3MRITSHS GarH-gat fyerg 8 Fifes g siyayd &9 J BiiflRmam firy arg &t

SIa- 3T SR YR TiRIY BT Igrai & |

gy, gAY-dT Il BT Iod AN Heayul AF § 3 fdiad INT B Wiied
B 81 39 UPR, T ANTd UHT TR0 Irht faesRid v & forg, iekad (ca)
! apfeud g UTd ded & U B HHREH g o1 & &0 § sie WR faar fasar ma
& i hieRrad gt AIEE g ffaredT ATy UaT =l § | STy, ek 1 Figa

0.§ Ufa2Id go IR Ufqefid 8 gIMeR® Sedeoid Mg:Ca & 3= HET 3 J 2

¥ foru | gafem, ST Mg-0.6Ca % o1g & forT U ei¥t S & &0 # W {3aw &1
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JUTNT forgT AT | oY URd, YHidh e BT SUTUNT dReh U FH-a183T Mg-0.&Ca-XxSc
RN 3R FAHRI o T T, | e 1Y TS IR Tg1 g8 GoRiTardl b1 UaRi Rl
7| fR Mg-0.6Ca-xSc Ty 1qsii &1 S8 ears Ufshdl & H1ead ¥ fas g fasar |
I MY gy H, famRid Iu=ar iy urg Xa-1sfl &1 & dr &1 Jedidd dH & g
faeTur, S, Tife SR forra & SagR W Th e SiIg & ©U § Wh$gq & JHE
@I W BT B

Sarfed fiy urgell @1 difdd gar e faRudsl & ud s & fou
YHABFhd U Y I fbam T o, Iaeu & Ay, 7gH U9 &7 3R 3R
ToIgd 99d -1a¢ | Yo TR & GRM, TR-gaH-JdT (o feke) SR gay-
T (RbeTH) dal & Y-y gle-Aes fawuur sgagR, Bk iy argsft & O
fhediopRul 3R §1de AP R UHE &1 Jedie bl SIal g1 Sie’Ed 3R
WETH & & A SIg & IRUMRGEY difsd ged Wadd IR g3l
YHTAB b URIRRT & URUMHET & YR WR, WhISTH THTII 0.4 UId IoH db
Hiftra ot e ufa=ra ao O & U A M WHSTH Sig TR ATH ANTd UHTE T8t

Yt

Mg-0.&Ca STESI Y 4Tg & ST HEER W T TS 3R YHHG e YD &

U H WS F YHIT BT UaT AT TT UT| THISTH SIS &b URUTHEGRY HefRoT
TfaRIY T GUR §3HT| Fiehd ST 3 Bt G0 fabRid o o fore 34-3ie S s{eqg- U
PRE Mg-0.5Ca ST3R1 Torgf erg IR fovam 7 U1 39ab Sifafed, faeRid Su=amy ==
D1 HISCICHRIRIE BT 31egg fobar 71T, S8 fahRid Mg-0.8Ca-xSc iy rgaii 4 7oy
RIECCIESINECIRERIERED ]
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& 3(QTET, e O T 3R JUISH AR W WHSTH SIS & THIG BT 3T
foram Tra T | Sifaf¥ed 0.4 % 39 gary-Ya! deal URaeH &1 ga- d Whfsad A gifde
Tl 1 HEQUl U § GHITAd 81 o | faReunn SIR Thader SdasR &1 gad fasRid
IR & foT g: freeiid Mg-0.6Ca ST3R1 i1y 41q R S9-H1g a=dl 3ieqg fasan
TR YT | TG &R FAG-TRIterd T Ul AT o forT Twal URiar s d-rd a1 W foban
T T b ohfeRid Sifafad T1d &R Hde-=iadl &1 9gM & e ST STal 6 |

q1d ST shidhTT 3R fasRia Iu=um fiy ergeff & frra & sgdgR &1 0. R Ufawa
Ofeay FRSS O & 3ieqg- fohar T T, W Hifsar 3R gifie a1d & 9gad

THTT b YUTT DT LTI B & T | TI1d ST shichT] ATER BT T d-Idl a-1d

& dgd I TIfd &R WIeu gfd &1 SUART SR fhar 4T ATl E & g |

TP did & &Y F HI3cR-Idg & 1Y Th didl-3HH-S3h gRaHiex BT IuanT
forar| forra & S o1 fa=aoT &5 Il WhiT Sadeid HISHRbIU! 3R U 33T
TIfthelIHiey 1 IuAT B Sfdffed foard & oF 1 wHeH R fodrd &t &R &
U1 HRA o fore foram Tram o1 | hfeay gaa iy argshi 3 o= S shfdetT & Ufd H
Hag-TRierdT iR dgeR forma & UfeRTY &1 UgRi foba

AT H g 3eqa Uh afyd 3 Pt RO $Hdl § Sl Mg-0.&Ca-xSc 7
YT & fAHr 9 = gl fasRid iy U1g To1ell & e Jug fasiRid s

& o g, faggd e, TrRaldrs 3R Argeieifaed HagR &I Wiel Hdl g
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