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Abstract 

Medium entropy alloys (MEAs) 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, 

Mg60Ti24.24Zn9.66Nb6.1 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/cm3. The mechanical properties such as yield strength 

(σys), ultimate compressive strength (σcs), 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 (Vs) and σcs 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 II) and multi objective particle swarm optimization (MOPSO) were 

incorporated to identify optimum process parameters. The samples fabricated at optimized 

parameters (ST=867℃, HR=30℃/min, DT=34 min) exhibited a Vs of and σcs of 20.82 ± 

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

The corrosion behavior of Mg60Ti24.24Zn9.66Nb6.1 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 



vi 

 

rate of the Mg60Ti24.24Zn9.66Nb6.1 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 Ca3(PO4)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 Mg60Ti24.24Zn9.66Nb6.1 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 σys 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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सार 

मध्यम एन्ट्र ॉपी ममश्र धातु (MEAs) संरचनागत रूप से जमिल ममश्र धातुओ ं(CCAs) का एक उपसमूह हैं 

मजनकी ममश्रण एन्ट्र ॉपी R और 1.5R के बीच होती है जहााँ R सार्वभौममक गैस स्थिरांक है। MEAs के 

गुण काफी हद तक ममश्र धातु में मौजूद चरणो ंपर मनभवर करते हैं जैसे ठोस घोल (SS), ठोस घोल + 

इंिरमेिेमलक (SS+IM) और अनाकार (AM)। इसमलए, चरणो ंका सही पूर्ावनुमान प्रत्यामित गुणो ंके 

साथ सामग्री रचनाओ ंके कुिल चयन को सक्षम कर सकता है। गैर समपरमास्थिक MEAs ने उच्च 

िस्थि, अच्छा लचीलापन, उतृ्कष्ट तापीय स्थिरता और संक्षारण प्रमतरोध समहत गुणो ं के अपने अनूठे 

संयोजनो ंके कारण महत्वपूणव ध्यान आकमषवत मकया है। गैर-समपरमास्थिक रचनाएाँ  मर्मिष्ट अनुप्रयोग 

आर्श्यकताओ ंको पूरा करने के मलए यांमिक, थमवल, चंुबकीय, बायोमेमिकल और अन्य कायावत्मक 

गुणो ंको तैयार करने में लचीलापन प्रदान करती हैं। हालााँमक, सामहत्य सरे्क्षण से मर्िाल मौमलक खोज 

िान का पता लगाने के मलए गैर-सम-परमाणु एमईए मिजाइन रणनीमत की कमी का पता चलता है। 

अनुसंधान अंतर को संबोमधत करने के मलए, उपलब्ध सामहत्य के संग्रह से एक एमईए मर्मिष्ट िेिासेि 

का मनमावण मकया गया था। तीन मिीन लमनिंग (ML) एल्गोररदम अथावत। िनवरी चरण र्गीकरण समस्या 

के मलए के-मनकितम पडोमसयो ं(KNN), कृमिम तंमिका नेिर्कव  (ANN), और यादृस्थच्छक र्न (RF) को 

मनयोमजत मकया गया था। यह पाया गया मक MEAs में चरण भमर्ष्यर्ाणी के मलए केर्ल तीन मर्िेषताएाँ  

पयावप्त थी।ं तीन ML एल्गोररदम में से, ANN का MEAs में चरणो ंकी भमर्ष्यर्ाणी करने में उच्चतम 

मैक्रो औसत F1 स्कोर (86.7%) और सिीकता (87.3%) थी, जबमक RF का सबसे कम मैक्रो F1 स्कोर 

(84.67%) और सिीकता (84.8%) थी। हालांमक, एकल चरण SS और बहु-चरण SS के बीच चरण 

भमर्ष्यर्ाणी के मलए, दूरी-आधाररत एल्गोररदम यानी KNN उपयुि पाया गया। MEA प्रणाली में चरण 

भमर्ष्यर्ाणी के मलए सर्वशे्रष्ठ प्रदिवन करने र्ाले एल्गोररदम और महत्वपूणव मर्िेषताओ ंकी पहचान 

करने के बाद सुझाया गया तरीका र्ांमित चरणो ंके साथ संभामर्त गैर-समपरमाणुक एमईए को खोजने 
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के मलए एक बडे संयोजन िान पर सै्कन करता है। इस कदम ने प्रयोगात्मक रन की संख्या को कम 

करके एमईए मिजाइन में उपयोग मकए जाने र्ाले समय और संसाधनो ंको महत्वपूणव रूप से कम कर 

मदया। मिजाइन रणनीमत के आधार पर, Mg60Ti24.24Zn9.66Nb6.1 ममश्र धातु को माइक्रोरे्र् मसंिररंग का 

उपयोग करके पाउिर धातु मर्ज्ञान मागव के माध्यम से मनमावण के मलए मिजाइन और चुना गया था। Mg 

समृद्ध ममश्र धातु ने प्रीअलॉयि पाउिर और अंमतम मसंििव नमूने दोनो ंमें दो SS चरणो ंअथावत HCP 

और BCC की उपस्थिमत प्रदमिवत की। मर्कमसत ममश्र धातु ने 2.82 ± 0.03 g/cm3 के मापा घनत्व के 

साथ 153.9 ± 0.85 HV का उच्च माइक्रोहािवनेस मान मदखाया। मर्कमसत ममश्र धातु के यांमिक गुण 

जैसे उपज िस्थि (σys), अंमतम संपीडन िस्थि (σcs), लोचदार मापांक (E) और फै्रक्चर स्ट्र ेन को उसी 

मर्मनमावण मागव के माध्यम से मनममवत िुद्ध Mg और AZ31 से बेहतर पाया गया। ममश्रधातु में मौजूद 

िानीय चरणो ं के यांमिक गुणो ंका मूल्ांकन नैनोइंिेंिेिन तकनीक के माध्यम से मकया गया। Ti 

समृद्ध BCC चरण के मलए लोचदार मापांक (E) और कठोरता (H) मान क्रमिः  118.9 ± 7.2 GPa 

और 4.65 ± 1.1 GPa थे, जबमक Mg समृद्ध HCP चरण ने क्रमिः  65.2 ± 7 GPa और 1.6 ± 0.43 

GPa के मान मदखाए। इसके अलार्ा, MEA के र्ॉलू्मेमिरक मसकुडन (Vs) और σcs को तीन माइक्रोरे्र् 

मसंिररंग प्रमक्रया कारको ंअथावत मसंिररंग तापमान (ST), हीमिंग दर (HR) और िरे्ल िाइम (DT) का 

उपयोग करके सांस्थख्यकीय रूप से मॉिल मकया गया। दो मर्कासर्ादी अनुकूलन एल्गोररदम अथावत 

मल्टी ऑबे्जस्थिर् जेनेमिक एल्गोररदम (NSGA II) और मल्टी ऑबे्जस्थिर् पामिवकल स्वॉमव 

ऑमिमाइजेिन (MOPSO) को इष्टतम प्रमक्रया मापदंिो ंकी पहचान करने के मलए िाममल मकया गया 

था। अनुकूमलत मापदंिो ं (ST=867℃, HR=30℃/ममनि, DT=34 ममनि) पर मनममवत नमूनो ंने 20.82 

± 0.4% और 347.1 ± 6.8 MPa के Vs  और σcs प्रदमिवत मकए जो पूर्ावनुमामनत मूल्ो ंके साथ काफी 

हद तक सहमत थे। 

िारीररक र्ातार्रण में Mg60Ti24.24Zn9.66Nb6.1 MEA के संक्षारण व्यर्हार का मूल्ांकन चार अलग-

अलग परीक्षणो ंद्वारा मकया गया था, अथावत हाइिर ोजन मर्कास प्रमतमक्रया, िैमतक मर्सजवन परीक्षण, 
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पोिेंमियोिायनाममक धु्रर्ीकरण और इलेिर ोकेममकल प्रमतबाधा से्पिर ोस्कोपी। 

Mg60Ti24.24Zn9.66Nb6.1 MEA की संक्षारण दर की तुलना िुद्ध Mg और AZ31 की संक्षारण दरो ंसे 

की गई। मर्कमसत ममश्रधातु ने 0.46 ± 0.09 mmpy की संक्षारण दर प्रदमिवत की जो AZ31 और िुद्ध 

Mg (क्रमिः  4.19 ± 0.62 mmpy और 3.92 ± 0.45 mmpy) की संक्षारण दर से काफी कम है। 

MEA पर बनी संक्षारण परत ने कई ऑक्साइि और हाइिर ॉक्साइि की उपस्थिमत मदखाई। इसके 

अलार्ा, सतह पर हाइिर ॉक्सीपैिाइि और Ca3(PO4)2 के गठन की पुमष्ट EDX और XPS दोनो ंसे की 

गई जो ऊतक पुनजवनन के मलए फायदेमंद है। सभी सांद्रताओ ं(100%, 75%, 50%, 25% और 10%) 

पर MEA नमूने ने कोई मर्षािता (कोमिका व्यर्हायवता>80%) नही ंमदखाई, मजसके कारण नू्यनतम 

कोमिका मृतु्य हुई और इसे जीमर्त-मृत धंुधला िमर्यो ं से देखा जा सकता है। इसके अलार्ा, 

हेमोकंपैमिमबमलिी मर्शे्लषण एमईए नमूने पर मकए गए अध्ययन ने 1.3 ± 0.6% के कम हेमोमलमसस 

अनुपात को प्रदमिवत मकया, जो नू्यनतम हेमोमलमसस को दिावता है। पे्लिलेि्स पर फाइमिन 

नेिर्कव /सू्यिोपोि्स की अनुपस्थिमत ने एमईए की एंिीपे्लिलेि आसंजन मर्िेषता की पुमष्ट की। 

इसके बाद, प्रीअलॉयि Mg60Ti24.24Zn9.66Nb6.1 MEA पाउिर को गोलाकार काबोमनल आयरन 

पाउिर (CIP) के साथ मममश्रत मकया गया और नमूनो ंको एक तेज मर्मनमावण दृमष्टकोण द्वारा तैयार मकया 

गया, मजसमें एमिमिर् मैनु्यफैक्चररंग और पे्रिरलेस माइक्रोरे्र् मसंिररंग को ममलाया गया। MEA का 

आयतन प्रमतित मभन्न था और यांमिक, संक्षारण और जैमर्क गुणो ंजैसे कई गुणो ंका अध्ययन मकया 

गया था। Fe-10MEA ने 67.9 ± 2.87 MPa का σ_ys, 0.384 ± 0.03 mmpy की संक्षारण दर और 

105.9 ± 6.26% की सेल व्यर्हायवता प्रदमिवत की और आगे अस्थि मचान मनमावण के मलए उपयोग 

मकया। गे्रिेि मचानो ंको मिजाइन करने के मलए एक कम्प्यूिेिनल योजना प्रस्तामर्त की गई थी, 

मजसमें फीचर की स्थिमत और आकार मनधावररत करने के मलए सामान्य मर्तरण फंक्शन का उपयोग 

मकया गया था। गे्रिेि मिजाइन ने एक समान मिजाइन की तुलना में प्रमत इकाई आयतन में उच्च ऊजाव 

अर्िोषण का प्रदिवन मकया। एक समान और गे्रिेि मचानो ंकी पारगम्यता की पुमष्ट िर ेमबकुलर हड्डी 
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की आर्श्यकता को पूरा करने के मलए की गई थी। एक समान और गे्रिेि मचानो ंके CFD मर्शे्लषण 

से प्राप्त दीर्ार कतरनी तनार् (WSS) मूल् कोमिका मर्भेदन की आर्श्यकता के अनुरूप हैं। 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xi 

 

Contents 
Certificate .................................................................................................................................. i 

Acknowledgments .................................................................................................................... ii 

Abstract .................................................................................................................................... iv 

सार............................................................................................................................................ vii 

List of Figures ....................................................................................................................... xvii 

List of Tables ........................................................................................................................ xxv 

Acronym.............................................................................................................................. xxvii 

Nomenclature ....................................................................................................................... xxx 

Chapter 1 : Introduction ......................................................................................................... 1 

1.1 Introduction ...................................................................................................................... 2 

1.1.1 Compositionally complex alloys............................................................................... 2 

1.1.2 Design approach for compositionally complex alloys .............................................. 4 

1.1.3 Fabrication techniques of compositionally complex alloys ...................................... 8 

1.2 Motivation for the present work .................................................................................... 12 

1.3 Thesis organization ........................................................................................................ 13 

Chapter 2 : Literature review and research objectives ...................................................... 15 

2.1 Literature review ............................................................................................................ 16 

2.1.1 Machine learning based phase prediction in compositionally complex alloy 

systems ............................................................................................................................. 16 

2.1.2 Compositionally complex alloy fabrication through powder metallurgy route ...... 20 

2.1.3 Compositionally complex alloys developed for biomedical applications .............. 23 



xii 

 

2.1.4 Fabrication of bio-compositionally complex alloy containing bone scaffolds ....... 28 

2.2 Research gaps................................................................................................................. 30 

2.3 Proposed research work and objectives ......................................................................... 31 

Chapter 3 : Design of Mg based medium entropy alloy by using machine learning ....... 32 

3.1 Introduction .................................................................................................................... 33 

3.2 Dataset details ................................................................................................................ 33 

3.2.1 Data collection and preprocessing .......................................................................... 33 

3.2.2 Selection of useful features ..................................................................................... 37 

3.2.3 Dataset splitting ...................................................................................................... 39 

3.3 Machine learning models ............................................................................................... 41 

3.4 Results and discussion ................................................................................................... 43 

3.4.1 k nearest neighbor, Artificial neural network  and Random forest  classifier ........ 43 

3.4.2 Relative importance of features for machine learning models and comparison of 

prediction performance with high entropy compositionally complex alloy .................... 48 

3.4.3 Binary classification of phases................................................................................ 52 

3.5 Validation of model prediction ...................................................................................... 54 

3.6 Methodology for medium entropy alloy design............................................................. 57 

3.6.1 Selection of equiatomic medium entropy alloy system .......................................... 57 

3.6.2 Composition optimization of selected medium entropy alloy system .................... 60 

3.7 Conclusions .................................................................................................................... 62 

Chapter 4 : Fabrication of designed medium entropy alloy by powder metallurgy ....... 64 

4.1 Introduction .................................................................................................................... 65 



xiii 

 

4.2 Materials and methodology............................................................................................ 65 

4.2.1 Fabrication of prealloyed powder ........................................................................... 65 

4.2.2 Characterization and phase identification of prealloyed powder ............................ 66 

4.2.3 Thermal stability of medium entropy alloy powder ............................................... 67 

4.2.4 Mechanical characterization of Mg based medium entropy alloy .......................... 67 

4.3 Results ............................................................................................................................ 69 

4.3.1 Characterization of medium entropy alloy powder ................................................ 69 

4.3.2 Phases evolution during mechanical alloying ......................................................... 72 

4.3.3 Thermal stability analysis of medium entropy alloy powder .................................. 75 

4.3.4 Mechanical properties of medium entropy alloy .................................................... 76 

4.4 Discussion ...................................................................................................................... 82 

4.4.1 Experimental validation of phase prediction .......................................................... 82 

4.4.2 Phase evolution and thermal stability ..................................................................... 82 

4.4.3 Mechanical properties ............................................................................................. 85 

4.5 Conclusions .................................................................................................................... 90 

Chapter 5 : Effect of microwave sintering parameters on properties of developed 

medium entropy alloy ............................................................................................................ 92 

5.1 Introduction .................................................................................................................... 93 

5.2 Material and method ...................................................................................................... 93 

5.2.1 Fabrication of Mg based medium entropy alloy specimen ..................................... 93 

5.2.2 Materials preparation .............................................................................................. 94 

5.2.3 Material characterization ........................................................................................ 96 



xiv 

 

5.3 Results and discussion ................................................................................................... 96 

5.3.1 Analysis of design of experiment results ................................................................ 96 

5.3.2 Effect of process parameters on responses ........................................................... 103 

5.3.3 Multi-objective optimization of process parameters............................................. 108 

5.4 Time dependent degradation of mechanical properties ............................................... 111 

5.5 Conclusions .................................................................................................................. 121 

Chapter 6 : Corrosion and biological assessment of developed medium entropy alloy 123 

6.1 Introduction .................................................................................................................. 124 

6.2 Materials and method ................................................................................................... 124 

6.2.1 Fabrication of Mg based medium entropy alloy ................................................... 124 

6.2.2 Hydrogen gas evolution ........................................................................................ 125 

6.2.3 In-vitro static immersion test and ion concentration quantification ..................... 126 

6.2.4 Corrosion layer analysis by X-ray photoelectron spectroscopy ........................... 127 

6.2.5 Electrochemical test .............................................................................................. 127 

6.2.6 Contact angle measurement .................................................................................. 128 

6.2.7 In-vitro cytotoxicity evaluation............................................................................. 129 

6.2.8 Hemocompatibility and platelet adhesion test ...................................................... 131 

6.2.9 Statistical analysis ................................................................................................. 133 

6.3 Results .......................................................................................................................... 133 

6.3.1 In-vitro biodegradation assessment of developed medium entropy alloy ............ 133 

6.3.2 Corrosion rate of the developed medium entropy alloy in simulated body fluid . 142 



xv 

 

6.3.3 In vitro Corrosion film analysis ............................................................................ 144 

6.3.4 Contact angle measurement .................................................................................. 148 

6.3.5 Cytocompatibility ................................................................................................. 149 

6.3.6 Hemocompatibility and platelet adhesion test ...................................................... 152 

6.4 Discussion .................................................................................................................... 153 

6.4.1 Biodegradation assessment of developed medium entropy alloy ......................... 153 

6.4.2 Corrosion film analysis ......................................................................................... 159 

6.4.3 Biocompatibility assessment ................................................................................. 162 

6.5 Conclusion ................................................................................................................... 163 

Chapter 7 : Development of iron-medium entropy alloy scaffolds using rapid 

manufacturing ...................................................................................................................... 165 

7.1 Introduction .................................................................................................................. 166 

7.2 Materials and method ................................................................................................... 168 

7.2.1 Materials ............................................................................................................... 168 

7.2.2 Methodology ......................................................................................................... 168 

7.2.3 Structural characterization .................................................................................... 169 

7.2.4 Mechanical test ..................................................................................................... 170 

7.2.5 Corrosion test by Potentiodynamic polarization ................................................... 170 

7.2.6 Corrosion product analysis using energy dispersive spectroscopy ....................... 171 

7.2.7 Biocompatibility assessment ................................................................................. 171 

7.3 Results and discussion ................................................................................................. 174 

7.3.1 Characterization of Iron-medium entropy alloy samples ...................................... 174 



xvi 

 

7.3.2 Mechanical properties ........................................................................................... 176 

7.3.3 Corrosion analysis ................................................................................................. 178 

7.3.4 Surface corrosion analysis .................................................................................... 179 

7.3.5 Biocompatibility ................................................................................................... 181 

7.4 Case study: Design, fabrication and testing of functionally graded scaffold .............. 187 

7.4.1 Composition selection and algorithm for determination of position and size of the 

feature ............................................................................................................................ 187 

7.4.2 Fabrication of scaffolds......................................................................................... 189 

7.4.3 Mechanical properties of the scaffolds ................................................................. 190 

7.4.4 Computationally fluid dynamics analysis of scaffold ........................................... 195 

7.5 Conclusion ................................................................................................................... 199 

Chapter 8 : Major conclusions and future scope .............................................................. 201 

8.1 Major conclusions ........................................................................................................ 202 

8.2 Future scope ................................................................................................................. 205 

References ............................................................................................................................. 206 

Appendices ............................................................................................................................ 252 

List of publications ............................................................................................................... 264 

Biodata .................................................................................................................................. 267 

 

 



xvii 

 

List of Figures 

Figure 1.1: Four core effects associated with phase stability in CCAs ..................................... 3 

Figure 1.2: Different manufacturing route for fabrication of CCAs .......................................... 8 

Figure 1.3: Schematic representation of (a) microwave sintering and (b) spark plasma 

sintering.................................................................................................................................... 10 

Figure 1.4: Schematic representation of (a) PVD, (b) CVD and (c) magnetron sputtering 

(Reprinted from Kumar et al.[38] with permission from Elsevier) ......................................... 12 

Figure 2.1: Pearson pairwise correlation plot for (a) quaternary CCAs and (b) quinary CCAs. 

(Reprinted from Jaiswal et al. [46] with permission from Elsevier) ........................................ 18 

Figure 2.2: (a) Quantitative analysis of osteoblast cell density cultured for 24 h on different 

specimens and (b) fluorescent images of adhered osteoblasts. (TZHNTM-3: 

Ti28.32Zr28.32Hf28.32Nb6.74Ta6.74Mo1.55)[87] ............................................................................... 27 

Figure 2.3: The histology of the tissues surrounding the (MoTa)0.2NbTiZr implant was 

examined after 2 weeks, 4 weeks, and in control mice. (Reprinted from Akmal et al. [89] with 

permission from Elsevier) ........................................................................................................ 28 

Figure 2.4: (a) Compressive strength and elastic modulus of TaTiNbZrx(x=0.5, 1, 1.5) 

scaffolds, Ta scaffolds and bone, (b) stress-strain curve of TaTiNbZrx(x=0.5, 1, 1.5) 

scaffolds. (Reprinted from Zhao et al.[96] with permission from Elsevier) ............................ 30 

Figure 3.1: Details about the different datasets used for different type of phase prediction task

.................................................................................................................................................. 35 

Figure 3.2: Calculated Pearson’s pairwise correlation coefficient (a) before dropping any 

feature, and (b) after dropping ∆Smix, γ, ∆χ and Γ. ................................................................. 39 

Figure 3.3: Schematic representation of stratified five-fold cross validation technique ......... 41 

Figure 3.4: Graph between macro F1 score and value of k for KNN model for both training 

and cross validated test set. ...................................................................................................... 45 



xviii 

 

Figure 3.5: Learning curve for (a) KNN, (b) ANN and (c) RF showing the improvement in 

training and test macro F1 score with the increase in the number of training examples ......... 47 

Figure 3.6: ROC-AUC curves for SS, SS+IM and AM phase by employing (a) KNN, (b) 

ANN and (c) RF models .......................................................................................................... 48 

Figure 3.7: Variation of macro F1 score of ML models with (a) unary feature space, (b) 

binary feature space and (c) ternary and quaternary feature space .......................................... 49 

Figure 3.8: A scatter plot between (a) δ and ∆Hmix (Blue rectangle and black oval show 

schematic boundaries for AM and SS phases, respectively), (b) δ, ∆Hmix and Λ ................... 50 

Figure 3.9: ROC-AUC curves for SS, SS+IM and AM phase by employing (a) KNN, (b) 

ANN and (c) RF models (HEA dataset) .................................................................................. 52 

Figure 3.10: Improvement of macro F1 score after adding VEC to the feature set ................. 54 

Figure 3.11: XRD plots of (a) ball milled, (b) heat treated MEA powders ............................. 56 

Figure 3.12: Confusion matrix evaluating prediction performance of (a) ANN model for 

ternary phase classification and (b) KNN model for type of SS phase prediction over unseen 

dataset ...................................................................................................................................... 57 

Figure 3.13: Schematic diagram showing MEA design approach ........................................... 59 

Figure 3.14: Radar plot showing (a) all the screened MEA systems with Young's modulus 

less than 75 GPa, (b) low density MEAs ................................................................................. 60 

Figure 4.1: (a) Cavity type microwave furnace and (b) sintering cycle used for Mg-MEA .... 68 

Figure 4.2: SEM micrograph showing the progression of mechanical alloying with time. (a) 

un-milled powder, (b) EDS color mapping of un-milled powder, (c), (d) 10 h, (e), (f) 20 h, 

(g), (h) 30 h and (i), (j) 40 h ball milled Mg60Ti24.24Zn9.66Nb6.1 MEA at 700 rpm .................. 71 

Figure 4.3: Average particle size of 30 h ball milled Mg-MEA powder obtained from (a) 

TEM image and (b) dynamic light scattering .......................................................................... 72 



xix 

 

Figure 4.4: Phase evolution in Mg60Ti24.24Zn9.66Nb6.1 MEA w.r.t milling time at a milling 

speed of 700 rpm ...................................................................................................................... 73 

Figure 4.5: (a) Bright field TEM image, (b) dark field TEM image, (c) Selected area electron 

diffraction (SAED) of 30 h ball milled MEA powder particle, and (d) high resolution TEM 

image showing the interplanar distance of lattice fringes and corresponding FFT analysis ... 74 

Figure 4.6: EDX colormap of prealloyed Mg60Ti24.24Zn9.66Nb6.1 MEA powder ..................... 75 

Figure 4.7: (a) DSC plot of Mg60Ti24.24Zn9.66Nb6.1 and (b) XRD of 30 h ball milled prealloyed 

powder heat treated at different temperatures .......................................................................... 76 

Figure 4.8: Optical micrograph of (a), (b) pure Mg, (c), (d) AZ31 and (e), (f) Mg-MEA ...... 78 

Figure 4.9: EDX color map and point scan on the microwave sintered Mg-MEA ................. 79 

Figure 4.10: (a) Stress-strain curve and (b) strength comparison of Mg-MEA with pure Mg 

and AZ31 ................................................................................................................................. 79 

Figure 4.11: Fracture morphology of (a), (b) pure Mg, (c), (d) AZ31 and (e), (f) Mg-MEA.. 80 

Figure 4.12: (a) Load-depth curves, (b) elastic modulus and hardness values of different 

phases in the Mg-MEA along with pure Mg obtained from nanoindentation ......................... 81 

Figure 5.1: (a) Visual representation of experimental design plan for rotatable central 

composite design (CCD) and (b) samples prepared as per experimental design ..................... 95 

Figure 5.2: (a) Main effect plot for volumetric shrinkage (Vs), (b) percentage contribution of 

different terms present in the regression equation ................................................................. 100 

Figure 5.3: (a) Main effect plot for compressive strength (σcs), (b) percentage contribution of 

different terms present in the regression equation ................................................................. 101 

Figure 5.4: Surface morphology of the specimen sintered at different sintering temperatures 

(a) 700℃, (b) 850℃, (c) 900℃  with constant heating rate and dwell time of 20℃/min and 30 

min respectively. .................................................................................................................... 104 



xx 

 

Figure 5.5: EDS color map of MEA specimen sintered at 900℃ with constant heating rate 

and dwell time of 20 ℃/min and 30 min respectively. .......................................................... 104 

Figure 5.6: Surface morphology of the specimen sintered at different heating rates (a) 10 

℃/min, (b) 20 ℃/min, (c) 30 ℃/min with constant sintering temperature and dwell time of 

800℃ and 30 min respectively. ............................................................................................. 106 

Figure 5.7: Surface morphology of the specimen sintered at different dwell time (a) 10 min, 

(b) 30 min, (c) 50 min with constant sintering temperature and heating rate of 800℃ and 20 

℃/min respectively. ............................................................................................................... 107 

Figure 5.8: (a) 3D surface plot and (b) 2D interaction plot of heating rate and dwell time for 

volumetric shrinkage .............................................................................................................. 108 

Figure 5.9: Schematic representation of the computation scheme used for (a) NSGA-II and 

(b) MOPSO algorithm............................................................................................................ 109 

Figure 5.10: Pareto solutions obtained from non-dominated sorting genetic algorithm II 

(NSGA II) and Multi-objective particle swarm optimization (MOPSO) .............................. 111 

Figure 5.11: Stress-strain curve of (a) pure Mg and (b) Mg60Ti24.24Zn9.66Nb6.1 MEA immersed 

in SBF solution for 0, 3 and 7 day ......................................................................................... 114 

Figure 5.12: Fracture morphology of Mg-MEA sample after (a), (b) 0 day and (c), (d) 7 day 

immersion in simulated body fluid ........................................................................................ 116 

Figure 5.13: Efficiency parameter evaluation scheme for (a) elastic modulus, yield strength 

and (b) fracture strain ............................................................................................................. 118 

Figure 6.1: Schematic diagram of the setup used for Hydrogen gas evolution measurement

................................................................................................................................................ 125 

Figure 6.2: Schematic diagram of the process flow for MTT assay ...................................... 131 

Figure 6.3: Schematic diagram of the protocol followed for (a) hemocompatibility and (b) 

platelet adhesion study ........................................................................................................... 133 



xxi 

 

Figure 6.4: (a) Volume of H2 gas evolution and (b) H2 evolution rate of pure Mg, AZ31 and 

Mg60Ti24.24Zn9.66Nb6.1 MEA in SBF media maintained at 37℃ ............................................ 134 

Figure 6.5: (a) weight loss, (b) weight loss rate and (c) pH change during the immersion test

................................................................................................................................................ 136 

Figure 6.6: Images of samples subjected to static immersion test. ........................................ 137 

Figure 6.7: XRD plot of Mg, AZ31 and Mg-MEA samples after 7 days of immersion in SBF

................................................................................................................................................ 137 

Figure 6.8: Potentiodynamic polarization curve of (a) pure Mg, AZ31 and (b) Ti6Al4V, 

Mg60Ti24.24Zn9.66Nb6.1 MEA samples tested in SBF at 37℃ ................................................. 138 

Figure 6.9: Nyquist plot obtained after 1h, 3 day and 7 day of immersion for (a) Pure Mg, (b) 

AZ31, (c) Ti6Al4V and (d) Mg-MEA ................................................................................... 140 

Figure 6.10: Bode phase plot obtained after 1h, 3 day and 7 day of immersion for (a) Pure 

Mg, (b) AZ31, (c) Ti6Al4V and (d) Mg-MEA ...................................................................... 141 

Figure 6.11: EIS equivalent circuit used for (a) Pure Mg, (b) AZ31 and (C) Ti6Al4V, 

Mg60Ti24.24Zn9.66Nb6.1 MEA................................................................................................... 141 

Figure 6.12: SEM micrographs of Mg60Ti24.24Zn9.66Nb6.1 MEA sample surface (a) Control, (b) 

corroded for 7 days in SBF, (c) enlarged image of marked portion in Figure 6.12 (b), (d) 

elemental composition and (e) elemental color map (merged) determined from EDS of Figure 

6.12 (c) ................................................................................................................................... 144 

Figure 6.13: (a) Overall XPS spectra of Mg-MEA after 7 day immersion in SBF, XPS spectra 

of (b) Mg 2p, (c) Ti 2p, (d) Zn 2p, (e) O 1s, and (f) Ca 2p .................................................... 146 

Figure 6.14: Potential-pH diagram of Mg60Ti24.24Zn9.66Nb6.1 in aqueous solution generated 

using ‘The Materials Project’ [207–210]. Area outlined by black dashed line represents the 

operating pH range for in-vitro test condition. ...................................................................... 148 

Figure 6.15: Static contact angle measurement by using SBF............................................... 149 



xxii 

 

Figure 6.16: Cell viability of MG-63 osteoblasts cultured in different material extracts 

incubated for different time periods (1 day, 3 day and 5 day). **p<0.05 vs. control for 3 day 

incubation, ***p<0.05 vs. control for 5 day incubation. ....................................................... 150 

Figure 6.17: Live/Dead assay of MG-63 cells after treatment with metal extracts; (a) 

Untreated Control, (b) MEA100, (c) MEA75, (d) MEA50, (e) MEA25 and (f) MEA10 for 1st 

and 5th day treatment group ................................................................................................... 151 

Figure 6.18: (a) SEM micrographs showing the Mg-MEA alloy’s surface with adhered 

platelets and, (b) enlarged view of marked portion exhibiting spherical morphology with no 

pseudopods. ............................................................................................................................ 153 

Figure 6.19: Mg ion concentration in SBF determined from ICP-MS for different material. 

Pure Mg data, HA/MgF2 data are taken from [216], Mg1Zr2Sr-Mg5Zr2Sr data are taken from 

[217]. Notation a-g represents immersion period used in the respective studies. .................. 155 

Figure 6.20: Schematic diagram representing corrosion mechanism in the developed Mg-

MEA ....................................................................................................................................... 161 

Figure 7.1: Schematic diagram of rapid tooling process used for composite sample fabrication

................................................................................................................................................ 169 

Figure 7.2: XRD plots of Fe-xMEA (x=0, 5, 10 and 15 vol %) samples .............................. 174 

Figure 7.3: SEM images of (a) pure Fe, (b) Fe-5MEA, (c) Fe-10MEA and (d) Fe-15MEA 

sample showing MEA distribution ........................................................................................ 175 

Figure 7.4: EDS elemental mapping of Fe-10MEA samples. (a) scanned area, (b) merged 

elemental map and elemental map of (c) Fe, (d) Mg, (e) Ti, (f) Nb, (g) Zn .......................... 176 

Figure 7.5: Compressive stress-strain curve of Fe-xMEA samples ....................................... 177 

Figure 7.6: (a) Potentiodynamic polarization curves and (b) corrosion rate, corrosion potential 

of Fe-xMEA samples. ............................................................................................................ 179 



xxiii 

 

Figure 7.7: SEM images of corrosion surface morphology of (a) Fe, (b) Fe-5MEA, (c) Fe-

10MEA and (d) Fe-15MEA samples immersed in α-MEM for 28 days ............................... 180 

Figure 7.8: The viability of MG-63 osteoblasts grown in various material extracts and 

incubated for varying lengths of time (1, 2, and 3 days). *p<0.05 for a 1-day incubation 

period compared to the control, **p<0.05 for a 2-day incubation period compared to the 

control, ***p<0.05 for a 3-day incubation period compared to the control. ......................... 183 

Figure 7.9: Live/Dead assay of MG-63 cells cultured in (a) Control, (b) Fe, (c) Fe-5MEa, (d) 

Fe-10MEA and (e) Fe-15MEA metal extracts for 3-day incubation ..................................... 184 

Figure 7.10: Hemolysis ratio of Fe-xMEA sample ................................................................ 185 

Figure 7.11: SEM images of (a) and (b) Fe, (c) and (d) Fe-5MEA, (e) and (f) Fe-10MEA, (g) 

and (h) Fe-15MEA ................................................................................................................. 186 

Figure 7.12: Radar plot representing the multivariate data considered for composition 

selection ................................................................................................................................. 188 

Figure 7.13: (a) Algorithm used for grading strategy and (b) visualization of iterations for the 

position and size determination of pores ............................................................................... 188 

Figure 7.14: Process flow for the fabrication of uniform and graded scaffolds .................... 189 

Figure 7.15: Actual images of fabricated scaffolds displaying (a) uniform design and (b) 

graded design ......................................................................................................................... 190 

Figure 7.16: (a) Density and (b) porosity of fabricated scaffolds .......................................... 191 

Figure 7.17: Dimensional deviation of the fabricated features from CAD model analysed by 

(a) physical measurement and (b) image analysis ................................................................. 191 

Figure 7.18: Femoral shaft composite scaffold with graded design ...................................... 193 

Figure 7.19: Stress-strain curve of (a) uniform scaffold (Fe, Fe-10MEA) and (b) graded 

scaffold (Fe, Fe-10MEA) ....................................................................................................... 194 



xxiv 

 

Figure 7.20: Area under curve (AUC) up to the densification point for (a)Uniform scaffold 

(Fe, Fe-10MEA) and (b) graded scaffold (Fe, Fe-10MEA)................................................... 194 

Figure 7.21: CFD analysis of the of the scaffold showing fluid domain, fluid inlet, fluid outlet 

and fluid wall. ........................................................................................................................ 196 

Figure 7.22: Velocity contours of (a) uniform scaffold and (b) graded scaffold ................... 198 

Figure 7.23: Pressure contours of (a) uniform scaffold and (b) graded scaffold ................... 199 

 

  



xxv 

 

List of Tables 

Table 1.1: Empirical parameters developed for phase prediction in CCAs ............................... 5 

Table 2.1: Summary of the literature involving ML assisted phase prediction ....................... 18 

Table 2.2: Mechanical properties of bio-CCAs ....................................................................... 24 

Table 2.3: Electrochemical parameters for bio-CCAs ............................................................. 26 

Table 3.1: VIF values of all eight parameters before the feature selection (Initial VIF) and 

VIF of selected features after the feature selection (Final VIF) .............................................. 38 

Table 3.2: Parameter search space and the optimum value of parameters for KNN, ANN and 

RF ............................................................................................................................................. 43 

Table 3.3: Precision, recall and F1 score of individual classes ............................................... 44 

Table 3.4: Precision, recall and F1 score of individual classes ............................................... 51 

Table 3.5: Details about the MEAs selected for fabrication .................................................... 55 

Table 3.6: Summary of possible SS forming quaternary MEA systems ................................. 59 

Table 4.1: Microhardness comparison of Mg-MEA with pure Mg and AZ31 alloy ............... 79 

Table 4.2: Atomic radius and shear modulus of different elements ........................................ 89 

Table 4.3: Calculated (δr)mn (non bold, underlined numbers) and (δG)mn (italic, bold 

numbers) for different atom pair .............................................................................................. 89 

Table 5.1: Description of the factors and their corresponding level ........................................ 95 

Table 5.2: Experimental plan as per CCD along with the values of response variable ........... 97 

Table 5.3: Analysis of variance (ANOVA) table for volumetric shrinkage after removing 

insignificant terms .................................................................................................................... 98 

Table 5.4: Analysis of variance (ANOVA) table for compressive strength after removing 

insignificant terms .................................................................................................................... 99 

Table 5.5: Confirmatory experiments within the process parameter range ........................... 102 

Table 5.6: List of input parameters in optimization algorithm .............................................. 110 



xxvi 

 

Table 5.7: Experiment performed at optimized process parameters ...................................... 111 

Table 5.8: Amount of reagents in 1 L of SBF........................................................................ 113 

Table 5.9: Comparison of decrease in compression strength and yield strength of Mg based 

materials in biological immersion medium............................................................................ 114 

Table 5.10: Maximum and minimum values of Youngs modulus, yield strength and fracture 

strain. ...................................................................................................................................... 117 

Table 5.11: ηM, ηS and ηε and η value of biomedical CCAs. ............................................... 119 

Table 6.1: Variation of concentration of different element in the SBF with increase in 

immersion time for Mg60Ti24.24Zn9.66Nb6.1 MEA determined from ICP-MS......................... 138 

Table 6.2: Corrosion parameters obtained from Tafel extrapolation ..................................... 139 

Table 6.3: EIS equivalent circuit element values for all the samples obtained from the high 

frequency capacitive loop ...................................................................................................... 142 

Table 6.4: Corrosion rate (rcorr) obtained from different test methods ................................. 143 

Table 6.5: Species type and their concentration of obtained from XPS spectra of Mg 2p, Ti 

2p, Zn 2p, O 1s and Ca 2p ..................................................................................................... 147 

Table 6.6: Cell viability (% of live cell) calculation from the live-dead staining images ..... 152 

Table 6.7: Details on the effective capacitance, double layer capacitance and corrosion film 

thickness of samples after 7 day of test period ...................................................................... 159 

Table 7.1: Details on burnout cycle ....................................................................................... 169 

Table 7.2: Yield strength, density and microporosity of the samples .................................... 178 

Table 7.3: Details of the compositional analysis of Fe-xMEA corroded samples given in 

weight percent ........................................................................................................................ 181 

Table 7.4: Input parameter and their corresponding assignment used in the study ............... 196 

Table 7.5: Calculation of Reynolds No, permeability and wall shear stress (WSS) of the 

scaffolds from CFD analysis .................................................................................................. 198 



xxvii 

 

Acronym 

Adj. MS Adjusted mean square 

AM Amorphous 

ANOVA Analysis of variance 

CCA Compositionally complex alloy 

CCD Central composite design 

CE Counter electrode 

CIP Carbonyl iron particle 

CPE Constant phase element 

CRSS Critical resolved shear stress 

DF Degree of freedom 

DLS Digital light scattering 

DMEM Dulbecco’s Modified Eagle’s Medium 

DOE Design of experiment 

DSC Differential scanning calorimetry 

DT Dwell time 

EDS Energy dispersive spectroscopy 

EIS Electrochemical impedance spectroscopy 

EW Equivalent weight 

F Fisher’s value 

FBS Fetal bovine serum 

FE-SEM Field emission scanning electron microscopy 

FFT Fast Fourier transform 

HEA High entropy alloy 

HER Hydrogen evolution reaction 



xxviii 

 

HR Heating rate 

HR Hemolysis ratio 

HRTEM High resolution transmission electron microscopy 

IM Intermetallic 

LEA Low entropy alloy 

MA Mechanical alloying 

MEA Medium entropy alloy 

MEM Minimum essential medium 

mmpy mm per year 

MOPSO Multi-objective particle swarm optimization 

MPEA Multi principal element alloy 

NSGA Non dominated sorting genetic algorithm 

OCP Open circuit potential 

PBS Phosphate buffer saline 

PI Propidium iodide 

PM Powder metallurgy 

PP Potentiodynamic polarization 

RDA Recommended dietary allowance 

RSM Response surface methodology 

SBF Simulated body fluid 

SCE Saturated calomel electrode 

SD Standard deviation 

Seq. SS Sequential sum of square 

SS Solid solution 

ST Sintering temperature 
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WE Working electrode 

WSS Wall shear stress 

XPS X-ray photo electron spectroscopy 

XRD X-ray diffraction 
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Nomenclature 

ρ Density 

σys Compressive yield strength 

σcs Ultimate compressive strength 

Vs Volumetric shrinkage 

Ecorr Corrosion potential 

icorr Corrosion current density 

n Impedance parameter to the frequency 

C Impedance parameter to the frequency 

EW Equivalent weight 

∆W Weight loss 

Re(Z) Real part of impedance 

Im(Z) Imaginary part of impedance 

R2 Coefficient of determination 

wt% Weight percentage 

vol% Volume percentage 

rcorr Corrosion rate 

βc Cathodic slope 

βa Anodic slope 

Rs Solution resistance 

Rf Film resistance 

Ro Pore resistance 

Rt Charge transfer resistance 

L Inductance 
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CPEf Capacitance of film 

CPEdl Capacitance of the double layer  




