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ABSTRACT

DESIGNING OF Ti-Mg COMPOSITE SFOR VARIOUS APPLICATIONS

B¢etev ¥cal, Ezgi
Doctor of PhilosophyMetallurgical and Materials Engineering
Supervisor : Prof. DIAr can F. Dericiojlu

Co-SupervisorAssoc Prof.Dr. Ziya Esen

July 2020 232 pages

In this study, galvanicorrosion of TiMg based composites has been examined by
combining different Meplloys with Ti6AI4V alloy and by addition of Nach layer
between two dissimilar metals. After determining the wetting behavior of liquid
unalloyed Mg, AZ91, and WE43 alloymnasolid Ti6Al4V alloy, three different
composites were manufactured via infiltration of liquid Mg#slipys into porous
Ti6AI4V alloy skeletons. The same procedure was also repeated after coating the
porous surfaces of Ti6Al4V alloy by alkali treatmente&tochemical and nen
electrochemical tests have been conducted in simulated body fluid (SBF) separately
for bulk samples of Mg/Mg alloys, and their composite counterparts with and

without Narich coating to reveal and compare corrosion mechanisms.

The conposites containing unalloyed Mg and AZ91 alloy exhibited greater relative
density due to their better wettability on Ti6Al4V alloy. Bulk Mg/Mg alloys
displayed micro galvanic corrosion, and AZ91 had the highest corrosion resistance

with its homogenously dtributed Mg-Al 12 intermetallics. On the other hand, the



coupling of Mg/Mgalloys with Ttalloy intensified the galvanic corrosion; however,

the corrosion was not as severe as Ti6AMY composites when AZ91 and WE43
alloys are used. In additiorformation of TiAk phase in the Ti6AI4VAZ91
composite reduced the galvanic effect significantly. The presence¢iNeoating

in the composites alleviated the galvanic effect. Although its impact was not visible
in composites containing Malloys, remekable improvement in corrosion
resistance was obtained in Ti6Al4Wg composite. Naich coatings not only
reduced the galvanic corrosion but also enhanced the bioactivity of composites by

allowing precipitation of Cd& phases

Keywords:Ti6Al4V-Mg Compoges, Magnesium Alloys, Galvanic Corrosion,
Wettability, In-vitro
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Bu -al eamhkbdbda, Mg al akéml ar éeénén nihiveskAl 4V al
far kl € rmasodydmb a k @ mmé n d himk azpd magriam é nTi-Mgar | €] én

bazl @ kompozkototyenunaptkispat e heniki Kt i r . Séve
WE43 al akéml ar éneé&n ¢kzeaetré nTdietkA lind\snddeedrankaé m a v
sonrvae, Nfgg/l ak@E&mdmrg®zenek]| | Ti 6 Al 4V al akeé

farkdmpozit el dAyiekdligd miT&kr6 At 4V al akéméneéen
yézeylerinin @pllkaamlimasiéxnidami s iainteemdimdl a t ek r
Mg/ Mg al akém soadynml| &aieeim&apdman | - eren Vv
i -er meyen kompozavirlaemréknl ak @r oyzaypddgws) dv ¢ c u 't
ger - e k| elektrakimyadale ve etektrokimyaka olmayan testler ile

belirl enmiktir.

Séeveé Mg ve kAazt9él Tail GaAlédmé daalhak @ny iy ¢ezsdyaitmib i
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vii



ol mukl ardeéer . Haci ml i d mikre, galvanilg kodMdzyon al ak é ml ar
gezleml el al aké map&skEanmaj en d ajAle2l mé kK Mg
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korozyon direncinde di kkatSe dd/ajme rb alkkiérméinyialne |
zengin kaplamaadecegawni k korozyonu azayh@éemakdmakadh m@m
P f azlodru&kmaod @ama k s konpozitheia rbigokktivitesini de

at t ér méxkt ér .

Anahtar KelimelerTi6Al4V-Mg Kompozi tl er i, Magnezyum Al ak
Korozyon, | svitrat él abi |l irl ik, I n

viii



To my family



ACKNOWLEDGMENTS

| would like tosincerelythankmy supervisor Prof. DAr ¢ a n D dor shazingo j | u
his valuableknowledge and experiencaad for giving me the opportunity to work

under his supervision

| heartly thanksny superviorAssoc. Prof. Dr. Ziya Esen for hggiidance gndless
patience andaluable support His positive attitude always motivated me to carry
out my research successfullis personality and dedicatidimself to hisstudents

always impressed meam forever grateful and indebted to him.

| appreciate t o ferrgivifig.me &ahancekoaskithe labbratdrng n o |
facilities andsharing his valuable knowledge. | also thank members of Energy

Storage Devices and Battery Laboratory, esp
| would like to thank Dr. ElifTarhan Bor for her sugpt and guidance.

|l am al so grateful to Ser ksuppor¥aedshaamg and Dr .

their knowledge.

| warmly thank my laboratory matéder ve Nur DojJ u, Seren ¥zer,
and Erdil Akar The achievement of experiments and conmatedf this study would

not have been possible without their help.

| specially thank to Nazan Kgra Naz an Takkér anfortherd Si mge T

understanding, endless support #melr lovely friendship.

Last, but not least, | would like to express my sincere appreciation to my husband,
and besfriend, Arda, for his endless support and encouragement. He has always

motivated me to overcome difficultiesd he has never left me alone.



TABL E OF CONTENT

e e et ————— e e e eet e ee ettt —————— e arara s Vi
ACKNOWLEDGMENTS ... ot ereee e e e e e X.
TABLE OF CONTENT. ..ot ettt mmmr et e eai e Xi
LIST OF TABLES. ... ... ere e e e aann XVi
LIST OF FIGURES. ... ..ot rree e XViii
CHAPTERS

N N 1 @ 15 1O L @ I ] 1.
2 LITERATURE REVIEW.....cou e eeene s ennn
2.1 BIOMALEIAIS.....euueiiiiiii e ceeee et 7
2.2 Classification of biomaterialS...........cooovviiiiiiiiicce e 11
2.2.1  BIOPOIYMEIS...uuiiiiiii et 11
2.2.2  BIOCEIAMICS......ciiiiiiiiiiiiiiiiiieees bbbt e e e e e s eeesss e eeeeeeeeeeeeas 11
2.2.3  BIOMELAIS.....ccoiiiiiiiiieieieeee e 13
2.2.3.1 Degradable biometals...............cceoeiiiiiiee i, 13
A Tt Nt R |V = Vo [ 1= TS 11 o 4 PSSP 16
2.2.3.1.2 Magnesium as a biomaterial............cccccceeiiiiccceeiiiiiiieeeeeen 18
2.2.3.1.3 Corrosion of Mg and its alloys.............ccoeeee i, 21
2.2.3.1.4 Proposed corrosion models for Mg and its allays..................... 25
2.2.3.1.5 Factors that affect the corrosion of Mg alloy............ccccvvvvvvvneen. 30
2.2.3.1.6 Corrosion rate measurement for Mg..........cccceeeeriiiiiceensiiiiinnnn. 37

2.2.3.2 Permanent biometals..........ccccccciiiiiiiicccviiiiiiiiieee e 46

Xi



2.2.3.2.1 Titanium as a BIoMAaterial..........c.oveeeuiiieiii e e 48

2.2.3.2.2 Production methods for porous titanium and its allays............ 49
2.2.3.2.3 Loose Powder Sintering Methad..............c.ovvvviiiieeieeeneeeenn, 50
2.2.3.2.4 Surface modification of titanium and its alloys..........ccccccceevnee 51

2.2.4  BIOCOMPOSITES.....cciiiiiiiiiiieiieeee e eeea e 53

3 EXPERIMENTAL ..ottt enas e 57
3.1 RAW MALEIIAIS. .....eeiiiieiiiiiiiiee et 57
3.1.1  TIBAIAY POWEIS......cciiiiiiiiieeeiieiiieeeiiee et ee e 57
3.1.2  BUIK TIBAIAV AlOY ....eeiiiiiiiiie e 58
3.1.3 Bulk unalloyed Mg, AZ91 and WE43 AllOyS........cccceveeieeeeeennn. 58
3.2 Production of Porous TiBAI4V AllOY.........cccooviiiiiiiiiiiieeeee e, 59
3.3 Production of Ti6AI4\VMg/Mg-alloy COmpoSItes........ccceeveeeeeriiiinnnes 60
3.4 Interface FOrMAation...........cccuuuiiiiiiiiieeeiiiiiire e 61
3.5 WEING TOSE...uutiiiiiiiiiiiiiiii et 61
3.6 IN-VIrO STUAIES....coiiiiiiiiieeeee e 62
3.7 Corrosion Rate Determination TEChNIQUES..........cccoeeviiiiiiccceneneenn. 65
3.7.1 Non-Electrochemical TeChniques...........ccccevvviiiiiiieemiiiiiiiieeenn. 65
3.7.1.1 Hydrogen eVvolution tESL.........cccvvvviiiiiiiiiieeriieeeeeeeeeeee 65
3.7.1.2 Weight LOSS TeSL...uuiiiiii i eeeeeeeeeeeee e 67
3.7.2 Electrochemical TeChNIQUES...........ccceeiiiiiiiiieeee e, 68
3.7.2.1  Galvanic COrroSIiON teSt........c.uuuiiiieeiiiiieeeiiiie e 69
3.7.2.2 Potentiodynamic Polarization Test..............ccovvviviiieceieennnn. 70
3.7.2.3 Electrochemical Impedance Spectroscopy (EIS)............... 71

Xii



I T O o T 1 1= (&1 (<1 £ 4 1 1[0 ] A TP 71

3.8.1 Partide Size Determination............ccceeeeriiiiiieesieeeee e 71
3.8.2 Chemical Composition ANAIYSIS..........uuuiiiiiiiieieceeeiiiieeee e 72
3.8.3 X-ray Diffraction Analysis (XRD)...........uuviiiiiiiiiiiiccecicieeeennn 72
3.8.4  Microstructural ANAIYSIS...........uuveiiiiiiiiiiiieeeieieeeee e 72
3.8.5 Atomic Force Microscopy (AFM)........ccoooiiiiiiiiiiiieeeniiiiinee 73
3.8.6 Density MeasUremMeNL.........ccoeevieiiiiiiiiiiene e eee e 73
3.8.7 Mechanical Characterization............cccccveieeiiieemeeeiiieeeeeeeee 75
4.1 Composite ProducCtion...........cooouiiiiiiiiiemnee e eeeivvvnveeeeeeeneenenendd 1
4.1.1 Wetting behavior of liquid Mg/Mgalloy on the Ti6Al4V alloy.....78
4.1.2 Structure and chemical analysis of the composites................. 94
4.1.3 Mechanical characterization............cccccoocuviiieeeriieeee e Q9
4.2 Composites with Naich coating...............uvvviviiiisicceeeeeeee e, 103
4.2.1 Formation of Narich coating by alkali treatment..................... 103

,,,,,,,,,,,,,,,,,,,,,,,,,,

4.2.3 Structure and chemical analysis of composite containirgdiall2

4.3 COrroSion Properties.........ooouiiiiiiiiiiiieeee e eeeeeseeeeeees 120
4.3.1 As-cast bulk Mg/M@alloy...........cooooiiiiiieee 120
4.3.1.1 Structure and chemical analysis.........ccccccccceiiiiaannnnnnnn. 120
4.3.1.2 Corrosion behaviorS..........cccoooviiiiiiiiicee e, 123

Xiii



4.3.1.2.1 Shortterm degradation characteristics.................cceeevececnnnnns 123

4.3.1.2.2 Longterm degradation characteristics.................cceeevveeecnnnnne 136
4.3.1.2.3 Electrochemical teStS...........cceviiiiiiiiiiieemiiiiiiece e 148
4.3.2  COMPOSITES....cceiiiiiiiiiieiit e eee s eeeenee bbb e eees 155
4.3.2.1 Macrostructural examination............cccceeeeereeeeececcnnnnnnnnnn. 155
4.3.2.2  Microstructural Changes...........ccevvvviiiiiiieemeiiiiieeeeeeeen 157
4.3.2.2.1 Crosssectional examination...........ccooeeveeeriiriccceeeeeeeeeeeeeeeeeeeee 159
4.3.2.2.2 COorroSion ProdUCES.......ccooeiiiiiiii it eeee e 161
4.32.3 Hydrogen evolution.............cccuuuviiiiiiimemniiiiiiieeeeeeee e 166
4.3.2.4 pH change of SBF solutian.............ooooiiiiiiimenn e 168
4.3.2.5 Electrochemical tesIS...........cuvuuiiiiiiiiiccciiiiee e 169
4.3.2.5.1 GalvaniC COrrOSION......ccceeeiiiii e i e et nrne e 169
4.3.2.5.2 Potentiodynamic polarization tests............ccoeeeeeieivvcevieveeeeeee, 171
4.3.2.5.3 Electrochemical Impedance Spectroscopy (EIS) tests.......... 174
4.3.2.6 Proposed corrosion mechanism.............cccccevvvvieeeeeeeeneene, 177
4.3.3 Composites containing Ndch coating..............cccceeeeeeeiivieeennnns 180
4.3.3.1 Microstructural Changes...........ccceeeviiiiiiiieeee e, 180
4.3.3.2 pH change of SBF solutian.........cccccoeoeeeiiiiieeeiiie e 188
4.3.3.3 Hydrogen evolution.............cccuuviiiiiiimemriiiiiiieeeeeeeeeee e 190
4.3.3.4 Electrochemical teSIS...........uuuuuiiiiiiiiieeecree e 192
4.3.3.4.1 Galvanic COrroSion teSt........covvivviiiiiiiiiiceeeee e 192
4.3.3.4.2 Potentiodynamic polarization test..................cceerieeevinnninnnns 193

5 CONCLUSION. . ...cii e e e e e e 197
REFERENCES.... ..ottt eeeee e eneeans 201

Xiv



APPENDICES

A. PERMISSON LICENCES

CIRRICULUM VITAE .................

XV



LIST OF TABL ES
TABLES

Table 2.1 Properties of various metallic biomaterials and natural bone.[50R0

Table 3.1 The chemical composition analysis of Ti6Al4V alloy in powder and bulk

form, and ASTM F 158@1 standard [18L]........ccceeriiiiiiiiiiiiice e 57
Table 3.2Chemical compositions of unalloyed Mg, AZ91, and WE43 alloys59
Table 3.3 lon concentration of blood plasma and SBF [182]....................... 63

Table 3.4 Molecular weight and amountcbemicals added during the preparation
Of ONE [iter SBF [L82]... ..ottt ieeeiiiie et 64
Table 4.1 Average density and porosity values of different matals

Mmanufactured COMPOSITES...........uuuieiiiiie e ere e e e e e eees 96
Table 4.2 Compressive properties of manufactured porous and composite samples
compared With DONE [B..........uuiiiiiiiiiiiiieiic e 102
Table 4.3 EDS spot analysis taken fromidzdn coating...............oevvvvviieenineee. 105
Table 4.4 EDS spot analysis of different regions taken from Figure.4.43..116
Table 4.5 EDS results of various phases in the starting microstructureadtas
AZ91 and WEA43 AllOYS.....cooviiiiiiiiiieeii e 123
Table 4.6 EDS analysis of unalloyed Mg, AZ91, and WE43 alloys after two hours
Of IMMErSION IN SBF.....coiiiiiiieeee e 129

Table 4.7 EDS analysis of the regions shown by yellow, black, and red arrows in

FIQUIE 4.6 L. ..ttt et e e e e e e e e e e e e e rmmne e 142
Table 4.8 Corrosion parameters measured from polarization curves of Mg/Mg
AUlOY S . e r— e e e e e e e e et ———— e aaaaaaaaaes 150

Table 4.9 Fittig parameters of Mg/Mglloys in SBF for after 1, 2, and 4.h..153
Table 4.10 EDS analysis of composites taken from different refzbeked in
[0 18] £ R A PP PP PP PP PP PR PPPPR 163

XVi



Table 4.11 EDS analysis taken from the-like structures seen in Figure 4.1%5
Table 4.12 Galvanic corrosion parameter of unalloyed Mg, AZ91, and WE43

=1 [0 YA P UPPPPPRTRRN 171

Table 4.13Corrosion parameters obtained from the polarization curves of the

[oT0 ] 10 o JO IS 1 S 31 S U 173

Table 4.14 Fitting parameters of composites in SBF solution for 1, 2, 4, and 6 hours
L) R 177
Table4.15 EDS analysis taken from the corroded Mg regions in Figure 4.82 and
FIQUIE 4,83ttt eeee e et rarae 183

Table 4.16 EDS analysis taken from the Mgioa in Figure 4.85................... 186

Table 4.17Galvanic corrosion parameters of unalloyed Mg, AZ91 coupled with
uncoated and Naoated TIBAIV aloy............ccocciiiiiiiiiiiieee e 193
Table 4.18 Corrosion parameters obtained from polarization curves of the

(070 0] 010 1S | 5 SO 195

Xvii



LIST OF FIGURES
FIGURES

Figure 2.1. Evolution of biomaterials science and technology.[6].................. 8
Figure 2.2. Dental implants with various designs, (b) A hip prosthesis containing
titanium alloy femoral stem, alumirarconia ceramic femorddead, and

UHMWPE acetabular cup, (c) mechanic metallic heart valve, and (d) intraocular
12T 01T E S [ ) PSPPI 12
Figure 2.3. The schematic dragn of degradation behavior and the change of
mechanical integrity of biodegradable metallic stents during the vascular healing
PIOCESS [BL]u ittt e e e e e amnn s 14
Figure 2.4. (a) Iron stent, (b) SEM images oftz@ased stent produced by selective
laser melting method, and (c) tungstembolization COIlS................cvveviiiiiieee. 15
Figure 2.5. (a) Schematic representation of magnesium HCP showing principal
planes and directions [49] and (b) Mg ion in octahedral coordination with six water
MOIECUIES [0 i eeee e e e e emnnne 17
Figure 2.6. Biodegradable magnesium alloys; (a) headless screw, (b) compression
screw, and (c) BIOTRONIK stent [6Q]........ccoeeureiiiiiiiiiiieme e 20
Figure 2.7. Galvanic series of some metals in the seawater environment.[&F).
Figure 2.8. Schematic representation of (a) mgealwanic and (b) micrgalvanic
COITOSION [B5]-..iiieiiiiiiiiiii et e e e e e eeee s s e e e e e e e e e e e e e e e e e e e resannneees 23

Figure 2.9. Schematic representation of the negative difference effect (NDE) [65].

Figure 2.10. Model of thpartially protective surface film; (a) low E or | and (b)
high E or | nad (¢) Monwalent magnesium ion model [65].............ccccceeennn. 28
Figure 2.11. 8hematic representation of particle undermining model at (a) low and
(b) high current density/potential and (c) magnesium hydride model.[65]...29

Xvili



Figure 2.12. Development of magnesium with various alloying elements.[88].
Figure 2.13. Phase diagram of the-igsystem [81]...........cvvvvviiiiiiiiiiicccinnnns 33
Figure 2.14. (a) OCT images of the
images of the original screw anesidual screw after 1, 4, and 18 months after

IMPlANtatioN. [96]-......ccoiiiiieieie e e e e e e e e aes 36
Figure 2.15. Surface morphologies of WE43 alloy samplesiaftaersion in SBF
for (@) 6 hand (D) 12 N [O7 .o s 37
Figure 2.16. Schematic representation gkkblution test setup [54]............... 39

verti

Figure 2.17. Comparison of hydrogen gas evolution in the SBF for bare and HA

coated magnesium [110].........cuuvrrriiiiiiiisicecriiiisree e eeeeeseeeerneee e eeeeeenn 40
Figure 2.18. Schematic representation of a teteetrode electrochemical celd1

Figure 2.19. Schematic plot of current density (I) versus potential (E) curves

obtained from the Tafel extrapolation method [119]............cccoeiiiiiiieennnnn. 42
Figure 2.20. (a) Nyquist plot (b) Equivalent circuit of a parall&l Rircuit [128].

...................................................................................................................... 44
Figure 2.21. (a) Nyquist plot (b) Equivalent circuit of a simplified Randles cell
(ppToTo =TI 22 S RSP 45
Figure 2.22. Schematic representation of typical Nyquist plots [114].......... 46

Figure 2.23. (a) Stainless steel knee and hip implant [133], d@rCemovable
partial dentures [137], (c) AN root canal file§136], and (d) TiNi dental braces

Figure 2.24. Three stages of loose powder sintering of copper powders detected by

iN-Situ MiCratomography [157 ] ..o e 51
Figure 2.25. (a) the surface of porous titanium after alie#dit treated, and (c) the

apatite formatted titanium surfaces after immersion in SBF [166]............... 53

XiX



Figure 2.26. (a) Porous titanium has entangled structure, -y TGomposite

having 30% Ti and 70% Mg, and (c) the comparison of the compressivetlstreng
and Young6s mo dMglcdmposites add tHe hadurakebane [1 76
Figure 3.1. (a) Particle size distribution gyl SEM images of Ti6Al4V alloy
010111V =T 58
Figure 3.2. Schematic representation of (a) porous Ti6AIl4V alloy structure, (b)
crosssection of the furnace showing the stainless steel crucible, porous Ti6Al4V
rods, and liquid Mg alloys and (c) Ti6Al4Mg composite in which pores are filled
WIth M @lIOYS ..o e eeee e mnme e 60
Figure 3.3. Schematic illustrations of the wetting furnace............................ 62
Figure 3.4. Experimental sap used for measurement of élolution rate........ 67
Figure 3.5 Experimental sep of galvanic corrosion test..........cccccccvvveeeriinnne. 68
Figure 3.6. The electrochemical cell containing three electrades................ 69
Figure 4.1. Schematic representation of Mg/Mg alloy on the Ti6AI4V substrate; (a)
Side and (D) TOP VIBWS.........uuiiiiiiiiiiiee ittt 79
Figure 4.2. Change in shape of unalloyed magnesium on Ti6Al4V alloy substrate
WIEN B e 80

Figure 4.3. Change in the contamgle and diameter of molten unalloyed Mg alloy

AT 8 0.0 A 81
Figure 4.4. Schematic representation of wetting of molten pure Mglah
titanium subStrate [18B]..........ciiiiiiiiee i ieeeicee e 82

Figure 4.5. (a) SEM image, (b) EDS spot analysis, and (c) EDS line scan analysis

Figure 4.6. XRD analysis of Ti6Al4V alloy substrate wetted by unalloyed. M3
Figure 4.7. Change in shape of liquid AZ91 alloy on Ti6Al4V alloy substrate with

XX



Figure 4.8. The changes in contact angle and diameter of the molten AZ91 alloy at

Figure 4.9. SEM analysis showing the reaction layer formed on Ti6Al4V algby.
Figure 4.10. EDS dot ap analysis across the reaction layer and Ti6AI4V alRfy.
Figure 4.11. Crossectional examination of AZ91 alloy; (a) showing teat

layer, and (b) EDS analysis taken from the points in part.(a)....................... 36
Figure 4.12. Phase diagram of Ti and Al [190]..........coooiiiiiiiiiiin s 87
Figure 4.13. XRD analysis of Ti6AI4V alloy substrate wetted by AZ91 alloy37
Figure 4.14. Change in the shape of liquid WE43 alloy on Ti6Al4V alloy substrate
WIEN TIMIE. e et r e e e e e e e e e e e e e s st a e e e e e as 38
Figure 4.15. The changes in contact angle and diameter of molten WE43 alloy at

Figure 4.16. SEM analysis showing the reaction layer formed on Ti6Al4V &lby.
Figure 4.17. EDS dot map analyaisross the reaction layer and Ti6Al4V allad§0
Figure 4.18. (&) The closer examination of the reaction layer and (c) EDS results.
...................................................................................................................... 91
Figure 4.19. (&b) SEM images of the interface layer, and (c) EDS spot analysis
taken from the number shown in pafB.........ccooeeeviiiiiiiiiiiieee 92
Figure 4.20. XRD analysis of Ti6AI4V alloy substrate wetted by WE43 allo92
Figure 4.21. Schematic repres.ent.adi on
Figure 4.22. Macro images of (a) porous Ti6Al4V alloy rod and (b) manufactured
TIBAI4V -Mg COMPOSILE FOQ.........coieieiiiiiiiiiccme e e 95
Figure 4.23. Microstructure of {& porous Ti6Al4V alloy and (c) polished cress

section of TIGAIAVAMQ COMPOSITE..........uuuiiiiiiiiiiiiii et 95
Figure 4.24. Microstructure of (a) Ti6AI4Mg, (b) Ti6AI4V-AZ91, and (c)
TiGAI4V -WE43 compositesS [L195]......ciiiiiiiiiiiiii e eeeee e 97

XXi

of



Figure 4.25. EDS maps showing the elemental distribution of various elements in
the TIBAIAV-AZ91 composite [195]......ccoviiiiieiiiiiiiircmmr e eeeees 97
Figure 4.26. (&) The microstructure of cuboidal-Ail rich particles and (c) EDS
line analysis taken along reaction layer between Ti6AI4V particle and AZ91 alloy

S L R PUPPPPRPP 98
Figure 4.27. EDS maps showing the distribution of various elements in the
TIBAI4AV -WE43 COMPOSITE [L195]-...ceiiiiiiiiieieeeiie e 98
Figure 4.28. XRD analysis of (a) Ti6Al4Mg, (b) Ti6AI4V-AZ91, and (c)
TiBAI4V -WE43 compoSItes [195]......ccoeiiiiiiiiiiiieieeee e e 99
Figure 4.29. (a) Stresstrain diagram and (b) macro images of compression tested
porous Ti6Al4V alloy and Ti6AI4AWQ/AZ91/WE43 composites................. 100
Figure 4.30. Fractured surfaces of (a) Ti6AIMAg, (b) Ti6AI4V-AZ91, and (c)
TIBAIAV -WEA43 COMPOSITES....uuuuiiiiiieeeieeeeeeeieieeei e e e e e ee e e e mmme e eeeeeeeees 101
Figure 4.31. SEM images of (a) starting surface (uncoated) athidNBOH treated
porous Ti6Al4V surfaces at different magnifications................ccccvvvvieemenns 104

Figure 4.32. (éb) SEM images of fracture surface showing therida coating

layer and (c) EDS line analysis taken along the interface between Ti6Al4V and Na
rich layer (indicated by the white lin€).............cooooiiiie e 105
Figure 4.33. SEM images of (a) starting surface (uncoated) ashdNb-coated

Ti6AIl4V surface, and AFM 3D micrtopography (a) uncoated and (b)-blzated

TIBAIAV All0Y. ...ttt eer e e e annne s 106
Figure 4.34. Change in shape of unalloyed Md\acoated Ti6AI4V alloy

SUDSErate With tIMEu... .. eeeiiiieiieie e e e e e ereee e e e e e e e e e e e eeeeeanees 108
Figure 4.35. Change in shape of AZ91 onddated Ti6AI4V alloy substrate with

L0 1T PTR PP TRPPPPPIN 108
Figure 4.36. The change of contact angle for (a) unalloyed liquid Mg and (b) liquid
AZ91 alloy on coated Ti6AI4V substrate@i0 0 ...A.Co.cceovvevrevenrieeeeenae 109

XXii



Figure 4.37. (a) SEM and (b) EDS analysis of the interface layer taken from the
yellow arrow in part (a), and {@) EDSline scan analysis taken along the yellow
Lo TSI o o T= Ut A (o) TP 110
Figure 4.38. XRD analysis taken along the reaction layer of (aloyedlliquid

Mg and (b) liquid AZ91 alloy on coated Ti6AI4V substrate......................... 110
Figure 4.39. (db-c) SEM analysis showing the reactiondajormed on Ti6Al4V
alloy, and (d) EDS spot analysis taken from the numbered points in part.(c)2
Figure 4.40. The polishexurfaces of (@) Ti6Al4V-NaMg and (ed) Ti6AI4V-

Na-AZ91 composites with Nach interface............ccccceeeiiiiiiiicccciiccceeee 113
Figure 4.41. XRD analysis of (a) mars Ti6AI4V alloy, (b) Ti6Al4\A\Na-Mg and
(C) TIAIAV -NarAZ91 COMPOSITES....cceeieiieieiiiiiieeeee e eeenaeees 114

Figure 4.42. EDS dot map showing the elemental distabutf various elements

in the Ti6AI4V-Na-Mg composite (SE: Secondary electron image)............ 115
Figure 4.43. (&b) SEM images and (c) ED®Be scan analysis of region B....115
Figure 4.44. EDS dot map showing the elemental distribution of various elements
in the Ti6AI4V-Na-AZ91 composite (SE: Secondary electron image)........ 117
Figure 4.45. SEmage showing the interface between coated Ti6Al4V and AZ91
alloy in TiBAI4V-NaAZ91 COMPOSILES.....cceeiieeieeeeiiieiiiiieeee e 117
Figure 4.46. (a) Polished cressction of Ti6Al4\ANa-AZ91 composite, and (b)

EDS lineanalysis taken along the-@lloy-coating and AZ91 alloy , indicated by

the WHIt€ lIN€ IN (@)ar.vvvueeiiii e 118
Figure 4.47. (a) Fractured surfamieTi6Al4V-Na-AZ91 composites and EDS
analysis taken from the different regions. (b) EDS analysis of regions shown in (a).

.................................................................................................................... 119
Figure 4.48. (ab) The starting microstructure and (c) XRD of unalloyed.Md.21
Figure 4.49. The starting microstructure ofcast AZ91alloy......................... 121
Figure 4.50. The starting microstructure ofcast WE43 alloy....................... 122

XXili



Figure 4.51. XRD results of asmst (a) AZ91 and (b) WE43 alloys............... 122

Figure 4.52. Surface morphology change of unalloyed Mg after various immersion

HME 1N SBER ...t 126
Figure 4.53. Surface morplogy change of AZ91 alloy after various immersion

HME N SBF ... 127
Figure 4.54. Surface morphology change of WE43 alloy afieous immersion

HME 1N SBE ... et 128
Figure 4.55. XRD results of (a) unalloyed Mg, (b) AZ91, and (c) WE43 alloys after
various immersio times. Oh indicates starting-east samples....................... 130

Figure 4.56. Crossection analysis of Mg/Mglloys after various times of

immersion. A: Epoxy resin, B: Corrosion layer, C: Mg/Mdloys substrate.....132
Figure 4.57. ICROES analysis of SBF solution for (a) ungka Mg, (b) AZ91,

and (c) WE43 alloys after 1, 8, and 24 h, and (d) change in pH of the SBF solution
AUNG fIFSE 24 Nueeeeee e e e 134
Figure4.58. Macro images of the corroded surfaces of Mgélllgys after

different time intervals in SBR...........ouuiiiiii e 137
Figure 4.59. XRD results of Yanalloyed Mg, (b) AZ91, and (c) WE43 alloys after

various time intervals in SBF. 0d indicates the XRD of uncorrodedstssamples.

Figure 4.62. Relative amount of the intermetallics in the AZ81\WE43 alloys

AUING INFVITIO TS eee e e e e e e e e e e e eeeeaaees 143

Figure 4.63. (a) Weight loss percentage and (b) cumulative hydrogen gas produced
during thein-vitro teStin SBF..............uuiiiiiiiiiiii e 145

XXV



Figure 4.64. pH change measurement of Mgilgys during the irvitro test in

5] 2 PP SPPPPRR 148
Figure 4.65. Polarization curves ofeast unalloyed Mg, AZ91 and WE43 alloys

i N SBF @l 3.7 AC e 150
Figure 4.66. Nyquist diagrams of Mg/Maloys for (a) 1, (b) 2, and (c) 4 h, and (d)
equivalent circuit for EIS data fitting.................oovviiviiccciiieeee e 151
Figure 4.67. Schematic corrosion mechanism of bulk Mgéllays................. 155

Figure 4.68. Macrstructural changes of composites duringiino tests [195[156
Figure 4.69. SEM images of corroded surfaces in composites in SBF for various
IMMErSion tiMES [195].....coi i 158
Figure 4.70. SEM images of corroded surfaces in composites for various
immersion times in SBF (A: Ti6Al4V powder, B: prior Mg/Madloy regions)

Figure 4.71. Crossections of the polished surface of TiGAMNG/AZ91/WEA43
composites showing corrosion depth at different time intervals of immersion in
OB [195].. . eveteeeteeeeres et teteeeee ettt emnms sttt en ettt enne e 160
Figure 4.72. The change of average corrosion depths of Ti6Mg\Wg-alloy
COMPOSItES WIth TIME....ueeeeiiiii e 160
Figure 4.73. SEM images of corroded surfaces -@j (Bi6Al4V-Mg, (d-f)
Ti6Al4V-AZ91, and (gi) Ti6AI4V -WE43 composites after one hour of immersion

TIS] =] 1R ) PO PRRRR 162
Figure 4.74. XRD of (a) Ti6Al4Wg, (b) Ti6AI4V-AZ91, and (c) Ti6AI4VWE43
composites after 1, 2, 5, and 10 days of immersi@BF [195]...................... 164

Figure 4.75. SEM images of the corroded surface of (a) Ti6GARV (b)
Ti6AI4V-AZ91, and (c) Ti6AI4VWE43composites showing Cl rich rdike
SITUCTUIE [LO5 ] it erre s e e e e 165

XXV



Figure 4.76. Cumulative hydrogens produced the Ti6AMYAZ91/WE43

composites during the Witro test [195].........coovviriviiiiiiiir e 167
Figure 4.77. pH change of the SBF solution containing Ti6AAYAZ91/WEA43
COMPOSILEFLOS]. .. e e e e e e e e e ean 169
Figure 4.78The change in (a) potential and (b) current density of Mgalltoys
coupled With TIBAIAV AllOY...........uuurriiiiiiiee e ereer e 171
Figure 4.79. Polarization curves of Ti6Al4Mg/Mg-alloy composites in SBF at 37
A C [ L0 5 et 172
Figure 4.80 Nyquist diagrams and corresponding equivalent circuitsf (a
Ti6Al4V-Mg, (c-d) Ti6AI4V-AZ91, (ef) TiI6AI4V -WE43 composites............ 176

Figure 4.81 Schematic representation of corrosion mechanism for composite
T2 10 1] 0] ST PP PP PR PPPPPPP 179
Figure 4.82 Surface morphological changes of TIGAMMg composites after

immersion iN SBF fOr P4 N........oooiiiiiiiieee e 181
Figure 4.83 Surface morphological changes of TI6GAM&AZ91 composites after
iImmersion iN SBF fOr P4 N.....cooooiiiiiiieeeeeee e 182

Figure 4.84 Microstructure showing the region between Ti6Al4V powder and
AZ91 alloy of (a) Ti6AI4\*AZ91 and (b) Ti6AI4V Na-AZ91 composites after
immersion in SBF for tWO NOUIS............uuueiiiiiii e 184
Figure 4.85 Surface morphological changes after immersion in SBFlfoidays

(a) TiAl4V-Na-Mg, (b) Ti6AI4V-Na-AZ91 COMPOSItES........cceeeeeveeeeeeeiirvieee 185
Figure 4.86 XRD analysis of (a) Ti6A4Ma-Mg and (b) Ti6Al4\ANa-AZ91
composites after immersion in SBF forlD days..........cccccccveieeiiiiiieeceeneeenn. 186

Figure 4.87 Ca/P ratio of the corroded surface in all the composites after immersion
in SBFfor 1, 2,5, and 10 days...........coooviiiiiiiiiiemmreee e 188
Figure 4.88 pH variations of composites duringitmo tests.......................... 189

XXVi



Figure 4.89 The comparison of hydrogen evolution of two different composite
couples; (a) Ti6Al4¥Mg and Ti6Al4\-Na-Mg, and (b) Ti6AI4\tAZ91 and

TIBAIAV -Na-AZI9L COMPOSITES. ...ceiiiiiieeeeeeieiie e ieremmee e e eeeeees 191
Figure 4.90The change in (a) potential and (b) current density of Mgé\tays
coupled with uncoated and Maated Ti6AI4V alloy...........ccceeeieiiiiiiiecieennnn 193

Figure 4.91 Polarization c.ur.v.e.s...ad%h

composit






CHAPTER 1

INTRODUCTION

Recent studies ha¥ecusedon the development of biodegradable materials having
acceptabledegradation characteristics with time withoateasingtoxic elemers.

Among the biomaterials, the usagebaddegradable metals has several advantages
such that secondary surgery is not needed after implantation since they
spontaneously degrade in the human body and replace with bone tissues when they
are used as bone substitutes. Therefbredegradable ptak are considered as
alternatives to permanenbioinert metalswhich remain in the body even after
healing and sometimes cause adverse reac#dtimugh hey degrade over time,
biodegradable material should stay enough timehe body and preserve its
mechanical integrityo providesufficient strength during the first few weeks of the

healing stage.

Over the last years, magnesium (Mg) and Mg alloys are considered as appropriate
candidates for biomedical applicatidmscause of thettegradable charagtstics in

an aqueous environmentogether withtheir low densites (1.752.00 gr/cnd)
comparable to those of bonédditionally, magnesium and its alloys possess
excellent mechanical compatibilitielastic moduli (4445 GPa)) with the bone,
thereby alleiating the stresshielding problem associated with the remarkable

difference between the elastic moduli of implant and bone.

Besidesits usage as an implant materitlie presence of Mo the human body

contributes tonany biological reactionfone stragth, and growthof bone tissues



Therefore,the deficiency of Mgin the bodycausesan increase inthe risk of

cardiovascular disease and neurological problems.

Despite their numerous favorable properttes high corrosion rate of magnesium
and Mg allys causes deterioration of their mechanical integrishertly after
implementation, before completealing.In addition Mg generates the hydrogen
gas bubbles adjacent to the implanting its degradatignwhich could diy the
healing of the damagedssue.Accordingly, researchabout magnesium and Mg

alloys implantshavefocused orcontrollingand slowing down theorrosion rate

The surface treatment and alloying are two different approadessfor reducing
the degradatiomatesof Mg andMg alloys. The surface modification of magnesium
enable controling the corrosionrate andmprovesthe biocompatibilitypy adding

a corrosion resistant biocompatible coating. On the other hand, by allogity, n
designed magnesium alloys for biomedical applcstsuch as MgCa, Mg-Sr, Mg

Zn, Mg-Al, and MgAg have beemeveloped with enhanced mechanical properties
and corrosion resistandd.oreover, the addition ofire earth (RE) elements such as
Gd, Nd and Y have commonly usedn Mg alloying, which are designl as
biodegradable stents in cardiovascular applications. In additiersolid solution
effect of alloying elements, the presencand distribution of second
phases/intermellics formed as a result of alloying determine the corrosion behavior
of the aloy with its rate. Therefore, to minimize the migalvanic corrosioln the
alloy, both types of the elements and resultphtises/intermellacs should be
carefully controlled with their size and distribution.

In contrast to Mg and Mg alloys, titaniurand Ttalloys, popular metallic
biomaterials, display bioinert character and preferred to be used especially in
artificial joints oving to their excellent corrosion resistance, high fatigue strength
and good biocompatibilityHowever, mismatch of elastimoduli differences

between titaniunbased implants and boread uneven load distribution, which



results finally stresshielding andloss of implant bybone resorption. Thus, the
problem related tthe mismatch oélastic modulbetween bone and -gilloy should

be overcome by either modifying the chemical composition or structure/geometry of
Ti-alloys.One of the possible solutions is to manufacture porous titanium foams with
relatively lower elastic modulus so that timechanical stability between bonedan
implantcan be achievedAdditionally, the open porous structure of titanium foams
provides a suitable place for bone growéind enables the transfer of body fluids

a result,severalstudies have been focused on the production of porous titaniu
foamsthrough the use dlifferent techniquesuch as loose powder, space holder,
gas entrapment, and additive manufacturing techniguaeseng the aforementioned
techniques,dose powder sintering is one of the mosst effective angbractical
methods, whichis based on the partial sintering metal powders at elevated

temperatures to contrpbre size, distribution, and interconnectivity of pores.

Although generatingores in the structure alleviates the stgsglding problem by
reducing the elastic modusind providesa placefor ingrowth of bone tissues

porous structure igulnerableand cannot be loaded before ingrowth of bone tissues.
Therefore, filling the pores of titanium alloy with biodegradable magnesiagbe

an alternative solution tancreasethe strengthof the implantunder repetitive
loading. In additionelastic modulus can enedeasilyby changing the relative
amounts of titanium and magnesium in the composite. Moreover, combining porous
bioinerttitanium withbiodegradablenagnesium aaalso enhanckioactivity since
magnesium promotes the formation of new bone and accelerate precipitation of
calcium phosphate phase. During vivo, dissoed magnesiums expected to
replace by new bone tissueéccordingly, a dynamic balance betweere th
degradation ofmagnesium and the new bone ingrowtlild be achievedo that no
dramatic decrease will be observed in the strength; therefore, the implant can also be
loaded even in the degradation stage of the magnesium. However, it has been

reported tht galvanic corrosion occurring between dissimilar metals like Ti and Mg



accelerates the dissolution rate of magnesium, thereby increasing the hydrogen gas
evolution rate. Replacement of Ti and Mg with their alloy form counterparts and
eliminating the diret contact of Ti and Mg by the formation of an interlayer between
two metals may be used as an approach to alleviate the galvanic effect.

In the present studihree different magnesium allgysamelyunalloyed Mg, AZ91

and WE43 alloys were impregnatedinto porous Ti6Al4V skeletons with
pressureleskquid infiltration methodto observe the effect of coupling of Ti6AI4V
alloy with unalloyed Mg and Mglloys with different chemical compositions.
Ti6Al4V-Mg/Mg alloy compositeswere tested by nonelectroclemical and
electrochemicalechniqueso compare thearrosionbehaviors and mechanisrob
composites with theulk alloys constituting the compositess a second approach,
Narich coatingwas applied on porous surfaces of Ti6Al4V alloy prior to Mg
infilt ration with the aim of decreasing the galvanic effect in the composite samples.
Narich coating was especially preferred since it is known to enhance
osseointegration in Jalloys as well. Therefore, after the degradation of Mg/Mg
alloy regions in the congsites over time, Nach coating on Talloys is supposed

to allow direct bonding of the bone tissues, which is rarely seen in uncoated Ti
alloys. The effect coating layer on corrosion behaviors of the composites was also
investigated by electrochemicakchniques as well ason-electrochemical

techniques like hydrogen evolution test.

This thesis comprisesf five main chapterdn the first chapter, the introduction, the
current state of theubject is summarized, and the motivation of the study is
presentedOn the other hand, a detailed literature review has been givemaipter

2, whichis subdivided into various partgirstly, definitions and classifications of
biomaterials are givenThen, the proposedcorrosion modelsof biodegradable
Mg/Mg-alloys are discusseth detail Apart from these, the production methods of

porous titanium alloys and their surface modificattenhniques are also briefly



introduced The information about biocornogites, including FMg, is given at the
end of Chapter 2.He properties of materialsed in the present studiie details of
the composite production methods and coating techniques areigi@rapter 3.
Furthermore,this chapteralso includes thedetils of test methods used to
characterize the corrosion behaviqrsonelectrochemical and electrochemical
testy, the wettability tes, in-vitro studies and characterization techniqueshe
results of the work and discussion are presentéchapter 4which is subdivided
into three main sections. In the first sectiomportant findings of the wetting
behavior ofliquid unalloyed Mg, AZ91and WE43 alloys on the Ti6AI4V allag
given. Subsequentlyhe structure and mechanical propertégi6Al4V -undloyed
Mg/AZ91/WE43 composites have bemvestigated.The second sectioimcludes
the results aboutthe formation and characterization of Mah coating layers
between Ti6Al4V alloy and Md/g alloy in the compositeand its effect on the
wetting behavior of liquid Mg/Mglloys. In he last part of Chapter, 4he
experimental results abathie corrosion behaviorsindcorrosionmechanisms of as
castbulk Mg/Mg-alloys Ti6Al4V-Mg/Mg-alloy composites, and Néch coated
Ti6Al4V-Mg/Mg-alloy composites have beervestigatedafter immersion in SBF
Finally, in Chapter 5importantfindings of the current work are listed with the

proposeduture studies






CHAPTER 2

LITERATURE REVIEW

2.1 Biomaterials

The biomaterial is defined as a magéthat is designed to interact with the body and

to replace a part of the body in a reliable, economical, and physiologically acceptable
way|[1]. Therefore, biomaterials can be used for replacing a missing part of the body
part by improving its funion or by duplicating the structure that no longer exists.
Also, the researchers have stated that the main objective of biomaterials is the
improvement of human health by repairing the function of the tissue in thg2iody

4]. Therefore, it is esseatito understand the relationship between the structure
property relationships of biomaterials to use them successively in biomedical
applications. Nowadays, the usage of biomaterials has been growing by
incorporating the knowledge and ideas from diveiiseiglines such as medicine,
chemistry, biology, material, and engineering sciences.

For thousands of years, there have been attempts to replace or correct damaged or
diseased body parts. The first biomaterials used were the linen sutures seen in Egypt,
which dates back to 3000 BC, and the seashells used as an artificia[Sjooth
However, ancient biomaterials had been failed mainly because of the toxicity and
the lack of knowledge about infection canit[1,6]. Witte et al.[4] stated that the
development of biomaterials has evolved through three generations. The objective
of the firstgeneration biomaterials was to obtain a proper combination of functional

properties to match those of the tissue without considering the tisspense.



Therefore, most of the firggeneration biomaterials were designed to be bioinert.
Some of the examples were the joint prosthesis implemented by Charnley in 1958
[7], vascular graft invented by Vorhess in the early 198)s kidney dialysis
introduced by Kolff in 19439], and stent and heart valves invented by Hufnagel

the early 1950$5]. In the mid to late 1800s, H.S. Levf#l exanined the various
metal implants such as silver, gold, and platinum for bone fixation plates in dogs. At
the end of the 1940s, the number of biomaterials with acceptable medical principles
had been grown because of the increased life expectancy in degetopintries

First generation Second generation Third generation
Aim: bioinertness Aim: bioactivity Aim: regenerate functional tissue
Minimum reaction / interaction Resorbable biomaterials, Biointeractive, integrative, resorbable,
controlled reaction with environment stimulate cell responses at the molecular level
1940 1960 1980 2000 2020

Figure2.1. Evolution of biomaterials science and technol{&jy

On the other hand, the second generation of biomaterials mainly consists of
resorbable biomaterials, which degrades with a specific rate that can be regulated
according to the need for desired applications. For example, a biodegradable suture
made up of plyglycolic acid (PGA) has been widely used in clinical applications.
Another application area is controlled drug delivery, which targets specific tumors,
blood vessels, etfl0].

The third generation of biomaterials aims to support and stimulate the improvement
of functional tissue at the molecular leyg]6,11] For instancebioactive glasses

and porous foams are being designed to activate genes in order to reconstruct the
living tissues[12]. As a result, a better understanding of biocompatibility at a

molecular level can allow the improvement of advanced biomaterials.



In recent years, the number of using implantable biomaterials has been growing due
to the increasinglder people population and the desire for maintaining the same life
quality of patients after surgerfl3]. Thus, the need for high performance
biomaterials has also steadily increased in different areas such as cardiology,
orthopedics, vascular therapy, and dental implants. The variety of biomaterials that
can meet the variouseads required for different applications allows the selection
and usage of the materials, such as biodegradable materials for temporary tissue
healing, bioinert materials used for permanent replacement of lost body parts, and
the metals with high electronductivity to be used in artificial orgaf$,13]. The
biomaterials used inlaf the aforementioned areas should possess unique properties
such as excellent biocompatibility, high corrosion/wessistant, low toxicity, and
sufficient mechanical property, which are defined below.

Biocompatibility: The capability of a material toe accepted by surrounding tissue
with an appropriate response in the specific applications is defined as
biocompatibility [5]. Two key factors that determine the biocompatibility of
biomaterials arehte host response induced by the biomaterial and the corrosion of
the material in the human bodl,14,15] A biocompatible material is desired to
behave with a suitable host response leading to minimum disturbance of standard
body function. Therefore, no toxic and allergic response is expected to occur during

the healing proess if the material used is classified as biocompatible.

Corrosion and wear resistanceThe corrosion and wear resistance affect the
mechanical integrity of biomaterial and healing time of tisRje Insufficient
corrosion and wear resistance may induce the release of toxic elements in an
extendedgeriod. Siilarly, in some cases, high corrosion rate may induce formation

of gas pockets around the tissue and causes loss of mechanical integrity before
healing process. Although unalloyed magnesium is one of the biodegradable

materials, it has high degradatiomeran the aggressive environment, especially in a



biological fluid [15]. Because of its rapid corrosion rate, the large amount of
hydrogen gas ieeleased around the implant. Althougkcess hydrogen is removed

by the blood flow or by the usage of a syringe, a high amount of retained hydrogen
gas can cause toxicity in the bofdy,17] Another example iplain carbon steel,

which can corrode and cause allergic reactions because of the high degradation rate

[18]. Therefore, the selection of suitable biomaterials shbealthutiouslymade.

Toxicity: A biomaterial should not be toxic on the local and systemic |¢1@]sFor
example, the usage of leachable polymers can cause the unintentional release of the
elementdrom the substance, which affect the biological system. Besides, most of
the metallic implant materials likew carbon steel, and Nitinol (i alloy) having

low corrosion and wear resistance, can cause the release of unwanted metallic ions.
For examplenickel may be released from Nitinol and may induce local tissue
damage and also inflammatory reactions. On the other hand, the release of the iron
oxide, which is the corrosion fgyoduct of iron (Fe) stents, should be controlled
because iron overdose meguse toxicity and inflammation around the imp[20§.

Mechanical property:Biomaterials or deces should match sufficient mechanical
requirements in order to perform a physiological function for a specific application.
For example, a hip prosthesis, which is desired to carry body load partly, must be
strong and rigid in order not to fail underavg loads for long term periods, and it
should also possess elastic modulus similar to that of bone to lessessigétiag
effect[6]. On the other hand, a leaflet in a heart valve must be flexible and tough
enough to flex four thousand times per hour without tearing for the life span of the
patient[6]. Therefore, depending on the type of applications, biomatesals for
substituting the human tissue or organ should match the desired specific mechanical

properties.
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2.2 Classification of biomaterials

Depending on the type of materials, biomaterials can be classified into four major

groups, which are biopolymers, bioceras, biometals, and biocomposites.

2.2.1 Biopolymers

Since the beginning of the twentieth century, a wide variety of polymers have been
started to be used in biomedical applications. They are mainly preferred for hard and
soft tissue applications such as vaacylrosthesis, intraocular prosthesigyure

2.2(d), catheters, drug delivery aids,6,21] For example, ultrligh molecular
weight polyethylene (UHMWPE) is used as an acetabulaircthe hip prosthesis,
Figure 2.2(b). Although polymeric biomaterials are nappropriatefor screws,
plates, or other fixations devices that require high mechanical strength, they are
mainly used as fibers for repairing the damaged tissue and wrapping biodegradable
stents[22]. In addition, smart polymers have been used in order to clarify bio
separation problems in drug delivery systems. For instance, flexible hydrogels
having 3D structures and not dissolving in the water helpptibeess of bio
separation by changing its volume in response to the external stif28us
Moreover, polylactideco-glycolide (PLGA) is another example of gtadable
polymers used for biomedical applications. PLGA has widely used in sutures, tissue
engineering scaffolds, and drug delivery devices due to its rapid degradation rate
compared to other polyestdsi].

2.2.2 Bioceramics

Bioceramicshave been preferred due to their excellent compressive strength, good

biocompatibility, high corrosion, and wear resistance. However, they cannot be used
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in loadbearing applications because they are hard and brittle and prone te fatig
failure. Commorbio-ceramicsare alumina (AlOs), zirconia (ZrQ), and a form of
calcium phosphate named as hydroxyapatige(EQs)s(OH)2) [25,26] Bioceramics

can be utilized in the replatent materials for malfunctioning joints as well as
bones and teeth due to bioinert characteristic, high resistance to friction, and their
high hardness. Besides, they are integrated with metals in dentistry, such as teeth
root, Figure 2.2(a), and orthopedic applications like a hip prosthesis as alumina
zirconia ceramic femoral hedgigure2.2 (b), where high wear resistance is required.
Alumina, which is most widely used as bioceramics in the biomedical applications,
is used as electrical insulation for pacemakers, and innerseelessiue to their high
lifespan [6,25,27] Besides, bioactive ceramics such as-g¢jimss, and sintered
hydroxyapatite can allow the formation of direct bonding to surrounding tissue.
These types of ceramics can stimulate healing and are utilized as essential bone

substitutesn the biomedical field5].

- “—‘> UHMWPE acetabular cup

4 =—> Alumina-zirconia femoral head

4

I ]

=
-
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Titanium alloy femoral stem

Figure2.2. Dental implants with various desigr®) A hip prosthesis containing
titanium alloy femoral stem, alumirmarconia ceramic femoral head, and
UHMWPE acetabular cup, (c) mechanic metallic heart valve, and (d) intraocular
lensed6].
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2.2.3 Biometals

Biometals have an essential role in biomedical applications such that in the last
decades, around 70 % of implants are made from metalliciala{88]. They have

a wide range of usages in the human body, such as cardiovascular devices (stents,
staples, and artificial hear{d3,29]), dental implants (orthodontid80], dental

bracheg3]), and orthopedic applications (hip and knee joint implants).

Biometals can be examined in two main groups, which are degradable and permanent

biometals.

2.2.3.1 Degradable biometals

The biodegradable metals are defined he tnetals which should dissolve
completely without any residue and corrode gradually in vivo with a suitable
surrounding tissue response induced by the released corrosion products [23]. The
usage of biodegradable metals has various advantages such tmalasgsurgery

is not needed after implantation because of their spontaneous degradation in the
human body environment. In addition, degradable biomaterials are alternative to

permanent implants, which may induce leéegn complications.

However, biodegraable metals should keep their mechanical integrity during the
healing of surrounding tissue, and they should dissolve without causing any toxicity.
However, it is reported that biodegradable metals, for example, metallic stents, have
a relatively faster dgadation rate than expected during the tissue remodeling
processfigure2.3 [31]. For instance, Mgpased stents completely degrade within
four mounts, which causes the loss ottremnical integrity before complete healing.
Therefore, there should be an optimum degradation rate that allows sufficient time

for the healing of the damaged tissue. Surface cof8Rig4] andalloying [351 37]
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are two different approaches used to maintain mechanical integrity during healing

by slowing down the degradation rate of biodegradablalme
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Figure2.3. The schematic diagram of degradation behavior and the change of
mechanical integrity of biodegradable metallic stents during the vascular healing
procesg31].

Iron (Fe), zinc (Zn), tungsten (W), anthgnesium (Mg) based implant materials are
commonly used biodegradable metallic materials. Therefore, in the following
paragraphs, Fe, Zn, and-lsed bio metals are described briefly, while magnesium

and its alloys, which are the subject of the presetyswill be explained in detail.

The first usage of Fe implant was a dental implant, and then Fe wires were used as a
suture in the seventeenth century; however, infections were observed around the
implant[38]. In the 1900s, Fbased plates and screws have been preferred for the
fracture fixation device$31]. In recent years, compared to other biodegradable
metals, they have become more popular from a structural point of view because iron
based alloys have similanechanical properties to those of stainless steel. Besides,
Waksman et al39] have shown that the biodegradable iron stéigtire2.4(a), is

safe for implantation in coronary arteries because there is no inflammation around
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the stent. On the other hand, in vivo test results revealed that a large portion of Fe
stent remained intact in the blood vessel even after long immersiofiddqyalso,

it was reported thathe Fe implant exhibited a slow degradation rate in the
preliminary animal tegd]. The ferromagnetic property is another limitation of Fe
based implant materials, which directly affects the imaging devices like magnetic
resonance imaging (MRI). As a result, thesearchers have focused on the
modification of the composition, microstructure, and ferromagnetic properties by
developing new kinds of Heased biodegradable metals such adMRgFeMn-Si,

FeW and FeFeOs [31]. New production methods such as powder metallurgy,
casting, and inlgt 3D printing have gained attention to obtairb@se stents with a
slower degradation rate and diminished ferromagnetic properties. Besides, alloying
[40], surface modificationf41,42], and heat treatmefi20,43] of are the common

approabes to slow down the degradation and for improvement of the surface

biocompatibility of Febase stents.

©
\
%\ }.._ #
L 00

Figure2.4. (a) Iron stent, (b) SEM images of Xrased stent produced by selective

laser melting method, and (c) tungstambolization coils.

On the other hand, Zbased biodegradable metals have become popular due to their
high biocompatibility and suitable corrosioate. For example, Vojtech et pd4]

have investigated the mechanical properties and corrbsiwavior of binary Z+Mg

15



alloys containing 3% wt. Mg as a bone fixation device. Moreover, Xie 5.
produced the porous ZAg scaffolds by gas pressure infiltration method. They
found that ZmrAg scaffolds showed excellent bioactivity due to high
biocompatibility and good antibacterial ability of silver (Ag). In addition, the
corrosion rée of Zn was reduced upon the addition of Ag, which resulted in grain
refinement. In recent years, by the advancement in additive manufacturing
technology, Zn cardiovascular stenBgure 2.4(b), have been produced by the
selective laser melting method and shown to be replaced by their traditional
counterparts because of their superior mechanical properties witgrémed

microstructurd46].

Likewise, Tungsten (W) can be considered to be a smi@etpradable metal since it

has no toxic effect during dissolution in the human body. Various studies made use
of tungsten as biodegradable metal. For example, Peuster §t9hlplaced
embolization tungsten colil into the arteries of rablbitgure2.4(c). They found that
increased tungsten serum level did not cause any local toxicity, whiledong
studies are necessary to understand the effect of tunggtds ile the blood. Also,
Butler et al.[47] stated thabnly longterm follow-up would answer this question

whether elevated levels of tungsten are harmful to health or not.

2.2.3.1.1 Magnesium

Magnesium (Mg) is one of the lightest metals with a density of 1.74%gltis an
alkaline earth metal having an atomic number and atomic weight of 12 and 24.305
g/mol, respectively. It was firstecognized as hydrated magnesium sulfate and
magnesium cloride. Then, Humphry Davy isolated magnesium in 1808 to obtain an
elemental form entitled as Magnesia of Greek mytho[dgy.

Magnesium has a hexagonal closed packed (hcp) structure, kticésparameters
are a: 0.3209 nm, c: 0.5210 nm, and c/a ratio: 1.624 at room tempefejure?2.5.
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Besides, alloying elements can easily dissatvéhe magnesium, and magnesium
tends to form solid solutions with other elements because of its small atomic
diameter of 0.320 nrf#9].

Also, positively chargednagnesium ions, Mg can bind electrostatically to
negatively charged molecules like nucleic acids and protg8§. lonized
magnesium favors the attraction ofiater molecules due to the high hydration
energy, leading to a large ioniadius. The coordination between Mg angOH
molecules occurs in octahedral conformatidfigure 2.5(b), with six rigid

coordination bonds.

(a) (b)
c: %0 H— O

Figure2.5. (a) Schematic representation of magnesium HCP showing principal
planes and directior{d9] and (b) Mg ion in octahedral coordination with six water

moleculeg50].

Two main production methods exist for extractionM§ named as a thermal
reduction and electrolysis. The thermal reduction process is conducted at elevated
temperatures (1200 6 00 AC) , in which magnesium oxi d

then produced magnesium vapor is condensed at a lower temperature in t
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converter. Subsequently, condensed magnesium is therelted, refined, and
poured. This process is called the Pidgeon process, which is one of the least efficient,
the most straightforward, and oldest production metfstls Another production
method to obtain magnesium in elert@rform is the electrochemical technique.
First, magnesium chloride, Mgg£lis obtained by the precipitation of magnesium
hydroxide from brine or seawater. Then, MgiSldissolved in the hydrochloric acid
(HCI) and then melted and electrolyzed. At théhode, the molten magnesium is

deposited; on the other hand, the chlorine gas is released at thgZ4node

The usage of magnesium has been extensively increased owing to its lightweight,
excellent biocompatibility, good machinability, good heat dissipation, hagh
damping capacit}35,52 54]. Several studies have been conducted about the usage
of magnesium in biomedical applicans. Therefore, in the following section, bio
characteristic and related applications of magnesium and its alloy will be discussed

in detail.

2.2.3.1.2 Magnesium as a biomaterial

Mg is the fourth most abundant cation in the human body, and it is naturally found
in bone tissues, which contains approximately 67% of the magnesium found in the
body.

Moreover, Mg is widely distributed throughout the world only as a divalent cation
(Mg?") or in salt or mineral form because of its high level of reactivity. Therefore, it
took time for magnesium to be found in its elemental form, and it was discovered in
1755 by Joseph Blacks5]. The first usage of magnesium in the biomedical
application was in 1878 by Edward C. Huse, who used magnesium wire successfully
to stop bleeding vessgl]. Then, in 1900, the Australig@erman physician Erwin

Payr believed that Mg wires were brittle to be a suture; therefore, Mg was used in a

thin-walled cylinder form as a bone fracture fixation deyi&®57] Mg sheets were
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also used for restoring joint motion in both animals and dngf,56]. In the
following years, magnesium and magnesium alloys have been used as a plate,
screws, wire, and sheets to heal fractured bone for orthopedic applic&igune,
2.6(a-b). In recent years, commercial Mg alloys are preferred as cardiovascular stents
because of their controll able degradati ol
implantation of a commerciaiagnesium alloy containing 93 wt. % Mg and 7 wt. %

RE metalsFigure2.6(c), in a coronary arteff7]. In addition, Eggebrecht et #.8]
believed that Mg stents possessed excellent biocompatibility and good mechanical
properties compared to those ofmgentional stainless steel. Both chemical and
physical properties make magnesium the most functional cation and lead to the
interaction of Mg ion in a broad range of enzymatic reactions and biological
functions[50].

Mg has a high strengtb weight ratio, low density of 1.74 g/énand it can be easily

cast. Although its high corrosion rate seems to be a disadvantage, degradable
characteristics in an aqueous environment, together with its low density, enable Mg
and its alloys to be used farthopedic applications. Moreover, lightweight Mg
implants have elastic moduli closer to that of bone than commercially used titanium
alloys and stainless ste&hble2.1[55]. The comparatively low elastic moduli make
possible reducing the streskielding problem observed in lch@aring metallic
implants. For example, for temporary orthopedic devices, magnesium alloys match
the elastic moduof bone better than other metallic alloys (like titanium and stainless
steel). Therefore, they can be used not only as temporary orthopedic fixtures but also

as stents, where a high strength to weight ratio is necd58dry

19



Figure2.6. Biodegradable magnesium alloys; (a) headless screw, (b) compression
screw, and (c) BIOTRONIK stefQ].

Table2.1 Properties of various metallic biomaterials and natural fadje

Density (g/cn?) Elastic Modulus (GPa)

Natural bone 1821 3-20
Magnesiummagnesium alloys 1.742.0 41-45
Titanium alloys 4.445 110117
Stainless Steels 7.98.1 189205

The main drawback of using magnesium is the evolution of hydrogen gats and
rapid corrosion in an aqueous environment. Since the primary function of
biomaterials is to maintain its mechanical stability during the healing period, it is
essential to control the corrosion rate of magnesium alloy by understanding its
corrosion melkanism and corrosion products when exposed to an aqueous solution
like in the body fluid.
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2.2.3.1.3 Corrosion of Mg and its alloys

Magnesium dissolution in aqueous environments occurs via an electrochemical
reaction with water to produce magnesium hydroxide andbiggeh gas. The overall

corrosion reaction of magnesium in aqueous environments is given below:
0Q ¢O0L POQWO O (2.1)

This overall reaction includes the following partial reactions:
0Q P 0DQ CQ O£ QUMW Q¢ ¢ (2.2)
¢00 ¢Q P O 00 O ONBDHLO Q¢ (2.3)
D0Q ¢0'0O P OQIO Ri ¢ QLA o Q¢ (2.4)

During the dissolution of magnesium, magnesiaydroxide, Mg(OH), Eq. 2.4,
accumulated on the magnesium substrate, forming a protective corrosion layer.
However, corroding of magnesium continues when metallic impurities or aggressive
electrolyte species like QGxist in the environment. In the phykigical environment

(pH: 6.87.4), magnesium hydroxide starts to dissolve and convert into highly
soluble magnesium chloride, Eq.(2.5), when the concentration winGs above 30
mmol/lI[15,31]. As a result, the surface of a magnesium substrate can undergo severe

pitting corrosion61].
0DQWO ¢oaP 0'Q ¢da ¢v O (2.5)

Moreover, the corrosion of Mglloys, which is a kinetic phenomenon, depends on
the alloy composition, impurity content, distribution and amount of the phases in the
alloy, and the environmental factors like temperature and pH of dbeoas

environment are also effective on the corrosion ofddgys.
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Magnesium and its alloys can undergo various forms of corrosion, such as galvanic
corrosion, intergranular, and localized corrosj68], which are explained in the

following sections of the thesis.

1) Galvanic Corrosion

Galvanic corrosion is an electrochemical reaction of two dissimilar metalsein t
presence of an electrolyte and electrical contin@8}. When two different types of
metals are in contact, and the difference in their electrical potentialeasit100
mV, galvanic corrosion occur$64]. The metal with an electronegative potential

becomes an anode, while more noble metal acts as a cathode.

Galvanic corrosion is commonly seen as severe local corrosion of the magnesium
adjacent to the cathod63,65] For example, galvanic corrosion can occur when
stainless steel bone plates arermmted to degradable magnesium screws in the body
fluid because magnesium is located in the most active metal in the galvanic series,

Figure2.7.

There are two kinds of galvanic corrosion observed for magnesium and its alloys.
The first one is the macigalvanic corrosion in which cathodes can be externally in
contact with magnesiunkigure 2.8(a). In micregalvanic corrosion, on the other
hand, the second phase or impurities present in Mg and its alloys could be internally
in contactwith magnesiunkigure2.8(b).
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Figure2.8. Schematic representation of (a) magedvanic and (b) micrgalvanic

corrosion[65].
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- Macro-galvanic corrosion

Figure2.8 shows the galvanic series for metalshe order of their relative activities

in ambient seawat¢66]. The list starts with the noble metal (cathode) and reaches
the most active metals (anode). It is seen that magnesium is attibra lof the list,
meaning that it is the most active metal among alloys listiggire2.7. Therefore,
when coupled with one of the metals listed, negium becomes the anode and

corrodes preferentially in any galvanic couple.

Figure 2.8(a) shows the schematic illustration of magadvanic corrosionof
magnesium coupled with a less active metal. Severe galvanic corrosion occurs when
the magnesium is in contact with less active metals such as stainless stxeliNi

alloy, and titanium,Figure 2.7. Because these metals have low hydrogen
overpotential and act as cathodes. Therefore, the potential difference between Mg
and other metals can produce galvanic current, |, which causes thmegiany

dissolution at the anode and hydrogen evolution at the cathodiEigitee2.8(a).

- Micro -galvanic corrosion

Mi cro galvanic cor r os-Mgmatrik lsaking a lowef feece e bet wee
corrosion potential and second phases or metallic impurities (Fe, Ni, and Cu) with a

higher free corrosion potentifd7]. Ther ef or éVg matrix s coaauedd i ¢ U
preferentially, and hydrogen evolution is observed at the cathodic secondary phase,
Figure2.8(b). Secondary phases such as angliAk and Mg-Al 12 are cathodic to

UMg matrix [68,69] while the other types of secondary in the rare earth (RE)

containing magnesium Mg alloys like WE43 (MgNd), GW93 (MgY-Gd), are

found b be more active than Mg matifix0].
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2) Pitting Corrosion

Magnesium undergoes pitting corrosion when exposed to chloride ions in neutral or
alkaline solution53]. The reasons for the formation of pits may be related to several
reasons, such as the chemical composition, surface condition, and grain size of Mg
alloy, and the environmental conditions (i.e., pH, temperat5&)63,71] For

example, the discontinuous oxide film on the AM60 alloy causes the adsawption
Clanion in the U phase. Tipmmsegttiepassvatornf t er
film is collapsed, and subsequently, pitting corrosion takes pld¢e

3) Intergranular Corrosion

Magnesium and its alloy are not susceptible to intergranular corrosion. Grain
boundaries are always cathodic relative to the grain interior; therefore, corrosion
does not penetrate the grain along the grain boundéBgsAccordingly, grains are
anodic to grain boundary so that corrosion focuses on an area adjacent to grain
bourdarieg[65].

4) Stress Corrosion Cracking

Stress corrosion cracking (SCC) of magnesium alloys results from the combined
effect ofelectrochemistry and the tension forces. SCC is expected to occur when Mg
alloy is exposed to stress in wet conditions. In the presence of hydrogen, SCC
initiation stress decreases below the operation value so that catastrophic failure
occurs. Although thaddition of aluminum and zinc enhance the SCC, alloying with

tin decrease the stress corrosion sensitivity of Mg §iay.

2.2.3.1.4 Proposed corrosion models for Mg and its alloys

The negative difference effect (NDE) is an extraordinary phenomenon affecting
especially magesium and its alloy dissolution. Generally, electrochemistry

categorizes corrosion reactions in either anodic or catH@@c By increasing

25



applied potential or current density, the anodic reaction rate increases and
simultaneously a decrease is observed in the cathodic hydrogen evolution for
traditional metals like copper, steel, and zinc. However, the hydrogen evolution
behavior of magnesium agars to be different from the basics of the electrochemical
theory.Figure2.9 shows a schematic illustration for the NDE, in which solid lines
labeledas Land t, the normal anodic and the cathodic partial reactions, respectively,
are assumed to obey Tafel kineti65]. At thecorrosion potential, &, the rates of

both reactions are equal t® Typically, increasing the applied potential frorE

to Eqppi causes a decrease in cathodic rate froto Ihe,and an increase in anodic
reaction rate fromplto Ivg.e. Howeverjt is experimentally found for Mg and its alloy

that increasing the potential leads to an increase in the dissolution rate and hydrogen
evolution rate, shown by dashed linegsg &nd H, Figure 2.9. Therefore, for an
applied potential, &p, the actual hydrogen evolution rate (HER), corresponds to the
In,m, Which is higher than the expected currepd Also, the anodic Mg dissolution
current carincrease faster than expected from the polarization cufyemleaning

that the actual dissolution rateghis significantly higher than the expected current,

|Mg,e.
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Figure2.9. Schematic representatiof the negative difference effect (NDEBB].

Several authors have tried to explain the NDE phenomena via developing four

different models described below:
i. Partially protective surface film

This model purposed that NDE is referred to as the breakdown of the partially
protective layer on the surface during the dissolution of magnesium. Divalent
magnesium ions, Mg, dissolve into the solution near the metal/electrolyte interface,
experience hydrolysis, resulting in lowering the pH of the solution and enhance the
corrosion rate. Also, the thickness of the protective film decreases as the
potential/current is incread¢65], as given irFigure2.10(a-b).
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Figure2.10. Model of the partially protective surface film; (a) low E or | and (b)

high E or | nad (c) Monwalent magnesium ion modg5].

ii. Mono-valent magnesium ion model

In this model, Mg monovalent ion may be involved in the NDE as schematically
given in Figure 2.10(c). It is believed that the Mgmonovalent ion is produced

electrochemically, according to Eq. 2.6:
DPOQ Q (2.6)

Then, intermediate morealent Mg ion chemically reacts to evoltg/drogen gas

by the following Eq. 2.7.
¢h™Q O °¢db™ O (2.7)

Song et al[65] stated that this mechanism is consistent with the experimental results
in which the hydrogen evolution rate increase with an increase of apgplastic

potential.
iii. Particle undermining model

This model proposes the NDE in terms of the undermining and falling away of
second phase particles, especially at high anodic current potential or Eigreset,

2.11 (ab). Also, this model can be explained by the migadvanic corrosion
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mechanisn{63]. Second phasgarticles (i.e., impurities in pure Mg or Mé\l17

phase in MgAl alloys) are more cathodic to surrounding magnesium matrix so that
local galvanic corrosion occurs at the particle bounf&ty’4] Also, a particle can

be undermined by corrosion of the adjoining Mg matrix, resulting in particles fall
out and increased mass loss. Also, more undermining of particles can occur at the

higher current densitsgFigure2.11(a-b).

s Mg g Mo
2 2+ Hz 24 A : H,O
Mg | Mg* Mg Mg - H, 5~ MeH
+ gy
‘—J 1 LM/; ! ¢ s

(a) (b) ()

Figure2.11. Schematic representation of particle undermining model at (a) low and
(b) high current density/potential and (c) magnesium hydride njégkl

iv. Magnesium hydride (MgHz2) model

This model suggests that the NDE can be explained by the formation of magnesium
hydride, Mgy, | ayer on t h d6534)asshowmahigare2.1Ha).r f ac e

MgH: is quite reactive in water and produceshiyl the following reaction:
DM ¢oOLO°0D™Q ¢O ¢O (2.8)

Although this model is based on thermodynamics, predictingtétimlity of Mg,
it is a contradiction to basic electrochemistry. Because Eq. (2.8) is a cathodic
reaction, HER should decrease with an increase of potential or current. However,
there is still debate on the existence of the NDE for Mg and its alloyeMeztkal.
[75] stated that there was no NDE for corrosion of theamt AZ61 alloy. In
contrast, Chen et a]76] concluded that magnesium hydriderjally protective
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film, monovalent magnesium ion model, and particle undermining model were the
primary mechanism for the NDE-aast AZ91 alloy. Also, Zhang et &r.7] showed
that HER increased with increasing potential for AZ91 alloy based on the partial

breakdown of the passive film.

Furthermore, the NDE isassociated with the corrosion performance of the
magnesium alloy. An alloy having a higher degradation rate performed a severe
NDE. If magnesium can form a stable surface film, NDE can be prevented, and
corrosion resistance of the alloy can be enhanced.

2.2.3.1.5 Factors that affect the corrosion of Mg alloy

Several parameters affect the corrosion of magnesium alloys, which are chemical
composition (impurities, alloying elements), microstructure (second phase, grain

size), and environment (solution, temperatum@osiphere). In the following section,

the effect of impurity elements, alloying elements, and the role of the second phase

in the microstructure will be discussed in detail.
- The impurity content

The type and concentration of the impurities have various effects on the corrosion
characteristics of magnesium. Hanawalt et[#8] studied the effect of different
impurity elements on the corrosion rate of magnesium alloy in the saltwater. They
have divided 14 elements into three main groups. The first group includes Fe, Ni,
Cu, and © elements, which are extremely detrimental to the corrosion when their
concentrations are below Ouw&. %. The second group of elements was containing
Ag, Ca, and Zn, which do not have a significant influence on corrosion between the
concentrations of 0.&nd 5 wt. %. On the other hand, the last group (Al, Sn, Cd, Mn,
Si, and Na) had rarely effect on the corrosion of Mg at the concentration below 5 wt.

%. Moreover, recent studies have also revealed that the most critical issue in the
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dissolution of Mg ists purity. Especially, Fe, Ni, and Cu elements have detrimental
effects because of their low sololubility limit. They become the active cathodic
sites and accelerate the corrosion rate because of micro galvanic coupling with
anodic Mgmatrix. For examie, the FeAd intermetallics acts as a cathodic site so
that they cause degradation of magnesd|id@). Therefore, it is essential to control

the quantity and types of impurity elements to control the corrosion of niagnes

- Types of alloying elements

Magnesium alloys are usually alloyed to get the desired mechanical property and
corrosion rate for specific applications. The first step in the designing of magnesium
with a lower corrosion/degradation rate is the carefleictien of alloying elements.
Various alloying elements like Al, Zn, Mn, Ca lead to the formation of the different
microstructures and enhance the corrosion behavior of resultant magnesium alloy.
Commercial Mgalloys used as biodegradable materials in leidical applications
includes mainly AZ (MgAl-Zn), WE (MgRE), and ZK (MgZn-Zr) series alloys

[80], Figure2.12.
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Figure2.12. Development of magnesium with various alloying elem{@g
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Aluminum (Al)

Aluminum (Al) has been mostly preferred alloying element for magnesium with a
maximum solubility of 12.7 wt. %igure 2.13 [81]. Various MgAl based alloy
systems, such as AZ and AM alloys, have been developed for various applications
to understand the corrosion mechanism of Mg al[8§86]. Aluminum addition

r e s u l-pghase (M@AIl1b precipitation, which enhances the corrosion resistance
by acting as a corrosidmarrier. Moreover, aluminum contributes to solid solution
strengthening and precipitation of the second phase in the form gAMgalong

grain boundaries as a continuous pH&3¢and the formation of a lamellar structure
[65].

Gusieva et al[37], on the other hand, belieg that Al with an amount of above 3

wt. %raises the degradation rate of Mgalloy by the formation of Mg-Al 12 phase.
Esmaily et al[88] stated that the amount and distribution of Al are responsible for
the increase in the corrosion rate. Moreover, Lunder ¢8%].found that 8 wt. %
aluminum accelerates anodic dissolution, while aluminum improves the corrosion
resistance when its content is above 10%. According to Winzer{é2hIMg17Al 12

phase has two different influence the corrosion of Mg and Mg alloy. It is believed

that it acts either as a corrosion barrier or as a galvanic cathode depending on its
amount and distribution. When Mgl 12 has a lower volume fraction compared to
Umatrix, it acts as a galvanic cathodadaincreases the dissolution rate of
magnesium. On the ot her HMgnAdyisrrelatively he vol ume
high and it has an interconnected network layer, the overall corrosion of the alloy
can be reduced since M@l 12 phase acts as a barrighe effect of the quantity and
distribution of the second phase on corrosion of magnesium behavior will be

discussed in detail in the following sections.
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Figure2.13. Phase diagram of the Mg system[81].

Manganese (Mn)

The addition of Mn to the Atontaining magnesium alloy causes the formation of
Al-Mn intermetallic phases. Accordingly, these intermetallics can control the

corrosion of Mg alloy by picking up iron (Fe), which has a detrimental effect on the

corrosion restance of magnesium all¢g5].
Calcium (Ca)

The human body needs calcium to maintain growth and healing of the bones, and
therdore, it has been extensively used as an alloying element for biodegradable Mg
alloys. Although Ca has a limited solubility of about 1 wt. % in Mg, the formation
Mg2Ca secondary phase in the grain boundaries and grain interior improve the
corrosion resistace of Mg and its alloy74]. Bornapour et alf17] found that the
corrosion resistance of magnesium enhanced by the addition of a small amount of
Ca and S(0.3wt. % Sr and 0.3wt. % Ca).
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zZinc (Zn)

Zinc, one of the most abundant nutrients in the body, is essential alloying elements
with relatively high solubity of 6.2 wt. %in Mg [31]. Increasing the mass fraction

of Zn in magnesium alloy enhances the corrosion resistance of Mg. Even a small
amount of zinc (Zn) can provide a solid solution and precipitation strengthening that
can lessen the dissolution rate of Mg alloy. Cai €88l believed that the corrosion
resistance improved Wi increasing Zn content by grain boundary, solid solution,
and secondary phase strengthening.

Rare Earth (RE) Elements

The RE group contains 17 different elements that can be divided into two groups
according to their solid solubility in magnesium. Thst group includes elements
having high solid solubility in Mg, which are yttrium (YRysprosium (Dy),
Gadolinium (Gd), Terbium (Tb), Thulium (Tm), Holmium (Ho), Erbium (Er),
Ytterbium (Yb), and Lutetium (Lu). On the other hand, the second group contains
elements with limited solid solubility in Mg (Neodymium (Nd), Lanthanum (La),
Cerium (Ce), Samarm (Sm) and Europium (Eu}}5,31,91] In reent years, Mg
RE-based alloys have been gained attention due to their controllable degradation

rate.

Rare earth elements can form complex intermetallic phases with Al and Mg. These
intermetallic phases may enhance the corrosion resistance of magnesitoyall
solid solution strengthening. Zhang et 2] found that the degradation of
magnesium alloys having Y can be slowed down because of the forrobtibe
Mg24Y s intermetallic phase. Moreover, Chen e{@l] believed that the Nd element,

with limited solubility of 3.6wt. %, forms the Mg.Nd phase, thereby lowering the
corrosion rate of the alloy91]. Additionally, Peron et al[74] stated that the
improved corrosion rate of EV31A (2.8 Nd3 Gd0.56 Zr0.29 Zrother RE inwt.
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%) is due to the formation of mixed oxides of Nd and Gd on the surface, which is

more stable than that of RE free magnesium alloy.

However, Feyereband et §03] stated that the addition of the small amount of La
and Ce elements in WB alloy Mg-3.5Y-2.3Nd-0.5Zr in wt. %) caused the
formation of the gas bubbles and the high cytotoxicity effect. Besides, Chino et al.
[94] conducted showed that La and Ce elements localized in a small area around the

implant, although they improved the corrosion resistance of WE43 alloy.

On the other hand, Willbold et dB5] investigated the corrosion behavior of WE43

and LAE442 (M@g4%Li-3.6%Al2.4%RE, inwt. %) and conducted #itro
experiments by inserted the implants into the bodies of rabbits. They revealed that
hydrogen gas bubbles existed around both implants and subsequently disappeared
after two weeks. Finallythe surgical sites were recovered four weeks later, and there

was no adverse effect of gas bublis.

Moreover, Niu et al[96] implanted MgNd-Zn-Zr screws in the rabbit mandible.
They observed the formation of new bone around the screw, and there was no
inflammation around the implant after-b@nth implantationfFigure2.14(a). The
degradation process of Mgd-Zn-Zr implants is shown ifrigure2.14(b) [96]. They

stated that the screw did not lose its integrity after four mounts, while; a large part
of the screw has degraded, and only a small piece remained in the center after 18
mounts. As a result, new bone tissues, such as osteoblasts and osteveste

observedaroundMg | | oy screws i n[9%.he rabbitéds

35

ma n



Figure214.( a) OCT i mages of the vertical section
images of the original screw and residual screw after 1, 4, and 18 months after

implantation[96].

- Second Phases

The amount and the distribution of the second phase may have a pronounced effect

on the degradation characteristics of magnesium alloys. Because the second phases

act as cathodic centers, whicigmatrik known t o
when immesed in the aqueous environment. This type of corrosion is called micro

gal vani c c¢ or rmasixdssolyed preferentialiy.c h U

I f the volume fract i on -intefmetallic ghase im AZOT met al | i ¢
alloy, is relatively low comparetd o-mdirix, the undermining of the second phase
occurs. The pr ef enatexmdecursalor atbngshs grdinboundarp o f U
so that the second phase is undermined (fall out), causing an increase in the corrosion

rate. On the other hand, theghivolume fraction of the secondary intermetallic

phase can enhance the corrosion resistance by acting as a barrier against the
corrosion of the alloy. For instance, Song ef{@th] believed that AZ91 alloy was

improved when it contained homogenously distributed:J¥ig> intermetallic

phases along the grain boundary, which acted as a corrosion barrier. Therefore,
secondary phases with the homogenous distribution in the microstructure contribute

to the decrease of the corrosion rate.
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In the study of Cao et dP7], they investigated the corrosion rate of WE43 alloy by

an invitro test using simulated body fluid (SBF). They realized that the coarse,
secondary particles were undermined, leaving the deep holes aftersiomzr12

h, Figure2.15b), although there was no sign of falling out the intermetallics after
six hours of immersiorkigure2.15(a). This phenomenon was due to the low amount

of the second phase and its discontinuous distribution in the microstructure, leading

to a severe increase in the corrosion rate of WE43.alloy

Figure2.15. Surface morphologies of WE43 alloy samples after immersion in SBF
for (@) 6 h and (b) 12 [97].

2.2.3.1.6 Corrosion rate measurement for Mg

Corrosion of magnesium and its alloys is a complex process so that the combination
of various techniques should be conducted to support the results of different tests
used for revaling the corrosion kinetics and mechanism of Magnesium alloys.
Kirkland et al[98] and Esmaily eal.[54] provide a summary of the main advantages
and drawbacks of various corrosion rate measurement technifjisssection

includes the test methods used to determine the corrosion resistance and the
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degradation rate of magnesium and its alloys, which are categorized into two groups:

(i) non-electrochemical and (ii) electrochemical techniques.

i) Non-electrochemia@l techniques
- Weight loss measurement

In the weight loss experiments, only a sample, corrosion medium, and a precision
balance are needed to assess the corrosion behavior of magnesium. Firstly, the
sample is immersed in the corrosive medium for a vanke then removed from the
agueous solution. Before measuring the resultant change in mass and mass loss, a
cleaning solution like chromic acid (§0) is preferred to remove corrosion products

(i.e., magnesium hydroxide, Mg(Ohi)from the surface. Differeracid solutions

such as chromic acid, Cs@86,99 101], a mixture of Cr@ and AgNQ solution

[102], and a mixture of nitric acid and C4#{203]can be used as cleaning solutions.

The corrosion rate of magnesium is calcedaaccording to ASTM G3I2[104] as

given in Eq. (2.9);

Y6 (2.9)
5 O’

Where CR i s t he tedifferenseibetweenrtte ingigl andefival i s
weight of the sample (after removal of the corrosion products)s Ahe initial

surface area, t is the exposure ti me ,

- Hydrogen evolution measurement

The rate of thanagnesium dissolution directly corresponds to the amountof H
evolution, Eqg. (2.1). According to #volution tests, the evolution of 1 mole of

hydrogen gas directly proportional to the dissolution of 1 mole of magnesium,
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meaning that measuring the voluwieH: gas is equivalent to measuring the weight

loss of the Mg.

Numerous studies have been performed to determine tiganperformance of
magnesium alloy by hydrogen evolution experimebi,67,71,73,82,109.09].
Figure 2.16 shows the typical experimental setup, which contains a collector, an
inverted funnel,and a burette. Initially, a sample is immersed in the corrosion
medium, i.e. simulated body fluid, and a collector is placed in the medium directly
above the sample to capture evolvedglls during Mg corrosion. The hydrogen gas
accumulates as bubbles thatach from the surfacelHubbles are collected at the

top of the burette by displacement of the solution in it. Subsequently, the volume of

the H gas is measured by noting the level of the solution in the burette at different

time intervalg54,98]

e— Brutte

| Inverted
Funnel
‘ ~ Specimen

Figure2.16. Schematic representation o# elvolution test setufb4].

However, similar to weight loss experiments; &l/olution experiments do not
provide any information about the corrosion metsa. Besides, Esmailp4] et
al. stated that Hubbles usually attached to the walls of the inverted funnethend
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burette; therefore, they were not added to the gas volume at the top of the funnel.
Thus, it causes misleading results in the calculation of the hydrogen evolution rate.
Also, Kirkland et al.[98] stated that the Hevolution technique is not a suitable
method for the study of alloys with high corrosion resistance and the study of
corrosion in time intervals less than one hour because there is an insufficient volume
of evolved gas at the early stage of corrosimure2.17 displays the representative
graph of the hydrogen evolution test, in which thaxis shows the amount of
hydrogen gas evolved with respectriamersion time (>axes).
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Figure2.17. Comparison of hydrogen gas evolution in the SBF for bare and HA
coated magnesiuifd10].

i) Electrochemical techniques
- Potentiodynamic polarization (PDP) test

Potentiodynamic polarization (PDP) test is an electrochemical technique that can be

used to study in vitro corrosion of Mg alloys. The PDP test gives information about
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corrosion potential, & (in volt), corrosion current densitysok (MA/cN?) and,
relative anodic and cathodic reactions at a specific tigure 2.18 shows the
schematic representation of a thedectrode electrochemical cell containing counter
electrode (CE), reference electrode (RE), working electrode (WE), and the

electrolyte.

N P Potentiostat

Counter
__}Electrode (CE)

/. PC
Working Electrode = N
(WE) Reference
Electrode

Electrolyte

Figure2.18. Schematic representation of a thedectrode electrochemical cell.

A reference electrode provides information about the potential applied to the
working electrode. The suitable reference electrodes for specific applications are
saturated calomel electte (SCE)[32,111] the silversilver chloride (Ag/AgCl)

[112] and the copper/copper sulfaf®l3,114] electrodes. Besides, the counter
electrode provides the applied current to the system and should be maéle up o
corrosionresistant materials such as platinui®3,62,114116] and graphite
[61,117]because the dissolution of the electrode changes the solution chemistry and
may cause complication during measurement. Also, the size of the counter electrode
is an important parameter such that it should be equal or larger than that of the
working elet¢rode as the size of the electrode directly related to the amount of current
formed[118].
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Before starting the PDP test, open circuit potential (OCP) is recorded for a while.
Then, potential is increagevith the controlled rate (i.e., 0.5 m¥Ysvia adjusting the

current flowing between two electrodes. Usually, the initial voltage is set to start at
values more negative than the OCP, and subsequently, the scan continues to increase

more positive valuef98].

Figure 2.19 shows the schematic plot of current density (I) versus potential (E)

curves, which are named as a Tafel plot. The &1d torr values can be estimated

by using the Taf el extrapol ation method.

Tafel slopes are the other important parameters, which can be found from the slopes
of the anodic and cathodic branchiegure2.19. Then, the corrosion rate (CR) can
be calculated usingotrvalue according to Eq. (2.10) in ASTM G162 as follow:

0 OQ WO (2.10)

”

oY

Where CR is given in mm/iyredri s i n2, KOi\d constant and equal to 3.27 x

103 mm g/ OA cm.yr, |} is th® density of the

E (Volts)

Cathodic curve

.bOO
]
eorr L ) "{O

o

Anodic curve

-
-
L
L
-
-

S SR S

log i (Amps/cm?)

corr

Figure2.19. Schematic plot of current density () versus potential (E) curves

obtained from the Tafel extrapolation mettad9].
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- Electrochemical impedancespectroscopy (EIS)

EIS is one of the useful techniques for understanding the electrochemical corrosion
process and surface film formation on the surfaces of metals in corrosive
environments. Besides, EIS is a abestructive technique that characterizesttlk

and interfacial properties of materials. In recent years, EIS has been widely used in
the characterization of coatings, batteries, and fuel cells and the determination of
corrosion behavior of the materials due to its simplicity and relative easseof
[59,62,98,120122].

In this technique, the response of AC polarization, as a function of the frequency,

can be monitored, when an excitation signal with a small amplitude is applied to the
system[98,123] T he i mp ed thensgseem is 4 ¢omplex quantity with a
magnitude and a phase shift which depends on the frequency of thdk2gnsP5]

Moreover, the impedance of the system can be obtained by changing the frequency

of the applied signal. For the electrochemical cells, a frequency range of 100 kHz

0.1 Hz has been widepreferred124]. Besides, the impedancg,( ¥*) , i s a com
guantity that can be described in Cartesi
Z(¢¥)DZ(¥)(.¥)Z dnwd Are the real and i maginar
e g u a l-5[124,126] &

The characterization of electrochemical systems with impedance spectroscopy
requiresan understanding of the data by using a suitable equivalent circuit model.
The model predicts parameters that can describe the experimental data adequately

and estimate the behavior of the system under different conditidib

The circuit model for EIS consists of electrical circuit elements which are resistors
(R), capacitors (C) and inductance (L). The various elements of theamtigircuit

are then assigned a specific physical meafii2g,126] The resistance, R, has an
impedance that is independent of frequency, while the capacitance, C, has an
impedance, which is a function of frequency. Also, the dolayler capacitance,
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Cdl, forms at the electrode/electrolyieterface vinen oppositely charged ions
separated from each other at the electrode sufi@8). While it behaves like the
norrideal capacitor due to inhomogeneities in the electrode or the electiihyts,
thenonideal behavior of the capacitor can be compensated by using the concept of
a constant phase element (CPE) in the modeling of an electricdedayér The

CPE is usually defined by the n value, which is a dimensionless constant between
1 and +1. When n is equal to +1, CPE is identical to a cap§s8prAs a result

these circuit elements can be combined in series and parallel to yield complex

equivalent circuits.

For a simple parallel £ circuit, the Nyquist plot and equivalent circuit model are
given inFigure2.20. The impedance spectrum can be shown by the Nyquist diagram
having real (Za) and imaginary (iég) parts of Z(¥) wusing
respectively. The diameter of semicircle aloig tcaxes (Za) represents the
resistance of R and the capacitance value can be found from the maximum point of
the semicircle in the Nyquist plot Figure2.20(a) and shown as C1 in the equivalent
circuit in Figure2.20(b).

100

(a) (b) R,
2 sof Ceeeseas: _ I
g |
N 1l

[\

D L L

0 50 100 150 200

Z e (Ohm)

Figure2.20. (a) Nyquist plot (b) Equivalent circuit of a parallel@circuit [128].
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The simplified Radles circuit has been commonly used to model the corrosion
processes by EIS. IRigure 2.21(a), the polarization resistor, Ris connected in
series with the bulk resistorpRand at the same time in parallel with the double layer
capacitor, €[128]. In the Nyquist plot of a simplified Randles céligure2.21(b),

the starting point of the semicircle is shifted to a higher value-gf\hich is called

as R and the diameter of the semicircle equalsto R

100

(a) (b)

'Zl.mg (ohm)
8

g 1
R, \ G
0 — 1 1 1

0 50 100 150 200
Zreal (Ohm)

Figure2.21. (a) Nyquist plot (b) Equivalent circuit of a simplified Randles cell
model[128].

On the d¢her hand, the Nyquist plot of pure MBigure 2.22, consists of three
different loops named as capacitive loop at the high andreguency region and
inductive loop at the lovfrequency region. The capacitive loop at the high
frequency regionFigure 2.22 is related to the charge transfer process due to the
degradation of the samp|61,129] On the other hand, the lefrequency egion,
Figure2.22, is associated with the mass transport in the solid electrode because of
the diffusion of ions to the metal surface from the electedy30]. Moreover, the
existence of the inductive loop at low frequencies may result from the intense
microgalvanic corrosion between magnesium matrix and intermetallic pi28$s

or the relaxation process of intermediate*dpecieg59].
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Figure2.22. Schematic representation of typical Nyquist p[ats4].

2.2.3.2 Permanent biometals

Stainless steel, titanium and titaniunbogs, cobakchromium (CeCr) alloys and
titanium-nickel (Ti-Ni) alloys are some of the examples of the bioinert metallic
materials that remain as a permanent fixture by conserving their strugit@igs
They have been extensively used in Wmcring applications because of their
excellent combination of high mechanistidength and fracture toughness compared

to ceramic and polymeric counterparts.

Stainless steel is an irdrased alloy consisting minimum of 11 % chromium (Cr)
that prevents iron from rustinfll32]. Conventional stainless steel and-fidie
stainless steel are preferred for biomedical applications becausblgddision
release causes allergic reactions in the human [A88}. Most of the stainlessteel
implarts used routinely in hip and knee replacemEigure2.23(a) and stents that
sustain the flow of blood in an artdiy3].

Co-based implant alloys have higher wear resistance compared to other permanent
biometals, which warrants their extensive use in artificial hip joints. Generally, Co

Cr-Mo alloys are the most commonlged alloy owing to their great combination of
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high strength and high ductility13,133,134] Besides, they exhibit a high cyclic
fatigue resistance and modulus of elasticity, which are an essential requirement for
dental implants. They have been extensively used as afmastawork for removal
dental partialsFigure2.23(b), which is a weltknown brand called Vitalliumas%

Co, 30% Cr, and 5 % Md)LL35]. However, the possible release of Cr and Co ions
through corrosion or wear processes cause inflammation and toxicity in the human
body[13]. Besides, in vivo studies reported that Co ion release frof€@rGaloy

could cause carcinogenicify2,134]

The use of TNi (Nitinol) shape memory alloys has grown over the last years,
especially in the dentistry area. Orfetlte examples that made up ofNi alloy is

the endodontic root canal filesigure2.23(c), which was developed by Harmeet D.
Walia [136]. Another example of TNi alloy used in dentistry is the dental braces,

Figure2.23(d), which is used to align and straighten teeth.

Figure2.23. (a) Stainless steel knee and hip impfd33], (b) CoCr removable
partial denture§l37], (c) TiNi root canalffiles [136], and (d) TiNi dentalbraces
[30].
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