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Abstract

Bioresorbable biomaterials represent a revolutionary class of materials in the field of
biomedical engineering, offering solutions for various medical applications. Unlike traditional
permanent implants, bioresorbable biomaterials are designed to degrade gradually within the
body over time, eventually being absorbed and assimilated into the surrounding tissues without
the need for surgical removal. Magnesium (Mg) and its alloys are promising candidates for
these applications due to their mechanical properties being similar to bone and the biological
acceptance in the human body. However, their rapid degradation times are currently not
practical for a vast array of clinical applications and as such a way to reduce the corrosion rate

or delay the onset of Mg corrosion must be developed.

The work presented in this thesis demonstrates the development of a novel bilayered coating,
consisting of an electrodeposited layer of calcium phosphate (CaP) and a layer of radio
frequency magnetron sputtered (RFMS) phosphate-based glass (PBG), specifically to protect
and functionalise Mg WE43 alloy for bioresorbable biomedical applications. The
microstructural development of the CaP layer was assessed as a function of duty cycle,
deposition time and electrolyte pH, with the parameters of 0.6 duty cycle, 20 min deposition
time and electrolyte pH 4.5 being taken forward for the addition of the PBG layer due to
achieving a brushite coating of ca. 7 — 8 pum thickness which improved cytocompatibility and
corrosion rate of the alloy to 0.57 mm/Y. The PBG layer was varied by P content from 40 mol%
to 30 mol% investigating the effects of novel “invert” glasses with the novel P30 glass
achieving a significant cytocompatibility improvement over the Mg WE43 alloy and P40 glass
whilst improving the corrosion rate. The ca. 0.5 um thick PBG layer in combination with the
CaP layer showed a successful improvement of cytocompatibility and corrosion rate with the
P30 CaP coating being the most viable in terms of protection of the Mg WE43 alloy with an

annealing effect occurring on the CaP layer during PBG deposition and exhibited corrosion
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properties Ecor = -0.71 V, icorr = 0.032 mA/cm? and corrosion rate 0.74 mm/Y. The coatings
were assessed using the combined complementary characterisation methods of scanning
electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), X-ray
diffractometry (XRD), X-ray photoelectron spectroscopy (XPS) and 2D profilometry. Further
application testing was performed with an extraction test in Dulbecco’s Modified Eagles

Medium (DMEM) media and potentiodynamic polarisation (PDP) testing in DMEM.

The novel bilayered coatings developed in this thesis have shown a successful improvement of
the cytocompatibility and reduction of the corrosion rate of Mg WE43 alloy. Furthermore, the
combination of both deposition methods has shown to be complimentary to each other and both
tailorable for a variety of potential orthopaedic applications as bioresorbable biomaterials,

providing a promising route for advancement in the biomaterials field.




Jonathan M. A. Wilson

Table of Contents
ACKNOWIBAGEMENTS ...t nre e i
ADSEFACT ... e v
Glossary of Abbreviations & Nomenclature ...........ccccooevniiiiini i, X
TabIe OFf FIQUIES ..ottt s xiii
Table Of TABIES......cocieece e XiX
Chapter 1 — INtrodUCTION .....c..oiieiiiieie e 1
Chapter 2 — Literature REVIEW.........ccvoivieiiecie et 6
2.1 INTFOTUCTION ..ot bbbttt st s b e benn e s et e e 6
2.2 Introduction to Magnesium and itS alloysS ..........ccccvcveiiiiiiic i 7
2.2.1 PUIE IMAGNESIUM ...tttk bbbttt 7
2.2.2 MAGNESTUM AIIOYS ...t 9
2.2.3 Mg and Mg-alloys as biomaterials .............ccccovevieiiiii i 11
2.2.4 Cardiovascular APPHCALIONS..........cccueiiieiieiciiesie e 11
2.2.5 Musculoskeletal ApplICALIONS..........ccooviiiiiiiiee e, 13
2.2.6 GENEIAI SUMGEIY ...ttt bbbttt 15
2.2.7 Tissue Response t0 Corroding Mg .......ccccoiieiiieninisieeeee e 16
2.2.8 215 century develOPMENLS ...........cvoviiiieieieie s 17
2.3 INtroduction t0 COFTOSION ........ciuiiieiieiiesiceeeie ettt 21
2.3.1 Corrosion Mechanisms of Mg and its alloys.............ccccoveviiieiicie e, 22
2.3.2 Negative Difference EffeCt ..........ccoooveiiiiiiii i 24
2.3.3 Passivity and passivation layer breakdown..............cccooveviiiciecie e, 27
2.3.4 TYPES OF COMTOSION ...ttt ettt bbbt 29
2.4 Measurement of Corrosion —in Vitro and iN VIVO .........cccccvevveieiieene e, 35
2.4. 1IN VITFO TESTING ...ttt bbbttt 35
2.4.2 Steady-State TESTING ..c.veveeeieiieeiesiceie et 35
2.4.3 DYNAMIC TESTING .veivieiiee ittt e et e e e e e e e be e reeeree e 40
2.4.4 1N VIVO TESHING ..ottt ettt ettt et e et e e te e s ae e e baesnneentee e 41
2.5 Introduction t0 CEll tESTING ......ccvviiii i 42
2.5.1 Cell CUITUIE TESTING . .eivveeciie ettt 43
T =1 11 [ - SRS 46
2.6 Introduction to Phosphate-based Glasses (PBG)........ccccvveveeieiieneiie e e seenean, 47
2.6.1 Glass Formation and Structures via Conventional Melt Quenching....................... 47

Vi



Jonathan M. A. Wilson

2.6.2 Influencing PBG DENAVIOUL ........ccoiiiiiiiiiiesiiesiee e 50
2.6.3 Dissolution of Phosphate Based GIasses...........ccoviiiieiiiiiiine i, 52
2.7 Radio Frequency Magnetron Sputtering (RFMS) of metallic glasses .................... 55
2.8 Electrochemical deposition of CaP/HA ...........ccoeiieii i, 60
2.8.1 CaP eleCtrodepOSItiON PrOCESS.......cciveiieiieieeiesieerie e steesteseesteeste e sraesreeee e ense e 60
2.8.2 CaP deposition for orthopaedic applications ............cccocvevviiienieie e 64
2.9 SUMIMATY ..ottt b bbb e e b bt e e bb e e e bt e e et b e e e bb e e s bt e e s nbeeeenaes 66
Chapter 3 - Materials & Methodology ..........cccoccveviiiiiie i 68
L INTFOTUCTION .ottt b bbb s e 68
3.2 SubStrate Preparation ...........ccocoiiiiiiiie it 69
3.2.1 Magnesium WE43 alloy diSCS Preparation ............ccocevveeeieieienenesie e 69
3.2.2 Grinding and Polishing of Magnesium WE43 diSCS ..........cccovrriineienenisieeeeen 69
3.2.3 Calcium Phosphate electrodepoSItioN...........ccoeiiririiieinieiere e 70
3.2.4 PBG target PreParation ...........coccoeiireiieieieseesie sttt st st 72
3.2.5 Radio Frequency Magnetron Sputtering of PBG thin films.............ccccccovvveiiiienen, 72
3.3 Material CharaCteriSatioN............ccooiiiiirinieieie et 75
3.3.1 CaP edp thickness MeasUrEMENL..........c.cccveiierieiieie e 75
3.3.2 Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(1) TSR SSPTSPSPRTRSTR 76
3.3.3 X-ray diffraction (XRD) ........cooiriiiiiiiiieieiese et 78
3.3.4 X-ray photoelectron SpectroSCOPY (XPS) ....ccciviiiiiiininiiieiere e 80
3.4 Preliminary Cellular ASSESSIMENT ........cccuiiiiiieieieie st 82
3.4.1 Preparation of supplemented Dulbecco ’s Modified Eagle Medium (DMEM).......... 82
3.4.2 Cell Culture of MG-63 Human Osteosarcoma Cells ...........cccooevvevviieineiesiennn, 83
3.4.3 Elution Test with Neutral Red Uptake Assay (NRU).........cc.ccceeveieeieiieieeic e, 84
3.5 Corrosion Testing — Potentiodynamic polarisation testing ............cccccevveveeieieenenn, 84
3.0 SUMIMANY ..ottt et e sa e e a b e e b e e e bt e e e be e e e nbeeasneeanseeeenseas 86
Chapter 4 — RESUITS .......c.ooiiiiie e 87
4.1 CaP coatings deposited on Mg WE43 with Duty cycle Variation...............ccccccoeve. 88
4.1.1 SEM/EDX of varied duty cycle COatiNgS.........cccvevveiiieiiieiie e 88
4.1.2 XRD spectra of varied duty cycle CaP coatings on Mg WE43 alloy disc ............... 100
4.1.3 Surface compositional analysis of varied duty cycle CaP coatings on Mg WE43 by
KPS ettt bttt et e E bt be bt ne et st e rene 102
4.1.4 Profilometry of varied duty cycle CaP coatings on polished Mg WE43 for thickness
MEASUNEIMIENT ...tttk t ettt et e et e e bt e e bt e s h e e e st e e et e e et e e nbneebeesnneennee e 104

4.1.5 Elution Cytocompatibility Testing for varied Duty Cycle CaP coatings on Mg

Vii



Jonathan M. A. Wilson

WEZ3. ... ettt bbbttt bR Rt Rt Rttt nbe e Reerenre et e e e 107
4.1.6 Potentiodynamic Polarisation Testing for Varied Duty Cycle CaP coatings on Mg
WEZ. ...ttt R Rt R et et e Ee e teereere e e e e e 109
4.2 CaP coating deposited on Mg WE43 with Deposition Time Variation .................. 110
4.2.1 SEM of varied deposition time CaP COAtINGS ...........cccovrvririiieiesereseseeeeeeee, 110
4.2.2 XRD of varied deposition time COAtINGS ........ccooererereriieieiene e 114
4.2.3 XPS spectra of varied deposition time COatiNGS...........cccoveverererenereneseeeeeenen, 116
4.2.4 Profilometry of varied deposition time coatings for thickness measurement......... 118
4.2.5 Elution Cytocompatibility Testing for varied deposition time CaP coatings on Mg
WEZ3. ...t bbbt b bbbt e et 121
4.2.6 Potentiodynamic polarisation testing for varied deposition time coatings ........... 122
4.3 CaP coatings deposited on Mg WE43 with Electrolyte pH variation..................... 124
4.3.1 SEM of varied electrolyte pH CaP coatings on Mg WE43 alloy .............ccccveneee. 124
4.3.2 XRD of CaP coatings deposited on Mg WE43 disc with varied electrolyte pH.....128
4.3.3 XPS spectra of varied electrolyte pH COALINGS .........ccovrveieiiiiiene e, 129
4.3.4 Profilometry of varied electrolyte pH coatings for thickness measurements......... 131
4.3.5 Elution Cytocompatibility Testing for CaP coatings on Mg WE43 with varied
L] 1oL (0] 1Y (=N o OSSP 133
4.3.6 Potentiodynamic polarisation testing for varied electrolyte pH coatings ............. 134
4.4 Manufacturing and Characterisation of Phosphate-based Glass Targets for RFMS
[0 2T 0TS 4 [o] o PSSP RPROPORRPOS 136
4.4.1 Manufacturing development of PBG targets for RFMS deposition...................... 137
4.4.2 SEM/EDX of bulk PBG PebDIES.........ccoveiiiiieieee e 139
4.4.3 XRD patterns of bulk PBG PebbIes..........c.ccovevveiiiicieeecc e 141
4.4.4 XPS spectra of bulk PBG PebbIes...........cocooeeiiiiicieceee e 142
4.5 Phosphate-based Glass coatings deposited onto Mg WE43 discs by RFMS ......... 144
4.5.1 SEM/EDX of PBG coatings on Mg WE43 diSCS .......ccovevveiieiieieiiese e 144
4.5.2 XRD patterns of PBG only and bi-layered coatings...........ccccoovevveiiieiiiecinevneenne, 148

4.5.4 Profilometry of RFMS sputtered PBG coatings for thickness measurements........ 151
4.5.5 Elution Cytocompatibility Testing for PBG coatings deposited on MgWE43 ....... 154
4.5.6 Potentiodynamic polarisation testing for PBG only coatings deposited on Mg

W, ...ttt a et b e ae et r et e reeaeereera e e e ees 155
4.6 Bilayered CaP + PBG coatings deposited on Mg WE43 alloy ..........cccccoeevvevinnnnee. 156
4.6.1 SEM/EDX of bilayered CaP + PBG coatings deposited on Mg WE43 ................. 157
4.6.2 XRD patterns of bi-layered coatings deposited on MG WE43 alloy...................... 160
4.6.3 XPS spectra of bi-layered coatings deposited on Mg WE43 alloy ..........c..coc....... 161

viii



Jonathan M. A. Wilson

4.6.4 Thicknesses of bilayered CaP + PBG COAtINGS ........ccoeeurieriiieienienienesee e 163
4.6.6 Potentiodynamic polarisation testing for bi-layered CaP + PBG coatings .......... 165
4.7 Chapter SUMMATY .......c.ciiiiiieeie et e ettt e e sraetesreesteebesnaesreeneeanes 166
Chapter 5 — DISCUSSION.........ciiiiieiie et e see e ete et sree e nreesreesree e 168
T8 A 1 a4 T (3T £ o] o USSR UPROPTRPRS 168
5.2 Varying the Electrodeposition Parameters for Calcium Phosphate Coatings....... 169
5.2.1 Duty Cycle Variation for Calcium Phosphate Electrodeposition..............c.c..c.c..... 169
5.2.2 Deposition Time Variation for Calcium Phosphate Electrodeposition................... 175
5.2.3 Electrolyte pH Variation for Calcium Phosphate Electrodeposition ..................... 178
5.2.4 Calcium Phosphate electrodeposition overview for next Steps........cccccvvveerverieneen. 182

5.3 Radio Frequency Magnetron Sputtered Phosphate-Glass Coatings on Mg WE43
AHOY ..t 184
5.4 Novel Bi-layered Calcium Phosphate and Phosphate Glass coatings.................... 188

5.5 Potential clinical applications of novel Calcium Phosphate and Phosphate Glass
DI-1aYEred COALINGS. ... ettt 192
5.6 Chapter SUMIMATY .......ooiiiiiiiiee bbb 194
Chapter 6 — Conclusions and Future WorK..........c.ccccceevveeiieeicee e 195
6.1 CONCIUSIONS. ....ccvviieieiieniestie sttt et e st e e st e e ere e st e beeseesteeteeneesreeteeneeaneenseaneenrens 195
6.2 Recommendations fOr FULUIe WOIK ..o 198
RETEIEICES ...ttt sre e areas 201




Jonathan M. A. Wilson

Glossary of Abbreviations & Nomenclature

AA/AM Antibiotics/antimycotics

Ag Silver

Al Aluminium

ALP Alkaline Phosphatase

As Arsenic

ASTM American Society for Testing and Materials
Au Gold

B Boron

BO Bridging Oxygens

CaP Calcium Phosphate

CcC Cobalt-Chrome alloys

Cd Cadmium

CHA Carbonated Hydroxyapatite

Co Cobalt

Cu Copper

DCPD Dicalcium Dihydrogen Phosphate
DMEM Dulbecco’s Modified Eagle’s Medium
E Young’s Modulus

E° Standard Electrode Potential

EDM Electron Discharge Machining

EDP Electrodeposition

EDX Energy Dispersive X-ray Spectroscopy
EGM Endothelial Growth Medium

EU European Union

F Fluorine

Fe Iron

FWHM Full Width at Half Maximum

Ge Germanium

HA Hydroxyapatite

HCP Hexagonal Close-Packed

ICDD International Centre for Diffraction Data
IMS Industrial Methylated Spirit




Jonathan M. A. Wilson

KE
LDH
Li
MCP
MEM
Mg
Mn
MTT
NBO
NDE
NEAA
Ni

NR
NRU
NTM
OCCP
OCP
oD

PBG
PBS
PCL
PDP
PLGA
PLLA
Pt
PVD
Q°

Q!

Q?

Q?

RF
RFMS
SBF
SCC

Kinetic Energy

Lactate Dehydrogenase
Lithium

Monocalcium Phosphate
Modified Eagle’s Medium
Magnesium

Manganese

Methyl Tetrazolium
Non-Bridging Oxygens
Negative Differential Effect
Non-Essential Amino Acids
Nickel

Neutral Red

Neutral Red Uptake
Non-Treated Media
Octacalcium Phosphate
Open Circuit Potential
Optical Density
Phosphorous
Phosphate-based Glass
Phosphate-Buffered Saline
Polycaprolactone
Potentiodynamic Polarisation
Poly(lactic-co-glycolic) acid
Polylactic Acid

Platinum

Physical Vapour Deposition
Orthophosphate
Pyrophosphate
Metaphosphate
Ultraphosphate

Radio-Frequency

Radio-Frequency Magnetron Sputtering

Simulated Body Fluid

Stress Corrosion Cracking

Xi



Jonathan M. A. Wilson

SCE
SEM
SHE
Si

Sr
SS
SU
TCP
Tg
Ti
XPS
XRD

Zn
Zr

Saturated Calomel Electrode
Scanning Electron Microscopy
Standard Hydrogen Electrode
Silicon

Strontium

Stainless-Steel

Simulated Urine

Tricalcium Phosphate

Glass Transition Temperature
Titanium

X-ray Photoelectron Spectroscopy
X-ray Diffraction

Yttrium

Zinc

Zirconium

Density

Xii



Jonathan M. A. Wilson

Table of Figures

Figure 2.1 Slip and twinning deformation systems of Mg: (A) Pyramidal (B) Prismatic (C)
Basal (D) TenSHE tWINNING ......ccoiiiiieiiee ettt esre e sneenne e 8
Figure 2.2 Schematic representation of Mg degradation in an aqueous solution.................... 24
Figure 2.3 The Negative Differential Effect (NDE) exhibited during Mg corrosion showing
the rate of H evolution to increase with increasing anodic polarization ..............cccceeveivenennen. 25
Figure 2.4 Mono-valent Mg ion MOl ...........cooviiiiieiice e 26
Figure 2.5 Schematic of the corrosion interface of Mg WE43 alloy in NaCl.......................... 28
Figure 2.6 Schematic of galvanic corrosion between Mg alloy and a Ti SCrew.............cc....... 30
Figure 2.7 Galvanic corrosion resulting from inter-metallic elements .............ccocooviiieienn. 31
Figure 2.8 Schematic of a site of pitting corrosion at the surface of a Mg component............ 32
Figure 2.9 Stress Corrosion Cracking of a Mg alloy...........cccoovveiiiiiiiciececeee e 33
Figure 2.10 Schematic of crevice corrosion between Mg components in a body fluid
VT o] 41441 | S S S PRURURORRPR 33
Figure 2.11 Schematic of a typical experimental arrangement for hydrogen gas evolution
O LoT 11T ) OSSR 38
Figure 2.12 Polarisation curve of Mg WE43 alloy in DMEM scanned over a potential range
OF -2V 10 1.5V OF OCP ...ttt st eeneenne e 39

Figure 2.13 The effect of temperature on the enthalpy of a glass forming material [337].......47
Figure 2.14 (A) Phosphate and Silicate tetrahedra (B) Structural units regarding the number
of binding oxygens per tetrahedra. Q0 orthophosphate, Q1 pyrophosphate, Q2 metaphosphate

and Q3 UIFAPNOSPNALE............coueeieiiece et sre e sre e reenre e 49
Figure 2.15 Hydration of a PBG chain by ion exchange...........cccccooeiieiiiciciecccc e 53
Figure 2.16 SEM of apatite layer formed after immersion in SBF for 30 days [272] ............. 56
Figure 2.17 (a) TEM image (b) SAED pattern of Fe40Cr23Mo014Co7P6B5Si5 thin-film

metallic glass deposited onto Si wafer substrate [281] .........cccoovveririiiiiei e 58

Figure 2.18 Schematic illustration of ion deposition during the electrodeposition process.....62
Figure 3.1 (A) Schematic of electrodeposition equipment setup (B) Real equipment used for

e [=Tod oo [=ToTo 1YL [0 OSSOSO 71
Figure 3.2 (A) Schematic of bespoke TEER magnetron sputtering rig (B) Inside view of the

T o Tl R oLV Lt = T T T o USSR 74
Figure 3.3 Schematic of stylus profilometer for coating thickness measurements................... 76

Figure 3.4 (A) Schematic of the principles of electron microscopy (B) Diagram of the origin
of backscattered electrons and characteristic X-rays where EOQ is the ground energy state and
AE is the perturbed energy of the SYSteM ........ccoccviiiiiiiiiiicii e 77
Figure 3.5 (A) Schematic of Bragg’s Law regarding constructive interference of scattered
waves, Ki is the initial k coordinate and kf is the final k coordinate during the scan (B)

Schematic of XRD diffractometer setup for Parallel Beam Scanning............c.ccocvvvvrvennnnn, 79
Figure 3.6 Schematic of photoelectron emission, where hv is the X-ray photon energy and
E_L is the binding energy of the photoelectron to an inner core shell ..............ccocoiiienn, 81
Figure 3.7 (A) Cross-sectional 3D model of purpose designed flat specimen holder (B)
Physical flat specimen holder used I teSTING.........ccoiiiriiin s 85
Figure 4.1 Macroscopic images of the a) Uncoated Mg WE43 alloy b) 0.2 duty cycle coating
c) 0.6 duty cycle coating d) 1 duty cycle coating. Sample diameter is 10 mm..............c......... 89

Xiii



Jonathan M. A. Wilson

Figure 4.2: SEM images of the unpolished and uncoated Mg WE43 alloy disc (a) picture of
the disc as punched from sheet Mg WEA43, showing the control surface for electrodeposition

Figure 4.3: SEM images of electrodeposited CaP coating at duty cycle 0.2 showing a
widespread coverage of CaP with voids in the coating topography a) a macroscopic image of
the 0.2 duty cycle coating 0N Mg WE43 dISC.......cccoveiiiiiiiiiiisiesieiee e 90
Figure 4.4: SEM images of electrodeposited CaP coating at duty cycle 0.3 showing a
widespread variation in coating coverage of CaP with areas of high coating density and areas
of low density a) a macroscopic image of the 0.3 duty cycle coating on Mg WE43 disc.
Flaking of the surface exhibited in white Circle. ..., 91
Figure 4.5: SEM images of electrodeposited CaP coating at duty cycle 0.4 with both
crystalline and amorphous deposits of CaP, with globular deposits circled and a) a
macroscopic image of the 0.4 duty cycle coating on Mg WE43 diSC........cccccovevvevviiieinenenne 92
Figure 4.6: SEM images of electrodeposited CaP coating at duty cycle 0.5 with both
crystalline and amorphous deposits of CaP with underlying alloy cracking in coating voids
circled and a) a macroscopic image of the 0.5 duty cycle coating on Mg WE43 disc............. 93
Figure 4.7: SEM images of electrodeposited CaP coating at 0.6 duty cycle showing increased
coating coverage and decreased crystal size of needle-like structures (yellow circle) with
typical coating voids (white circle) and a) a macroscopic image of the 0.6 duty cycle coating
ON IMQ WEZAS TISC....eiieieee ettt bbbttt bbbt 94
Figure 4.8: SEM images of electrodeposited CaP coating at 0.7 duty cycle showing increased
coating coverage and increasing proportion of amorphous CaP. Crystal clusters typical of the
coating is circled and a) a macroscopic image of the 0.7 duty cycle coating on Mg WE43 disc

Figure 4.9: SEM images of electrodeposited CaP coating at 0.8 duty cycle depicting high
coverage of amorphous CaP layer covering the alloy surface and the increasing crystal CaP
size to ca. 100um length and a) a macroscopic image of the 0.8 duty cycle coating on Mg
WWEAS (ISC ..ttt ettt sttt ettt s et st e b et e e et e ne et et eneabeste e eneens 96
Figure 4.10: SEM images of electrodeposited CaP coating at 0.9 duty cycle depicting high
coverage of amorphous CaP layer covering the alloy surface and the deposition of CaP flakes
not typically seen for coating types of a lower duty cycle and a) a macroscopic image of the
0.9 duty cycle coating 0N Mg WEZ43 dISC ........cciiuiiiiiieieieie e 97
Figure 4.11: SEM images of electrodeposited CaP coating at 1 duty cycle showing full
substrate coverage with large globules of amorphous CaP and a relatively small amount of
crystalline deposits and a) a macroscopic image of the 1 duty cycle coating on Mg WE43 disc

Figure 4.12: Electron microscope image used to gather EDX spectra from 0.2 duty cycle CaP
coating on Mg WE43 alloy disc. Similar micrographs were used for each duty cycle variation
10 QALNET SPECLIA ...ttt bbbt bbbt 99
Figure 4.13: XRD patterns of as deposited CaP coatings on Mg WE43 alloy with varied duty
cycle parameters. Peak deconvolutions are as follows: () — Mg:ICDD 00-004-0770, () —
Brushite:ICDD 00-001-0395 .......ccoiiiiiieiisie ettt e reena e e e 101
Figure 4.14 Survey and high resolution XPS of varied duty cycle CaP coatings: (A) Survey
spectra (B) C 1s high resolution spectra (C) Ca 2s high resolution spectra (D) Mg 2s high
resolution spectra (E) O 1s high resolution spectra (F) P 2p high resolution spectra.............. 103

Xiv



Jonathan M. A. Wilson

Figure 4.15: Profilometry of the 0.2 duty cycle coating measured at 3 different points along
the substrate-coating border taken at A) ca. 2.5mm from left B) ca. 5mm from left C) ca.
T.5MM FIOM BT ... et 105
Figure 4.16: Profilometry of the 0.6 duty cycle coating measured at 3 different points along
the substrate-coating border taken at A) ca. 2.5mm from left B) ca. 5mm from left C) ca.
T.5MM FIOM BT ...t 106
Figure 4.17: Profilometry of the 1 duty cycle coating measured at 3 different points along the
substrate-coating border taken at A) ca. 2.5mm from left B) ca. 5mm from left C) ca. 7.5mm
0] 0 (TN 1= 1 OSSPSR 107
Figure 4.18: Cell cytocompatibility test of varied duty cycle assessed using Neutral Red
Assay: (A) treated DMEM media non pH-corrected (B) treated DMEM is pH-corrected to 7.4
to simulate body conditions. All values are mean values + SEM (n=3). * - p<0.05, ** -

P<0.01, *** = P<O.00L......cciiieiiieieeieies ettt e ettt e e ne e e ee e 108
Figure 4.19 Electrochemical Corrosion Test Results for varied Duty Cycle coatings deposited
on Mg WE43 discs, iN DMEM At 37%C .......ccooieiieieiieie ettt 109

Figure 4.20: SEM images of 20 min deposition time CaP coating on Mg WE43 disc with
typical coating voids circled white, examples of less common, small CaP features circled

Figure 4.21: SEM images of 40 min deposition time CaP coating on Mg WE43 disc with
significantly less coating voids (white circle) and a reduced crystal size of CaP deposits.... 112
Figure 4.22: SEM images of 60 min deposition time CaP coating on Mg WE43 disc with void
cracks (circled white) and a more densely packed CaP crystal coating with typical crystal size
OF CA.JHM IBNGLN <. 113
Figure 4.23: SEM images of 120 min deposition time CaP coating on Mg WE43 disc
showing some voids in the coating surface and small, densely packed CaP crystals typical of
coatings with deposition time OVer 20 MINS .........cooeiiiiiirineiee e 114
Figure 4.24: XRD patterns of as deposited CaP coatings on Mg WE43 alloy with varied
deposition time parameters. Peak deconvolutions are as follows: () — Mg:1CDD 00-004-0770,
() — Brushite:ICDD 00-001-0395 ........ccceiiiiieiieeeeeiesiesie e ste e e sre e e sre e e e eeenees 115
Figure 4.25 Survey and high resolution XPS of varied deposition time CaP coatings on Mg
WEA43 discs: (A) survey scan (B) C 1s high resolution spectra (C) Ca 2s high resolution
spectra (D) Mg 2s high resolution spectra (E) O 1s high resolution spectra (F) P 2p high
FESOIULION SPECIIA ...ttt ettt e e st e e st e e st e e b e saaesbeeaeensesbeebeennenres 117
Figure 4.26: Profilometry of the 40 min coating measured at 3 different points along the
substrate-coating border taken at A) ca. 2.5mm from left B) ca. 5mm from left C) ca. 7.5mm
L0041 T SRRSO 119
Figure 4.27: Profilometry of the 60 min coating measured at 3 different points along the
substrate-coating border taken at A) ca. 2.5mm from left B) ca. 5mm from left C) ca. 7.5mm
L0041 T SRRSO 120
Figure 4.28: Profilometry of the 120 min coating measured at 3 different points along the
substrate-coating border taken at A) ca. 2.5mm from left B) ca. 5mm from left C) ca. 7.5mm
L0014 1= 1 RSP SR 120
Figure 4.29: Cell cytocompatibility test of varied deposition time assessed using Neutral Red
Assay: (A) treated DMEM media non pH-corrected (B) treated DMEM is pH-corrected to 7.4
to simulate body conditions. All values are mean values + SEM (n=3). * - p<0.05, ** -
P<O0.01, **% - P<O.00TL.... .ottt bbb 122

XV



Jonathan M. A. Wilson

Figure 4.30: Electrochemical Corrosion Test Results for varied deposition time coatings
deposited on Mg WE43 discs, in DMEM at 37%C .......cccoviiiiiiiiiiieeieee e 123
Figure 4.31: SEM images of the CaP coating deposited with electrolyte pH 4.5 showing a
large coverage with some voids in the coating (circled white) and some cracking observed
WILNIN TNE VOIS ... bbbttt 124
Figure 4.32: SEM images of the CaP coating deposited with electrolyte pH 6 showing the
very sparse deposition of CaP and cracking of the underlying Mg WE43 alloy surface......125
Figure 4.33: SEM images of the CaP coating deposited with electrolyte pH 7.5 with a large
proportion of voids in the coating surface (white circles) and cracking of the underlying alloy.
Cap crystals deposited are of the large plate-like nature............ccccceevveveiie i 126
Figure 4.34: SEM images of the CaP coating deposited with electrolyte pH 9 with significant
cracking of the Mg WE43 alloy surface observed and a sparse deposition of CaP with large
portions of the sUrface NOt COVEIEA...........oiviiiiii e 127
Figure 4.35: XRD patterns of as deposited coatings on Mg WE43 alloy with varied
electrolyte pH. Peak deconvolutions are as follows: () — Mg:1CDD 00-004-0770, () —
Brushite:ICDD 00-001-0395, () — P:ICDD 00-044-0906, () — HA:JCPS 01-089-4405......... 128
Figure 4.36 Survey and high resolution XPS of varied electrolyte pH CaP coatings: (A)
survey scan (B) C 1s high resolution spectra (C) Ca 2s high resolution spectra (D) Mg 2s high
resolution spectra (E) O 1s high resolution spectra (F) P 2p high resolution spectra............. 130
Figure 4.37 Profilometry of 3 points along the coating-substrate border of CaP coating
deposited with electrolyte pH 6 taken at A) ca. 2.5mm from left B) ca. 5mm from left C) ca.
T.5MM FIOM LT et 131
Figure 4.38 Profilometry of 3 points along the coating-substrate border of CaP coating
deposited with electrolyte pH 7.5 taken at A) ca. 2.5mm from left B) ca. 5mm from left C) ca.
T.5MM FIOM LTttt 132
Figure 4.39 Profilometry of 3 points along the coating-substrate border of CaP coating
deposited with electrolyte pH 9 taken at A) ca. 2.5mm from left B) ca. 5mm from left C) ca.
T.5MM ATOM LT ..ottt ae e nreas 133
Figure 4.40: Cell cytocompatibility test of varied electrolyte pH assessed using Neutral Red
Assay: (A) treated DMEM media non pH-corrected (B) treated DMEM is pH-corrected to 7.4
to simulate body conditions. All values are mean values + SEM (n=3). * - p<0.05, ** -

P<0.01, *** - P<O.00TL......e ittt bbb e 134
Figure 4.41: Electrochemical Corrosion Test Results for varied electrolyte pH coatings
deposited on Mg WE43, in DMEM at 37°C ........ccoiiiiiiiiiieic e 135
Figure 4.42: Examples of P30 PBG samples used for characterisation, development and
deposition (A) RFMS target size (B) small pebbles cast for analysis .........c.ccccoecevveiviiiennen. 137
Figure 4.43: PBG targets used for RFMS deposition (A) P30 target (B) P35 target showing
some surface crystallisation at the target edge (C) P40 target.........ccocvevieiiievie e, 138
Figure 4.44: Micrograph images of the pebble cast for P30 PBG analysis showing signs of
potential surface CryStalliSAtION ............ccveiiiiiie i 140
Figure 4.45: Micrograph images of the pebble cast for P35 PBG analysis............c.cccceveneen. 140
Figure 4.46: Micrograph image of the pebble cast for P40 PBG analysis..........c.cccceeveeeneee. 141

Figure 4.47: XRD patterns of the pebbles used for analysis of bulk PBG material. Peak
deconvolutions are as follows: () — Mg:ICDD 00-004-0770, () — Brushite:ICDD 00-001-0395,
() — P:ICDD 00-044-0906, ¢ - Na, 0 — Na2Ca(PO4).......ceeririeirieiiinieinieesieie e 142

XVi



Jonathan M. A. Wilson

Figure 4.48: XPS spectra of the PBG only coatings deposited onto Mg WE43 discs (A)
survey scan (B) C 1s high resolution spectra (C) Ca 2s high resolution spectra (D) Mg 2s high
resolution spectra (E) Na 1s high resolution spectra (F) O 1s high resolution spectra (G) P 2p
NigN FESOIULION SPECIIA .....ecvveiieie ettt sre e steese e s e e ntaaneenre s 143
Figure 4.49: SEM images of Mg WE43 alloy coated with RFMS P30 PBG showing some
globular deposits of PBG and relatively large concave disc structures deposited which may be
large and brittle PBG deposits with observed Cracks............ccoovvvieiviieiieeieeie e, 145
Figure 4.50: SEM images of Mg WE43 alloy coated with RFMS P35 PBG showing globular
deposits of PBG, sites of potential cratering effects from the RFMS method and an increased
amount of deposition features as compared to the P40 COat ...........cceveeveiieveeiieiiece e 146
Figure 4.51: SEM images of Mg WE43 alloy coated with RFMS P40 PBG showing some
globular deposits of PBG and a similar surface morphology to the uncoated disc due to the
thin NAtUre OF the PBG COAL.........cveiiieiiiie it 147
Figure 4.52: XRD patterns of as-deposited PBG coatings on Mg WE43 alloy substrate with
varied PBG composition. Peak deconvolutions are as follows: () — Mg:ICDD 00-004-0770

Figure 4.53: XPS spectra of the PBG only coatings deposited on Mg WE43 discs (A) survey
scan (B) C 1s high resolution spectra (C) Mg 2s high resolution spectra (D) Na 1s high
resolution spectra (E) O 1s high resolution spectra (F) P 2p high resolution spectra............ 150
Figure 4.54: Profilometry of the P30 glass coating measured at 3 different points along the
substrate-coating border taken at A) ca. 2.5mm from left B) ca. 5mm from left C) ca. 7.5mm
L0010 T SRS 151
Figure 4.55: Profilometry of the P35 glass coating measured at 3 different points along the
substrate-coating border taken at A) ca. 2.5mm from left B) ca. 5mm from left C) ca. 7.5mm
00 100 T SR 152
Figure 4.56: Profilometry of the P40 glass coating measured at 3 different points along the
substrate-coating border taken at A) ca. 2.5mm from left B) ca. 5mm from left C) ca. 7.5mm
00 100 T SR 153
Figure 4.57: Cell cytocompatibility test of PBG only coat and bi-layered PBG + CaP
coatings assessed using Neutral Red Assay: (A) treated DMEM media non pH-corrected (B)
treated DMEM is pH-corrected to 7.4 to simulate body conditions. All values are mean values

+ SEM (n=3). * - p<0.05, ** - p<0.01, *** - p<O.00L.....ocoiiiriiiriieeeree e 154
Figure 4.58: Electrochemical Corrosion Test Results for varied formulation sputtered PBG
coatings deposited on Mg WE43, in DMEM at 37°C........ccccccoiiiiiiiiiiiiiiieee e 156

Figure 4.59: SEM images of the combined bi-layer CaP and P30 PBG coating with a disc-
shaped PBG deposited circled in white, a large surface coating with few voids observed and
densely packed clusters of small crystals typical of the bilayered coatings ...........ccccccouenen. 158
Figure 4.60: SEM images of the combined bi-layer CaP and P35 PBG coating with newly
observed large conglomerates (circled white), amorphous leaf shape (circled orange) and
clusters of densely packed small crystals being typical of the bilayered coating.................. 159
Figure 4.61: SEM images of the combined bi-layer CaP and P40 PBG coating with potential
cratering sites circled white and large CaP crystals deposited on top of smaller needle-like
structures as compared to previously observed around the edges of CaP layer voids........... 160
Figure 4.62: XRD patterns of as-deposited bi-layered CaP and PBG coatings on Mg WE43
alloy substrate with varied PBG composition. Peak deconvolutions are as follows: () —
Mg:ICDD 00-004-0770, () — Brushite:ICDD 00-001-0395.........ccccermrenereniesieneseeeeeenen, 161

XVii



Jonathan M. A. Wilson

Figure 4.63: XPS survey spectra of the combined CaP and PBG coatings and high resolution
scans (A) survey (B) C 1s high resolution spectra (C) Ca 2s high resolution spectra (D) Mg 2s
high resolution spectra (E) Na 1s high resolution spectra (F) O 1s high resolution spectra (G)
P 2P high reSOlULION SPECLIA.........cviiiieciecie ettt ae e nreas 162
Figure 4.64: Cell cytocompatibility test of bi-layered PBG + CaP coatings assessed using
Neutral Red Assay: (A) treated DMEM media non pH-corrected (B) treated DMEM is pH-
corrected to 7.4 to simulate body conditions. All values are mean values + SEM (n=3). * -

p<0.05, ** - p<0.01, *** - P<O.00L .. .cvviriiiiieisieieese e 164
Figure 4.65: Electrochemical Corrosion Test Results for bilayered coatings deposited on Mg
WE43 discs, in DMEM @t 370C .......ciiiiiiiiiiieiiie it 166

XVili



Jonathan M. A. Wilson

Table of Tables

Table 2.1 Properties of Pure Magnesium [2, 6].......cccoeiiiiniiiiiiieieeee e 8
Table 2.2 Letter designation of common alloying elements in Mg-alloys [21] ...........ccccve..ee. 10
Table 2.3 Composition of common alloying elements in Mg-alloys [2, 22, 23, 24, 25].......... 10
Table 2.4 Standard electrochemical series for selected metals [92]..........cccoovviiiiniiiiicieen, 22
Table 2.5 Common in vitro assays used for cell culture testing..........ccoccvvvvvieiveniencniiien, 45
Table 2.6 Common culture media and their application in cell culture testing.............c.cc....... 46
Table 3.1 Materials, SUPPIIErs and PUIILY ........ooiiiiiiieicc e 68
Table 3.2 Electrodeposition conditions applied to produce CaP coatings............ccccvvevevenennen. 71
Table 3.3 Equipment list used for Cell Culture ASSESSMENTS........cccvereeririeereeieeie e eee e 82
Table 4.1: CaP edp deposition parameter SUMMANY ...........cooerereririeeieeriene e sieses e, 88
Table 4.2: Compositions of the electrodeposited CaP coatings by variation of duty cycle
collected by EDX. Mean at% are shown with standard error (N=3) ..........ccccervervrierircreennenne. 100
Table 4.3: Surface element compositional analysis for varied duty cycle coatings from XPS
................................................................................................................................................ 104
Table 4.4 Average CaP coating thickness by variation of Duty cycle parameter with standard
EITOT OF MEAN (NT3) ..ttt e e st e e be et e s ae e teennesreenteeneenreas 107
Table 4.5 Mean Ecorr and Icorr values for each duty cycle and the resultant corrosion rate
calculated with standard error (N=3) ..o 110
Table 4.6: Surface element compositional analysis for varied deposition time coatings by
D TSRS SUSRUPRSRR 116
Table 4.7 Average thickness of CaP coatings with varied deposition time parameter calculated
WIth SEM (NT3) 1ottt et se et e et et e s teateeneeneeneeneens 121
Table 4.8: Mean Ecorr and Icorr values for each deposition time and the resultant corrosion
rate calculated With SEM (N=3) ... 123
Table 4.9: Surface element compositional analysis for varied electrolyte pH coatings by XPS
................................................................................................................................................ 131

Table 4.10 Average thickness of CaP coatings with varied Electrolyte pH with SEM (n=3) 133
Table 4.11: Mean Ecorr and Icorr values for each electrolyte pH and the resultant corrosion

rate calculated with standard error (N=3) .......cooiiiiiii e 135
Table 4.12: Selected target formulations for PBG targets in mol% ..........c.ccccevvviveeiiecnenne, 136
Table 4.13: Desired elemental composition of the P30, P35 and P40 targets converted into
2L TS PRUSURPRRIN 137
Table 4.14: Compositions of bulk PBG samples with varied P content as measured by EDX
and difference from desired target formulation ..............cocooviiiiiiiiiiei e 139
Table 4.15 Compositions of bulk PBG samples with varied P content as measured by EDX
and difference from desired target formulation in MoL% ..........cccceveiiiiinince, 139
Table 4.16: Surface element compositional analysis for bulk glass samples by XPS............ 144
Table 4.17: Compositions of as-deposited PBG coatings by EDX calculated with SEM (n=3)
................................................................................................................................................ 144
Table 4.18: Surface element compositional analysis for varied PBG coating formulation by
Do T TS P ST PRURURPPRPIN 151
Table 4.19 PBG coating thickness and calculated deposition rate for varied P content target
formulations With SEM (NZ3) ...cveiiieecic et 153




Jonathan M. A. Wilson

Table 4.20: Mean Ecorr and Icorr values for each PBG coating and the resultant corrosion
rate calculated With SEM (NZ3) .....eoiiiiiiiiee e et 155
Table 4.21: Mean compositions of as-deposited bi-layered coatings by EDX with SEM (n=3)

Do S T TSP PP UR TP URPPRPPOTRPRS 163

Table 4.24: Mean Ecorr and Icorr values for each PBG + CaP coating and the resultant
corrosion rate calculated With SEM (N=3) ....voiiiiiiiiiicceee e 165

XX



Jonathan M. A. Wilson

Chapter 1 — Introduction

Biomaterials are natural or synthetic materials, suitable for interaction with components of a
living system, which are typically used in medical applications to enhance, support or replace
damaged tissues in the process of cellular repair [1]. Biomaterial solutions span across a diverse
array of applications from tissue engineering to medical devices and dental implants, with each
application having specific requirements for the active properties of the materials used such as
bioactivity, antibacterial properties and mechanical strength. Biomaterials are commonly used
as various components in joint replacements such as plates, screws, pins, rods and fixators [2].
Typically to date biomaterials in joint replacements are composed of non-degradable materials
such as Titanium (Ti), Stainless Steel (SS) and Cobalt-Chrome alloys (CC) which may result

in effects of stress shielding and wear over time [3].

Currently, in the European Union (EU), it is common practice to perform a secondary surgery
for the removal of internal fixations of fractured bones after the healing period. This represents
an estimated €3.4bn price tag in the EU per year with cost of treatment included with a 10%
annual growth of the industry [4]. To this end, there is a large interest in the development of a
biodegradable implant that can maintain its structural properties during the healing process of
bone (ca. 3—6 months) [5] and then degrade within the body without negative effects on patient
physiology and health. This means that the materials used must degrade without producing
toxic, carcinogenic or mutagenic effects, not block blood vessels by generating particles too
large to be adsorbed by cells, must be safe to be adsorbed by cells and should be able to be
eliminated through conventional physiological means. This would not only reduce surgical

costs, but also reduce the morbidity rate and convalescence for treated patients [6].

In the last two decades, biodegradable metals and degradable polymers have been investigated

with polymers often suffering from non-linear degradation and a high inflammatory response




Jonathan M. A. Wilson

due to autocatalytic effects resulting in acid burst [7, 8]. More recently, research has looked
into the biodegradable magnesium (Mg) and its alloys which were first seen in use in 1878 to
stop bleeding blood vessels [9] and the last decade has seen the first clinical approval of the
Magnezix compression screw for use in 2013 with implementation henceforth [10]. However,
the high corrosion rate of Mg alloys has prevented widespread clinical use with other more
complex devices, but presents an interesting opportunity for the development of new clinical
devices if the corrosion process can either be delayed or slowed. Furthermore, the corrosion
products of Mg alloys, such as hydrogen evolution, result in a drastic increase in the localised
pH around the implants, causing issues for the cellular processes in that region. The targets set
clinically for the corrosion rate of Mg and its alloys of 0.02 mm/Y [11], have not been widely
achieved as this would require a drastic improvement from the typical corrosion rate of ca. 2.7
mm/Y [12] exhibited within a physiological environment. Some materials have achieved the
desired corrosion rate but have concerns due to the mechanical properties exhibited and
therefore the solution may be to take a mechanically robust alloy, with a poor corrosion rate to

be improved through the deposition of coatings.

Surface modification of the Mg alloys presents an opportunity to reduce or control the
degradation rate to meet the required healing times for fractures, although care must be taken
as breaches in applied coatings may result in rapid localised degradation of the alloys. Various
coating methods have been applied to improve the properties of the implant interface with
surrounding tissues such as electrodeposition (EDP) and physical vapour deposition (PVD). A
branch of interest has been researching calcium phosphate (CaP) coatings deposited by
electrodeposition as these coatings consist of some of the main constituents found in bone and
as such have shown beneficial osseointegration effects in many investigations [13, 14, 15, 16].
Hydroxyapatite (HA) is the stable phase of CaP within physiological conditions and according

to Clarke [17] HA crystals within bone tend to be of an ca. 20 nm, lending themselves to easier
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biological resorption. However, the electrodeposition of CaP coatings has shown to leave voids
in the coating which expose the underlying alloy, allowing the early onset of corrosion of the
Mg alloy. PVD depositions provide an interesting potential for use to complement these CaP
coatings as PVD coatings tend to be hard, amorphous and homogenous [18], giving the
potential to cover voids left by the EDP process. However, it must be taken into consideration
that these coatings must fulfil all the same requirements for a bioresorbable material. PVD
coatings of HA have been shown to promote osseointegration but have been known to be
structurally weak and delaminate from the surface of implants [19]. This leaves room for new
branches of investigation of bioresorbable phosphate-based glass (PBG) coatings which can
similarly provide a layer of protection and promote beneficial cytocompatibility effects [20,
21], whilst allowing for controllable resorption profiles by the modification of the PBG
composition. Specifically, new research is being conducted into the degradation profiles of
“invert” glasses consisting of pyrophosphate (Q*) and orthophosphate (Q°) species which have
the advantage of slower and more controlled degradation in aqueous solution compared to
higher P content glasses [22]. Further benefits of these PBGs are that they can be supplemented
with other elements such as Zinc and Strontium, among other ions to enhance certain properties
to facilitate proliferation [23], osteogenic gene expression and antimicrobial activity [24],

suggesting suitability for bone remodelling applications.
Aim and Objectives

The clinical performance of current Ti implants for bone fracture fixation have proven adequate
over the last 100 years. However, there are still shortcomings with this type of treatment to be
overcome such as cortical porosis, delayed bridging, bone physiology interference leading to
refracture after implant removal and the associated surgery costs to health services for removal.

Next generation biomaterials must be explored to provide not only fixation at the bone interface
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but the reduction of effects such as stress shielding whilst providing an alternative to implant

removal surgeries.

Electrodeposition and magnetron sputtering are suitable methods of producing thin films of
calcium phosphate and glass respectively and can be utilized to deposit coatings onto metallic
materials such as Mg and its alloys. By understanding the morphologies, compositions and
interactions of coatings deposited by these processes, improvements on current bone fracture

fixation materials may be achieved.

The aim of this project was to develop a novel bi-layered coating, using CaP electrodeposition
and PBG sputtering methods to functionalise and protect a bioresorbable Mg alloy and delay
the onset of the corrosion process to prolong resorbable implant life whilst bone remodelling

is in progress.

The objectives of the work presented here are to:

1. Survey the literature to determine potential for a novel coating consisting of
complimentary layers from separate deposition methods.

2. Determine the structural properties of electrodeposited CaP coating and optimise the
coating by observing the similarities/differences of depositions using varied parameters
of duty cycle, deposition time and electrolyte pH.

3. Explore the effect of the magnetron sputtered PBG coatings and whether they act as a
complimentary layer to the electrodeposited CaP layer and improve biocompatibility
by reducing the P content in the bulk PBG target.

4. Assess the corrosion properties of the thin film coatings in physiological media and
determine whether the combined coating improves the corrosion response.

5. Determine the potential bioactivity and cell response to the samples through the use of

in vitro assays such as neutral red uptake.
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The following Chapter is a detailed literature review covering the use of Mg and its alloys as a
bioresorbable material, CaP coating methods and their use in orthopaedic applications, and the

utilisation of magnetron sputtering for the deposition of thin PBG films of varying

compositions.
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Chapter 2 — Literature Review

2.1 Introduction

Biodegradable materials have attracted much research interest for use as implants due to their
potential to provide initial stabilisation and structural support, permit bone healing with
sustained stability and mechanical properties, and then gradually degrade (with simultaneous
decrease in strength) enabling controlled transferal of physiological force to bone during
healing [25]. Magnesium and its alloys are promising materials for this application due to their
biocompatible nature and mechanical properties (E=42-45 GPa, p=1.7-2.0 g/cm?®) which are
similar to those of human bone (E=3-20 GPa, p=1.8-2.1 g/cm®) [26, 27]. However, the main
issue with using Mg and its alloys is that their corrosion resistance is too low, and non-linear
over time, when in a physiological environment, with a corrosion rate ranging from 0.3 mm/Y
to 230 mm/Y [28]. Therefore, a novel method is required that can extend the dissolution time

or delay the onset of corrosion until a more appropriate time in the healing process.

This chapter presents a review of the established literature, relevant to the main themes of this
thesis. A context is given on Mg and its alloys and their history of use as biomaterials. An
emphasis is given to the corrosion mechanisms of Mg in a biological environment, including
types of corrosion, methods of measurement and factors which affect corrosion behaviour.
Different strategies for protecting Mg and its alloys are also explored, specifically surface
coating with a protective phosphate-based glass layer, by physical vapour deposition, as a
promising technique and a variety of PBG compositions are reviewed, which are pertinent to
the themes within this thesis. Another technique examined is electrochemical deposition of a
surface calcium phosphate layer to delay the onset of corrosion. The benefits of performing a
variety of biological assays are considered briefly as an aid to selection of biocompatibility

measures. Although the literature review will consider a range of Mg-alloys being used in
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biomedical application, this thesis will be focussed mainly on the performance of coated Mg-

alloy WE43 in a biological environment.
2.2 Introduction to Magnesium and its alloys
2.2.1 Pure Magnesium

In the early 1800s, Sir Humphrey Davy discovered elemental Mg [29]. However, it was not
until 1833 that Mg metal could be produced, when Michael Faraday electrolysed fused
anhydrous MgClz [29]. Since then, much has been discovered about Mg, its properties and as
the sixth most abundant element on Earth [26], this has allowed for a wide variety of

applications to be developed.

Mg is a light alkaline earth metal with a density of 1.738 g/cm? [30] and a Yield Strength which
ranges between 65-100 MPa [30] giving it a high strength to weight ratio. It also has a high
capacity for alloying and can support a wide range of solute elements with + 15% difference

in atomic size [26]. Therefore, Mg can be used to form a range of alloys with unique properties
and can be applied to applications where weight is a constraining factor. Table 2.1 provides a

summary of the atomic, physical and mechanical properties of Mg.

The crystal lattice of Mg at ambient temperature adopts a hexagonal close-packed (HCP)
structure [31] which, in combination with slip system behaviours, contributes to a strong
anisotropy of the Mg lattice [32]. Mg lattice parameters at 25°C are a = 0.32094 nm, c =
0.52108 nm and ¢/ = 1.6236; with angles a: 90°, B: 90° and y: 120° [26]. Due to the critical
resolved stress and high €/ ratio, basal slip (0 0 0 1) {1 1 20) is the easiest activated slip
system, with prismatic slip (1 0 10)(1 1 20) and pyramidal slip systems (1 0 11){1 1 20)

and (1 1 22)(1 1 23) potentially being active at ambient temperatures as the mechanisms of

plastic deformation [32]. Another important mechanism of plastic deformation is twinning due




Jonathan M. A. Wilson

to c-axis tension (1 0 12)(1 0 11) [32], which is illustrated along with slip mechanisms i
Figure 2.1.
Table 2.1 Properties of Pure Magnesium [2, 6]

Properties Magnesium Units
Symbol Mg -
Element Classification Alkaline Earth Metal -
Atomic Number 12 -

Atomic Atom!c Weight 24.305 amu
Atomic Volume 14.0 cm®/mol
Atomic Radius 0.160 nm
lonic Radius 0.072 nm
Valence (oxidation state) 2+ -
Density (at 20°C) 1.738 glem?®
Melting Temperature, Tm 650 °’C

Physical Boiling Temperature, Tp 1090 °C
Thermal expansion coefficient 26.1x10°® oct
Thermal conductivity 157.5 W/m°C
Elastic Modulus 41-45 GPa

Mechanical | Compressive Yield Strength 65-100 MPa
Ultimate Tensile Strength 160-195 MPa
(annealed sheet)
Hardness 40-41 -
Fracture Toughness 15-40 MPam?2

(a) T (B) T

(<)

ay

Figure 2.1 Slip and twinning deformation systems of Mg: (A) Pyramidal (B) Prismatic (C) Basal (D) Tensile twinning

n
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2.2.2 Magnesium Alloys

The main issue which arises from using Pure Mg in the body is its poor corrosion resistance as
it is one of the most electrochemically active metals [33]. Despite the corrosion products of Mg
being beneficial for physiological functions [9], the corrosion occurs too rapidly for use as a
biodegradable implant with some corrosion rates being shown as high as 407 mm/y [34]
compared to the required 0.5 mm/y [35] and additionally, is not homogenous due to a strong
tendency for localised corrosion [36]. This rapid corrosion also gives rise to the issue of
hydrogen gas evolution. If the evolution is too rapid, the gas cannot be absorbed and causes a

ballooning effect to take place, which subsequently causes an alkaline pH shift [37].
There are generally two ways to improve the corrosion behaviour of Mg:

i.  tailor the microstructure (e.g. grain size [38, 39] and texture [40]) and composition of
the material through processes such as alloying [41]

ii.  perform surface treatments or form coatings [33], to produce an outer, protective layer.

A diverse range of solute elements can be added to Mg to improve its mechanical and corrosion
properties. Alloying material selection can be influenced by several factors based on the
properties of Mg as a metal. Due to the hexagonal close packed (HCP) structure of Mg, a
continuous solid solution can be formed with other hexagonal metals such as zinc (Zn),
cadmium (Cd) and zirconium (Zr). However, the formation of a solid solution is restricted by
atomic size factors to allow a + 15% difference. The low electronegativity of Mg also promotes

formation of compounds with less electropositive metals such as silicon (Si) [42]. Many of the
alloying elements chosen improve corrosion resistance through grain refinement and the
development of a more uniform protective layer combined with the removal or passivation of

impurities which form a point of weakness for corrosion to nucleate [43].
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The American Society for Testing and Materials (ASTM) developed a code system for
distinguishing the composition of alloys, which has been adopted for Mg-alloys. The first two
letters indicate the principal alloying elements, with the highest proportion in front. The most
common letters used in Mg-alloys are shown below in Table 2.2. These letters are followed by
the numerical weight composition of the alloy components [26]. Table 2.3 summarises the

composition of some common Mg-alloys.

Table 2.2 Letter designation of common alloying elements in Mg-alloys [21]

Designated Letter Alloying Element
A Aluminium

B Bismuth

C Copper

E Rare Earth Element
H Thorium

K Zirconium

L Lithium

M Manganese

Q Silver

S Silicon

W Yttrium

Z Zinc

Table 2.3 Composition of common alloying elements in Mg-alloys [2, 22, 23, 24, 25]

Magnesium Alloying Element Composition (wt%o)

Alloy Al Zn Mn Li Nd Zr Y Gd
AMG60 6.0 0.2 0.2 - - - - -
AZ31 35 14 0.3 - - - - -
AZ61 6.5 1.0 0.15 - - - - -
AZ91 9.5 0.5 0.5 - - - - -
LAE442 4.0 - - 4.0 2.0 - - -
WE43 - - - - 3.2 05 4.0 -
WES54 - - - - 1.9 - 5.1 2
ZK21 - 6.0 - - - 0.8 - -
ZM21 - 1.2 2.2 - - - - -

10
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Mg and its alloys have been investigated as biodegradable implants due to their tailorability
and similarity in mechanical properties to bone. The section below summarises the history of

use of Mg and its alloys as biodegradable implants.

2.2.3 Mg and Mg-alloys as biomaterials

The origins of Mg as a biomaterial are thought to be from the physician, Edward C. Huse, who
may have used Mg wires as ligatures to stop the bleeding of a radial artery and in the operation
for varicocele in three human patients in 1878 as he also wrote very enthusiastically about the
degradable properties of Mg [44]. This work was then followed by Erwin Payr, who started
experiments on Mg resorption in 1892 [45] but was limited by the difficulty obtaining filigree
fabricated devices until nearly 1900 [46], when he received pure Mg sheets, plates, pins,
spheres, wires, pegs, cramps and nails from a company in Austria [45, 46] to pursue his work.
His work varied from cardiovascular and musculoskeletal applications to uses in general
surgery and tissue responses to corroding Mg [9], providing a basis for the development of

biomedical Mg.

2.2.4 Cardiovascular Applications

In research of ligatures, Payr investigated tubular, thin-walled Mg cylinders as connectors for
vessel anastomosis — a surgical connection between two structures [45], which he tested in pigs
and femoral arteries of dogs [47]. He observed that the connection of the vessel ends solidified
with a severely thickened intima layer — innermost layer of an artery or vein, and a fibrous ring
on the outer side after 8 days [45]. Research, however, was impeded as the Mg wires available
at the time were too brittle to be an effective suture, break immediately upon kinking prevent
knot formation [48]. Further research by Hopfner confirmed that thrombosis rarely occurred

on extravascular placed tubes and thrombosis occurs in vessels with a diameter < 3mm [49].
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However, the Bureau of Mines of the Department of the Interior [50] suggested more ductile
wires could be produced by distillation in a vacuum or by alloying with less reactive elements
such as Au or Ag. In 1910, a technique was introduced where metallic ring plates with punched
holes were used to fix the vessel ends and connect rings with a pressure less than 2.3 kg/in?
[51]. The Mg rings held their original shape for around 1 month before beginning to break
down and were completely absorbed within 80-100 days [51]. Alongside this, Lespinasse also
introduced a Mg plate with holes for repairing lateral slits in vessels as the ring plates prevented
the entry of foreign material into the lumen of reconnected vessels, thus the vessels were free

from clots [51].

It was not until 1935 that a patent was filed for a “Mg rope” consisting of a mesh of thin wires
surrounding a stronger, guiding wire bundle [52] as a suture, which benefitted from the superior
processing of Mg having overcome the issues of low tensile strength and stiffness obtained
from cold work hardening [52]. Stone and Lord used pure Mg and Mg-Al wires to favour
clotting in aortic aneurisms in dogs in 1951 and were found to be twice and three times as
thrombogenic as SS wires, respectively [53]. The alloying with Al allowed the required bending
for clinical application and improved the thrombogenic capacity of the wire. However, the
alloyed wires had undergone almost complete dissolution by 21 days post-implantation [53].
This rapid dissolution rate was given as a limitation for many clinical applications as ligatures.
However, Jorgensen patented a modified haemostatic clip design in 1986 [54], which had been
inspired by absorbable metal clip Andrews had published in 1917 as a substitute for ligatures
and deep sutures [48]. This was due to the benefits that the absorbable metals were not acting
as permanent foreign bodies and alloying had been seen to improve mechanical properties such

as ductility, flexibility and toughness [48].
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2.2.5 Musculoskeletal Applications

In 1900, Payr proposed a variety of potential implants to perform different functions such as
regaining joint functions and other osteosynthetic applications. The use of Mg plates and sheets
was proposed to prevent reunion of dissected bone tissues by a dense, fibrous layer after full
resorption [46, 55] with poor in vivo results [47]. It took further work by Chlumsky, who
interposed thin sheets between freshly separated bone surfaces in knee joints, to prevent joint
stiffness in dogs and rabbits [56]. This work also accomplished restoration of joint motion in
animals and humans although there was concern that these joints would stiffen again over time

[57].

Other uses for Mg sheets and plates, alongside pins, nails, wires, pegs and cramps, include
stabilisation and fracture fixation. An early clinical trial in a 17-year old patient found that, one
day after implantation in the leg, extensive subcutaneous gas cavities had formed causing local
swelling and pain, resulting in removal [58]. Lambotte continued clinical investigations
treating supracondylar fractures in children due to the rapid healing process and small implant
volume required, finding that total joint restoration and function could be achieved with the
only complication being the formation of gas cavities [59]. However, these cavities were not a
major concern in any case and disappeared after several weeks [58]. Throughout clinical trials,
Lambotte learned that Mg cannot be implanted with other metallic implants due to preferential
electrolytic corrosion, and subsequent failure of Mg. However, implants made strictly of Mg
would be suitable for use fixing many types of fractures varying in location from the humerus
head fractures to diaphyseal and epiphyseal fractures in the limbs [58]. Despite critical reports
of Mg from Groves [60] and Zierold [61], Verbrugge et al. [62] investigated the effects of a
solid Mg cylinder implanted in the femura of dogs and rabbits, which maintained mechanical
properties for between 4 — 6 months before reaching the point of degradation where described

as hollow and brittle. Due to the normal bodily reactions maintaining a pH equilibrium and the
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absence of toxic effects to the corroding magnesium, such as cell necrosis, Verbrugge stated
that implanted Mg is not toxic or an irritant. But requires a slow corrosion rate to allow callous
formation which holds the bone together as it hardens over time, allowing the healing of the

bone and gradual restrengthening [63].

Conversely, McBride stated that Mg metal plates and medullar pegs were not suitable due to
the rapid absorption when plates are placed on the bone and that volatile gas formation from
pegs requires an exit into the surrounding soft tissue [64, 65]. Despite this, screws tended to be
more corrosion resistant than plates by observation, especially when they were fitted tightly
into cortical bone. Safer fixation could be achieved by using a higher quantity of Mg than was
required for the expected period of implantation allowing for a longer degradation period
before loss of structural integrity [64]. The Mg alloys employed remained stable for 3 — 7 weeks
and accomplished fixation if the drill holes were sufficiently small so to be integrated with the
threads, and if they were applied with a good mechanical advantage when rejoining the
separated bone fragments [64]. Another benefit was that the Mg stimulated early cell
proliferation within a matter of hours, however, it must be noted that the callus produced should

not be trusted too early for firmness as a good implant site.

The alloying of Mg with Cd was explored in the form of a plate and screw combination [66]
and was successfully used to treat 34 pseudoarthritis cases with complete resorption of the
osteosynthesis material and stimulation to form callous bone. It was hypothesised that this
stimulation was caused by the Mg implant neutralising the inflammatory tissue’s acidic
environment and so a specially designed intramedullary rod or plate could be utilised for the

rapid consolidation of bone fractures [66].
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2.2.6 General surgery

Since 1900 Mg has been used in general surgery for many functions. Payr recommended Mg
sheets and plates for suturing well-vascularised organs like the liver and spleen and has been
successfully applied in animals and humans [47, 67]. Plates were used to close the wound by
adjusting the liver resection surfaces and plates were connected using iodine-catgut sutures and
50% resorption was seen for large plates between 3 and 5 weeks [67]. Evolved hydrogen gas
proved to be beneficial as it impregnated the fibrous tissue during formation, stopping local
bleeding by the tamponade effect — a decrease in cardiac output and shock, which was in turn
enhanced by adhesion of the omentum majus fold of the stomach, intestine and the abdominal

wall to the resection area [67].

Cavernous haemangioma, the mass formed from swelling of capillaries, and large-vessel
aneurysms were also treated using Mg arrows in a 14-year old patient, where the arrows were
implanted at the chin [68] causing the tumour to become denser within the first days of
treatment. This treatment is based on the principle that enhanced blood clotting caused by the
hydrogen evolution from degrading Mg, will mechanically destroy the endothelium and septa
of the tumour [69] without causing gas embolization. This technique was trialled again in 1981
in 27 haemangioma patients, including a 3-month old, with a 50% success rate although no
adverse effects were observed in a 5-year follow up [70]. This is likely due to a theory presented
by Hoffheinz and Dimitroff, whereby the rapid corrosion of Mg in haemangioma is enhanced
when located in organs with a higher blood-flow, leading to earlier transformation of tumour

tissue into fibrous granulation tissue [71].

A further surgical application for Mg tubes is as connectors for intestinal
anastomosis/neurorrhaphy (connection between two structures). Due to the tube design

consisting of a “male spring” and a female part to secure the connection after joining [72], the
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number of catgut sutures were able to be reduced and connection made between two nerve ends

or damaged intestine tissues.

Fontenier et al. investigated in vitro and in vivo use of various Mg metals and alloys as
dissolvable anodes for bioelectric batteries for pacemakers. In this case industrial-grade-purity
Mg outstripped the performance of the Mg-Mn alloy in terms of biocompatibility [73] due to
possible toxicity of manganese (Mn) in the body, despite neither metal showing subcutaneous

necrosis and corroding uniformly [72] as high-purity Mg is known to do.

2.2.7 Tissue Response to Corroding Mg

Since the inception of Mg implants, the histological results of the tissues surrounding the
implants have been of great interest as authors have reported the severe influence of corroding
Mg on the peri-implant tissue [45, 46, 55, 67, 56]. Around the implants, the number of round
cells and granulation tissue were seen to increase, with the granulation tissue containing small,
black, metallic particles as foreign body inclusions [56, 47]. These both indicate the enhanced
bioactivity and proliferation which leads to greater healing effects. Payr observed enhanced
activation of blood clotting from corroding implants, exacerbated by the hydrogen gas
evolution [67], leading to the high vascularity of the tissue. However, if no clotting occurs, then
only a partly corroded, black surface of the implant is seen [74]. This high vascularity has been
replicated through in vivo studies in rabbits where Dow metal pins were inserted and
observations of highly thickened and vascularised periosteum in new bone formation were seen
[63]. Interestingly, the new bone formed without the appearance of osteoclasts but with cystic
cavities [63], likely due to the gas evolution, which indirectly causes slight bone damage,

lowering the tensile strength, that repairs after full metal corrosion [75].

Depending on the composition of implants, certain pathophysiological responses can be seen.

In 1980, Wexler investigated the responses of spontaneously hypertensive rats to Mg-Al wire
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implants inserted into the abdominal aorta, carotid and renal arteries [76]. The small addition
of Al to the wires had the effect of lowering blood pressure, increasing adrenal glandular weight
and changing the enzyme and hormone levels of the rats when compared to a control group
[76]. However, fibrocellular lesions were observed around the wire alongside cholesterol-
positive clefts in the arteries [76] which is due to the addition of Al as this phenomenon had

not been observed with pure Mg implants.

2.2.8 21% century developments

In the recent few decades, interest in Mg as a biomaterial has been reignited due to greater
understanding of factors such as composition, microstructure, grain size, texture [77] and their
influence on the corrosion rate and biocompatibility of Mg and its alloys. As stated above, pure
Mg degrades too quickly for most potential orthopaedic applications [36] and so alloying with
other materials has come to the forefront of research to reduce corrosion rate and improve
mechanical properties of the implant [43]. This may be achieved through grain refinement,

solid solution strengthening and precipitation hardening.

Research on Mg-alloys originally focussed on the potential of commercial alloys such as AZ31
[78], AZ91D [77] and WEA43 [79], Table 2.3, but the suitability of some alloys was questioned
upon the discovery that some of the alloying components are toxic to the body. For example,
Al primarily accumulates in the nervous system and implicates the pathogenesis of Alzheimer’s
due to its influence on ABP cross-linkers [80]. Also lithium (Li), when exceeding 2 mmol/L in
plasma reduces kidney function and neurotoxic effects are observed [80]. As a result, efforts

have moved towards designing new, biocompatible or low toxicity alloying element systems.

Mg-Ca alloys are intriguing as Ca is the most abundant mineral in the body and acts as a grain
refiner for Mg alloys, improving the material strength according to the Hall-Petch law [81]

which states the smaller the grain size of a material, the higher the elasticity limit. Their good
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combination of mechanical and corrosion properties in multiple studies [82, 83, 84], with even
a 0.6 wt% addition, improving bending strength, compressive strength and corrosion resistance
of pure Mg, are of interest [83]. However, as the Ca content is increased above 5 wt%, alloys
tend to become too brittle due to the increased precipitation of Mg>Ca which serves as a source
for cracking and reduces ductility [82]. Even with the improvement of corrosion resistance, the
restrictions on Ca addition due to machinability, coupled with fast degradation within bone
[82], Mg-Ca alloys struggle to satisfy the mechanical and corrosion requirements for bone

implants.

Bornapour et al. [85] investigated biocompatibility and corrosion of Mg-Sr alloys since
strontium (Sr) is chemically and physically similar to Ca, acting as a grain refiner to Mg-alloys.
It was found that Mg-Sr alloys containing <1 wt% Sr had a slower corrosion rate than pure Mg
but additions of >1 wt% accelerated the corrosion rate [85]. Sr accumulates in the skeleton,
mostly in trabecular bone and has shown the ability to substitute for Ca in the formation of
hydroxyapatite (HA) [86], which presents at the interface between the alloy and corrosion

products, slowing the corrosion rate of the alloy.

Zn is another commonly used alloying element for Mg due to its solid solution and precipitation
strengthening properties [87] along with being an essential component to a range of structural,
catalytic and regulatory functions in mammals [88]. Due to the galvanic effect of Mg2Zn
precipitates, other alloying elements are generally needed to counteract the effect on corrosion
rate but these additions of elements such as Ca, lead to increased size and number of
precipitates thus reducing corrosion resistance of these alloys [89]. Alloying with rare earth
elements such as Yttrium (Y), allows the formation of an icosahedral quasicrystalline MgZnY
phase in situ during solidification, which is isotropic and has properties of high hardness,
corrosion resistance and low interface energy and friction coefficient [90]. Most of the

successful in vivo reports on Mg implants are alloys containing rare earth elements, which
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benefit from similar ionic radii to Ca and have the possibility to be an isomorphous replacement
to Ca [91]. Rare earth elements exist in the body in minute levels suggesting biocompatibility
and research has demonstrated that many rare earth elements exhibit anti-carcinogenic
properties [92], as well as their strength at high pressure around 160 MPa and creep resistance
[93]. When selecting which rare earth elements to incorporate in Mg-alloys, it is best to select
elements with high solubility in magnesium to avoid the formation of intermetallics during
processing. This is to avoid inducing galvanic corrosion [94] and due to this high solubility, it
is possible to tailor mechanical and degradation properties over a wide range by adjusting alloy
composition and utilising heat treatments. Also to be taken into consideration are the cost of
rare earth elements and the difficulties with production due to their chemical similarity making
them complex to extract from one another [94]. The Mg WE43 alloy is beneficial for
biodegradable applications due to the rare earth element additions and has been brought to
market in the form of the MAGNEZIX® compression screw, which was approved in Germany
as the first Mg-based implant for use in humans worldwide in 2013 [95]. However, more
research is needed to find a solution for larger implant applications as a larger surface-area of
an implant will have a different degradation profile to that of the MAGNEZIX® compression

SCrew.

One of the reasons for Mg’s poor corrosion resistance is the internal galvanic corrosion caused
by secondary phases and impurities [96]. A way to combat this is to fast-cool the molten alloy
below its glass-transition temperature to avoid crystallisation and form a bulk metallic glass,
with alloy contents able to extend beyond the original equilibrium solubility [97]. Mg-Zn-Ca
glasses have been developed such that the high Zn content in solid solution allows the
formation of a partial passivation surface layer, reducing hydrogen evolution levels and
exhibiting a more uniform corrosion morphology during testing [98]. However, a primary

concern is intrinsic brittleness due to structural relaxation [97] which may cause issues for in
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vivo testing, where the alloy will be placed under stresses and therefore other solutions may be

more suitable for implant applications.

Surface coatings and treatments present a promising method for implants due to their
improvement of properties of the underlying material. For Mg-alloys, surface modifications
are primarily used to improve the corrosion resistance of the alloy [37] through means of a
chemical, physical or combination treatment. Physical deposition coatings utilise various
techniques such as electrodeposition [99], physical vapour deposition [100] and sol-gel
deposition [101] to deposit a protective coating on the surface of the substrate, which often act
as a sacrificial barrier to delay the onset of corrosion of the underlying alloy. Investigations
into the application of a CaP coating have demonstrated that the corrosion resistance of Mg-
based alloys can be improved [102]. CaP coatings are also highly biocompatible, are an
important precursor for bone growth and have already been used in a variety of orthopaedic
applications [15, 103, 104]. However, due to difficulties controlling aspects such as phase
formation, cracking and poor adherence [37], a complete solution for orthopaedic applications
has not yet been found. However, the potential for combining this with another technique is
promising. Recently, there has been investigation into phosphate-based glasses (PBG) as a
potential surface coating for biodegradable applications [105] due to their ability to be
completely resorbed in a biological environment combined with their tailorability and

corrosion resistant properties [106].

Both CaP and PBG coatings show promising possibilities for orthopaedic applications and will
be explored in further depth in later sections of this review. The next section discusses the
corrosion mechanisms of Mg and its alloys, which need to be overcome for further

advancement in this field.
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2.3 Introduction to Corrosion

The corrosion phenomena of metals in metal-fluid systems is defined as “an electrochemical
process that destroys the bulk material, starting at the metal surface” [79]. The corrosion of
metal is caused by an unalterable oxidation-reduction reaction [26] in which there are two parts:
an anodic (Equation 2.1) and a cathodic (Equation 2.2) reaction. The anodic reaction, in which

the metal dissolves in the medium, providing ions to the electrolyte, can be expressed as [26]:

Equation 2.1
M - M™ +ne-

The electrons which have been released from the metal are consumed by other species in the
electrolyte, giving rise to the cathodic (reduction) portion of the reaction, which is given by the
following equation in a natural or alkaline solution:

Equation 2.2

02+ 2H20 +4e- — 40H-

An equilibrium of the corroded surface is reached as the rate of metal ions entering and leaving
the solution becomes the same. This means that the flow of current is equal in opposite
directions and the net current is zero. However, the metal ion dissolution leads to the surface
obtaining a negative charge, which attracts ions from the solution to the surface. This causes a
non-homogenous ion distribution at the surface, with an electric double layer formed causing
a potential difference across the interface [107]. The open circuit potential (OCP), defined as
the electrode potential of a working electrode relative to the reference electrode when no
potential or current is applies, is affected by increases in either the anodic or cathodic reaction
as the equilibrium state is disrupted, which then allows either passivation or corrosion

processes to continue [108].
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The standard electrode potential, E°, is a thermodynamic equilibrium potential which denotes
the tendency of a metal to corrode in aqueous media. E° is measured relative to a standard
hydrogen electrode (SHE) with a potential of OV and a more negative value represents a
stronger tendency for spontaneous corrosion [26]. Table 2.4 summarises the E° values for

various metals.

Table 2.4 Standard electrochemical series for selected metals [92]

Metal Half-Cell Chemistry EY% V
Li Lit + e~ & Li(s) -3.05
Na Na* + e~ < Na(s) -2.71
Mg Mg? +2e- & Mg(s) -2.37
Zn Zn?t +2e- & Zn(s) -0.76
Fe Fe2+ +2e- & Fe(s) -0.44
Ni Ni2+ +2e- & Ni(s) -0.25
H 2H*+2e- & H2(g) 0.00
Cu Cu*+e- & Cu(s) 0.34
Ag Ag*+e o Ag(s) 0.80
Pd Pd?* + 2e~ & Pd(s) 0.95

It is useful to note that comparing the values of E° and OCP can relay certain information about
the surface layer of a metal. For example, if a metal demonstrated values of E° > OCP, it would
mean that the metal was not in direct contact with the solution as a passivation film has been
developed [26]. The values of OCP can vary as a function of the physical and chemical
condition of the metal surface and solution [26] and as such, the galvanic series, a list of
corrosion potentials with respect to a reference saturated calomel (Hg2Cl>) electrode (SCE),
allows the relative corrosion resistances of different metals to be compared. The OCP of Mg at

25°C in NaCl is 1.63V (SCE) [109].

2.3.1 Corrosion Mechanisms of Mg and its alloys

Previous literature [36, 110, 111, 112, 113] has shown that during the anodic dissolution of Mg-

alloys, Mg was still the main component dissolving into solution. This suggests that even for
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Mg-alloys, the corrosion process is dominated by the same processes as for pure Mg. This
section will explore the general corrosion mechanism of pure Mg. However, it must be noted

that alloying elements critically effect the corrosion reactions.

The dissolution of Mg in aqueous environments generally proceeds by an electrochemical
reaction with water. This produces magnesium hydroxide and hydrogen gas, such that the
corrosion of magnesium is relatively insensitive to the concentration of oxygen [114, 115, 116],
despite the presence of oxygen being an important factor in atmospheric corrosion [117]. The
overall corrosion reaction for Mg is given by Equation 2.3 [114]:

Equation 2.3

Mg + 2H20 — Mg(OH)2 + H2
This overall reaction can be expressed as the sum of the following partial reactions:

Equation 2.4

Mg — Mg?* + 2e- (anodic reaction)

Equation 2.5

2H20 + 2e~ » H2 + 20H- (cathodic reaction)

Equation 2.6

Mg?* +20H- - Mg(OH)2 (product formation)
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This coupled electrochemical reaction at the Mg surface is illustrated below in Figure 2.2. The
electrons lost by Mg oxidation are consumed in the reduction of water to form a passive

hydroxide layer and gaseous hydrogen.

Figure 2.2 Schematic representation of Mg degradation in an aqueous solution

As shown in Figure 2.2, there is an increase in pH of the solution due to the formation of
hydroxide ions. It has been shown that the formation of magnesium hydroxide raises the pH to
ca. 11 [114]. The atomic hydrogen produced at the corroding surface can either enter the
magnesium and dissolve in its lattice [118], or it evolves to form bubbles of H2, which has been

hypothesised to account for a proportion of corrosion cracking in Mg(OH) [118].

2.3.2 Negative Difference Effect

Magnesium experiences an electrochemical phenomenon known as the negative differential
effect (NDE), which should be regarded as a common process in the corrosion of magnesium
[119]. For most metals and alloys like Fe, steels, Zn, etc., an increase in applied potential, E,
or current density, I, will increase the anodic reaction rate alongside a decrease in the cathodic
reaction rate. Similarly, an increase would be seen in the anodic dissolution rate alongside a
decrease in the cathodic hydrogen evolution. However, it has been observed that the hydrogen
evolution behaviour on magnesium appears to act contrary to the basics of electrochemical

theory [120, 121], as illustrated in Figure 2.3.
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This effect is characterised by an increase in rate of hydrogen evolution with increasing anodic
overpotential relative to the open circuit, providing a local cathodic reaction for a significant
portion of the anodic reaction [122]. This causes both the anodic and cathodic reactions to
increase with increasing applied potential. This is shown by the reaction rate Im4 Straying from
the expected path along l. and the hydrogen evolution following Ix until point Iy, rather than
the expectation of following line I.. The difference, A, for applied galvanostatic current density
Lappt, Where lappt = Imgm — Inm [123], is given by Equation 2.7:

Equation 2.7

A= IO—IH,m

Where [o is the spontaneous hydrogen evolution reaction rate on Mg in the electrolyte at the
corrosion potential and In,m is the measured hydrogen evolution rate for the corresponding

applied current. As Ium is higher than Is, the difference value for Mg is negative.

Potential, E

>

Current, log ]

Figure 2.3 The Negative Differential Effect (NDE) exhibited during Mg corrosion showing the
rate of H evolution to increase with increasing anodic polarization
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There have been several theories proposed as to the origin of the NDE. Such as noble impurity
element enrichment [124, 125], non-faradaic mass loss — where the overall electrode
composition changes with ongoing current supply, via metal spalling [126, 127], formation and
dissolution of hydrides and partially protective films [128, 129, 130, 131], and univalent Mg-

based dissolution followed by further oxidation of Mg+ - Mg?* in solution [132, 133], a

model of which is illustrated in Figure 2.4.

Mg

Mg?* + Hs

Figure 2.4 Mono-valent Mg ion model

Currently, there is no consensus on the physical origins of the NDE, however, it has been
observed that during cathodic polarisation, a passivation film covers the surface of Mg when a

sufficient cathodic potential (E < Epitting) is achieved [134].

During anodic dissolution, the passivation film starts to break down as current density or
applied potential increases above the pitting potential, Epitting and the film becomes
progressively disturbed [43]. As the film is progressively disturbed, exposing the Mg surface,

anodic dissolution becomes easier and involves the intermediate species of monovalent Mg+

ions, produced electrochemically [43]. It must be noted that these ions have not been observed

in experimental work, but it is assumed that monovalent Mg+ is a very short-lived intermediate
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that cannot be detected [128]. It is hypothesised that these monovalent ions react and produce
hydrogen following the below sequence [43]:
Equation 2.8
2Mg*+2H* - 2Mg?** + H>
It has also been observed that the hydrogen produced is proportional to the film formation of

Mg(OH)2 [135] and involves reactions of both Mg+ and Mg2?+ with water to produce

hydrogen molecules. Recent modelling efforts [136, 137, 138, 139, 140] have shown that water
dissociation and hydrogen evolution are more likely on surfaces containing hydroxides and
also with the presence of impurities, such as transition metals and many rare earth metals.
However, Taylor [140] was the first to simulate the NDE by exploring a Tafel based reaction
mechanism and apply a surface kinetic model where it was assumed that sites where OH was
adsorbed were most vulnerable to dissolution as Mg-OH bonds have a tendency to weaken

adjacent metal-metal bonds [136].

2.3.3 Passivity and passivation layer breakdown

The natural formation of a protective film on the surface of a metal is known as passivity. This
occurs due to the reaction of a metal with its environment, leading to a reduction in the chemical
or electrochemical activity of the metal [141]. Mg’s corrosion resistance in specific
environments generally depends on the film characteristics and properties. For example, MgO
is formed on the surface of Mg when exposed to the ordinary environment [37]. The protection
provided by this film is limited and does not show the same protective ability and stability as
oxide films that form in atmosphere on metals such as aluminium or titanium alloys [142].
Typically, the surface layer on Mg alloys is unstable and can break away easily due to the ease

with which the crystal lattice is cleaved. The thickness of these layers tend to be between 20 -

27



Jonathan M. A. Wilson

50nm thick [143, 144, 145] and in air will consist of an inner layer of MgO and an outer layer
of Mg(OH), which can be seen as humidity is sufficient for the formation of a hydroxide layer
[37]. In an aqueous environment, the initial layer hydrates to form a duplex layer similar to
that of an air-formed film [146], consisting of inner MgO and outer Mg(OH)> layers. There is
a clear correlation between the composition of the layers and the thickness of the coating in
that hydration results in thickening of the film [143], where the inner MgO layer retained a

constant thickness and the outer hydroxide layer increases in thickness [144].

In the case of alloys, a three-layer model has been developed for the characterisation of surface
passivation films after immersion in NaCl solution [36], an example of which is illustrated in
Figure 2.5. The passivation layer generally requires thickening through treatment such as
thermal oxidation to provide enough protection to avoid events such as hydrogen burst during
initial immersion in a chloride-containing environment like simulated body fluid (SBF) [96].
However, over-thickening of these films must also be avoided to prevent issues regarding film
stresses. These films follow a square-root law of oxide growth over oxidation time with a
thickness of a few um being developed commonly [96]. This general square-root law is given

by Equation 2.9:

eRE
Mg(OH)2 [g85 ¢

MgO

Mg WE43

Figure 2.5 Schematic of the corrosion interface of Mg WE43 alloy in NaCl
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Equation 2.9

dx <L=(Dt)/2

Where dox is the thickness of the growing oxide, L is the diffusion length, D is the diffusion

coefficient of the oxygen carrying species and t is time.

The combined oxide and hydroxide films act as protective layers [114, 134], by inhibiting the
release of metal ions into the solution, the migration of solution anions into the metal and the
migration of electrons across the interface. However, in a chloride-containing environment, the
hydroxide layer tends to become extensively nanoporous and results in rapid non-protective
corrosion [147], due to the large surface area of the porous film. The corrosion mechanism is
supported by the formation of MgCl» [114] through the form of pit nucleation in Equation 2.10
[148]. This reaction is expressed as Equation 2.11 [149]:

Equation 2.10

Mg +2Cl- —» MgClz + 2e-

Equation 2.11
Mg(OH)2 + 2Cl- 5 MgClz + 20H-
The dissolution of Mg?* ions in media and the hydrogen evolution during corrosion depends
on the conditions at the surface and into the bulk metal. The different types of corrosion
observed on Mg surfaces are reviewed below, prior to a description of methods used to measure

corrosion rate.
2.3.4 Types of corrosion

Magnesium alloys are readily active in terms of tendency to corrode and are weakened by
issues such as impurities and the nature of the hydroxide layer [109, 114]. They are also affected
by the environment in which they reside [121] and this can cause them to corrode in different

mechanisms of which the main types for Mg alloys are described below:
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2.3.4.1 Galvanic Corrosion

Galvanic corrosion occurs when two metals with different electrochemical potentials are in
contact, in the presence of an electrolyte [150]. Magnesium is the most active metal in the
galvanic series [151] and as such acts as an anode, which corrodes and produces corrosion
products on the contact site with the cathode [152]. An example of this is illustrated below in
Figure 2.6. Magnesium alloys are also highly susceptible to microgalvanic corrosion, because
of impurities such as Nickel (Ni), Iron (Fe) and Copper (Cu), which feature low hydrogen
overvoltages, are known to form efficient cathodes for the galvanic corrosion of magnesium

[114, 121, 150].

Besides impurities, intermetallic compounds in the Mg matrix can be of importance for
microgalvanic corrosion behaviour, as each secondary phase results from an interaction of Mg

and a nobler alloying element present, see Figure 2.7.

OH OH
OH OH

Figure 2.6 Schematic of galvanic corrosion between Mg alloy and a Ti screw
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Anodic Reaction
Mg — Mg*+ + 2e- Cathodic Reaction
2H,0 + 2e~ — 2(0OH)” + H,

B-phase (Mg,-4l;)
Cathode

/
[\

Mg matrix (a-phase)

Inter-metallic Elenf;EHt
(Al, Fe, Mn)

Figure 2.7 Galvanic corrosion resulting from inter-metallic elements

2.3.4.2 Pitting Corrosion

Pitting corrosion of Mg results from the rapid corrosion of small-localized areas, which damage
the protective surface oxide layer [152], as illustrated in Figure 2.8. This form of corrosion can
be more problematic than other forms of corrosion as surface pits are difficult to see due to the
presence of corrosion products often obscuring the areas where pits form [152]. The
environment within the pits is aggressive due to the high corrosion potential causing a high
localised pH change and subsequently causes the pit to enlarge and grow downwards after
initial nucleation, perforating the metal matrix [153]. The mouth of the pit is small and thus
prevents the dilution of pit contents, adding to the acceleration of corrosion, increasing stress

produced by the pit and increasing the potential of crack formation [150].
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Pitting corrosion develops further due to the presence of impurities caused by the galvanic
effect. The galvanic differences in the Mg alloy microstructure can also assist in further pit
nucleation [154, 155]. The parameters used to indicate resistance to pitting corrosion are as
follows: 1) The passive current density i, that measures the protective quality of the passivation

layer, and 2) The breakdown potential E», denoting the passivation layer’s resistance to

breakdown and pitting attacks [114].

Figure 2.8 Schematic of a site of pitting corrosion at the surface of a Mg component

2.3.4.3 Stress Corrosion Cracking (SCC)

When an electrochemical potential is formed between stressed and unstressed regions of a
metal under load, the chemical activity of that metal increases [152]. The corrosion rate
increases roughly 2-3 times above that of the normal uniform rate [152] and results in small

cracks concentrating stress (see Figure 2.9). In Mg, SCC is mainly transgranular, as a result of
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precipitates forming along grain boundaries in Mg-alloys [42, 114] and MgH2 formation may

be involved in hydrogen embrittlement [114].

Grain boundary Stress corrosion crack

Mg WE43

Figure 2.9 Stress Corrosion Cracking of a Mg alloy

2.3.4.4 Crevice Corrosion

Crevice corrosion is a local contact corrosion, which occurs between a metal and a metal/non-
metal component where there is not a large enough gap between components to allow for the
flow of media [152]. The stagnation that occurs results in the build-up of Mg ions, causing a
concentration gradient to form between the entrance and the dead end of the gap. This corrosion

cell formed starts to attack the metal components [156], as illustrated in Figure 2.10. However,

Figure 2.10 Schematic of crevice corrosion between Mg components in a body fluid environment
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Mg-alloys are usually unaffected by crevice corrosion due to their insensitivity to oxygen

concentration differences [114].

2.3.4.5 Filiform Corrosion

Filiform corrosion is caused by an active corrosion cell moving across a metal surface. Thread-
like filiforms are initiated on the surface, having a protective coating in which pitting starts
followed by the formation of narrow, semi-cylindrical filaments develop from the pit [26]. The
head acts as the anode and the tail as the cathode [109]. Filiform corrosion occurs under
protective coatings and anodized layers [157] and is driven by hydrogen evolution occurring

on the head and outside each filament [158, 159].

2.3.4.6 Intergranular Corrosion

Intergranular corrosion is a deep and narrow pathway and can develop at a Mg-alloy surface
due to grain boundary corrosion [109]. However, Mg and its alloys are generally immune to
intercrystalline attack [114] because corrosion cannot penetrate inwards along grain boundaries
[42] due to the boundary phases being cathodic to the grain interior [160, 114]. Instead, granular
attack leads to undercutting and removal of grains [161], delineated by their boundaries with

the Mg matrix.

The most common types of corrosion experienced by Mg and its alloys are filiform and pitting
corrosion [162] and overall, Mg corrosion occurs through Mg ion dissolution and corrosion
product formation of magnesium hydroxide and hydrogen gas. Corrosion measurement

methods are discussed in the following section.
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2.4 Measurement of Corrosion — in vitro and in vivo

Measuring the corrosion of Mg in a biological or simulated environment is important in the
effort to better understand the suitability of Mg for in vivo applications. In vitro tests act as a
qualifying step to determine whether a model would be suitable for an in vivo study. However,
due to the different techniques used and difficulty of accurately imitating body responses, there
has not been a strong correlation between in vitro and in vivo tests to date, which could

potentially lead to misinterpretation of data.

2.4.1 In vitro testing

Most in vitro corrosion measurement methods can be categorised as either steady-state or
dynamic, depending on the test parameters [163], with static corrosion tests being further
categorised into polarised and un-polarised. This further categorisation is related to the
presence of a driving force such as electrochemical polarisation, which is either applied or
measured during the test [163]. In vitro studies should be carried out in an environment that
mimics the body environment conditions, such as physiological temperature, pH and

composition (see Section 2.5).

2.4.2 Steady-state testing

2.4.2.1 Unpolarised experiments

Mass loss

Mass loss experiments are generally simple and, in theory, only require a sample, corrosion
medium and an accurate microbalance. The samples are cleaned in solutions such as acetone
or ims, dried and placed in the corrosion medium, such as NaCl or Dulbecco’s Modified Eagle
Medium (DMEM), for varying periods of time depending on desired application (short term

12 — 24 h, medium term 7 — 10 d, long term 21 — 30 d), after which the sample is removed and
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weighed to find the change in mass [158]. Prior to measuring final mass, a cleaning solution,
such as dilute chromic acid, is used to remove corrosion products from the surface of the sample
to obtain an accurate measurement using the microbalance [149]. The corrosion rate in vitro
can be measured under these conditions and calculated using the ASTM-G31-12a protocol

given by Equation 2.12:

Equation 2.12

KAW

CR="p

where CR is corrosion rate (mm/year); K is a constant (8.76 x10%); AW is weight loss (g); A is
original exposed surface area (cm?); t is exposure time (h); and p is standard density (g/cm®)

[164].

Results obtained from mass loss experiments are typically accurate, assuming minimised issues
with removing the corrosion layer. Although a substantial degree of corrosion, usually a few
wt%, is necessary for precise measurement of mass change, requiring multiple replicates for
confidence. A benefit of mass loss testing is that it can be incorporated simultaneously with
other in vitro tests, such as pH monitoring or electrochemical experiments [165]. However, one
cannot characterise the corrosion mechanisms involved in the corrosion process, only observe
that one alloy corrodes faster than another through this method. Therefore, other techniques are
needed to provide more appropriate information [165] such as potentiodynamic polarisation,
showing that alloys have different corrosion potentials and relative anodic and cathodic

reaction kinetics [163].

The corrosion of Mg results in the release of hydrogen gas, Mg?* and hydroxide (OH") ions
into the medium, causing the pH to have a localised basic shift. This pH shift is known to

promote the formation of Mg(OH). passivation layers [166, 167], protecting the underlying
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substrate from the corrosion media, leading to a steady state in the corrosion rate and a potential
weight gain [163, 158]. Additionally, this pH change may affect the ratio of media volume to
sample surface area of which the ASTM recommended solution volumes (0.2-0.4 mL/mm?)
are considered too small to accommodate rapid pH changes. As such, best practice suggest

maintaining as large a volume of media as practicably possibly [163].
Hydrogen Evolution Measurement

For Mg, the overall corrosion reaction at its corrosion potential is represented by Equation 2.13,
where one atom of Mg generates one hydrogen gas molecule in water [168]:
Equation 2.13
Mg + 2H20 = Mg%* + 2(OH)~ + H2
Thus, 1 mol of hydrogen gas (22.4 L) will directly correspond to the dissolution of 1 mol Mg

(24.31 g) [123].

In the hydrogen evolution experiment, a sample is submerged in corrosion media and a
collector is placed directly above the sample, also submerged in the media, to capture the
hydrogen gas as it is liberated [163]. A typical setup consists of an inverted funnel and a burette,
as illustrated in Figure 2.11, both filled with corrosion medium that is displaced as the hydrogen

gas evolves [169, 167, 170].

The benefits of the hydrogen evolution test are that it is unaffected by the formation of
corrosion products and that measurements can be taken throughout the experiment at different
time points so a more accurate degradation profile can be obtained [163]. However, similar to
the mass loss testing, this technique does not provide any information on the corrosion
mechanisms taking place. Furthermore, during the initial stages of corrosion, there is an
insufficient amount of hydrogen produced that negates accurate and reproducible

measurements as the 0.26 mL of H. dissolved in 250 mL H,O often used in these experiments
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Figure 2.11 Schematic of a typical experimental arrangement for hydrogen gas evolution experiments

can provide a large error source [163]. The solubility of H. is another factor that must be
considered, as it varies depending on the temperature and media volume to sample surface area
ratio. Altogether, the test is unsuitable for the study of early-stage corrosion or highly corrosion-

resistant materials, which only liberate low levels of Hz [163].

pH monitoring

During the corrosion of Mg, OH" ions are released into the media and result initially in an
intense increase of local surface pH, which ultimately increases the pH of the bulk solution [9].
The relative pH increase can be used as an estimate to the corrosion rate. This technique has
been used widely to provide qualitative results [171, 172] by measuring pH levels close to, and
away from, the surface of the sample [173]. It is not recommended to use pH monitoring for
Mg alloys in SBF as the pH will increase to a level where it exceeds the physiological range
(7.4-7.6) before any significant information is provided and this increase will also have a
significant impact on the corrosion rate [174]. Therefore, pH monitoring is mainly used to
maintain a controlled pH range in the solution for another test rather than being an effective

test itself [163].
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2.4.2.2 Polarised experiments
Potentiodynamic polarisation (PDP)

PDP is the most commonly used electrochemical technique for studying the corrosion of Mg
alloys. It is typically preceded by a set exposure time where the open circuit potential (OCP) is
recorded by finding the electrode potential relative to a reference electrode when no current is
applied to the cell [163]. Then voltage is then swept at a controlled rate through pre-set
potentials between the Mg and an inert metal electrode (eg. platinum, Pt), starting at values
more negative than the OCP and increasing to values more positive than the OCP [163]
producing a curve of potential versus current density as illustrated in Figure 2.12, also known
as a Tafel plot. An example of the setup for this technique can be seen later in Figure 2.18 as

the setup is similar with the exchange of electrolyte for corrosion media.

1
-
1

log | /[(MA/cm?)

J
N
1

-3 IIIIIIIIIIIIII IIIIIIIIIIIIII

-1.6 1.4 1.2
Potential /V

Figure 2.12 Polarisation curve of Mg WE43 alloy in DMEM scanned over a potential range of -
2V to +1.5V of OCP
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The point of intersect between the anodic and cathodic regions is the corrosion potential, Ecorr
and corresponds to the corrosion current density, icorr. The corrosion rate can be measured by

Tafel extrapolation of the anodic and cathodic branches based on Equation 2.14 [175]:

Equation 2.14

lCDT'T'

EW

CRi=K

where CR; is corrosion rate (mm/year); K is a constant (3.27 x 103 mm.g/HA cm year); icorr iS
corrosion current density (LA/cm?); p is the standard density (g/cm?®); and EW is the equivalent
weight (atomic weight/no. electrons to oxidise an atom of the element in corrosion process eg.

Mg EW = 12.15).

Due to the nature of PDP tests being destructive (excessive currents in a short time), a sample
can only be scanned once which limits the utility of surface analysis such as SEM as the surface
reactions are artificially accelerated during testing [163]. Conversely, PDP can be used to
determine the effects of organic components, such as proteins and amino acids, on individual

phases to allow optimisation of microstructure [176].

2.4.3 Dynamic testing

The above static testing methods are useful indicators when assessing the potential of a material
during corrosion [79]. But they are not a true reflection of the dynamic physiological
environments that a material will experience in practice, especially as body fluid is in a
continuous exchange process as the blood circulates [149]. Therefore, it is important to design
and utilise tests which mimic physiological systems, via media refreshment and circulation, to
improve understanding and develop third generation biomaterials — which combine the
concepts of biodegradability and bioactivity. This could potentially be achieved by applying

test parameters to simulate changing physiological conditions, such as temperature, pH, blood
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flow rate and shear stress [177]. Consideration should also be given to the specific application
and intended implantation areas as parameters like blood flow rate will change significantly
from smaller areas, such as fingers, to larger areas, like thighs, with blood flows rates around

9.1mL/min [178] and 3.5L/min [179], respectively.

2.4.4 In vivo testing

Before an implant product can be marketed and clinically used, it must go through rigorous
testing for safety reasons. Firstly in animal models and then eventually on humans to test for
properties, such as cytotoxicity and biocompatibility. It is known that in vitro tests do not
accurately represent the degradation profile of a metal in vivo due to the environmental
differences (as mentioned in dynamic testing section) [149], and as such, clinical trials in real-
life situations are needed. Furthermore, it must be noted that despite extensive selection
processes, animal trials still have the potential to generate results which may not translate to

humans. Thorough care is therefore needed.

As such, there are many factors which need to be considered before performing in vivo
experiments, for instance time, costs, as well as harm and discomfort caused to test subjects
[163]. Most commonly selected for animal trials are rats and rabbits [180] with a preference
for testing fracture healing in femoral fractures [181, 182, 183]. In vivo measurement of
corrosion in animals is generally performed by implanting the material, observing the healing
processes followed by the euthanizing of the test subject for harvesting of the implant for
characterisation [184, 185] through computed tomography and weight loss methods. Other
measurements taken tend to be focussed on bone adhesion through tensile testing and bone
histomorphometry measurements to help understand cell function, metabolism and distribution

of bone tissue.
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The corrosion of Mg-alloys in vivo is much more complex than in vitro and is nonlinear [186,
187, 188], therefore, calculated corrosion rates may be different due to follow-up times
postoperatively. It has also been found that when comparing in vitro to in vivo tests, the
corrosion rates tend to be lower in vivo [189] with large variations due to the placement of
implants within the body [190]. Due to complexities of the degradation process in vivo, the
corrosion mechanism remains uncertain [191] and more studies would be beneficial to quantify

the in vivo degradation mechanisms.

Currently, it remains that in vitro tests are much simpler and easier to perform with many
different types of assays, cells and media to choose from to show a multitude of biological
responses to a potential implant material. The following section will address the common

biological in vitro tests and different media used to perform these tests.

2.5 Introduction to cell testing

The in vitro biocompatibility analysis of a potential biomaterial is an important initial step in
the determination of material safety for use in vivo. Regarding Mg testing, there are primarily
two different techniques used to assess biocompatibility in cardiovascular applications. These
are haemolytic assays [192, 193], used to assess the biocompatibility of the materials with
blood, and investigation of coagulation and platelet aggregation [194, 195]. Whereas for
orthopaedic applications, in vitro analysis is generally carried out using cell culture tests
derived from international standards ISO 10993-5 and 1SO 10993-12 with the utilisation of the
Neutral Red Uptake (NRU), 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-
carboxanilide (XTT), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
and colony formation cytotoxicity tests. However, in vitro testing is not limited to these

endpoint assays with various methods such as electron microscopy being able to aid
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quantification of the test results. These cell culture tests can be split into three categories:

Extraction, indirect contact and direct contact.

2.5.1 Cell culture testing
2.5.1.1 Elution Testing

During an extraction test, cultured cells are exposed to samples for variable lengths of time in
a chosen culture media, with the intent to use that media to examine the cytotoxic or
proliferative effects of the material on the cells. These end point assays of these tests are
commonly colorimetric assays in which cellular metabolic activity reduces a tetrazolium salt
to a coloured formazan product [194, 196, 195, 197], allowing quantification of the number of
living cells or cytotoxic/proliferative potential of the material. Other common endpoint assays
can be used to measure cell damage and specific aspects of cellular metabolism. However, it
must be noted that research has indicated that Mg ions promote the conversion to formazan
[198] and so may report a higher cell viability than is truly occurring. Despite this, tetrazolium
assays have remained popular as thorough washing of the cells before testing has shown to

mediate this effect [197].

2.5.1.2 Indirect and Direct Contact

Indirect contact testing is typically assessed by agar or filter diffusion methods to assess
cytotoxicity using approaches similar to those discussed above in Section 2.5.1.1. A buffer layer
is used to prevent direct contact between the material being assessed and the cellular
suspension. Staining methods are generally used in combination with an endpoint assay to

quantitatively determine the cytotoxicity effects of the material of interest.

Direct contact tests involve the growth of cells directly on the material of interest. In general,
most direct contact tests utilise fluorescent dyes in association with fluorescent microscopy

[199, 200] to allow visualisation of the seeded cells on the samples. Another way of visualising

43



Jonathan M. A. Wilson

these cells involves fixing them to the surface and drying them with ethanol before sputter
coating with a layer of gold or platinum for visualisation with scanning electron microscopy
[201, 104]. The number of cells adhered can then be quantified and the morphology assessed
to give an indication of material biocompatibility. A summary of these methods is presented

below in Table 2.5.

The three methods (extraction, indirect and direct contact) quantify cell viability and can be
used with a variety of cell types including adherent primary cells and adherent cell lines from
either human or animal origin. Primary endothelial cells (cultured directly from living tissue)
are often utilised for Mg-based materials intended for use in cardiovascular applications [202],
whereas osteoblastic cells or primary bone marrow stromal cells are more suitable for
orthopaedic investigations [203]. This is due to their ability to investigate specific cellular

responses that could indicate the material effects on bone tissue.

The most common indicator of osteoblastic differentiation is alkaline phosphatase (ALP)
activity [203]. However, the reverse transcription-polymerase chain reaction can also be used
to identify osteoblastic differentiation markers such as osteopontin, bone sialoprotein,
osteocalcin and pre-collagen type | [203]. As such, the fibroblastic cell lines associated with
these reactions can be used as a general tool for assessing the cytocompatibility of Mg materials

for any biomedical application [104].

An issue with in vitro assays is the lack of comparability from study to study as a number of
variables can affect the results gathered. These variables can include cell-type, choice of
technique and time points investigated. Another potential error source is the cytotoxicity, which
is likely associated with increased osmolality and pH change associated with Mg corrosion,
adding further variables to the biocompatibility analysis of solution volume, concentration and

whether the pH is adjusted. These error sources are minimised by using guidelines standardised
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in the ISO standards but as they are not completely eradicated, these in vitro tests should only

be used as an indicator of material behaviour and cytocompatibility rather than extrapolating

to an in vivo environment.

Table 2.5 Common in vitro assays used for cell culture testing

Assessed
Assay Variable Summary Ref
Alamar Blue Based on enzymes reducing nonfluorescent dye to a pink, [204]
fluorescent compound. Fluorescence measured.
Methvl Tetrazolium MTT salt converted to purple formazan by succinate
MTTy Mitochondrial dehydrogenase  within  mitochondria. ~ Formazan | [205]
Activity accumulates in healthy cells and absorbance measured.
Reduced salt to formazan product. Intracellular reactions
XTT allow enhanced sensitivity. Formazan accumulates in | [205]
healthy cells and absorbance measured.
Alkaline ALP is a hydrolase enzyme which catalyses
ALP activity dephosphorylation of substrates and regulates | [206]
Phosphatase ALP )
intracellular processes. Fluorescence measured.
ATPlite Determination Reagents added lysing cells and stabilizing ATP. Well [204]
of cellular ATP | plate is dark-adapted before luminescence is measured.
— Based on hydrolysis of a peptide substrate, resulting in
Determination . .
Caspase-3 release of a fluorescent compound. Intensity of signal
. of caspase-3 - . [204]
Fluorometric . measured and is proportional to amount of cleaved
activity
substrate.
: Alteration of | Investigates cell growth by protein alteration with
Coomassie  Blue :
. total cellular | Coomassie Blue dye and absorbance measured. Cell | [207]
Protein . A, . -
protein viability expressed as fraction of negative control.
Lactate Membrane Based on measurement of LDH activity in extracellular
Dehydrogenase Activity medium. Loss of LDH and release into culture medium | [205]
LDH indicates irreversible cell death.
Measure’s inhibition of cell growth based on the uptake
Neutral Red Cell growth of neutral red dye by living cell. Absorbance measured. [207]
: Assay kit detects intact osteocalcin for quantitative
gls_tlesoﬁalcin I(Z\s/teelocalcm measurement in human serum, plasma and cell culture | [208]
supernatants. Absorbance measured.
PicoGreen dye binds to dsDNA and fluorescence
. . increases. AExo added and begins digestion of free
Pico Green DNase activity deoxyribonucleic monophosphates, displacing [209]
PicoGreen. Fluorescence measured
ToxiLight Cellular necrosis Cells expos_ed to toxic agents for 24h before addition of [204]
assay solution. Luminescence measured.
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2.5.2 Test media

The choice of test media for cell culture is critically important as the variables associated with
this choice can dramatically affect the results pertaining to corrosion rate and corrosion
mechanisms undergone by the Mg sample extract. The factors affected include pH control,

temperature, composition, investigated time points and solution volume etc. [163, 217].

Table 2.6 Common culture media and their application in cell culture testing

Media Description Applications Ref
Widely used for
Dulbecco’s : mammalian cell culture
iy A basal medium based on .
Modified e and also used in
, MEM but modified to have a .
Eagle’s hi . . electrochemical [210, 211]
: igher concentration of amino
Medium acids and vitamins measurements and
DMEM ' bioactivity assessment of
metals.
Optimized for cultivation
Endothelial A low serum medium with of endothelial cells from
Growth defined growth supplements large blood vessels but [212]
Medium to allow metabolic and also used for pluripotent
EGM growth factor studies. cells. Used for
angiogenesis.
A mix of amino acids,
vitamins, inorganic salts and . .
i Designed primarily for
, . other components. Contains . )
Ham’s nutrient . . single cell plating. Not
. wider variety of components . ) [213]
mixture — F12 ) . well suited to populations
that other media although still 5
. over 10° cells/ml.
requires supplements of FBS
and a pH buffer.
Modified A mixture of salts, vitamins .. )
, ) . X Cultivation of mammalian
Eagle’s and amino acids designed to cells in either monolaver [214]
Medium allow cell cultures to be kept or suspension y
MEM for longer without refeeding. P
A basa_l me(.j"”.l containing no A medium associated with
proteins, lipids or growth | £ oluri
. factors. Can be combined culture of pluripotent stem
Medium 199 ) - cells. Widely used in [212, 215]
with Earle’s salts for CO2 - .
. X , virology and vaccine
incubation or Hanks’ salts for :
non-CO.. production.
A solution of salts dissolved A medlu_m U.SEd to restore
) , . . and maintain volume of
Ringer’s in distilled water in .
X : . blood during surgery. [216]
solution concentrations designed to . )
Used with mammalian
match those of plasma.
blood cells.
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Due to this potential to obtain a variety of results, there has been a movement towards using
solutions which are physiologically relevant to the expected in vivo environment and therefore
the cell lines can be selected for testing based on the selected media. This is generally achieved

by the addition of serums containing a variety of hormones and other supplements [218]. A

summary of common culture media is listed in Table 2.6.

2.6 Introduction to Phosphate-based Glasses (PBG)

Bioresorbable PBGs have the ability to be tailored to deliver ions during dissolution [219, 220,
221], and this advantage could be extended to the production of thin-film coatings for
biomedical applications [222, 223, 224]. The degradation time of these glasses can vary from
hours to several months by altering the composition of the glass [225] making PBGs a

promising material in delaying the onset of Mg degradation in orthopaedic applications.

2.6.1 Glass Formation and Structures via Conventional Melt Quenching

Enthalpy ——
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Temperature ———»

Figure 2.13 The effect of temperature on the enthalpy of a glass forming material [337]
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Glasses have a near random molecular alignment termed “amorphous”, created through the
rapid cooling of a liquid network to below or near the glass transition temperature T4 [226].
This occurs due to the glass structure having insufficient time to align upon cooling, leading to

high entropy and enthalpy states as illustrated in Figure 2.13.

Network forming elements include Silicon (Si), phosphorous (P), boron (B) and less commonly
germanium (Ge) and Arsenic (As) [221]. PBGs are also less common outside of biomaterials
due to their resorbable nature. Phosphate glasses which are entirely composed of network
forming backbone (e.g. Vitreous P-Os), are hygroscopic and readily resorb in the atmosphere.
Coupled with their difficulty to manufacture, this means that network modifier ions such as Ca,
Mg and Na are added to the structure by ionic bonding with oxygen to modify the thermal
properties and dissolution rates [221, 227]. These compositional changes can also be used to

provide preferable ion leaching into the environment.

PBGs generally have melting points in the range of 900-1200°C [226]. But due to their poor
thermal conductivity causing uneven cooling [225], there is a volume variation during glass
forming which produces large residual stresses within the glass. These stresses can be released
through annealing [226], where the glass is brought above the glass transition temperature Tg

to allow for molecular mobility.

PBGs are less durable than their silicate counterparts, which is attributed to their structural
arrangement and hydration ability [228]. P has a charge of 5* compared to a 4" charge for Si
and both form a tetrahedral structure, leading to the formation of 4 single oxygen bonds for Si
or 3 single and 1 double bond for P, which forms a terminal end unit (see Figure 2.14). The
network is composed of bridging oxygens (BO) that connect tetrahedral units through the
backbone P—O—P structure. In more complex phosphate structures, the tetrahedra are

classified using Q" terminology, where “n” represents the number of BO per tetrahedron. The
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network of a PBG can be classified by the oxygen to phosphorous ratio, which indicates the
number of tetrahedral links between neighbouring tetrahedra. PBGs can be made with a range
of structures, from a cross-linked network of ultraphosphate (Q®) tetrahedra to polymer-like
metaphosphate chains (Q? tetrahedra) to small Pyro- and Orthophosphate anions (Q! and Q°
respectively) [229]. These pyro- and orthophosphate glasses are also known as “invert” glasses.

The tetrahedral units of the Q" structures are illustrated in Figure 2.14.
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Figure 2.14 (A) Phosphate and Silicate tetrahedra (B) Structural units regarding the number of binding oxygens per
tetrahedra. QO orthophosphate, Q1 pyrophosphate, Q2 metaphosphate and Q3 ultraphosphate

Non-bridging oxygens (NBO) are locations where oxygens are terminated by an ionically
bound network modifier. These modifiers will be bound to a P=O or P—O" in the structure of
the tetrahedra. PBGs are also classified depending on the number of modifiers used within the
network [230]. The classifications are binary (1 modifier), ternary (2 modifiers), quaternary (3
modifiers) or more complex (4 or more modifiers), which can be useful for tailoring glasses to
have greater durability and biocompatibility. Modifier ions affect the glass properties due to
their valence and atomic properties [228] and can function in the network as cross-linkers and

depolymerisers. Monovalent ions such as Na* depolymerise the network, whereas ions of Ca®*,
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Mg?* and Ti**" are examples of cross linkers, linking 2 or more tetrahedra through ionic linkages
[231] whose bonding strength is increased with charge/size ratio [226]. Another group of
elements exist in glasses as intermediate oxides which can fit into the network as either network

formers or network modifier ions. These include Al, Fe and Ti [221, 226].

2.6.2 Influencing PBG behaviour

Work on binary, ternary and quaternary PBGs have shown that changing the molar
concentration of different modifiers induces a change in the durability of the glass, increasing
the resistance to chemical decomposition [232, 224, 233, 234, 235]. Durability is just one of
the properties that can be modified through the addition of different modifier ions in the form
of oxides. lons such as Fe [236, 237] and Ti [238, 239, 240] have both been shown to improve
the durability, whereas ions such as Cu [241] and Ag [242, 220] have been shown to be
beneficial for their antibacterial properties. Another important factor in modifying PBGs is to
improve the bone tissue generation and proliferation, and Mg [243, 244], Ca [227, 245, 238],

Sr [246, 247] and fluorine (F) [248] have all been found to have this effect.

Over recent years, the desire for PBGs to be used as degradable implant materials has increased.
Several studies have been carried out [224, 234, 235, 249, 250] with the general focus being
on glasses comprised of 40-50 mol% P or above. As such, it is important for these glasses to
have good cytocompatibility with osteoblasts and osteoblast-like cells. In ternary PBGs it was
found that increasing the CaO content would in turn increase the cytocompatibility and this
increase was attributed to the improved durability of the glass. Studies have also shown that
elements such as Fe, Mg and Ti are effective when trying to increase cell adhesion and
proliferation [224, 235, 250, 251] although it was not proven whether this occurred due to

enhanced durability or to changes in the glass chemistry.
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Calcium is widely known as the main mineral component of bone and has been shown to be
essential for the formation and in vivo precipitation of hydroxyapatite [252]. It is often included
in PBG structures for its ability to function as a divalent cation reducing the solubility as
compared to the sodium monovalent ion [253, 20]. Sr has been considered as a substitution for
Ca due to their structural similarities and a relative improvement of bioactivity [253, 254],
resulting from promotion of osteoblast precursor attachment [255]. Due to its ionic radius, Sr

increases the network size, maintains charge and increases glass solubility.

MgO can fit into the PBG glass structure as Mg?* improving the relative durability of the
structure compared to Ca and Sr, which subsequently results in an improved biocompatible
performance [244]. However, Mg" ions hav been shown to inhibit apatite crystallisation,

leading to the stabilisation of an amorphous HA layer [256, 257].

In attempts to extend the dissolution rate, Fe and Ti have been incorporated into PBG structures.
Addition of Fe2O3 up to 5 mol% has shown to increase the durability of the glass by increasing
cross linking between phosphate tetrahedra, forming P—O—Fe bonds in the glass network
[224]. Substituting CaO for up to 5 mol% Fe,Oz was beneficial for cell attachment and
differentiation and increased chemical durability of the glass [224] and a similar trend was
noticed when Fe2Os replaces Na>O [258, 259]. The inclusion of Ti within the glass structure
leads to the formation of Ti** cross-linkers within the backbone as P—O—Ti and similarly to

Fe, improves the durability of the glass [239].

Eisenberg et al. [260] discovered that by substituting one cation for another of either higher
valence or smaller atomic radius, giving a higher charge density, increases the transition

temperature Tq. The order was confirmed to be Ba2+ < Sr2+ < Ca2+ < M g2+ for the alkali earth

elements and Cs* < Rb* < K* < Na* < Li* for alkali elements [261].
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In the last several years, a push to increase the cytocompatibility of these degradable PBGs has
expanded research into lowering the P content of the glasses, thus shifting the glass structures
to a classification of “invert” glasses. De Melo et al. [262] observed that transitioning the Q
species of the PBGs to invert structures by replacing the P with Ca, supported a 4.3 times
increase in the number of adhered cells as compared to metaphosphate glasses. This would
allow for the control of cell adhesion profiles and increasing the level of adhesion expands the
applications of these glasses where cellular support and recruitment are of increased value for

many orthopaedic applications.

2.6.3 Dissolution of Phosphate Based Glasses

Studies on the dissolution of PBGs have frequently been conducted in either deionised or
distilled water [228, 222, 20, 236, 263]. However, in attempt to better simulate in vivo
environments, a suitable in vitro media is used to mimic body conditions, with the solution
being chosen to be closely related to the point of use. Some of the most commonly used media
include simulated body fluid (SBF), simulated urine (SU), Dulbecco’s modified eagle medium

(DMEM) and phosphate buffered saline (PBS) [242, 264, 265].

The dissolution of PBGs is dependent on several factors including glass composition, solution
pH, temperature, thermal history of the glass and the glass surface area to solution volume ratio
[266, 263]. It has been reported that three types of reaction can take place during the process
of dissolution of PBG in aqueous media, namely acid/base, hydrolysis and hydration reactions
[263, 267]. The acid/base reaction is responsible for disrupting the ionic interactions between
the glass chains and is highly dependent on pH [228]. During this reaction, the glass surface

becomes saturated with acidic hydrogen ions or basic hydroxide ions, increasing linearly with
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Figure 2.15 Hydration of a PBG chain by ion exchange

time until uptake is no longer possible [228]. The next step is hydration and an ion exchange
reaction takes place where the high mobility cations of the glass, such as Na*, are exchanged
with hydrated hydrogen ions (H3O"), (illustrated in Figure 2.15) and as a result, a hydrated layer
forms on the glass surface. The network is then broken down by a hydrolysis reaction, resulting
in the cleavage of P—O—P bonds and phosphate chains of different lengths are released into
the solution. This reaction is heavily dependent on pH as an acidic medium enhances bond
dissociation with respect to neutral solutions, resulting in a higher rate of hydration and

dissolution [267].

Bunker et al. [228] divided the dissolution process into two Kinetic periods according to mass
loss profiles, where the first stage follows the relationship t'/2 and the second stage is linear
with time. The higher dissolution rate in the first half can be explained by the disentanglement
of phosphate chains from partially hydrated chains when surrounded by water. This occurs until
a steady state is reached by the hydrated layer and, assuming the ionic strength of the solution
is not allowed to increase [267], by changing media on a regular basis, then the kinetics should

obey a linear t! law.

The dissolution rate can range between 104 and 10-°gcm—2min-1 [228] and the rate is
largely sensitive to the glass composition. When investigating the effect of increasing K content
at the expense of Na, Knowles et al. [268] found that the solubility decreased with increasing
K20. They hypothesized that a larger ionic radius would have a larger disrupting effect on the

structure as compared to Na and would tend to weaken the network.
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Generally, a higher valence cation oxide will have a greater influence on the solubility of
phosphate glasses. For example, trivalent cation oxides such as Fe*, titanium (Ti%*) and B%*
have been found to have a larger effect on solubility than monovalent or divalent oxides [269,

224, 236, 270], due to the strengthening effect via cross-linking of the phosphate network.

Iron can exist as both Fe?* and Fe®*, with both network modifier or network former properties
[271]. Fe* ions exist in either tetrahedral or octahedral coordination [272, 273], whereas the
larger Fe?* ions locate themselves in octahedral sites. It has also been found that the
concentration of Fe?* decreases with the increasing Fe2Os content [224, 271]. The coordination
of network modifiers has been shown to have preferable orientations for improving the
durability of the glass. An example of this is boron, which can form BOs trigons and BO4
tetrahedrons [274, 275], where the triangles cause a decrease in chemical durability and the
tetrahedrons cause an increase in durability [276] as the triangular units are not as resistant to

the action of leaching solutions.

It has been reported that the hydration energy for phosphates decreases in the order of
Q%>Q!>Q° [269] and that the P.Os content can be tailored to reduce the dissolution rate. A
reduction from 50 to 45 mol% P»0s shortens the network chains, making it less susceptible to
hydration [277]. Dohler et al [278]. Reported that decreasing phosphate content from 55 to 35
mol% significantly reduced the dissolution rate from 90 to 15% after 24h immersion in tris

buffer.

The dissolution rate largely increases when exposed to extremes of pH [228]. The rate increases
dramatically when exposed to acidic solution with a pH <5 as network breakage is highly
sensitive to hydrated H* ion attack. The dissolution rate also accelerates in basic solutions but
to a lesser extent. In aqueous media, long phosphate chain structures lower the pH of the

solution due to the hydrolysis of P—O—P bonds [278]. However, this effect is not seen with
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short-chain structured glasses as they dissolve by a combination of hydration and hydrolysis

and do not have a large effect on solution pH.

As stated previously, during the melt quenching of PBGs, there are internal stresses developed
due to the uneven cooling. Annealing has been used to reduce these stresses, changing the mode
of solution degradation and making the heat-treated glass more durable [279]. It was suggested
by Otto [280] that during the annealing process, the structure rearranged itself to attain a more
stable configuration by reforming broken bonds and allowing some bonds to reach a more

stable state [280].

2.7 Radio Frequency Magnetron Sputtering (RFMS) of metallic glasses

The RFMS of phosphate-based glasses is a relatively new concept and as such, has little
available literature on the potential of PBGs. Therefore, this section reviews the literature
relating to the sputtering of bulk metallic glasses followed by the sputtering of phosphate-based

glasses.

RFMS thin film coatings have been shown to deposit dense, uniform coats with nanometre
precision of applied thicknesses which conform to the underlying substrate [281]. This is due
to the atom-by-atom condensation on the surface of the substrate allowing uniform thin coats

a few micrometre thick with superior adhesion strengths upwards of 60 MPa [282, 283, 284].

Bioactive Si-based glasses were first deposited as a coating by RFMS in 2003 [285]. It was
suggested that the coatings were bioactive in SBF due to the precipitation of what appeared to
be an apatite layer. Since then, research has been conducted with the focus of optimising the
deposition system to achieve superior bioactive and adherence properties [286, 287] through

the adjustment of various sputtering parameters [288, 289, 290, 291].
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Study of bioactive glass with composition SiO, —40.08, CaO —29.1, MgO —8.96, P>Os — 6.32,
CaF,-5.79, B.O3 —5.16 and Na2O — 4.59 wt% was used to evaluate the influence of deposition
pressure on the structure, composition and biomineralisation capability of a Bioglass film after
30 days immersion in SBF [289]. It was noticed that the target composition was not
stoichiometrically transferred to the films, which may be explained by network rearrangement
occurring during film growth and the sputtering of a complex target structure. However,
immersion showed successful formation of a Ca-deficient apatite precipitate on the surface of

the glass coating, as shown in Figure 2.16.

Figure 2.16 SEM of apatite layer formed after immersion in SBF for 30
days [272]

This appeared to follow the first steps of Hench’s chemical growth mechanism [292, 293] as
Si—0O—Si linkages were perturbed by continuous formation of non-bridging oxygen type
linkages, showing a favouring of processes by a higher biomineralisation rate [294, 295]. A
partially crystallised carbonated HA (CHA) layer grew on all bioglass samples during the 30
days immersion and indicated continuous precipitation of Ca through the recorded growth of
the HA layer between 15 and 30 days [286]. Precipitation occurs gradually granule by granule,
until they start coalescing to form a dense layer. The thickness of these HA layers grown in
SBF correlates with the biomineralisation of the coatings and was found to be more efficient
within the thicker layers [287]. The structure of these HA layers continuously changes

throughout the growth process and depending on the working pressure, longer growth
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saturation time intervals can be expected whilst in higher pressure environments [296]. Hench’s
law can provide an explanation for higher biomineralisation rates as the first stage of SBF
immersion is said to involve the rapid exchange of Na* ions from the glass for H" and HzO"
ions from the solution. This initialises formation of a silica-rich layer known to favour
nucleation of Ca-P type layers, catalysing the CHA chemical growth mechanism [296]. With
increasing CHA thickness, the Ca:P ratio also increases [289] due to the preferential ion

leaching of Si, Mg and Na from the coating [291].

Silica glasses have shown that with increased crystallisation, their degradation rate is reduced
[286]. 45S5 Bioglass® was found to have a peak crystallisation temperature of 715 °C with
nucleation occurring from 566 °C [297]. Annealing as a post-treatment has resulted in partially
crystallised bioactive glass coatings which may improve coating durability and has the benefit

of reducing micropores in the coating due to the deposition process [288].

In a more recent study, a coating of composition - 40Fe, 23Cr, 7Co, 6P, 5B, 5Si (at%) was
deposited onto steel [298]. This research demonstrated the benefit of including P in the glass
matrix as the film thickness increased from 551.7 to 716.3 nm in the presence of P. The structure
formed from deposition of this glass was fully amorphous, indicated by the presence of a white
halo illustrated in Figure 2.17(b). The presence of P altered the growth structure in the cross-
section and formed columnar microstructures, consistent with sputtered films, as compared to

the featureless and dense P-free structure.
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Figure 2.17 (a) TEM image (b) SAED pattern of Fe40Cr23Mo14Co7P6B5Si5 thin-film metallic glass deposited
onto Si wafer substrate [281]

The compositions of these coatings were found to have 4 %at oxygen as a result of residual
oxygen in the sputtering chamber. As seen by Stan et al. [287], coatings created with low
percentages of oxygen of ca. 7 at% favour dissolution, silica hydration and enhanced
bioactivity. Mapping analysis of the film surface showed that constituent elements were
distributed evenly throughout the film, and it was suggested that the metallic glass alloys may
have a uniform chemical composition due to their irregular structure, random distribution, lack
of dislocations and grain boundaries [298]. This uniformity can in turn lead to uniformity of

mechanical, chemical, and physical properties of the film.

The first instance of sputtering phosphate glasses was in 2015 when Stuart et al. [100] explored
the relationship between target glass compositions and the subsequent substrate composition.
During the deposition process it was observed that there was a change in composition between
the target and coating deposited. The phenomena of preferential sputtering occurred showing
an increase in the amount of network-modifying alkali metal oxides and a decrease in the
composition of P2Os and Fe>Os relative to the target composition [100]. This occurs due to the
various sputtering rates of the different constituent elements, which vary with atomic
properties, such as mass, density, size and relative bonding strengths [281]. Similarly to the

findings of Stan et al. [288], varying the sputtering pressure will affect the stoichiometry of the
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deposited coating of the PBG with increasing the Ar pressure up to 0.45 Pa, showing the closest
coating stoichiometry relative to the target glass [100]. This result was reproduced by Tite et
al. [299], who observed a progressive augmentation of the P2Os content at the expense of CaO
concentration as sputtering pressure was increased from 0.2 to 1 Pa. A linear relationship was
also seen with the sputtering pressure increase giving a deposition rate increase as is common
for magnetron sputtering. However, as the working gas pressure increases, the film density
decreases [300], due to the reduction in mean free path (average distance a sputtered atom can
travel prior to collisions), such that the probability of collisions increases and makes it more
difficult for atoms to diffuse inside the structure of the coating. This shows that there will be
an optimum pressure for balancing the deposition rate and stoichiometry and maintaining a

compact, dense structure to reduce the dissolution rate [301].

In another study, Stuart et al. [302] demonstrated the ability to obtain a continuous and adherent
coating alongside phase purity in comparison to thermal splat methods [303, 284]. The coatings
were seen to adhere to the macro-topological features on their substrates, also described as
good step coverage, which has been previously seen from the process of magnetron sputtering
of PBGs [105]. Pits in the deposited coating were seen to grow in size with increasing
deposition power and deposition rate, increasing the relative roughness. Optimisation of
substrate temperature suggests that lower working temperatures produce smoother films, whilst
increasing parameters such as power, deposition rate and pressure contribute to a roughened
surface [304]. Therefore, parameters must be varied to match the application as the diffusion
of the adatom must be greater than or equal to the rate of void formation for surface roughening
to be prevented [281]. This diffusion may be controlled by exceeding a critical temperature; in
order to maintain an amorphous film, the diffusion should be kept low [281] by keeping the
temperature low, since increasing temperature may improve atomic diffusion until nucleation

and crystallisation occur [100].
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During a study on the effect of a post-deposition annealing stages on mechanical and solubility
behaviour of PBG coatings and improving mechanical properties through molecular relaxation
[305], the Ca:P ratio was reported to increase [106], potentially due to surface phosphorous
deficiency [306]. Similarly, to SBGs, a partially amorphous and crystalline structure develops
as Fe ions are promoted into vacancy sites [307], with the effect of increasing the brittleness
and hardness with a prolonged dwell time. The annealing process was also seen to reduce the
interfacial failure load to 45.7 MPa, a considerably lower value than the expected tensile
strength of 72.6 MPa, suggesting that the annealing was not beneficial to the coating structure

and mechanical properties.

2.8 Electrochemical deposition of CaP/HA

In addition to sputter deposition routes to deposit thin films, electrodeposition has also been
considered due to the ability to rapidly deposit coatings of compounds such as CaP with a
significant thickness around 10 — 20 um [308], providing a thick layer of protection between

the environment and underlying substrate.

2.8.1 CaP electrodeposition process

Electrodeposition is a widely used surface engineering technique in which the anode material
dissolves by applying an electrical current to reduce ions at the cathode/electrolyte interface,
to deposit a coating on the cathode surface [309]. The electrolyte provides an electrical circuit
between electrodes in the cell [310] and offers an alternative to dry coating methods. During
the electrodeposition of HA, calcium- and phosphorous-containing salts are dissolved in water
to prepare the electrolyte, taking advantage of pH-dependent solubility of calcium phosphate
salts [311]. This benefits of utilising this coating technique include the room temperature
working temperature, rapid deposition of uniform coatings in a matter of minutes and the

possibility to incorporate reinforcing agents [312, 313]. However, the adhesion strength is poor
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around 15 — 30 MPa, compared to the required 50.8 MPa, and there is difficulty controlling the

electrolyte parameters which can leave residual stress in deposited coats [312, 313].

During the electrodeposition of HA, the following reactions occur at the cathode surface [314,
315]:

Equation 2.15

02+ 2H20 +4e- - 40H-

Equation 2.16

2H20 +2e~ — H2 + 20H~

Equation 2.17

2H* +2e- - H2

Equation 2.18

H2PO4 + OH- - HPO4?~ + H>

Equation 2.19

HPO4 + OH- - P043- + H>2

The gaseous hydrogen formed in Equation 2.16 and Equation 2.17, causes a pH increase to ca.
pH 10 due to the increase in concentration of OH™ ions which can further increase the number
of hydrogen phosphate and phosphate ions through Equation 2.18 and Equation 2.19. The
nucleation and growth of CaP phases is often attributed to this pH increase as the hydroxide
diffusion from the cathode surface results in an electron transfer which attracts solution ions to

the cathode surface. This process is illustrated below in Figure 2.18.

The main CaP phases formed were dicalcium dihydrogen phosphate (DCPD), octacalcium
phosphate (OCCP), tricalcium phosphate (TCP) and HA [316, 317]. TCP exists in the form of

an inclusion, whereas the other phases contribute to the structure of the deposited film with
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Power Supply

p/

Figure 2.18 Schematic illustration of ion deposition during the electrodeposition process

DCPD being the dominant phase over HA in the absence of sufficient hydroxide ions [318].
This occurs as DCPD is stable at pH <5 and precipitation of DCPD is promoted in acidic
conditions where there is a low amount of OH ions in the electrolyte solution [319]. HA is the
preferred phase for CaP coatings due to it having the highest stability, bioactivity, lowest
biodegradability [320] and its Ca/P molar ratio of 1.67 [321], which is the same ratio as in the
native osseous CaPs. The process parameters can be adjusted to encourage the precipitation of

HA through a variety of methods.

Dominant HA precipitation occurs when the pH of the electrolyte surrounding the cathode is
above 6.2 [322] but other studies have indicated that the preferred pH range is between 9.5-12
[323]. This has been achieved through the addition of H.O, as this provides an additional
electrochemical source for the generation of hydroxide ions [324], which in turn increases the
solution pH and allows the hydroxide ions to accumulate at the cathode surface and react with
the calcium and phosphate ions in the bulk electrolyte solution. Investigations have shown that
when the electrolyte solution has a high concentration of hydroxyl ions, then a higher volume

fraction of the HA phase is achieved in the deposited layer [325, 326, 327]. This increase is due
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to the initial crystallisation step of supersaturation generation, which initiates as the saturation
index becomes positive when the pH reaches 6.2 and becomes increasingly positive as the pH
increases further [327]. The following crystallisation steps of nucleation and growth are then
able to occur. However, if during the electrodeposition process the conditions are too acidic to
promote the formation of HA, the DCPD phase formed can be retroactively converted to HA

through immersion into a NaOH containing alkaline solution [308].

Another way to adjust the electrodeposition process is to vary the type of power supply used
as the deposition can be carried out under constant cell voltage, galvanostatic or potentiostatic
control [328] and can also be applied using direct current, pulsed current or reverse pulsed
current [328]. By varying these parameters, significant differences in the morphological,
microstructural, mechanical and corrosion properties of the deposited HA coatings can be seen
[319, 329, 330]. Saremi et al. [330] indicated that using pulsed current gives a more compact
structure than that of direct current, whilst the particle morphology remained unchanged.
Pulsed current also showed the potential to deposit coatings of only HA, whereas direct current
coatings showed DCPD in XRD analysis [330] as the relaxation time enables existing ions in
the bulk electrolyte to diffuse towards the cathode’s working surface, promoting the growth of
HA [16]. The mechanism is yet unclear, although it is thought that the polarisation
concentration may inhibit saturation required for crystalline deposition, but both a better
corrosion performance [330] and 80% increase in adhesion strength [16] were observed by
using pulsed current deposition rather than direct current. The effects of changing current
density can be split into two groups: changing the coating morphology and varying grain
size/porosity. Aside from the contribution of current density to the full surface coverage, an
increase in current density will change the morphology due to the high deposition rate
restricting hydrogen bubble generation over the surface, which may separate the microstructure

into islands rather than one homogenous film [331]. Even a 20 mAcm increase can result in
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a change of morphology from a plate-like to a needle-like structure [332]. An optimum current
density can be defined for each application, since increasing the current density is beneficial
for deposition of a thick, nanostructured coating with controlled porosity up to a limit. But
increasing the density further results in an increased grain size, excessive porosity and
increased volume of micro-cracks due to an increase in residual stresses from a negligible stress

below 0.4 mA/cm? to ca. 20 MPa at a current density of 10 mA/cm? [333, 334].

2.8.2 CaP deposition for orthopaedic applications

The aims of using CaP/HA coatings in orthopaedic applications are to functionalise the surface
to promote cell adhesion and growth [335], to permit sufficient nutrient penetration through
the coating to newly forming bone [336], whilst acting a base material with sufficient
biocompatibility [337]. Many studies have been conducted on the application of a CaP coating
to biodegradable polymers, such as polylactic acid (PLLA), poly(lactic-co-glycolic) acid
(PLGA), polycaprolactone (PCL) and nondegradable metals like Ti, stainless steel (SS) and
cobalt (Co) alloys but the elastic moduli of the polymeric materials are generally much lower
than that of cancellous bone in the range of 10 — 100 MPa compared to the range of 120 — 910

MPa for various locations of cancellous bone [338].

The research into coating Ti implants with CaP has progressed to commercial clinical use after
in vivo investigations in animals giving indications of stronger and faster fixation along with
more bone ingrowth at the interface [339, 340, 341]. Hayakawa et al. [339] studied the
influence of surface roughness on bone bonding and formation by inserting CaP-coated Ti
beads into trabecular bone in rabbits. In early bone formation, no major difference in bone
contact was seen, however, after 12 weeks bone was seen across the surface and inside Ti bead
implants, leading the authors to conclude that appropriate geometry and chemical compatibility

at the surface can enhance bone regeneration and bone bonding to the implant. A separate study
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of implants in canine mandibular molars, which perform the major portion of work in lower
jaw mastication, confirmed a statistically significant increase in bone contact percentage
around the alloy implant after 12 weeks with p < 0.05 compared to implants at 4 weeks [340].
This can be attributed to the phosphates on the surface reacting directly with surrounding
osteoblastic cells, which influences cell differentiation and promotes tissue replacement. These
CaP coatings were seen to increase the mean ultimate interfacial shear strength, achieving 2.29
MPa for the as-deposited coating and promotes rapid bone ingrowth in direct contact with

implant surfaces [341].

In vitro studies investigating the effect of a CaP deposition onto degradable Mg-alloys have
been performed with promising results. It was found that coatings on AZ31 substrate improved
the corrosion protection, reducing the icorr by three orders of magnitude, bioactivity, by
inducing a bioactive apatite layer, [342] and mechanical strength by 20 % [343] as compared
to uncoated samples. As discussed in the previous section, attaining a more closely packed
coating morphology can have beneficial effects and has in multiple studies shown to decrease
the anodic dissolution of Mg and its alloys [344, 345, 346, 347] through the adjustment of
solution composition and coating parameters. Generally, the electrodeposition onto Mg-alloys
is performed in aqueous solution, however, addition of organic solvents, such as alcohol [348,
349] can decrease the hydrogen bubble bursting during deposition, which in turn will result in
the denser packing of the CaP precipitates, as shown when deposited onto Mg AZ91 [349].
These deposited films improve the corrosion resistance of Mg implants but have not yet
reached a point where they alone would be enough to delay corrosion for the 180 day target

period [350] to allow the complete healing process to take place.
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2.9 Summary

In this chapter, the research into the use of Mg and its alloys have been discussed, with an
outline of the advancements from the discovery of magnesium, to its present use as an implant
material, with commentary on current and future research. With this in mind, Mg-alloys are
considered to be biocompatible and resorbable with the potential to be adapted using protective
coating techniques to maintain structural integrity within the body long term for orthopaedic
applications. The coating techniques of physical vapour deposition and electrodeposition have
been explored for phosphate-based glasses and calcium phosphate, respectively, and both have
shown promise regarding delaying the onset of corrosion and enhancing the biological
behaviours of a base substrate Mg-alloy. Accordingly, this thesis seeks to combine and improve
the understanding of different disciplines to present an applicable solution for a bioresorbable
implant for orthopaedic applications, such as fracture fixation. A feasibility study on the
combination of these deposition techniques with the aim of improving biocompatibility and
corrosion resistance, will be described. A calcium phosphate layer will be deposited onto Mg
WEA43 alloy by wet electrochemical deposition followed by the forming of a PBG into a target
and RFMS of the PBG to deposit a top complimentary top layer of PBG. Further, an in-depth
discussion on the morphology and microstructure of Mg WEA43 and the applied thin films will
be presented. The biological effects of the alloy on cells and in vitro testing will also be
discussed. The justification for the investigation of the bilayered coating is that by nature, the
electrodeposited CaP layer has voids in the surface of the coating due to the competing rates of
nucleation and crystal growth during the deposition process. Despite this morphology, the
ability to deposit relatively thick coatings as compared to other methods such as plasma
spraying in a relatively short deposition time was taken into consideration when selecting the
deposition method. RFMS of PBG was selected as the complimentary coating layer as the

method will deposit an amorphous layer on top of the CaP which will provide a base coverage
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over all of the Mg WE43 alloy and the heating effects observed during the RFMS process may
also see the benefit of an annealing effect on the CaP layer. As there has been a relatively small
amount of research into “invert” PBGs but promise shown for the cytocompatibility effects,

these type of PBG were chosen to be investigated.

The following section details the experimental methodology used to create targets and
subsequently deposit materials onto substrates as thin films. Furthermore, the processes for
compositional, structural, and morphological characterisation will be presented in advance of

assessment of in vitro dissolution and biocompatibility.

67



Jonathan M. A. Wilson

Chapter 3 - Materials & Methodology

3.1 Introduction

The experimental procedures utilised for the production and characterisation of thin-film
CaP/PBG coatings deposited on Mg-alloy samples investigated in this thesis are detailed in this
Chapter. Table 3.1 summarises all source materials used. Table 3.2 gives an overview of the
various coating types investigated, summarising the processes, samples and the principles of
each process development investigation. Section 3.2 describes the samples of materials
investigated for benchmarking purposes along with the conditions used to deposit the CaP and
PBG coatings through the methods of edp and RFMS and the post edp thermal annealing
treatment application. Sections 3.3, 3.4 and 3.5 describe the basis of characterisation methods,

cytocompatibility and corrosion tests applied respectively.

Table 3.1 Materials, suppliers and purity

Material Supplier Name Form Purity %
Mg WE43 Magnesium Elektron, UK Ingot -
Ca(NOs):2 ThermoFisher Scientific, UK Solid crystalline -
NH4H2PO4 ThermoFisher Scientific, UK Granules -
H202 ThermoFisher Scientific, UK Liquid 10/cc
HNOs3 ThermoFisher Scientific, UK Liquid 99.9
NHsOH ThermoFisher Scientific, UK Liquid 99.9
NaH2PO4 Sigma Aldrich, UK Powder >09
Na2COs3 Sigma Aldrich, UK Powder >99.5
CaHPO4 Sigma Aldrich, UK Powder >08
CaCOs Sigma Aldrich, UK Powder >99
MgHPO4.3H20 Sigma Aldrich, UK Powder >08
Ar BOC Pure shield, UK Gas 99.998
Dulbecco’s
Modified Eagle ThermoFisher Scientific, UK Liquid -
Medium
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3.2 Substrate Preparation

3.2.1 Magnesium WEA43 alloy discs preparation

A Mg WE43 ingot was cut into 1 mm thick sheets by wire erosion (Electric Discharge
Machining (EDM)). A fly press was used to punch Mg WE43 discs (10mm diam. x 1mm thick)
from the wire cut sheets. Discs were then sonicated for 15mins each in acetone and
subsequently Industrial Methylated Spirit (IMS) before being dried in a stream of compressed

air.

3.2.2 Grinding and Polishing of Magnesium WE43 discs

Initial optical profilometry examination determined that the roughness of the Mg WE43 alloy
substrate was of a similar scale to the thickness of the deposited CaP coatings. Therefore, to
allow the determination of deposition rates of the CaP and PBG layers, samples of the Mg alloy
were ground and polished to provide a flat surface for comparison via a physical contact
measurement method detailed in Section 3.3.1 as the polished surface was reflective and

prevented accurate measurement and detection by optical methods.

The Mg-alloy discs were mounted flat on a brass block covered with a thin layer of hot wax
and then left to cool to room temperature. The samples were then ground on one surface using
Silicon Carbide paper, sequentially decreasing in grit size from P240 > P400 > P800 > P1200
using IMS as a lubricant for grinding papers and to aid removal of embedded grit. The samples
were then polished using Silicon Carbide polishing wheels for soft materials with a 6 um grit
and then 1 um also using IMS as a lubricant. Samples were cleaned after each grinding and
polishing stage, using cotton wetted in IMS, followed by drying under a flow of cold air. No

water was used in any of the grinding, polishing and cleaning stages.

69



Jonathan M. A. Wilson

3.2.3 Calcium Phosphate electrodeposition

The CaP electrodeposition method is an application of the wet chemical electrodeposition
process. The wet chemical electrodeposition process is a technique used to deposit a thin layer
of a substance from a solution onto a substrate surface through an electrochemical reaction.
The process requires an electrochemical cell setup, typically consisting of a power supply, a
reference electrode, an inert anode and a cathode of the substrate material to deposit onto. This
electrochemical cell is immersed in an electrolyte solution containing the ions to be deposited
onto the cathode surface which in this case would contain Ca?* and (PO4)” ions. When a voltage
is applied across the electrodes, an electrical field is created within the solution. This electric
field drives the charged ions in the solution towards the cathode surface, where they gain
electrons and undergo a reduction reaction, forming a solid layer on the substrate. These
deposits nucleate and act as templates for crystal growth when the concentration of the growing
species is significantly higher that the species solubility to reach a supersaturated state. After
this deposition process has concluded, there is the opportunity to apply a post-treatment such
as rinsing, drying, annealing or surface finishing to enhance the coating properties, improve

adhesion to the substrate or to remove any residual impurities.

An electrolyte solution was prepared by adding 0.042mol/L Ca(NOs3)2, 0.025mol/L NH4H2PO4
and 10cc/L H20> to deionized water. The pH was corrected to each desired pH level using
HNO3 and NH4OH. The solution was stirred continuously using a magnetic stirrer of 40 mm

length by 10 mm diameter at a constant 400rpm.
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Tests were carried out at room temperature. Depositions were performed in a cell using a
regular three electrode configuration in which Mg WE43 alloy served as the cathode, a Pt

electrode acted as the anode and a saturated calomel electrode was used as the reference

H.PO,

ca™

2y,
—
_Reference
— electrode KCI
| ___Electrolyte
solution
M. PO,

¥
=
Counter
electrode Pt _'*“ﬂ-\gj
Specimen holder ]

Working ~ HPO,
electrode
Mg WE43

Figure 3.1 (A) Schematic of electrodeposition equipment setup (B) Real equipment used for electrodeposition

electrode (Figure 3.1). The applied potential for these tests was -3000mV. The potential was
applied using a Voltalab PGZ 100 (Radiometer analytical, UK). Table 3.2 shows the variation

of electrodeposition parameters investigated in this work.

Table 3.2 Electrodeposition conditions applied to produce CaP coatings

Varied Parameter Duty cycle pH Deposition time /min
0.2
0.3
0.4
0.5
Duty cycle 0.6 4.5 20
0.7
0.8
0.9
1
4.5
6
pH 0.6 75 20
9
20
L 40
Deposition time 0.6 4.5 60
120
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The duty cycle is described as ton/(tonttoff) in Which ton is the time (s) of the applied potential

and tofr IS the time (s) of no potential.

3.2.4 PBG target preparation

Phosphate Glass targets were prepared using the following precursors: NaH2POa, NaxCOg,
CaHPO,, CaCO3, MgHPO4.3H,0 and P20s. The precursors were weighed and mixed in the
relevant proportions into a Pt/5% Rd crucible (Birmingham Metal Company, UK). The crucible
was placed in a furnace for drying at 350°C for 30 min to remove moisture from the hygroscopic
components, before the furnace temperature was ramped up at a rate of 10 °C/min until reaching
1100°C where the temperature was held for 90 min. The molten glass was poured onto a steel
plate, which had been left to pre-cool in a freezer for 3 h and a similarly treated steel plate was
pressed onto the molten glass to induce rapid cooling, referred to as “splat quenching”. The
glass was then left to cool to room temperature. The glass shards were then remelted at 5°C
above the glass transition temperature (Tg) [351], poured into a graphite target mould and left
to anneal for 60 mins. The furnace was then switched off and allowed to slowly cool to room
temperature. The number of targets of each type were n=1 as targets are reusable as long as

stresses during the coating process do not cause them to shatter.

3.2.5 Radio Frequency Magnetron Sputtering of PBG thin films

RFMS is a Physical Vapour Deposition method used to deposit thin films onto the surface of a
substrate by bombarding a “target material” with energetic ions. This in turn causes atoms or
molecules to be ejected from the target surface, forming a vapour. The process is performed
within a vacuum chamber to minimise the contamination of the deposit and ensure a uniform
deposition on the substrate surface. The vacuum environment prevents chemical reactions of
the “target material” vapour and atmospheric gases and facilitates movement of the vapour to

the substrate surface without interference. The vapour contacts the substrate surface and
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condenses to form a thin film which occurs through various mechanisms including nucleation,
surface diffusion and aggregation of the atoms or molecules on the substrate surface. Desired
coating properties such as thickness, composition, microstructure and morphology can be
achieved through the variation of process parameters. The parameters typically varied are the
temperature, power density, chamber pressure, target-substrate distance and gas flow rate of
the bombardment gaseous ions which all affect the deposition rate of the target material. To
improve performance of the deposited film, techniques such as substrate rotation and substrate

biasing may be employed to improve film uniformity and adhesion.

PBG coatings were deposited using a TEER UDP-650 Type 2 closed-field, unbalanced,
magnetron Physical Vapour Deposition (PVD) rig. The rig (Figure 3.2) was equipped with two
radio frequency (RF) power supplies plus pulsed DC bias power supplies. The rig consists of
a dual-layered wall to allow the flow of cooled water in the external wall with the inner wall
leaving the chamber ca. 450 mm in height and 450 mm in diameter. The RF power supplies are
connected to two opposing circular magnetrons, which hold 57 mm diameter targets for
sputtering. In this study, only one circular magnetron was used to deposit PBG coatings, whilst

the other system targets were covered in Al foil to prevent target contamination.
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Figure 3.2 (A) Schematic of bespoke TEER magnetron sputtering rig (B) Inside view of the Bespoke sputtering rig

Samples to be coated were mounted onto a circular sample stage using double-sided polyimide
Kapton tape. The samples were positioned at a working distance of 55 + 1 mm from the target
with a sample holder rotation of 5 rpm to ensure equal deposition across the substrates. Prior
to deposition, the chamber pressure was reduced to achieve a base pressure of < 1 x 10° Torr,
using successive rotary and diffusion pumps. Once this base pressure was achieved, Ar gas
(purity 99.999%; Pureshield BOC) was introduced at a rate of 20 sccm to achieve a working
pressure of < 1 x 10 Torr. A shield was positioned in between the PBG target and the
substrates. The sputter target was pre-sputtered for 20 mins to clean the surface of the target
using an RF power of 60 W. The sample itself was cleaned using pulsed DC (pulse width 250
kHz, step time 500 ns), with a bias voltage of -100 V at the same time. The pulsed DC bias was
then removed prior to coating, the shield moved from between the target and substrates

allowing deposition to commence at an RF power of 60 W for a 48 h time period.
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3.3 Material Characterisation

3.3.1 CaP edp thickness measurement

Stylus-based instruments are commonly used for measuring surface texture of a material by
tracing the material’s surface with a stylus and recording the Z-coordinate of the tip at
sequential points along the sample surface. The stylus instrument contains an
electromechanical transducer to convert the stylus Z-coordinate into a voltage, which is

amplified and passed through an analogue-to-digital converter to record on a computer.

The most frequently used form of stylus has a conical shape with a rounded contact edge as
shown schematically in Figure 3.3. Due to the tested surfaces often being “hard” in nature such
as metals, alloys and ceramics, the stylus must be composed of a robust, indestructible material
such as diamond, ruby or sapphire. A 2D representation of profilometry can be obtained using

the following assumptions [352]:

(1)  The stylus tip has a spherical shape with radius r

2 The lower hemisphere of the stylus tip is contacting the material surface

3) The traced surface is drawn by the lowest point of the stylus tip

4) There are no plastic or elastic deformations of the stylus tip or the rough surface
To measure the thickness of a coating by stylus profilometry, an enveloping curve is obtained
by measuring the Z-coordinate of a circular stylus tip in contact with the sample surface and
displacing the stylus along a tracing line, which includes a step from the coated surface to the

uncoated surface of the sample.
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Figure 3.3 Schematic of stylus profilometer for coating thickness measurements

Mg WE43 discs were ground and polished as detailed in Section 3.1.1 and 3.1.2. Half of the
sample was masked using double-sided polyimide Kapton tape before undergoing the coating
process outlined in Section 3.1.3. The Kapton tape was then removed and profilometry
performed using a KLA-Tencor Alpha-Step D-120 stylus profiler. Measurements of step height
were taken at 3 points along the coating border at the centre point, and half way between the
centre point and the edge in both directions along the coating border. The stylus was lowered
to contact the coating surface near the border and moved horizontally in the x-plane over a
distance of 1 mm across the coating-substrate border with measurements taken in steps of ca.
0.3 pum. The number of samples used for measuring each coating thickness for varying
parameters was n=1 as technician time constraints were limited and multiple measurement

points were taken on each coating type.

3.3.2 Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX)

A Scanning electron microscope focuses an electron beam onto a sample area where the
interaction of the high energy electrons causes the emission of secondary electrons

(morphology information), backscattered electrons (relative elemental differences) and

76



Jonathan M. A. Wilson

~—— ElectronSource A B

BSE detector %
7 SE detector

Sample

Primary Electrons

Backscattered
Electrons

Characteristic X-ray

Ejected Photo-

1 Ejected Photo-
electrons v

Ey — AE electrons

P A —

Stage

Figure 3.4 (A) Schematic of the principles of electron microscopy (B) Diagram of the origin of backscattered electrons and
characteristic X-rays where EOQ is the ground energy state and AE is the perturbed energy of the system

characteristic X-rays (quantitative elemental analysis) (Figure 3.4). The dislodged electrons can
be captured by nearby atoms or may escape from the near material surface as secondary
electrons if the kinetic energy is large enough, allowing for information to be gathered about
the material surface topography. Elastic interactions between the incident electron beam and
atomic nuclei of the sample material where the beam is scattered at roughly 180° to the incident
beam angle result in backscattered electrons. Materials with larger atomic number will reflect
larger amounts of incident electrons, resulting in higher brightness levels for heavier elements
in the image. Due to this, backscattered electrons are useful in providing information about the
sample composition. Characteristic X-rays are emitted when high energy incident electrons
cause emission of a core shell electron, exciting the atom. This excitation state can be relaxed
with an electron from an outer shell orbital filling the vacancy with the subsequent release of
energy in the form of an X-ray, defined as the energy difference between the two electron states,
allowing atomic number to be discovered. As a result of this, Electron Dispersive X-rays (EDX)

can be used to quantify the sample composition.
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The image resolution of SEM micrographs is dictated by the following equations:

Equation 3.1
0.6121

- nsin(a)

Equation 3.2

h

A=—
mv

Where d is the resolution power, A is the electron wavelength, n is the refraction index and «

is the incident electron angle.

The potential energy accelerates electrons and is converted from potential to kinetic energy.
The associated velocity of the electron is input into the de Broglie equation (Equation 3.2)
which states that the associated electron wavelength is inversely proportional to the electron’s
velocity. Subsequently it can be stated as accelerating voltage and thus velocity increases, there

IS a decrease in source wavelength leading to higher image resolution.

Samples were sputter coated with a 10nm layer of carbon to aid imaging. Imaging of substrate
surfaces was performed using a JEOL 6490LV electron microscope with an accelerating
voltage of 15 kV and a working distance of 10 mm. The JEOL 6490LV is calibrated to factory
settings by a maintenance engineer annually. EDX mapping was conducted over ca. 1.7 mm?
for coating analysis and visualisation of deposited layer crystallinity. SEM and EDX were
performed on n=1 samples per coating type due to the large number of coating variants and
multiple points of imaging taken per sample. The Oxford Aztec EDX system is also calibrated

annually to the factory standards supplied with the system.

3.3.3 X-ray diffraction (XRD)

Spectra detailing diffraction angles and intensities, unique to crystalline phases and crystal size

can be obtained by observing the scattering of incident X-rays following interaction with the
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atomic outer shell of a sample. Incident X-rays are generated by a source (eg. Cu Ka X-ray
gun), which bombards the Cu source with electrons generated from thermionic emission of a
tungsten filament, which dislodge inner shell electrons, forming X-rays, which are then
directed towards the sample. These X-rays diffract based on the structure of the material and
are observed by a detector to determine angle and scattering of diffraction for constructive
interference (Figure 3.5). The relationship of crystal structure and size is governed by Braggs
Law:

Equation 3.3

nA = 2dsinf

Where n denotes an integer; A denotes the X-ray wavelength; 6 denotes diffraction angle; d
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Figure 3.5 (A) Schematic of Bragg’s Law regarding constructive interference of scattered waves, ki is the initial k coordinate and
kf is the final k coordinate during the scan (B) Schematic of XRD diffractometer setup for Parallel Beam Scanning

denotes lattice spacing defined by a three-dimensional matrix (h, k, 1) from which multiple

diffraction angles may be generated.

Sample crystallinity was assessed using a Bruker D8 advanced XRD spectrometer (Cu Ka
source, A = 1.5406 A, 40 kV, 35 mA), calibrated monthly to the Corrundum Al203 standard.
Measurements were taken over a 20 range from 20 to 68°; with a step size of 0.01° (20); a

glancing angle of 1.2° and a dwell time of 16 s. Spectra were then analysed using

79



Jonathan M. A. Wilson

DIFFRAC.EVA (Bruker) software, using the ICDD PDF-2 database for phase identification.
Samples tested per coating type were n=1 due to the large number of coating types and the

large time required to generate many samples.

3.3.4 X-ray photoelectron spectroscopy (XPS)

XPS allows for the chemical, compositional and electronic state quantification of thin-film
coatings in the region of <15 nm thickness [353], as photoelectrons cannot escape the solid
beyond this depth and artefacts like preferential etching, oxidation state modification and atom
mixing during ion beam sputtering lead to peak shift and asymmetry beyond this depth [354].
As the sample is bombarded in an ultra-high vacuum with monochromatic X-rays,
photoelectrons are emitted with kinetic energy (KE) from electron shells (Figure 3.6), which is
measured by a photodetector and used to calculate the binding energy of the electron to its
nucleus using:

Equation 3.4

Ex =hv-Ep - D

Where Ek denotes KE of the emitted photoelectron, E» denotes electron binding energy, ®
denotes work function and hv is the incident X-ray energy defined by Planks constant and

radiation frequency respectively.

High resolution scans may be used to determine the chemical and valence states of elements
by measuring the shifts in binding energies caused by bonding interaction changing

electrostatic attraction.

All samples were mounted onto stainless steel stubs using carbon sticky tabs. X-ray
Photoelectron Spectroscopy (XPS) was conducted using a VG ESCALab Mark Il X-ray
photoelectron spectrometer with a monochromatic Al Ko X-ray source incident to the sample

surface at ca. 30°. The Escalab Mark 11 is calibrated monthly to a Corrundum standard using
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an Ag standard sample, monitoring peak position, full width half maximum and area of the Ag
3d peak. Survey and high-resolution scans were conducted in addition to the measurement of
adventitious C 1s for calibration: charge corrected to 284.8 eV. Parameters for acquisition were
as follows: step size of 0.1 eV; number of scans set at 5; dwell time 0.2 s for survey scans, and
0.4 s for high-resolution scans. Binding energies were measured over a range of 0-1200 eV.
All spectra were analysed in Casa XPS constraining the Full Width at Half Maximum (FWHM)
to the same value for all deconvoluted spectral peaks for the same element, to obtain good fits
of data, as the ideal peak shapes are unknown [355]. Compositional data and chemical bond

states were obtained by subtracting the background, fitting peak components and comparing to

X-ray photon
\ X-ray photoelectron

WVacuum d /
T

Eyin=hv—Ep, — @

Figure 3.6 Schematic of photoelectron emission, where hv is the X-ray photon energy
and E_L is the binding energy of the photoelectron to an inner core shell
known references in the literature. Shirley background was employed as it falls in between
linear and Tougaard backgrounds for accuracy but is easier to use and analyse than the most

accurate Tougaard background [356]. Due to the length of time required for setup and analysis

of XPS, the number of samples measured per coating type was n=1.
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3.4 Preliminary Cellular Assessment

Table 3.3 Equipment list used for Cell Culture Assessments

Material/Equipment Make Model
Benchtop Centrifuge ThermoFisher SL16
Microplate Shaker Heidolph Titramix 100
Microplate Reader (absorbance) BioTek ELx800
pH Meter Jenway 3510
Fridge Biocold Spark-free
Freezer Creda Coldstore
Fume Hood Nuaire NU-437-400C
Incubator Nuaire NU-5800E
Water Bath Clifton Unstirred
Microscope Nikon Eclipse TS100
Pipetboy Integra 2
Transfer Pipette Samco 1mL
Glass Plugged Pipette Sterilin 5mL
Glass Plugged Pipette Sterilin 10 mL
Polypropylene Universal Container Sterilin 7 mL plain
Polypropylene Universal Container Sterilin 30 mL plain

3.4.1 Preparation of supplemented Dulbecco’s Modified Eagle Medium (DMEM)

A 500 mL bottle of DMEM was removed from refrigeration whilst 50 mL of Foetal Bovine
Serum, 5 mL of L-Glutamine, 10 mL of antibiotics-antimycotics (AA/AM), 10 mL of HEPES
Buffer, and 5 mL of non-essential amino acids (NEAA) were defrosted from frozen at room
temperature. 50 mL of DMEM was removed from the bottle and was subsequently discarded.
75 mg of ascorbic acid was weighed and placed into a sterile 30 mL universal tube with the L-
Glutamine and ca. 15 mL DMEM with the contents being gently mixed by swirling the tube.
The mixture was filtered through a 0.2 um filter into a new sterile tube and poured into the
DMEM bottle. The remaining components were decanted into the DMEM bottle and the
contents mixed by gentle inversion. 40 mL of the supplemented DMEM was then decanted into
50 mL sterile universal tubes (allowing for media expansion during freezing) and the tubes

placed into a freezer at -10 °C for storage until required.
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3.4.2 Cell Culture of MG-63 Human Osteosarcoma Cells

Supplemented DMEM was pre-warmed in a water bath at 37 °C for 30 min. An ampoule of
MG-63 cells (Public Health England Catalogue No: 86051601) were removed from liquid
nitrogen storage and left at room temperature for 1 min. The ampoule was then transferred to
the water bath and allowed to thaw until ca. 90% of the contents were defrosted before being
wiped with 70% IMS and transferred to the sterile fume hood. Using a sterile Pasteur pipette,
the ampoule contents were transferred to a sterile 30 mL universal taking care not to create
bubbles and 9 mL of pre-warmed, supplemented DMEM was added dropwise to avoid inducing
osmotic shock. The cells were gently mixed by pipetting the suspension twice. The universal
was then transferred to a centrifuge and cells pelleted by centrifuging at 1200 rpm for 4 min.
The resulting supernatant was decanted to reduce the concentration of Dimethyl Sulfoxide and
the cell pellet re-suspended in 10 mL of supplemented DMEM media before being transferred
to a labelled cell culture flask and stored in an incubator at 37 °C and 5%CO>. The media was

replaced after 24 h to remove any dead cells.

Upon reaching 80 % confluency, the flask of cells was passaged and split into two new flasks.
To achieve this, supplemented DMEM was warmed in a water bath at 37 °C for 30 min and
placed into a fume hood. The old media was aspirated from the flask using a sterile 10 mL
pipette and placed into a waste container. 5 mL of Phosphate-buffered Saline was added to the
flask and swirled to wash the cells before being aspirated from the cells and replaced with 1
mL Trypsin solution and incubated for 4 min at 37 °C and 5%CO.. The sides of the flask were
then gently tapped to loosen the cells from the bottom of the flask. Using a sterile pipette, 6
mL of warm supplemented DMEM was added to the flask and swirled before aspiration and
being placed in a 30 mL universal tube. This was repeated with a further 3 mL of DMEM media
before the universal was centrifuged at 1200 rpm for 4 min to pellet the cells. The supernatant

was removed and the cell pellet re-suspended in 2 mL of warmed DMEM, with 1 mL being
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transferred to each new sterile flask, 9 mL of DMEM being added to each flask and flasks being

stored in an incubator at 37 °C and 5% CO- until the cells reached 80% confluency again.

3.4.3 Elution Test with Neutral Red Uptake Assay (NRU)

Indirect contact testing was performed with NRU by viable cells with parameters being adapted
from 1SO standard 10993-5 2009 [357]. MG63 osteoblast-like cells were seeded at a density
of 40,000 cells/cm? in a Falcon® 96-well clear flat bottom TC-treated culture microplate to
form a sub-confluent monolayer. Samples were placed into 7 mL bijou tubes with a surface
area to volume ratio DMEM of 1 cm?/3 mL and left for 1 h. The media was then removed and
split for half of the exposed media to be pH-corrected to a pH of 7.4. The MG-63 cells, seeded
in the 96-well plate, were then exposed to the treated media for a 24 h period and incubated at
37 °C and 5%CO,. After this incubation period, treated media was removed and replaced with
150 pL of Neutral Red (NR) media. After a further 2 h incubation, the NR media was removed,
and cells washed with 150 uL of Phosphate-buffered Saline (PBS) solution per well. PBS was
removed and 150 pL of NR destain solution (50% absolute ethanol, 49% deionised H20, 1%
glacial acetic acid) added to each well. Subsequently, plates were shaken for 10 min at 150 rpm
on a microplate shaker before being transferred to an ELx800 Microplate Colorimeter (BioTek

Instruments Inc, UK) to measure NR absorption at optical density (OD) 540 + 10 nm.

3.5 Corrosion Testing — Potentiodynamic polarisation testing

The corrosion behaviour of samples was investigated studying their cathodic and anodic
electrochemical activity. All tests were performed in a cell with three electrodes; a working
electrode of the sample surface seated in a purpose-made flat specimen holder (Figure 3.7), an
Aldrich Ag/AgCl glass reference electrode and a Metrohm auxiliary electrode of 1 cm? Pt sheet.
The test solution was 1 L supplemented DMEM media which was held at 37 °C throughout the

duration of testing.
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The corrosion behaviour of as-deposited CaP and PBG coatings was investigated using a
potentiostat (VoltaLab PGZ100, UK). Open circuit potential (OCP) scans were collected for 1
min after a 20 s settlement time, followed by potentiodynamic polarisation tests, due to the
rapid degradation rate of Mg WE43 alloy. Anodic and Cathodic scans were conducted varying
the potential from -2 V to + 1.5 V, with respect to the OCP, with a scan rate of 1.5 mV/s. The
Voltamaster software used with the potentiostat determines the Ecor, icorr and Rp values for the
samples and allows for Tafel analysis to be performed. Sample types were tested in triplicate
for repeatability and Faradays rate equation (Equation 3.5) incorporated to calculate the

corrosion rate, Veorr, iIn mm/Y.

Equation 3.5

lCOTT

EW

CR=K1

Where CR is corrosion rate in mm/Y, icorr is the corrosion current density in pA/cm?, K;
represents a constant 3.27x107° (mm.g/HA.cm.Y), p is the density of the material (g/cm®) and
EW is the effective weight, also described as the atomic weight divided by the number of
electrons needed to oxidise an atom during corrosion. In this case Mg was used and the EW =

12.15 [358]. NB: the non-SlI unit Y for year is used here.
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3D printed
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and stem

Figure 3.7 (A) Cross-sectional 3D model of purpose designed flat specimen holder (B) Physical flat specimen holder used in testing
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3.6 Summary

The experimental methods and procedures used for the production of Mg alloy discs, CaP
electrodeposition, PBG deposition and characterisation have been presented in this chapter. A
potentiostat system was used to electrodeposit CaP layers onto Mg alloy discs whilst varying
the deposition parameters. A close-field, unbalanced radio frequency magnetron sputtering

system was used to fabricate novel bi-layered coatings of CaP and PBG on the Mg alloy.

A range of complementary characterisation techniques examining the chemical, structural and
topographical properties were used to quantify the coatings. Profilometry was utilised to give
information on the coating thicknesses, surface morphology and deposition rates, whilst XPS
and EDX provided detail on the composition of the Mg WE43 samples and their deposited
coatings. XRD analysed the bulk and surface structure of the coated alloy while SEM

characterised the surface topography of the coatings deposited on the alloy discs.

The cyctocompatibility of the coatings was assessed using an indirect contact test with cell
viability assessed using a Neutral Red Uptake assay. Corrosion performance of the coatings

was investigated in DMEM at 37 °C, using potentiodynamic polarisation for all samples.
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Chapter 4 — Results

The results presented in this chapter represent the novel application and investigation of
combining the electrodeposition of CaP and RFMS of thin-film PBG with a low P content,
deposited onto Mg WE43 alloy to produce a composite bi-layered coating to delay the onset of
corrosion and provide a protective layer to the underlying alloy substrate. To this point, there
has been some research into the deposition of thin-film PBG [100, 105, 231, 302, 106, 359] but
none into the effects of sputtering with low P content glasses and the manufacturing of low P

targets.

Sections 4.1 — 4.3 will look at the electrodeposition process of CaP onto an Mg WE43 substrate,
with the variation of duty cycle (time charge was applied for per second) being assessed in
Section 4.1, the effects of increasing the overall deposition time from 20 min up to 120 min
being assessed in Section 4.2 and the effects in increasing the electrolyte pH from pH 4.5 -9
is detailed in Section 4.3. A description of the manufacturing challenges and process for the
development of PBG targets for radio-frequency magnetron sputtering will take place
subsequently in Section 4.4 with the investigations of the thin-film PBG coatings when
deposited onto Mg WEA43 alloy and the bi-layered coating of CaP and PBG, taking place in
Section 4.5 and Section 4.6 respectively. A summary of the results presented in this chapter is

found in Section 4.6.

The parameters of the edp CaP depositions performed in this chapter are listed below in Table

4.1.
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Table 4.1: CaP edp deposition parameter summary

Applied

Deposition Time /

Section Potential /\/ Duty Cycle min Electrolyte pH
0.2
0.3
0.4
05
4.1 0.6 20 4.5
0.7
0.8
0.9
-3 1
20
40
4.2 0.6 50 4.5
120
4.5
6.0
4.3 0.6 20 75
9.0

4.1 CaP coatings deposited on Mg WE43 with Duty cycle Variation

CaP coatings were deposited onto Mg WE43 disc substrates, as described in Section 3.1.3 with
the duty cycle parameter being varied. The as-deposited coatings were characterised using the
combined techniques of SEM/EDX, XRD and XPS to obtain information on the morphology
of deposited coatings, the phases of depositions and the surface chemistry of the coated
samples. Profilometry was utilised at duty cycles 0.2, 0.6 and 1 to obtain coating thicknesses
under applied deposition parameters. Further testing of 0.2, 0.6 and 1 duty cycle coatings were

carried out to investigate the cytocompatibility of the coatings and cell viability when exposed

to substrate-treated DMEM media in an elution test with MG-63 osteoblast-like cells.

4.1.1 SEM/EDX of varied duty cycle coatings
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The electrodeposition method was utilised with the aim of depositing a layer of CaP onto a Mg
WEA43 alloy disc. Successful deposition of CaP was achieved with variations in the coating
topography as the duty cycle of the electrodeposition process was varied as shown below in

Figure 4.1.

Figure 4.1 Macroscopic images of the a) Uncoated Mg WE43 alloy b) 0.2 duty cycle coating
¢) 0.6 duty cycle coating d) 1 duty cycle coating. Sample diameter is 10 mm.

4.1.1.1 Uncoated Mg WE43

Figure 4.2 shows the uncoated base alloy topography used for depositions as a control to
compare against for the later deposited coatings, with Figure 4.2(a) showing the macroscopic
view of the alloy disc. The surface topography was relatively rough, in comparison to the

expected CaP deposition thickness, with height variation across the surface of the disc in the

X100 100pm 14 70 SEI 15kV X200 100um 1470 SEI
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>

15KV X600  20um 1470 SEI 15KV X1,000 10pm 1470 SEI
Figure 4.2: SEM images of the unpolished and uncoated Mg WE43 alloy disc (a) picture of
the disc as punched from sheet Mg WE43, showing the control surface for electrodeposition

89



Jonathan M. A. Wilson

range of 5-30 um by optical profilometry (not shown). This relative roughness required the
discs to be ground and polished for later profilometry measurement (see Section 4.1.4).

However, the discs were not polished as standard practice for the rest of the depositions.

4.1.1.2 The 0.2 Duty Cycle CaP coatings on Mg WE43

Figure 4.3 presents electron microscope images showing the generalised topography of the
electrodeposited CaP coating at a duty cycle of 0.2, with a macroscopic image depicting the
coating in Figure 4.3(a). The coating process deposited a crystalline structure, as confirmed by
XRD analysis in Section 4.1.2, over the surface of the disc, leaving gaps in the coating (circled
in Figure 4.3), ranging from ca. 30um to 100um in diameter. The majority of deposited crystals
range in size from ca. 10um to 50um in length, with smaller crystals taking on a needle-like

appearance and larger crystals taking on a plate-like structure.

245 SEI 15kV  "X1,200  10pm 12,45 SEI

Figure 4.3: SEM images of electrodeposited CaP coating at duty cycle 0.2 showing a widespread
coverage of CaP with voids in the coating topography a) a macroscopic image of the 0.2 duty cycle
coating on Mg WE43 disc

90



Jonathan M. A. Wilson

4.1.1.3 The 0.3 Duty Cycle CaP coatings on Mg WE43

X400 50um 16 53 SEI

P NP
d M

16 53 SEI 5kV X2,000 10pm 16 53 SEI

Figure 4.4: SEM images of electrodeposited CaP coating at duty cycle 0.3 showing a widespread
variation in coating coverage of CaP with areas of high coating density and areas of low density a)
a macroscopic image of the 0.3 duty cycle coating on Mg WE43 disc. Flaking of the surface
exhibited in white circle.

For the duty cycle 0.3, there was large variation in the deposition coverage across the surface
of the alloy. Higher areas of CaP deposition density giving a whiter hue on the disc, as observed
macroscopically. Areas of lower CaP density showed more similarity to the uncoated alloy, as
seen in Figure 4.4(a). The surface of the alloy, seen in the voids in the coating, was seen to
contain small cracks in the surface with flakes (centre of circle in Figure 4.4) ca. 20um in
diameter to lift slightly from the surface of the disc. There were singular, plate-like deposits
observed on these flaked areas. In the areas of high CaP density, there were minimal voids in
the coating and crystals deposited tended to be smaller and more needle-like as opposed to

larger plate-like crystals.
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4.1.1.4 The 0.4 Duty Cycle CaP coatings on Mg WE43

"y

SR T

100pm 16 53 SEI 5kV X400 50pum
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X400 50um 17 53 SEI X750 20pm 17 53 SEI

Figure 4.5: SEM images of electrodeposited CaP coating at duty cycle 0.4 with both crystalline and
amorphous deposits of CaP, with globular deposits circled and a) a macroscopic image of the 0.4
duty cycle coating on Mg WE43 disc

The deposited coating at 0.4 duty cycle showed similarities in the shape of the crystalline
depositions of the previous duty cycles. However there was also an amorphous component to
the coating where globules or a sheet of CaP were deposited (circled in Figure 4.5). This content
was assumed to be amorphous due to similarities observed to the deposition at 1 duty cycle
(Section 4.1.1.10), which was confirmed to be amorphous by XRD. These globules ranged
from 15 - 40um in length whilst the sheet-like regions extended up to ca. 300 um in length.
Voids were present in the surface of the coating but these did not completely expose the
underlying alloy as there were some crystal deposits within these voids. The areas of the CaP
coating which contained the globules and sheet-like structures appeared visibly whiter,
macroscopically to the visible eye, and were consistent with Figure 4.5(a) where white dots

and whiter haze contained a higher density of amorphous components.
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4.1.1.5 The 0.5 Duty Cycle CaP coatings on Mg WE43

X150 100pm 17 53 SEI

X750 20pm 17 53 SEI 5kV X1,000 10pm

Figure 4.6: SEM images of electrodeposited CaP coating at duty cycle 0.5 with both crystalline and
amorphous deposits of CaP with underlying alloy cracking in coating voids circled and a) a macroscopic
image of the 0.5 duty cycle coating on Mg WE43 disc

Figure 4.6 depicts the surface topography of the CaP coating deposited at 0.5 duty cycle. At
higher magnifications, significant cracking and flaking of the underlying substrate can be seen.
A large surface area for these cracks was exposed due to the gaps in the electrodeposited coating
(circled in white). Unlike the coating deposited at 0.4 duty cycle, there does not seem to be a
CaP base layer in the voids of the coating, which correlates with the differences between Figure
4.5(a) and Figure 4.6(a) where the 0.5 duty cycle coating depicted in Figure 4.6(a) has a
macroscopically visible, less strong white colouring and an overall lower proportion of the
assumed amorphous CaP component. However, the coating follows the general trend of a
higher duty cycle containing a higher proportion of amorphous CaP shown by presence of

amorphous humps in XRD (Figure 4.13). A shift in the crystal shapes deposited was observed
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with a decreased proportion of smaller needle-like crystals and an increase of the larger plate-

like crystals alongside the addition of amorphous CaP structures.
4.1.1.6 The 0.6 Duty Cycle CaP coatings on Mg WE43

The CaP deposited at 0.6 duty cycle showed a combination of highly crystalline deposits, which
decreased in crystal size to ca. 2um - 5um length (Figure 4.7 yellow circle), as compared to
lower duty cycles of 0.4, 0.5 and were comparable to the crystals deposited at 0.2 and 0.3 duty
cycles. Similarly to previous coatings, voids were observed in the coating surface (Figure 4.7
white circle) but there was not a significant degree of substrate cracking observed. A transition
to a combination of crystalline CaP deposits and apparent amorphous CaP deposits occurs as
the duty cycle increases (Figure 4.7). The assumed amorphous sheet structure, best seen in the
micrograph of magnification x750, not only covers the base alloy but also the deposited crystal

structures.
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Figure 4.7: SEM images of electrodeposited CaP coating at 0.6 duty cycle showing increased coating
coverage and decreased crystal size of needle-like structures (yellow circle) with typical coating
voids (white circle) and a) a macroscopic image of the 0.6 duty cycle coating on Mg WE43 disc
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4.1.1.7 The 0.7 Duty Cycle CaP coatings on Mg WE43

Figure 4.8(a) shows that at 0.7 duty cycle, there was a macroscopically strong, white CaP haze
coverage across the surface of the alloy with the plethora of white dots depicting a large
amorphous CaP content. The electron micrographs agree with this and were representative of
the whole substrate surface, showing a coverage with a mixture of crystalline deposits in both
the needle-like and plate-like structures. However, there was seen to be a general coverage of

the “sheet-like” CaP across the majority of the crystal deposits.

5kV X150 100pm 16 53 SEI X400 50pum 16 53 SEI
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Figure 4.8: SEM images of electrodeposited CaP coating at 0.7 duty cycle showing increased coating coverage
and increasing proportion of amorphous CaP. Crystal clusters typical of the coating is circled and a) a
macroscopic image of the 0.7 duty cycle coating on Mg WE43 disc
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4.1.1.8 The 0.8 Duty Cycle CaP coatings on Mg WE43

The CaP deposition at 0.8 duty cycle follows the previous trends mentioned above. There was
a general coverage of the substrate with minimal voids and an increasing amount of CaP
globules as compared to the lower duty cycles. This was in agreement with the coverage of
white spots seen macroscopically in Figure 4.9(a). A reduction in CaP deposition was observed
as crystalline deposits became more sparsely populated with increasing duty cycle. Deposited

crystalline structures tended towards the larger plate-like deposits ca. 30 — 40 um in diameter.

16 53 SEI
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Figure 4.9: SEM images of electrodeposited CaP coating at 0.8 duty cycle depicting high coverage of amorphous CaP
layer covering the alloy surface and the increasing crystal CaP size to ca. 100um length and a) a macroscopic image
of the 0.8 duty cycle coating on Mg WE43 disc
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4.1.1.9 The 0.9 Duty Cycle CaP coatings on Mg WE43

Previous step-differences in coatings from varied duty cycle, had minimal variation between
the 0.1 duty cycle steps. However, Figure 4.10 highlighted a large variation in the deposited
coating as compared to 0.8 duty cycle. There were minimal to no crystalline deposits observed
across the substrate surface and there was a new flake structure of CaP deposited, ca. 50 um in
length, which appears to be a midway point between the globular structure of amorphous CaP
and the crystalline plate-like structures seen at lower duty cycles. Similarly, the macroscopic
variations can be observed with the denser white areas of the coating depicted in Figure 4.10(a)
being derived from the cumulative number of globules covering the alloy surface.
Comparatively, there was a general haze observed for lower duty cycles derived from

crystalline structures like that observed in Figure 4.7(a).
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Figure 4.10: SEM images of electrodeposited CaP coating at 0.9 duty cycle depicting high coverage of
amorphous CaP layer covering the alloy surface and the deposition of CaP flakes not typically seen for
coating types of a lower duty cycle and a) a macroscopic image of the 0.9 duty cycle coating on Mg
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4.1.1.10 The 1 Duty Cycle CaP coatings on Mg WE43

The CaP coating deposited using a duty cycle of 1 shows a complete coverage of the alloy
surface with a strong white hue depicted in Figure 4.11(a). Similarly to 0.9 duty cycle, there
were minimal crystal deposits with the coating predominantly being composed of globules of
CaP and a sheet-like structure previously associated with amorphous CaP hump in XRD spectra
(Figure 4.13), due to the lack of any crystalline CaP peaks. However, there were still height
variations withing the coating itself caused by the deposited globules and crystal deposits but

the underlying alloy was not visibly exposed.
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Figure 4.11: SEM images of electrodeposited CaP coating at 1 duty cycle showing full substrate coverage with large
globules of amorphous CaP and a relatively small amount of crystalline deposits and a) a macroscopic image of the

1 duty cycle coating on Mg WE43 disc
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4.1.1.11 Surface composition of varied duty cycle coatings by EDX

The EDX data was collected for the electrodeposited CaP coatings, in order to assess the
composition of the coatings as a function of the duty cycle. Figure 4.12 shows a representative
SEM micrograph from which EDX data is also gleaned. The EDX data was collated from 4
point scans within 2 micrographs of ca. 400 x 300 pum in Table 4.2, and shows a preferential
deposition of Ca as compared to P for all deposited coatings, as well as a large oxide component
featuring for all coatings. However, for the 0.6 duty cycle coating, the oxide layer contributed
the lowest amount atomically to the spectra, compared to all duty cycle variants, with 50.07
at%. For reference, the next lowest oxide content was found to be 58 at% for the 0.5 duty cycle
coating. Typically, with a lower O content, there was a higher contribution of Ca, with the Ca
content varying from 9.62 at.% for the 0.3 duty cycle coating to 30.05 at.% for the 0.6 duty
cycle coat. There was less variation across duty cycles for the P content which ranged from
5.19 at.% for 0.7 duty cycle to 19.89 at.% for 0.6 duty cycle. The Ca:P ratios suggest that

various types of CaP have been deposited from brushite exhibiting a ratio around 1, Tricalcium

: 100pm ’ Electron Image 1

Figure 4.12: Electron microscope image used to gather EDX spectra from 0.2 duty cycle CaP coating on Mg WE43
alloy disc. Similar micrographs were used for each duty cycle variation to gather spectra.
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phosphate with a ratio ca. 1.28 and other carbonated apatites typically ranging from 1.6 — 2.0

[360].

Table 4.2: Compositions of the electrodeposited CaP coatings by variation of duty cycle collected by EDX.
Mean at% are shown with standard error (n=3)

1ti [0)

DUty cyale = EIeT/Ie;t composition O/ at.% . Ca:P ratio
0.2 16.32+£0.88 | 5.92 +2.46 63.34 £0.70 15.73 £0.97 1.04
0.3 9.62+156 | 1391+7.11 | 68.38+4.94 8.09 £0.91 1.19
0.4 12.52 +0.29 - 77.48 +0.42 10.01+0.13 1.25
0.5 23.95+720 | 576+122 58.00 +7.74 11.76 +2.03 2.04
0.6 30.05 +8.52 - 50.07 +13.63 | 19.89 +5.11 151
0.7 11.63+0.84 | 2.05+0.62 79.83 +2.86 5.19+2.05 2.24
0.8 2156 +3.58 | 4.92+1.88 58.93 + 7.05 14.16 £ 1.37 1.52
0.9 21.31+3.46 | 598+224 61.21 +5.55 1151 +£0.15 1.85

1 19.61+1.10 | 4.73+249 60.95 + 0.65 14.58 + 0.88 1.34

4.1.2 XRD spectra of varied duty cycle CaP coatings on Mg WE43 alloy disc

Figure 4.13 presents the XRD patterns of the CaP coatings deposited with varying duty cycles
with an Mg WE43 control pattern for comparison. In all patterns, there was the presence of Mg
peaks (ICDD database 00-004-0770) at 32.1, 34.4 36.5, 47.7, 57.4 and 63.0° 20 which
maintained a similar relative intensity across all sample types with the exceptions of 0.2 and 1
duty cycles, which recorded larger, more distinct peaks at 47.7, 57.4 and 63.0° 26. Indication
of Mg in the samples, highlights a thin coating layer allowing the penetration of X-rays into
the underlying substrate for 1 duty cycle. This may also suggest the presence of voids in the
area of the coating scanned for the 0.2 duty cycle sample in agreement with the micrograph
Figure 4.3 exhibiting what appeared to be voids in the coating. The Mg WE43 alloy substrate
showed a phase orientation preference for the (101) plane followed by the (002) plane
represented by the peaks at 36.5° and 34.4° respectively. The other Mg peaks represent the
(100), (102), (110) and (103) orientations in order of increasing 20. The other substances
determined from the XRD patterns were an amorphous hump of CaP around 10-12° 26 and

peaks matching the brushite phase of crystalline CaP at 11.6°, 21.0°, 29.3°, 30.5° and 50.2° @
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Figure 4.13: XRD patterns of as deposited CaP coatings on Mg WE43 alloy with varied duty cycle
parameters. Peak deconvolutions are as follows: () — Mg:ICDD 00-004-0770, () — Brushite:ICDD 00-001-0395

(ICCD database 00-001-0395). The 1 duty cycle did not exhibit any of the brushite peaks but
contained a large amorphous CaP hump. The lower duty cycles exhibited a small amorphous
hump but indicated preferential crystalline growth of brushite in the (020) orientation, indicated
by the peak recorded at 11.6° 20. The peaks recorded at 21°, 29.3° and 50.2° represent the (12,

(141) and (143 orientations respectively. The highest relative intensity of brushite was

observed for the 0.6 duty cycle sample, with the general trend by variation of duty cycle

showing a high degree of brushite crystallinity with increasing duty cycle from 0.2 to 0.6 duty
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cycle. Whereafter a transition was seen from crystalline brushite to increasing amorphous CaP

with less brushite at higher duty cycles.

4.1.3 Surface compositional analysis of varied duty cycle CaP coatings on Mg WE43 by XPS

To complement the XRD observations by characterising the coatings via a new parameter, the
surface chemistry of the coated samples was assessed using XPS. Figure 4.14(A) presents a
survey scan and detailed high resolution C 1s, Ca 2s, Mg 2s, O 1s and P 2p spectra for the
deposited coatings. The majority of sample types exhibited components of all of the
aforementioned peaks. However the Mg WE43 alloy had no Ca or P peaks as it was uncoated.
Spectra for 0.2 and 1 duty cycles exhibited no Mg 2s peak which may be due to the nature of
XPS process having a decreased penetration depth into the sample as compared to XRD and as
such the scan was of a relatively thick portion of the coating as they are non-homogenous. A
summary of the ratio of elements composing the coating surface are listed in Table 4.3 below.
Despite showing a reading for Mg from the elemental composition of the survey spectra, 0.8
and 0.9 duty cycle coatings did not contain the Mg 2s peak in the high resolution scans. There

were however Mg KLL peaks observed in the survey spectra.

The high resolution spectra for the C 1s peak showed the presence of adventitious C for all
coating types. CaP bonds were seen throughout the coated samples with one extra Ca
component in the 0.4 duty cycle scan attributed to CaO bonding suggesting a bonding
preference for O with Ca rather than O with C in the sample as there was only a C=C component
of the C 1s peak for 0.4 duty cycle. Compositional analysis showed samples containing the Mg
2s peak in the XPS survey scan tended to have a lower Mg at% with no contribution greater
than 10 at%. The contribution of O to the coating was largely consistent, generally contributing

ca. 60 at% despite 0.3 duty cycle only containing one O oxidation state.
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Figure 4.14 Survey and high resolution XPS of varied duty cycle CaP coatings: (A) Survey spectra (B) C 1s high
resolution spectra (C) Ca 2s high resolution spectra (D) Mg 2s high resolution spectra (E) O 1s high resolution
spectra (F) P 2p high resolution spectra
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Table 4.3: Surface element compositional analysis for varied duty cycle coatings from XPS

I Elemental Composition /at% Ca:P
SEEE T C Ca Mg 0] P ratio
Mg WE43 27.3 - 204 52.2 - -
0.2 duty cycle 17.7 8.4 - 60.3 13.6 0.62
0.3 duty cycle 12.5 7.3 3.1 58.6 13.0 0.56
0.4 duty cycle 14.6 6.0 55 61.5 124 0.48
0.5 duty cycle 134 8.4 18 62.3 14.2 0.59
0.6 duty cycle 15.6 8.0 25 60.6 133 0.60
0.7 duty cycle 15.1 8.7 24 60.6 13.2 0.66
0.8 duty cycle 18.9 7.2 12.1 50.3 114 0.63
0.9 duty cycle 24.6 6.1 12.8 45.8 10.8 0.56
1 duty cycle 15.3 8.3 - 62.3 14.2 0.58

The previous characterisation subsections showed a relatively low coating variability between
each 0.1 duty cycle step. There was a general transitional trend of a highly crystalline
deposition at 0.2 duty cycle, with a lower surface coverage, transitioning to an amorphous CaP
deposition at 1 duty cycle with a high surface coverage. The variability when comparing duty
cycle extremes was easily observed but variability comparisons between coating types with
adjacent duty cycles were difficult to make due to the similarity of coatings. Therefore, in the
interest of efficiency, further investigations regarding duty cycle variation were performed
using the 0.2 duty cycle, the 0.6 duty cycle and the 1 duty cycle to give an overview of the
extreme points and middle of the transition of properties. The Ca:P ratios suggests that the
majority of depositions were Monocalcium Phosphate (MCP) which typically exhibit a ratio

of ca. 0.5 [361].

4.1.4 Profilometry of varied duty cycle CaP coatings on polished Mg WE43 for thickness
measurement

As the deposition time for these samples was 20 min, profilometry of the cross-section of
electrodeposited CaP coatings on polished Mg WE43 was conducted to quantify the deposition

rate utilising the electrodeposition process, giving insight into the topography of the coatings.
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4.1.4.1 The 0.2 Duty Cycle CaP coating profilometry
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Figure 4.15: Profilometry of the 0.2 duty cycle coating measured at 3 different points along the substrate-coating border

taken at A) ca. 2.5mm from left B) ca. 5mm from left C) ca. 7.5mm from left

Figure 4.15 depicts examples of the surface topography of the CaP coating deposited at 0.2
duty cycle. Measurements were performed at different spots along the step line of the coating

and the uncoated, polished disc to show the level of variability along the coating surface.

The maximum height of the coating was seen to be ca. 26pum depicted in Figure 4.15(C).
However, it must be taken into account that there was a large variability in the coating thickness
as shown in SEM to be voids in the coating (Section 4.1.1.1). Similarly, the crystal orientation
on the alloy surface will cause variation in height due to the non-uniform structure. Figure
4.15(A) combined with Figure 4.15(B) suggests there may be a base layer of CaP coating
deposited across the alloy surface of ca. 5um thickness with the larger crystal structures
generally ranging from 10 - 20um. Considering the variability of deposition thicknesses from
5 - 25um, with the majority of crystal structures retaining a depth of 10 - 20um, it can be
assumed that a deposition time of 20 mins using 0.2 duty cycle gives a typical based coating

thickness of 5um with excursions of up to 25 pm.
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4.1.4.2 The 0.6 Duty Cycle CaP coating profilometry
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Figure 4.16: Profilometry of the 0.6 duty cycle coating measured at 3 different points along the substrate-coating
border taken at A) ca. 2.5mm from left B) ca. 5mm from left C) ca. 7.5mm from left

Figure 4.16 shows the surface topography of the 0.6 duty cycle coating at 3 points along the

substrate-coating border. There was a smaller height variation than that observed for the 0.2

duty cycle sample however, the coating thickness was also smaller with Figure 4.16(B, C)

showing the coating thickness to be in the region of 5um. Figure 4.16(A) shows a maximum

height of ca. 25um but typical excursions were around 10 - 12um in height. The topography

readings suggest that there was a base CaP coverage on the substrate ca. 5pum thick with crystals

formed throughout the surface with a larger morphology, consistent with SEM images of crystal

formation and voids to a base layer detailed in Section 4.1.1.6.

4.1.4.3 The 1 Duty Cycle CaP coating profilometry

Similarly to the previous profilometry measurements, Figure 4.17 suggests a base CaP coating

layer of ca. 5um with larger structures throughout the coating surface, with typical excursions

up to 15 pum. Again the maximum height observed was ca. 20 um thick, but most excursions

were ca. 15 pm.

The average thicknesses of the electrodeposited coating profiles for the varied duty cycle

depositions, were averaged across the 3 measurements and collated below in Table 4.4.
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Figure 4.17: Profilometry of the 1 duty cycle coating measured at 3 different points along the substrate-coating
border taken at A) ca. 2.5mm from left B) ca. 5mm from left C) ca. 7.5mm from left

Table 4.4 Average CaP coating thickness by variation of Duty cycle parameter with standard error of mean (n=3)

Duty Cycle Average Profile Thickness /um
0.2 9.72+181
0.6 7.41+£0.84
1 8.80 +0.13

4.1.5 Elution Cytocompatibility Testing for varied Duty Cycle CaP coatings on Mg WE43

Figure 4.18 shows the cell viability of osteoblast-like cells after exposure to treated media in
relation to a non-treated media (NTM) control. When the treated media was added to the cells,
the cell viability of the MG-63 cells significantly drops for all sample types with varying
degrees of significance between each coating and the NTM control. The viability of the cells
for the 0.2 duty cycle treated media was the largest of the coatings. All coatings showed a
higher degree of viability than the Mg WE43 alloy control, although through statistical
analysis, the differences between the sample types were not seen as significant. Statistical
analysis gave a p value < 0.05 between NTM and 0.2 duty cycle, p < 0.01 between NTM and
both 0.6 and 1 duty cycle. The p value was less than 0.001 between the NTM and Mg WE43
alloy. Figure 4.18(B) details the results when the treated media was pH-corrected back to 7.4

whilst the original untreated DMEM media maintained. This can be used to suggest whether
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the ions which leach out of the samples were toxic to the viability of the cells. The only sample
type that showed a lower degree of viability than the NTM control was the Mg WE43 alloy
with a significance of p < 0.05. There was a significant difference between all coated types and
the Mg WEA43 alloy with p < 0.01, p < 0.001 and p < 0.05 for 0.2 duty cycle, 0.6 duty cycle
and 1 duty cycle respectively. Despite all coating types showing increased viability when
compared to NTM, there was no significant statistical difference between these results. These
trends were seen across 3 tests, to show repeatability, with some variation between the degree
of significance between sample types. The bars depicted in Figure 4.18 were taken from an
individual test which were selected as they were representative of the trends seen across the

elution tests.
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Figure 4.18: Cell cytocompatibility test of varied duty cycle assessed using Neutral Red Assay: (A) treated DMEM media
non pH-corrected (B) treated DMEM is pH-corrected to 7.4 to simulate body conditions. All values are mean values +
SEM (n=3). * - p<0.05, ** - p<0.01, *** - p<0.001
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4.1.6 Potentiodynamic Polarisation Testing for Varied Duty Cycle CaP coatings on Mg WE43

The varied duty cycles of 0.2, 0.6 and 1 all showed a more positive Ecor (Seen in Figure 4.19)
value than the Mg WEA43 alloy. This more positive value tends to correlate with an improved
corrosion resistance suggesting the CaP coatings improve the overall corrosion resistance of
the base Mg WE43 alloy substrate. There was no trend observed for the Ecorr values with
increasing duty cycle although the most positive value was obtained by the 1 Duty Cycle
sample with a value of -0.7 V. The Ecorr values of the 0.2 and 0.6 duty cycle coatings were
relatively close being -1.13 and -1.17 V respectively. However, despite these Ecor values
suggesting higher corrosion resistance, this did not translate to a lowest corrosion rate for the
investigated duty cycle samples as the icorr, Which is directly proportional to corrosion rate, was
higher for the 0.2 duty cycle sample. The 0.6 and 1 duty cycle coatings both exhibited reduced

corrosion rates (0.57 and 1.34 mm/Y respectively) compared to the Mg WE43 alloy whilst the

Duty Cycle OCP

— Mg WE43
0.2 Duty Cycle
— 0.6 Duty Cycle

— 1 Duty Cycle

0- .............................................................................

log I(mA/cm?)

Potential [ V]

Figure 4.19 Electrochemical Corrosion Test Results for varied Duty Cycle
coatings deposited on Mg WE43 discs, in DMEM at 37°C
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corrosion rate increased for the 0.2 duty cycle coating to 6.44 mm/Y. The results of Ecorr, icorr,

Corrosion resistance and corrosion rate are detailed below in Table 4.5.

Table 4.5 Mean Ecorr and Icorr values for each duty cycle and the resultant corrosion rate calculated with standard error

(n=3)
Corrosion COEs O Polarisation :
Sample type | Potential Ecorr/ Ao Resistance Rp/ ST RENS
v DenSIty |corr/ Qcm? Veorr / (mm/Y)
(mA/cm?)

Mg WE43 -1.42 +0.01 0.097 + 0.009 264.5 + 39.62 2.22 +0.030
0.2 Duty Cycle -1.13+0.23 0.282 +0.161 | 342.9 +254.79 6.44 +0.025
0.6 Duty Cycle -1.17 £0.01 0.025 +0.011 782.5 £ 30.20 0.57 £0.002

1 Duty Cycle -0.70 £ 0.01 0.059 + 0.009 757.2 £91.26 1.34 +0.007

4.2 CaP coating deposited on Mg WE43 with Deposition Time Variation

Following the initial characterisation and viability tests, it was decided that the future samples
of CaP deposition would use a duty cycle of 0.6 due to having a balance of deposition coverage
and high degree of crystallinity combined with a good performance in cell viability testing and
the lowest corrosion rate for varied duty cycle coatings. The CaP coatings in this section were
deposited onto Mg WEA43 disc substrates, as described in Section 3.1.3 with the deposition time
parameter being varied with time points of 20, 40, 60 and 120 min being used. The as-deposited
coatings were characterised using the combined techniques of SEM/EDX, XRD and XPS with
profilometry being utilised to obtain coating thickness. Further testing was carried out to
investigate the effect of the coatings on the cytocompatibility of Mg WE43 alloy in an elution
test with MG-63 osteoblast-like cells as well as potentiodynamic polarisation testing to

determine if these coating types improve the corrosion resistance of the Mg WE43 alloy.

4.2.1 SEM of varied deposition time CaP coatings

4.2.1.1 20 min deposition time CaP coating on Mg WE43
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Figure 4.20: SEM images of 20 min deposition time CaP coating on Mg WE43 disc with typical coating voids
circled white, examples of less common, small CaP features circled yellow

This coating type was deposited using the same parameters as the sample imaged in Section
4.1.1.6. Figure 4.20 shows repeatability with Figure 4.7 in that there was a crystalline
deposition with some voids in the coating surface (circled in white), without substantial
cracking of the alloy surface and also the presence of some other smaller CaP features

(examples circled in yellow) on top of the deposited brushite crystals.
4.2.1.2 40 min deposition time CaP coating on Mg WE43

Figure 4.21 shows images taken of the CaP coating deposited with a 40min deposition time.
Similarly to the previous coating type, there was a widespread coverage of crystalline
deposition but this time the smaller CaP deposits were less present showing the cleaner crystal
plates. However, upon closer magnification, cracks can be seen in the underlying substrate

through the voids of the coatings surface. There was a variation in the size of the crystals
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deposited with larger plate-like crystals ca. 25 - 30um in length and smaller crystals ca. 2 -

S5um in length.
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Figure 4.21: SEM images of 40 min deposition time CaP coating on Mg WE43 disc with significantly less coating
voids (white circle) and a reduced crystal size of CaP deposits

4.2.1.3 60 min deposition time CaP coating on Mg WE43

The CaP coating deposited with a 60 min deposition time has similar traits with the previous
coatings deposited with the shorter deposition times. VVoids were clearly seen in the coating
surface which seem to penetrate the whole way through the coating to reveal the underlying
alloy substrate. Through these voids the underlying alloy has cracking in the top surface layer
as pictured in Figure 4.22 (white circles), suggesting a reaction between the electrolyte solution
used for the deposition and either the surface of the Mg WEA43 alloy, or a dehydrating effect

causing a cracking of the underlying deposited CaP layer. The areas without voids in the coating
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Figure 4.22: SEM images of 60 min deposition time CaP coating on Mg WE43 disc with void cracks (circled
white) and a more densely packed CaP crystal coating with typical crystal size of ca.3um length

appear to be densely packed with the small needle-like brushite crystals. There were still larger
plate-like brushite crystals present, tending to grow at the void edges, but with increasing
deposition time there appears to be an increasing proportion ca. 80 % of the deposited crystals
being that of the smaller needle-like nature of ca. 2um diameter. Some smaller CaP structures

were also seen in a sheet-like form on top of the other deposited crystals.

4.2.1.4 120 min deposition time CaP coating on Mg WE43

Figure 4.23 depicts the CaP coating deposited with a 120 min deposition time. There were
voids in the coating surface as with previous coatings but there also shows to be multi-layered
crystals deposits where in some voids there was a clear crystal layer on the substrate which was
not as tall as the top layer of the coating. However, there were still some voids that appear to

penetrate the full thickness of the coating, exposing some cracking of the underlying substrate
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Figure 4.23: SEM images of 120 min deposition time CaP coating on Mg WE43 disc showing some voids in the
coating surface and small, densely packed CaP crystals typical of coatings with deposition time over 20 mins

surface. The rest of the crystal deposits maintain the same morphology as with previous
coatings with smaller crystals from 2 - 5um in length and larger plate-like crystals around 20pum
in length. Unlike the previous 60 min coating, the 120 min coating contains a larger proportion
of the plate-like crystals ca. 50 %, as opposed to the densely packed ca. 2 um needle-like
crystals. As there appears to be a higher number of voids in the coating, this would suggest a

larger proportion of plate-like crystals which have been seen to nucleate around the void edges.

4.2.2 XRD of varied deposition time coatings

Figure 4.24 presents the XRD patterns of the varied deposition time coatings against the
uncoated Mg WEA43 alloy. In all patterns, there was the presence of Mg peaks (ICDD database
00-004-0770) at 32.1, 34.4 36.5, 47.7, 57.4 and 63.0° although the relative intensity of these

peaks significantly decreased to similar peak areas for the 40, 60 and 120 min samples,
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Figure 4.24: XRD patterns of as deposited CaP coatings on Mg WE43 alloy with varied deposition time
parameters. Peak deconvolutions are as follows: () — Mg:ICDD 00-004-0770, () — Brushite:/CDD 00-001-0395
indicative that the coating thickness had not changed for these latter deposition times. The 20
min deposition showed a similar intensity of the Mg peaks as the Mg WE43 alloy control.
Details as to the phase orientation of Mg peaks are presented previously in Section 4.1.2. The
relative intensity of Mg peaks decreased due to the increase of CaP content in the coatings.
Peaks at 11.6, 21.0, 23.2, 29.3, 30.5, 41.6, 48.5 and 50.2° 26 closely match ICDD database 00-
001-0395 for brushite. These peaks increased in relative intensity from the 20 min deposition
to the 40 min deposition but seemed to remain at a similar relative intensity for the 60 min and
120 min depositions as stated above. Preferential growth of brushite was in the (020) plane

represented by the peak at 11.6° 20 with the highest relative intensity. The peaks recorded at

21, 23.2, 29.3, 41.6 and 50.2° represent the (127, (040), (141), (152 and (143 planes

respectively. As the relative intensity of CaP peaks did not increase significantly after the 40
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min deposition time mark, it suggests that the coatings may be very similar in nature and the

deposition of increasingly thick CaP layers may be impeded after the 40 min timepoint.

4.2.3 XPS spectra of varied deposition time coatings

Figure 4.25(A) presents a survey scan and detailed high resolution C 1s, Ca 2s, Mg 2s, O 1s
and P 2p spectra for the deposited coatings. The majority of sample types exhibited components
of all of the aforementioned peaks with the notable exceptions of the Mg WE43 alloy
expectedly not showing Ca 2s or P 2p peaks (Figure 4.25 (C,F)) and both 60 and 120 min
depositions exhibiting no Mg 2s peak (Figure 4.25 (D)). There were however Mg KLL peaks
seen in the survey scan but the relative intensity of these peaks were significantly lower than
for other sample types. A summary of the ratio of elements composing the coating surface are

listed in Table 4.6.

Table 4.6: Surface element compositional analysis for varied deposition time coatings by XPS

Sample Elemental Composition /at% Ca:P
Type C Ca Mg O P ratio
Mg WE43 | 273 - 18.6 | 52.2

20 min 16.2 6.5 5.9 58.7 12.7 0.51
40 min 16.3 7.0 6.1 58.1 12.6 0.55
60min 12.2 6.6 - 65.9 15.2 0.43
120 min 13.0 8.6 - 64.0 14.5 0.59

For all sample types, the C 1s high resolution scan (Figure 4.25 (B)) exhibited a single peak at
284.8eV which was attributed to a C=C bond. For the 60 min and 120 min samples, due to the
lack of a Mg 2s peak, this suggested that the other bonding present must be a contribution of
bonding including the other elements present of Ca, O and P. Therefore the slight binding

energy shifts were attributed to bonding from a Ca(POq)
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Figure 4.25 Survey and high resolution XPS of varied deposition time CaP coatings on Mg WE43 discs: (A) survey scan (B) C
1s high resolution spectra (C) Ca 2s high resolution spectra (D) Mg 2s high resolution spectra (E) O 1s high resolution
spectra (F) P 2p high resolution spectra
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compound with a binding energy of 133.5 eV for the P 2p peak and 438.6 eV for the Ca 2s
peak, whilst bonding in the lower deposition time samples was attributed to MgO and CaP. The
binding energies were slightly shifted from the expected values [362, 363], but also have a
relatively large standard deviation across the literature so were considered the most likely for
the peaks. Another factor contributing to the assignment of the peaks was that the existence of
high resolution Mg 2s peaks for the 20 and 40 min samples attributed to MgO, would suggest
that the O 1s peaks for the 20 and 40 min samples would also be from the MgO. However, the
presence of an O 1s peak for the 60 and 120 min samples would therefore exist in a different
compound as there were no Mg 2s peaks exhibited for these samples. Compositional analysis
showed relatively similar proportions of each element across the coated sample types with the
O at.% contribution increasing by roughly the same amount as the reduction of Mg
contribution. There was also a shift in the Ca:P ratio as the P content increased for the 60 min
and 120 min samples suggesting a different type of CaP bonding present which would be in
agreement with the binding energy shifts shown in the high resolution scans of Figure 4.25.
The Ca:P ratios calculated showed a similar deposition characterisation to that of the varying

duty cycles with ratios of ca. 0.5 suggesting MCP deposition [361].

4.2.4 Profilometry of varied deposition time coatings for thickness measurement

4.2.4.1 20 min deposition time CaP coating profilometry

The profilometry measurements for the coating deposited using these parameters can be seen
above in Section 4.1.4.2. However, the average value for coating thickness deposited using

these parameters is also listed below in Table 4.7.
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4.2.4.2 40 min deposition time CaP coating profilometry
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Figure 4.26: Profilometry of the 40 min coating measured at 3 different points along the substrate-coating border
taken at A) ca. 2.5mm from left B) ca. 5mm from left C) ca. 7.5mm from left

Figure 4.26 depicts the profilometry of the coating thickness deposited at the 40 min time point.
There appeared to be a base coating layer measured of ca. 2 — 3 um although it must be
considered that there could be voids present that penetrate through the coating to the alloy
surface which cannot be accurately depicted due to the sensitivity of the stylus probe. The
largest deposition was recorded to be in the region of 10 um. The thickness was relatively
similar to that observed for the 20 min deposition in general, although the 40 min sample lacked
the larger deposit around 20 pm thick which would follow with the suggestion that deposited

crystals tended to be the smaller, needle-like variety as opposed to the larger plate-like variety.
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4.2.4.3 60 min deposition time CaP coating profilometry
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Figure 4.27: Profilometry of the 60 min coating measured at 3 different points along the substrate-coating border taken at A) ca.
2.5mm from left B) ca. 5mm from left C) ca. 7.5mm from left

The 60 min deposition time sample, depicted in Figure 4.27, shows similarities to the

deposition of the 40 min sample but with areas of thicker deposition. Again, there appears to

be a base layer ca. 2 — 3 um thick with peaks showing either large crystals or a peak of more

densely packed structures in the range of 10 — 20 pum thick. However, as seen in Figure 4.27(A),

there was a large step in the heights of the coating which suggests there were gaps in the coating

surface, although these do not appear to penetrate to the alloy surface.

4.2.4.4 120 min deposition time CaP coating profilometry
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Figure 4.28: Profilometry of the 120 min coating measured at 3 different points along the substrate-coating border taken at
A) ca. 2.5mm from left B) ca. 5mm from left C) ca. 7.5mm from left
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Figure 4.28 depicts the coating thickness recorded at 3 points across the substrate-coating
border. There were a significant number of peaks showing deposits of greater than 10 pm
thickness with the largest peak showing a deposit of ca. 22 pm in depth. Similar to the other
samples measured, there appears to be a layer deposited onto the base alloy substrate with a

thickness of ca. 2 - 3um.

The average thicknesses of the electrodeposited coating profiles for the varied deposition time

depositions, were averaged across the 3 measurements and collated below in Table 4.7,

Table 4.7 Average thickness of CaP coatings with varied deposition time parameter calculated with SEM (n=3)

Deposition Time /min | Average Profile Thickness /um
20 7.41+£0.84
40 3.65 +0.58
60 6.29 £0.74
120 7.92+1.18

4.2.5 Elution Cytocompatibility Testing for varied deposition time CaP coatings on Mg WE43

Figure 4.29 shows the cell viability of MG-63 cells after 24 hours exposure to DMEM treated
with each sample type both as treated (Figure 4.29(A)) and pH-corrected to 7.4 (Figure
4.29(B)). For the non pH-corrected media, there was a drop in cell viability for all samples
types as compared to the NTM control. However this drop was not statistically significant
between the NTM and both the 20 min and 40 min deposition, whereas the values for
significance between the NTM and the other sample types were p < 0.05 for the Mg WE43
alloy and 60 min deposition and p < 0.01 for the 120 min deposition. When comparing with
pH-corrected media, there was an improvement in the cell viability levels for all coating types
whereas the performance of the Mg WE43 alloy remains similar to the non pH-corrected test.
The largest improvement in cell viability was seen for the 120 min coating which had a higher
viability than the NTM control although this difference was not statistically significant.

However, there was statistical significance observed between the 120 min deposition and both
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Figure 4.29: Cell cytocompatibility test of varied deposition time assessed using Neutral Red Assay: (A)
treated DMEM media non pH-corrected (B) treated DMEM is pH-corrected to 7.4 to simulate body
conditions. All values are mean values + SEM (n=3). * - p<0.05, ** - p<0.01, *** - p<0.001

the Mg WE43 alloy and 20 min deposition giving p values of p < 0.001 and p < 0.05
respectively. The other statistical differences seen were p < 0.05 between NTM and Mg WE43

samples and p < 0.05 between the 40 min deposition and Mg WE43 samples.

4.2.6 Potentiodynamic polarisation testing for varied deposition time coatings

Figure 4.30 shows an example of the Tafel plots generated from PDP testing for each sample
type of deposition time variation. Each sample type was repeated in triplicate with the results

being averaged and collated below with calculated corrosion rate in Table 4.8.

In general, a more positive Ecorr is preferable for corrosion resistance. Of all the sample types,
the Mg WE43 alloy had the most negative value of -1.42 V, which suggests that every coating
type improves the corrosion resistance of the alloy. No particular trend was seen for the coated
samples as the values range from the most positive -1.10 V for the 40 min deposition to the

most negative of coating types -1.33 V for the 60 min sample. Conversely, a lower icorr is
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Figure 4.30: Electrochemical Corrosion Test Results for varied deposition time coatings deposited on Mg

WE43 discs, in DMEM at 37°C

preferred as it is the factor used in Faraday’s rate equation (Equation 3.5) to calculate the

corrosion rate. The Mg WE43 alloy exhibits the highest icorr Value of 0.097 mA/cm? which

demonstrates all coating types reduced the corrosion rate (Table 4.8). The lowest corrosion rate

was exhibited by the 20 min deposition time coating with a vcorr 0f 0.57 mm/Y. However, the

second lowest corrosion rate was seen for the 120 min deposition time sample at 0.88 mm/Y.

Table 4.8: Mean Ecorr and Icorr values for each deposition time and the resultant corrosion rate calculated

with SEM (n=3)

Corrosion SRS Polarisation .
Sample type | Potential Ecorr/ CUAE: Resistance Rp/ IR [RELS
v Density icorr / Ocm? Veorr / (MM/Y)
(mA/cm?) cm
Mg WE43 -1.42 +£0.01 0.097 £ 0.01 264.5 + 39.62 2.22 +0.030
20 min -1.17 £0.01 0.025 +0.01 782.5 +30.20 0.57 £0.002
40 min -1.10+0.14 0.048 + 0.04 752.4 + 385.29 1.11 £0.025
60 min -1.33+0.02 0.061 +0.01 296.4 +64.21 1.40 £ 0.004
120 min -1.16 £0.19 0.039 £ 0.03 423.0 +7.59 0.88 £ 0.022
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4.3 CaP coatings deposited on Mg WE43 with Electrolyte pH variation

The third parameter of the electrodeposition process selected to be varied was the pH of the
electrolyte solution. As hydroxyapatite is the preferable CaP phase to be deposited, as explained
in Section 2.8.1, and is more stable at a higher pH than the previously used pH 4.5, the
electrolyte pH was varied to investigate whether using a higher solution pH would promote the
formation of hydroxyapatite crystals onto the Mg WE43 alloy as opposed to the brushite
crystals previously deposited. The effect of changing electrolyte pH on the cell viability and

corrosion rate will be examined in the following section.

4.3.1 SEM of varied electrolyte pH CaP coatings on Mg WE43 alloy

4.3.1.1 Electrolyte pH 4.5 CaP coating on Mg WE43

. 4
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B’

Figure 4.31: SEM images of the CaP coating deposited with electrolyte pH 4.5 showing a large coverage with
some voids in the coating (circled white) and some cracking observed within the voids
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Figure 4.31 depicts a CaP coating deposited using the same parameters as seen in Sections
4.1.1.6 and 4.2.1.1. There was a general repeatability shown for the coatings deposited at these
parameters, as there was a large coverage of CaP crystals with some voids observed (circled in
white). However, there was some significant cracking observed in the voids unlike previous
samples suggesting a reaction of the substrate with the electrolyte solution or cracking of a base
layer due to coating dehydration during deposition. Some of the smaller CaP structure was also

deposited on the coating as previous samples have shown.

4.3.1.2 Electrolyte pH 6 CaP coating on Mg WE43

Figure 4.32 depicts the as-deposited CaP coating this time using an electrolyte pH of 6. Visually

there appears to be a decreased deposition of both the smaller needle-like and larger plate-like
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100kV30 200x SE 88 0 500x  SE 88
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Figure 4.32: SEM images of the CaP coating deposited with electrolyte pH 6 showing the very sparse deposition
of CaP and cracking of the underlying Mg WE43 alloy surface
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structures at this electrolyte pH, suggesting the variation of pH may inhibit the deposition of
CaP as compared to an electrolyte pH of 4.5. There were still some plate-like crystals observed
on the surface of the Mg WEA43 alloy substrate ca. 20pum in length with some larger than this.
There were not any small needle-like crystals, characteristic in previous coating types
investigated, observed at this electrolyte pH but there was cracking of the underlying
substrate/CaP base layer. Small flake-like structures were seen to compose the majority of the

deposition on the alloy surface and also rested on top of the larger plate-like crystals.
4.3.1.3 Electrolyte pH 7.5 CaP coating on Mg WE43

Figure 4.33 shows micrograph images of the CaP coating deposited with an electrolyte pH of

7.5. The deposition was visibly sparser than the deposition at pH 4.5 resulting in larger voids,
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Figure 4.33: SEM images of the CaP coating deposited with electrolyte pH 7.5 with a large proportion of voids in
the coating surface (white circles) and cracking of the underlying alloy. Cap crystals deposited are of the large
plate-like nature
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ca. 150 pum diameter compared to ca. 50 um for pH 4.5 (circled white). Cracks can also be seen
in the surface of the substrate. The crystals deposited tend to be large plate-like crystals ca. 20
pm in length, which were more isolated and less densely packed than observed for pH 4.5, as
opposed to smaller needle-like morphologies, which were generally observed in areas of higher
deposition density. There were also CaP deposits observed with a small globular appearance,

ca. 2 —4 pum similar to those observed for the previously investigated 1 duty cycle sample.

4.3.1.4 Electrolyte pH 9 CaP coating on Mg WE43

Act otMagn Det WD j——o—oy 100 um
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Figure 4.34: SEM images of the CaP coating deposited with electrolyte pH 9 with significant cracking of the Mg
WE43 alloy surface observed and a sparse deposition of CaP with large portions of the surface not covered

The appearance of the coating deposited at electrolyte pH 9 was relatively similar to that
deposited at pH 7.5. Many voids (ca. 100 — 150 um in diameter (circled white in Figure 4.34))

were present leaving the underlying surface exposed. However, compared to the pH 7.5 sample,
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there were an increased number of cracks observed, showing the substrate has reacted with the
electrolyte solution and shown signs of early onset corrosion behaviour. The crystal
morphology tends to be larger and plate-like in the region of 10 — 20 pum long with other

smaller, globular depositions observed as stated above.

4.3.2 XRD of CaP coatings deposited on Mg WE43 disc with varied electrolyte pH

i P HA
(101) Brushite Mg
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Figure 4.35: XRD patterns of as deposited coatings on Mg WE43 alloy with varied electrolyte pH. Peak deconvolutions

are as follows: () — Mg:ICDD 00-004-0770, () — Brushite:ICDD 00-001-0395, () — P:ICDD 00-044-0906, () — HA:JCPS 01-
089-4405

Figure 4.35 presents the XRD patterns of the varied electrolyte pH coatings against the
uncoated Mg WEA43 alloy. In all patterns, there was the presence of Mg peaks (ICDD database
00-004-0770) at 32.1, 34.4 36.5, 47.7, 57.4 and 63.0° although there was a decrease in the
relative intensity of these peaks for the pH 4.5 sample type, indicating the pH 4.5 sample had
a thicker or more continuous coating. Details as to the phase orientation of Mg peaks are

presented previously in Section 4.1.2. Peaks at 11.6, 21.0, 23.2 and 29.3° 20 closely match

ICDD database 00-001-0395 for brushite, representing the (020), (129, (040) and (141)
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planes respectively. There was a significant decrease in the relative intensity of brushite peaks
as the pH was increased above pH 4.5, with the peaks at 23.2 and 29.3° becoming negligible in
all other coated patterns. The peak at 11.6° was negligible in the pH 7.5 and pH 9 samples but
was still seen at pH 6 despite a significant reduction in relative intensity. New peaks were
observed for the pH 7.5 and pH 9 samples showing the deposition of P at 15.8 and 16.2° 26,
which showed preference for the (141) plane in accordance with JCDD database 00-044-
0906. The other newly formed peaks at 27.0 and 33.6° were representative of the (002) and
(221) orientations of hydroxyapatite according to JCPDS card 01-089-4405. However the peak

at 27° was only seen for the pH 7.5 sample.

4.3.3 XPS spectra of varied electrolyte pH coatings

Figure 4.36 presents a survey scan and detailed high resolution C 1s, Ca 2s, Mg 2s, O 1s and P
2p spectra for the deposited coatings varied by electrolyte pH. The majority of sample types
contained all of the aforementioned peaks with the exceptions of the Mg WE43 alloy, as
expected, not containing Ca 2s or P 2p peaks (Figure 4.36 (C,F)) and the pH 7.5 sample not
exhibiting a Ca 2s peak (Figure 4.36 (C)). The relative intensity of Mg KLL peaks was shown
to be significantly lower in the pH 4.5 and pH 6 samples as compared to the alloy control and
both pH 7.5 and pH 9 samples which was also shown by the elemental analysis in Table 4.9
where a drop was seen in the at.% of Mg for the pH 4.5 and pH 6 samples, from 27.3 to 15.3
and 16.5 at% respectively. For all sample types, common peaks were observed denoting
adventitious carbon. All of the other high resolution scans showed a single peak for each
element which showed minimal to no shifts in binding energy. The O content of each sample
remained relatively similar in the region of 50 — 60 at.%. At higher pH value, the P content was
seen to drop from 14.2 at% at pH 4.5 to 5.8 and 8.0 at.% for pH’s 7.5 and 9 respectively.
Similarly, the at.% of Ca dropped at higher pH which suggests that a lower pH may allow faster

deposition of the CaP coatings.
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Figure 4.36 Survey and high resolution XPS of varied electrolyte pH CaP coatings: (A) survey scan (B) C 1s high
resolution spectra (C) Ca 2s high resolution spectra (D) Mg 2s high resolution spectra (E) O 1s high resolution
spectra (F) P 2p high resolution spectra
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Table 4.9: Surface element compositional analysis for varied electrolyte pH coatings by XPS

Elemental Composition /at% Ca:P

SampleType ——¢ Ca | Mg o P ratio
Mg WE43 27.3 - 18.6 52.2 - -

pH 4.5 15.3 8.1 2.7 59.7 14.2 0.57

pH 6.0 16.5 6.1 7.0 59.5 10.8 0.56
pH 7.5 155 - 18.8 59.9 5.8 -

pH 9.0 20.2 1.0 16.6 54.2 8.0 0.13

The depositions at pH 4.5 and 6 are suggested to be MCP due to their Ca:P ratio being ca. 0.5
[361] but at a pH above 6, the deposition is calcium deficient with small proportions of Ca

detected.

4.3.4 Profilometry of varied electrolyte pH coatings for thickness measurements

4.3.4.1 Electrolyte pH 4.5 CaP coating on polished Mg WE43 profilometry

The profilometry measurements for the coating deposited using these parameters can be seen

above in Section 4.1.4.2.

4.3.4.2 Electrolyte pH 6 CaP coating on polished Mg WE43 profilometry
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Figure 4.37 Profilometry of 3 points along the coating-substrate border of CaP coating deposited with electrolyte pH 6
taken at A) ca. 2.5mm from left B) ca. 5mm from left C) ca. 7.5mm from left

The 3 profilometry measurements taken for the CaP coating deposited at electrolyte pH 6

(Figure 4.37) show signs of a sparse deposition consistent with images shown above in Section

4.3.1.2. The thickness of the coating was difficult to determine as the roughness of the coating

was relatively similar to that of the polished Mg WEA43 alloy. However, there were some

131

0.8



Jonathan M. A. Wilson

excursions ca. 0.5 — 1 um in height which were much smaller than those observed for other

varied deposition parameters.

4.3.4.3 Electrolyte pH 7.5 CaP coating on polished Mg WE43 profilometry

pH 7.5 spot 1

pH 7.5 spot 2 pH 7.5 spot 3
1

'
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! ! H

2.0 E 2.0 20

T 4 T
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T
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Figure 4.38 Profilometry of 3 points along the coating-substrate border of CaP coating deposited with electrolyte pH 7.5
taken at A) ca. 2.5mm from left B) ca. 5mm from left C) ca. 7.5mm from left

Similarly to the pH 6 deposition sample above, the excursions recorded for the pH 7.5 sample,
were smaller than other varied parameters, typically ranging from ca. 0.5 — 2 pum in height.
However, there were a higher number of distinct excursions suggesting a greater degree of CaP

deposition achieved when compared to the electrolyte pH 6 sample.
4.3.4.4 Electrolyte pH 9 CaP coating on polished Mg WE43profilometry

The profilometry readings for the CaP coating deposited at pH 9, pictured in Figure 4.39,
showed similar traits to both the pH 6 and 7.5 samples in terms of sparse deposition with
excursions in the region of ca. 0.5 — 1.5 um height. A slight curvature of the disc caused some
regions of a large negative Z reading compared to the rest of the profile. These were removed

for the calculations of coating thickness following.
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Figure 4.39 Profilometry of 3 points along the coating-substrate border of CaP coating deposited with
electrolyte pH 9 taken at A) ca. 2.5mm from left B) ca. 5mm from left C) ca. 7.5mm from left

The average thicknesses of the electrodeposited coating profiles for the varied electrolyte pH

depositions, were averaged across the 3 measurements and collated below in Table 4.10.

Table 4.10 Average thickness of CaP coatings with varied Electrolyte pH with SEM (n=3)

Electrolyte pH Average Profile Thickness /um
4.5 7.41+0.84
6 0.12 +0.02
7.5 0.20 £0.03
9 0.11£0.03

4.3.5 Elution Cytocompatibility Testing for CaP coatings on Mg WE43 with varied electrolyte

pH

Figure 4.40 depicts a single test representative of the general trends seen across 2 repeat tests

as to the cell viability of MG-63 osteoblast-like cells after 24 h immersion in treated media.

When the treated media was applied to the cells, there was a significant drop in cell viability

of all sample types when compared to the NTM control with a statistical significance of p <

0.05 for the pH 6, 7.5 and 9 samples and a significance of p < 0.01 between the NTM and both

the Mg WE43 alloy and pH 4.5 samples. However, there was no significant difference in the

performances of the coated samples when compared against each other. When the treated media
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Figure 4.40: Cell cytocompatibility test of varied electrolyte pH assessed using Neutral Red Assay: (A) treated
DMEM media non pH-corrected (B) treated DMEM is pH-corrected to 7.4 to simulate body conditions. All values
are mean values + SEM (n=3). * - p<0.05, ** - p<0.01, *** - p<0.001

was pH-corrected to pH 7.4, as denoted by Figure 4.40(B), there were improvements in cell
viability across all sample types, however, the pH 6, 7.5 and 9 samples only saw slight
improvements whereas the Mg WE43 alloy and pH 4.5 saw significant improvements to
become statistically comparable to the NTM control suggesting that there were not a significant
amount of toxic ions leaching out of the coating or the substrate into the media. Statistical
differences were seen between the coated samples when pH-corrected such that there was a p
value of p < 0.01 between the Mg WE43 alloy and both pH 7.5 and 9 samples, p < 0.01 between

pH 4.5 and the pH 6 sample and p < 0.001 between the pH 4.5 and both pH 7.5 and 9 samples.

4.3.6 Potentiodynamic polarisation testing for varied electrolyte pH coatings

Figure 4.41 shows an example of the Tafel plots generated from PDP testing for each sample
type of electrolyte pH variation. Each sample type was repeated in triplicate with the results

being collated and listed below with calculated corrosion rate in Table 4.11.
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Figure 4.41: Electrochemical Corrosion Test Results for varied electrolyte pH coatings deposited on
Mg WE43, in DMEM at 37°C

Table 4.11: Mean Ecorr and Icorr values for each electrolyte pH and the resultant corrosion rate calculated
with standard error (n=3)

Corrosion CIOTEEln Polarisation .
Sample type | Potential Ecorr/ SAE Resistance Rp/ COMTEEON REVE
Y Density icorr/ Oem? Veorr / (Mm/Y)
(mA/cm?)

Mg WEA43 -1.42 +£0.01 0.097 £0.01 264.5 + 39.62 2.22 +£0.030
pH 4.5 -1.17£0.01 0.025 +0.01 782.5 +30.20 0.57 £0.002
pH 6.0 -0.72 £0.29 0.053 £0.04 1179.9 + 457.33 1.22 £0.023
pH 7.5 -1.26 £ 0.09 0.256 £0.17 201.5 £ 95.59 5.86 £ 0.028
pH 9.0 -0.92£0.23 0.044 £ 0.02 886.4 + 313.64 1.00 £ 0.017

Similar to the experiments where the samples varied by deposition time, for the variation in

electrolyte pH, all of the coated samples have a more positive Ecorr a5 compared to the Mg

WE43 alloy control suggesting improvements on corrosion resistance by these coatings. There

was no trend seen between the coated samples and the most positive Ecorr Was found for the pH
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6 sample, with the most negative Ecorr Of the coated samples being recorded for the sample
deposited at pH 7.5. The sample at pH 7.5 also showed the largest icorr 0f 0.256 mA/cm? which
translated to the highest corrosion rate of 5.86 mm/Y which was almost double the uncoated
Mg WEA43 alloy which exhibited a corrosion rate of 2.22 mm/Y. Despite the sample deposited
at pH 6 having the most positive Ecorr, it was outperformed in terms of corrosion rate by both
samples deposited at pH 4.5 and 9 which showed calculated corrosion rates of 0.57 and 1.00

mm/Y as compared to that of 1.22 mm/Y exhibited by the pH 6 sample.

4.4 Manufacturing and Characterisation of Phosphate-based Glass Targets for RFMS
deposition

To date there has been limited research into the sputtering of phosphate-based glasses and in
extension research into the manufacturing of targets from these compositions. In recent years,
greater interest has been focussed on researching the effects of lowering P content, changing
the Q species of the glass and the influence this has on the biocompatibility of the material. To
this end, this thesis will investigate three different phosphate-based glasses with varying P

content and their compositions are listed below in Table 4.12.

Table 4.12: Selected target formulations for PBG targets in mol%

Target Name Composition /mol%
P20s CaO MgO NaO
P30 30 26 24 20
P35 35 21 24 20
P40 40 16 24 20

The targets were to be designated P30, P35 and P40 based on the P20Os content of the glass.
The P.Os content was substituted for the equivalent mol% of CaO for the variation of PBG
formulations. The concentrations of MgO and NaO remained unchanged. The desired

composition of the targets was converted into at.% of each constituent element for ease of
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comparing the EDX results of the actual target composition with the values being listed in Table

4.13 below.

Table 4.13: Desired elemental composition of the P30, P35 and P40 targets converted into at%

Elemental Composition / at.% P:O

Vel Ca Mg Na @) P ratio
P30 7.03 6.49 10.81 59.46 16.22 0.27
P35 5.32 6.08 10.13 60.76 17.72 0.29
P40 3.81 571 9.52 61.90 19.05 0.31

4.4.1 Manufacturing development of PBG targets for RFMS deposition

Figure 4.42: Examples of P30 PBG samples used for characterisation, development and
deposition (A) RFMS target size (B) small pebbles cast for analysis

During the melt quenching process of target formation, there were challenges with the cooling
of the glass being too slow, resulting in surface crystallisation of the glass castings for the P30
and P35 compositions. The method of splat quenching, described in Section 3.2.4, was utilised
to address this issue. However, this does not counteract the stresses in the glass which cause
the glass to shatter upon cooling. To get the PBG into a usable target form, the glass processing
included several steps experimentally determined including remelting, recasting and annealing
in a target mould which largely negated the effects of splat quenching, giving targets similar to

that shown in Figure 4.42(A).
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This surface crystallisation did not occur upon every recasting and so a usable target was able
to be produced by repeating the production process with a successful target achievement rate

of 1 in 3 attempts.

A secondary manufacturing issue was that the effervescence of the melting powders caused the
contents of the melting crucible to spill over onto the alumina blocks being used to stabilise the
crucible. This required multiple smaller batches to be melted and splat quenched, before
combining the shards and continuing the recasting and annealing portion of target production.
This resulted in the targets shown in Figure 4.43 being produced. The successful targets
produced exhibited a consistency in thickness of ca. 6mm across the majority of the target
surface for all target types. The slight variations in thickness were observed at the “missing
edges” of the target at seen in Figure 4.43(A,B) with the target thickness reaching 6mm ca.

3mm from the edge.

It was observed after the RFMS deposition process that all 3 targets exhibited some cracking
on the target surface. However, the targets did not shatter as the cracks did not propogate
through the full body of the targets. This would allow reuse of the targets for multiple

deposition runs until complete fracture.

Figure 4.43: PBG targets used for RFMS deposition (A) P30 target (B) P35 target showing some surface
crystallisation at the target edge (C) P40 target
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4.4.2 SEM/EDX of bulk PBG pebbles

EDX data was collected for the samples of bulk PBG from the surface that would be used for
sputtering, in order to assess the composition of the bulk targets for comparison against
deposited coatings. The maximum deviation in at.% difference was revealed to be ca. 2.74 at.%
for the P difference of the P35 sample. The largest variations were seen for the O and P contents
but the majority of elemental compositions <1 at.% showing a good level of agreeability for
the samples to the desired target formulations. The P:O ratios were all ca. 0.05 away from the
desired composition, with the P35 and P40 samples exhibiting a lower ratio than expected and

P30 showing a larger ratio than expected.

Table 4.14: Compositions of bulk PBG samples with varied P content as measured by EDX and difference from
desired target formulation

e Elemental Composition / at.% P:(_)
Ca Mg Na @) P ratio

P30 564+139 | 755+1.06 | 10.03+0.78 | 58.67+0.79 | 18.10+1.78 0.31
P35 448+084 | 7.21+1.13 | 10.11+£0.02 | 63.21+245 | 1498 +2.74 0.24
P40 297+084 | 595+0.24 | 10.52+1.00 | 64.09+2.19 | 16.47 +£2.58 0.26

Table 4.15 Compositions of bulk PBG samples with varied P content as measured by EDX and difference from

desired target formulation in mol.%

Target Elemental Composition / mol.%
P20s CaO MgO NaO
P30 33.1+3.1 20.7+5.3 28.0+4.0 18.3+1.7
P35 30.8+4.2 185+25 30.0+6.0 20.8+0.8
P40 36.6 +3.4 13.2+28 26.8+28 234 +34

It can be noted that the P20s mol.% of P35 sample was closer to 30 than the P30 sample. This was

attributed to the surface crystallization effects during annealing, changing composition over the scan

area.

4.4.2.1 P30 bulk PBG

Figure 4.44 shows the topology of the P30 pebble cast for bulk material analysis purposes. The

surface showed signs of surface crystallisation where there was deviation from the overall

smooth texture. The area of crystallisation was similar to the white target edge in Figure
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4.43(B). The P30 target shown in Figure 4.43(A) was smooth in texture, and clear which was

characteristic of other pebble samples shown to be amorphous by XRD.

X156 29 50 SEI X60 200pm 13 50 SEI

Figure 4.44: Micrograph images of the pebble cast for P30 PBG analysis showing signs of potential surface
crystallisation

4.4.2.2 P35 bulk PBG

X16 1mm 30 50 SEI 20kV X100 100um 14 50 SEI

Figure 4.45: Micrograph images of the pebble cast for P35 PBG analysis

Figure 4.45 shows the smooth morphology of the P35 pebble for analysis, typical of PBG glass
structures, confirmed to be amorphous by XRD Figure 4.47. There was a slight imperfection
seen on the right of Figure 4.45 which suggests there may be a small degree of contamination

from the melt quench and casting process.
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4.4.2.3 P40 bulk PBG

20kV X27  500pm 13 50 SEI

Figure 4.46: Micrograph image of the pebble cast for P40 PBG analysis

Figure 4.46 shows the smooth topology of the P40 pebble suggesting an amorphous structure
of the glass. Other shapes visible in the micrograph located on top of the pebble, were

discounted as a dust contamination.

4.4.3 XRD patterns of bulk PBG pebbles

Figure 4.47 shows the XRD patterns of the small PBG “pebbles” used for characterisation
purposes. The P35 and P40 patterns show the glass to be amorphous materials. The P30 glass
showed signs of surface crystallisation mentioned in Section 4.4.1 with peaks matched to
brushite, Mg, Na, P and Na>Ca(PO4). However, through visual comparison with P30 target
Figure 4.43(A), there was no apparent crystallisation of the P30 target and would likely give a
similar pattern to those of P35 and P40 samples. The P35 target (Figure 4.43(B)) showed signs
of crystallisation on the outer edge but as the sputtering process utilises material from around
the centre of the target [231], the crystallisation was accepted and the target used for

depositions.
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Figure 4.47: XRD patterns of the pebbles used for analysis of bulk PBG material. Peak deconvolutions are
as follows: () — Mg:ICDD 00-004-0770, () — Brushite:ICDD 00-001-0395, () — P:ICDD 00-044-0906, ¢ - Na, O
— NazCa(POa)

4.4.4 XPS spectra of bulk PBG pebbles

Figure 4.48 presents a survey scan and detailed high-resolution C 1s, Ca 2s, Mg 2s, Na 1s, O
1s and P 2p spectra for the bulk glass samples. Each glass formulation exhibited all of these
peaks with little variation. The Mg 2s peaks were attributed to the same bonding despite a small
variation in binding energy, within error tolerance for the Mg 2s peak. This error was attributed
to the stresses caused in the sample by the surface crystallisation previously shown in Sections
4.4.2.1 and 4.4.3 as compared to both other samples which were shown to be amorphous. All
three samples exhibited a C 1s peak at 284.8 eV which was attributed to C=C bonding,
indicative of adventitious carbon. However, the largest compositional variation of the samples,
as detailed in Table 4.16, was exhibited by the C 1s peak, which was likely due to the use of a

graphite mould during the casting and annealing processes.
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Figure 4.48: XPS spectra of the PBG only coatings deposited onto Mg WE43 discs (A) survey scan (B) C
1s high resolution spectra (C) Ca 2s high resolution spectra (D) Mg 2s high resolution spectra (E) Na 1s
high resolution spectra (F) O 1s high resolution spectra (G) P 2p high resolution spectra
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All of the glass samples exhibited a smaller P content as compared to the EDX analysis,
suggesting the surface layer contains a lower P content due to P being the network former of
the PBG. Similarly to EDX analysis, the P35 sample exhibited the highest P content, as shown

by the P:O ratio, which may be caused by the variation of Q species exhibited by the glasses.

Table 4.16: Surface element compositional analysis for bulk glass samples by XPS

Sample Type Elemental Composition /at.% P:0
C Ca Mg Na @) P ratio

P30 47.7 1.6 2.4 59 317 10.8 0.34

P35 34.5 1.3 4.2 6.8 36.7 16.6 0.45

P40 41.8 1.2 4.0 5.8 34.8 12.3 0.35

4.5 Phosphate-based Glass coatings deposited onto Mg WE43 discs by RFMS
4.5.1 SEM/EDX of PBG coatings on Mg WE43 discs

Table 4.17 shows the EDX analysis for the PBG only coatings. The large Mg content of the
PBG coatings suggest a relatively low sputtering rate of the glass. Furthermore, preferential
sputtering of certain elements may also be occurring. A trend of P35 samples exhibit the highest
P content in agreement with Section 4.4.4 above. The Mg content maintains a high relative at.%
ranging from 33 — 48 at.% across the varied PBG formulations, suggesting the coating
thickness was quite thin (< 2 um) as the underlying Mg WE43 alloy contributed to most of the

elements peaks.

Table 4.17: Compositions of as-deposited PBG coatings by EDX calculated with SEM (n=3)

" Elemental Composition / at.% P:O

Ca Mg Na @] P ratio
P30 coat | 0.87+0.03 | 48.13+3.64 | 2.73+0.30 | 45.02+3.16 | 2.40+0.04 0.05
P35coat | 1.05+0.03 | 42.03+1.05 | 298+0.14 | 49.48+0.87 | 414+0.25 0.08
P40 coat | 0.55+0.07 | 33.05+1.11 | 1.87+0.26 | 61.86+0.83 | 2.58+0.19 0.04

4.5.1.1 P30 PBG coating deposited on Mg WE43 by RFMS
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Figure 4.49 shows the P30 sputtered deposition onto Mg WE43 alloy. There was a large Mg
content from EDX suggesting the layer of PBG may not be very thick as the high Mg content

was contributed by the underlying Mg WE43 alloy, with only a small contribution from the

X400  50pm 14 50 SEI

20kV X800  20pm 14 50 SEI 20kV  X2,000 10pm 14 50 SEI

Figure 4.49: SEM images of Mg WE43 alloy coated with REMS P30 PBG showing some globular deposits of
PBG and relatively large concave disc structures deposited which may be large and brittle PBG deposits with
observed cracks

sputtered glass. There were a variety of concave disc-like shapes deposited across the surface
of the alloy which were only observed for the P30 and P35 coating types. Cracks were visible
in the structure of some of these disc-like shapes, as pictured in Figure 4.49, suggesting that
the deposited structure may be brittle in nature as would be expected of a glass layer, or that
there was a non-uniform thermal expansion across the deposit. Each individual disc was ca. 20
pum in diameter however, there were also smaller globules which appear to be amorphous
deposits ca. 1um in length across the surface of both the disc shapes and the rest of the

underlying alloy substrate.
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4.5.1.2 P35 PBG coating deposited on Mg WE43 by RFMS

Figure 4.50 shows the surface of the Mg WE43 alloy after sputtering deposition of P35 PBG.

20kV X50 500pum 14 50 SEI 20kV X650  20pm 14 50 SEI

20kV X650  20um 14 50 SEI 20kV  X2,300 10pm 14 50 SEI

Figure 4.50: SEM images of Mg WE43 alloy coated with RFMS P35 PBG showing globular deposits of PBG, sites of
potential cratering effects from the RFMS method and an increased amount of deposition features as compared to
the P40 coat

Similarly to the P30 deposition, Figure 4.50 shows that there were disc-like shapes across the
surface of the substrate ca. 20um in diameter with smaller globules also widespread ca. 1um
in diameter. These deposits appear to be integrated with the surface suggesting a deposited
PBG coating with areas of larger deposits within that coating. Conversely to that seen for the
P30 deposition, there was a cratering effect observed at many areas across the alloy surface

with cracking within the crater. These craters vary in size from ca. 5 to 20pum in diameter.

4.5.1.3 P40 PBG coating deposited on Mg WE43 by RFMS
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Figure 4.51 shows the surface morphology of the as-deposited P40 PBG coating. Across the
surface of the substrate, there were deposits varying in size from ca. 1 to 20 um in diameter,
similar to those deposits observed for the other PBG coatings integrating into the top surface.
There were also craters observed however, to a lesser degree than that for the P35 PBG coating
and there was not the same level of cracking within these craters. In a few areas there were
large agglomerations formed which appeared to be a combination of the PBG depositions and
a material similar to the alloy surface. There were no disc-like shapes similar to those pictured

in Figure 4.49 and Figure 4.50 observed.

4

X50 14 50 SEI X650  20pm 14 50 SEI

20kV  X1,000 10pm 14 50 SEI 20kV  X2,000 10pm 14 50 SEI

Figure 4.51: SEM images of Mg WE43 alloy coated with RFMS P40 PBG showing some globular deposits of PBG and a
similar surface morphology to the uncoated disc due to the thin nature of the PBG coat

147



Jonathan M. A. Wilson

4.5.2 XRD patterns of PBG only and bi-layered coatings
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Figure 4.52: XRD patterns of as-deposited PBG coatings on Mg WE43 alloy substrate with varied PBG
composition. Peak deconvolutions are as follows: () — Mg:ICDD 00-004-0770

Figure 4.52 depicts the XRD patterns of the PBG sputtered coatings deposited on the Mg WE43
alloy substrate surface. All three depositions exhibited the same six peaks at 32.1, 34.4 36.5,
47.7, 57.4 and 63.0° 20 which match the Mg peaks seen for the Mg WE43 alloy (ICDD
database 00-004-0770). They maintain a similar relative intensity across the target formulations
with a small noticeable difference for the peak at 57.4°, which shows an increase in relative
intensity for the P40 coating when compared to the P30 coating. Peak orientations can be found
in Section 4.1.2. The lack of peaks representing other elements follows the trend with EDX
analysis for these coatings where there was no other component contributing > 5 at.% to the
surface coating with the majority of those elements contributing ca. 1 — 2 at.% to the coating

compositions.
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4.5.3 XPS spectra of PBG only coatings

Figure 4.53 presents a survey scan and detailed high resolution C 1s, Mg 2s, Na 1s, O 1s and
P 2p spectra for the PBG coatings. Each glass formulation exhibited all of these peaks with
little variation of binding energies with the exception of the P40 coating which exhibited two
Mg 2s peaks representing Mg and MgO. The P 2p peaks at a binding energy of 134.6 eV were
attributed to (PO3)” bonding and were exhibited by each PBG sample type. As the Na and P
peaks were contributed by the PBG coatings formulation, there was no peak observed for the
Mg WEA43 alloy at these binding energies. The slight distortion of the O 1s peak for the P40
coating suggests multiple bonds contributing to the shape which would follow with the P40
coating exhibiting MgO and (PO3)” bonding in the sample. In the survey spectra, there was a
peak observed for Cu which occurred from slight backsputtering of the Cu backing plate during
the RFMS deposition. EDX confirmed this to be < 1 at.%. The elemental analysis by XPS for
the PBG coatings are listed in Table 4.18. Due to the scanning penetration of XPS being lower
than that of EDX (ca. 10 nm v 2 um), the disparity between Mg content can be explained due
to the thin film PBG coating applied meaning the majority of contributions of coating elements
will be found in this top 10 — 15 nm layer scanned. All three coating types exhibited a lower
P:O ratio than the respective glass targets, likely due to preferential sputtering and the lowest

P content target of P30 exhibited the highest P content in the coating with a P:O ratio of 0.23.
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Figure 4.53: XPS spectra of the PBG only coatings deposited on Mg WE43 discs (A) survey scan (B) C 1s high
resolution spectra (C) Mg 2s high resolution spectra (D) Na 1s high resolution spectra (E) O 1s high resolution
spectra (F) P 2p high resolution spectra

150



Jonathan M. A. Wilson

Table 4.18: Surface element compositional analysis for varied PBG coating formulation by XPS

Sample Type Elemental Composition /at% P:O
C Mg Na O P ratio

Mg WE43 27.3 18.6 - 52.2 - -
P30 10.4 2.3 16.5 56.9 12.9 0.23
P35 8.8 2.4 10.3 62.5 10.7 0.17
P40 10.7 2.0 135 59.6 11.7 0.20

4.5.4 Profilometry of RFMS sputtered PBG coatings for thickness measurements

4.5.4.1 P30 PBG coating deposited on polished Mg WE43 profilometry

P30 spot 1 P30 spot 2 P30spot 3
20 20 2
T H H
A ) polished substrate B 1 polished substrate C H polished substrate
I 1 '
| H
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Figure 4.54: Profilometry of the P30 glass coating measured at 3 different points along the substrate-coating border taken at A) ca.
2.5mm from left B) ca. 5mm from left C) ca. 7.5mm from left

Figure 4.54 depicts the profilometry measured across 3 points along the substrate-coating
border showing the PBG deposition thickness for the P30 target. As the deposition thickness
of the glass was much smaller than that of the CaP, any variations in the morphology of the
polished substrate are larger by comparison showing a higher relative roughness of the polished
side of the samples compared to previous profilometry measurements for CaP. The P30 glass
showed an average thickness of ca. 0.6 um with a large deposit recorded to be just over 1 um
thick. There was a clear step difference between the PBG coated side and uncoated side in the

order of <0.5 um, which would fill voids left in a CaP coating due to the amorphous nature of
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the glasses. As the deposition time for the PBG was 48 h, the average deposition rate was

calculated to be 12.5 nm/h for the P30 sample.

4.5.4.2 P35 PBG coating deposited on polished Mg WE43 profilometry
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Figure 4.55: Profilometry of the P35 glass coating measured at 3 different points along the substrate-coating border taken at A) ca.
2.5mm from left B) ca. 5mm from left C) ca. 7.5mm from left

The profiles depicted in Figure 4.55 show the P35 deposition across the substrate-coating
border. Similarly to the P30 sample, there was a base layer deposited although the P35 layer
was slightly thinner (ca. 0.49 um) with some individual peaks ca. 1 um thick. As the variations
in peak heights recorded was relatively small for the coated side of the substrate, this would
support the suggestion that the PBG deposition was amorphous in nature and would likely be
a complimentary coating to the electrodeposited CaP which exhibits voids in the coating.
Taking the average deposition thickness as ca. 0.49 um, the average deposition rate was

calculated to be 10.2 nm/h under the conditions specified in Section 3.2.5.

4.5.4.3 P40 PBG coating deposited on polished Mg WE43 profilometry

Figure 4.56 shows the profiles recorded for the P40 sputtered deposition at 3 points along the
substrate-coating border. Similarly to the other PBG depositions, a characteristically
amorphous coating was deposited. The deposition rate of the P40 target was slower than that

of the two lower P content glasses as an average thickness of 0.4 um was deposited in the 48 h
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Figure 4.56: Profilometry of the P40 glass coating measured at 3 different points along the substrate-coating border taken at A) ca.
2.5mm from left B) ca. 5mm from left C) ca. 7.5mm from left

deposition time giving a calculated deposition rate of 8.3 nm/h. There were still large peaks

observed for the PBG at the deposition border which were ca. 1 um thick. The amorphous

coating suggests that the P40 deposition would be complimentary to the CaP coating although

there may be an issue due to the low thickness of the coating as compared to the lower P content

formulations. The average thicknesses of the RFMS PBG coating profiles for the varied P

content targets, were averaged across the 3 measurements and collated below in Table 4.19.

Table 4.19 PBG coating thickness and calculated deposition rate for varied P content target formulations with SEM (n=3)

PBG Target Average Profile Thickness Deposition Rate / M1 /n
/um
P30 0.60 £0.10 125
P35 0.49 £ 0.07 10.2
P40 0.40 £ 0.02 8.3
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4.5.5 Elution Cytocompatibility Testing for PBG coatings deposited on MgWE43

Non pH-corrected PBG coat pH-corrected PBG coat
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* A Sk B
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NTM Mg WE43 CaP P30 P35 P40 NTM MgWE43 CaP P30 P35 P40

Figure 4.57: Cell cytocompatibility test of PBG only coat and bi-layered PBG + CaP coatings assessed using
Neutral Red Assay: (A) treated DMEM media non pH-corrected (B) treated DMEM is pH-corrected to 7.4 to
simulate body conditions. All values are mean values + SEM (n=3). * - p<0.05, ** - p<0.01, *** - p<0.001

Figure 4.57 shows the cell viability of MG-63 cells after 24 hours exposure to DMEM treated
with each sample type both as treated (Figure 4.57(A)) and pH-corrected to 7.4 (Figure
4.57(B)). For the treated media, there was a drop in performance of all sample types when
compared to the NTM control. The drop in performance was statistically significant for all
sample types with a p < 0.001 for all samples except the P30 coating which had a value p <
0.05. The lowest performing coating was the P40 only coating which performed significantly
worse than any other coating type and the only statistically comparable sample was the
uncoated Mg WE43 alloy. When the pH of the treated media was corrected to 7.4, there was
an improvement in cell viability of all sample types to be comparable with the NTM control
with no statistical significance in the cell viability, suggesting that there were not a significant
amount of toxic ions leaching out of the coatings into the media and the drop of cell viability

in the non pH-corrected test was due to the pH change during the media treatment process.
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However, there was still some variation in performance between certain sample types with the
highest performer being the P30 PBG coating. There was statistical significance between the
performance of these samples and both the Mg WE43 alloy and the P40 PBG coating. The
significance between the P30 coating and P40 coating gives p < 0.01 and a p < 0.001 for the

Mg WE43 alloy.

4.5.6 Potentiodynamic polarisation testing for PBG only coatings deposited on Mg WE43

Figure 4.58 shows an example of the Tafel plots generated from PDP testing for each sample
type of the PBG coatings respectively. The CaP was included as a reference comparison for the
CaP coating deposited at 0.6 duty cycle, electrolyte pH 4.5 and a 20 min deposition time. Each
sample type was repeated in triplicate with the results being collated and listed below with

calculated corrosion rate in Table 4.20.

Table 4.20: Mean Ecorr and Icorr values for each PBG coating and the resultant corrosion rate calculated with

SEM (n=3)
Corrosion C((:)E:?er(])tn Polarisation Corrosion
Sample type | Potential Ecorr/ Density icorr/ Resistance Rp/ Rate Vcorr /
V N Qem? (mm/Y)
(mA/cm?)

Mg WE43 -1.42 +0.01 0.097 +0.009 264.5 + 39.62 2.22 +0.030
CaP -1.17 £0.01 0.025 +0.011 782.5 +30.20 0.57 +£0.002
P30 -1.21 +0.07 0.087 +0.044 680.4 +479.99 2.00 +£0.022
P35 -1.08 £ 0.27 0.164 +0.098 1026.6 +639.68 | 3.74 +0.026
P40 -0.97 +0.26 0.128 +0.021 784.4 + 347.82 2.92 +0.007

All of the PBG coatings exhibited a more positive Ecorr than the Mg WEA43 alloy suggesting a
lower thermodynamic corrosion tendency. However, this did not translate to a lower corrosion
rate for the P35 and P40 samples which both exhibited a higher icorr and hence corrosion rates

of 3.74 mm/Y and 2.92 mm/Y respectively as compared to 2.22 mm/Y for the Mg WE43 alloy.
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For these coatings a trend was observed that the higher P content of the glass coatings gave a

more positive corrosion potential although the lowest P content gave the lowest corrosion rate

of 2.00 mm/Y.
PBG only coatings
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Figure 4.58: Electrochemical Corrosion Test Results for varied formulation sputtered PBG
coatings deposited on Mg WE43, in DMEM at 37°C

4.6 Bilayered CaP + PBG coatings deposited on Mg WE43 alloy

Due to the voids in the coating surface of deposited CaP coatings giving a higher likelihood of
early corrosion of the Mg WE43 alloy substrate, the bilayered coatings of electrodeposited CaP
with a PBG layer sputtered directly on top were investigated aiming to utilise the benefits of
both coating types whilst showing the two methods to deposit complimentary coatings. This
section analyses and compares the performances of the novel, bi-layered CaP and PBG coatings

with the Mg alloy substrate and the electrodeposited CaP coatings.
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4.6.1 SEM/EDX of bilayered CaP + PBG coatings deposited on Mg WE43

Table 4.21 shows the EDX analysis for the bilayered PBG and CaP coatings. A similar trend of
P35 CaP samples exhibiting the highest P content is in agreement with Sections 4.4.4 and 4.5.1
above. The combination of CaP and PBG layers shows a drastic reduction in Mg content, from
ca. 40 to 1.5 at.% (Table 4.17), suggesting the alloy surface was close to being completely
covered as Mg content below 2 at.% may be entirely contributed by the Mg content of the PBG
targets. The Ca and P content increased significantly as the EDX readings will penetrate deeper

than just the topmost PBG layer and the underlying coating was composed of Ca and P.

Table 4.21: Mean compositions of as-deposited bi-layered coatings by EDX with SEM (n=3)

Target Elemental Composition / at.% Ca:P
arge Ca Mg Na o) P ratio

P30CaP | 11.12+103 | 2.03+£0.22 | 1.49+037 | 75.18+165 | 10.18 £1.27 1.09

P35CaP | 10.77+1.01 | 169+0.18 | 1.70x0.31 | 7451+135 | 11.33+0.74 0.95

P40CaP | 791+055 | 403+218 | 1.42+028 | 77.56+3.06 | 9.08 +£0.53 0.87

4.6.1.1 SEM of Bi-layered CaP and P30 coating deposited on Mg WE43

Figure 4.59 depicts the combined architectures of the bi-layered P30 CaP coating deposited
onto the Mg WE43 alloy. There was widespread coverage of similar crystals observed in the
previous sections attributed to brushite crystals across the alloy surface. There were some disc-
like shapes (example circled in white) across the deposition, which may be similar to the disc-
shapes observed for previous glass depositions or may be contamination from charging and
arcing during the sputter deposition process, but the majority of the glass deposits appear to be

the smaller 1um diameter globules.
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Figure 4.59: SEM images of the combined bi-layer CaP and P30 PBG coating with a disc-shaped PBG deposited
circled in white, a large surface coating with few voids observed and densely packed clusters of small crystals
typical of the bilayered coatings

4.6.1.2 SEM of Bi-layered CaP and P35 coating deposited on Mg WE43

Figure 4.60 shows the bi-layered CaP and P35 PBG coating as-deposited on the Mg WE43
alloy substrate. There was a large crystalline brushite-like deposition across the alloy surface
with minimal voids however, in these voids there were signs of other features. The features
were observed to be in a new form in this sample as a large conglomerate (circled in white) ca.
100um in length as well as a flat amorphous leaf shape on top of the brushite deposition (circled
orange). The large conglomerates were relatively uncommon when compared to the previous
sample types but ca. 5 - 10 instances of this deposition type were observed across the viewsites
of this coating. There appears to be an interaction between the brushite crystals and the PBG
sputtered coating causing a rounded, globular deposit which give a larger depth to the coating.

The needle-like brushite structures appear to have become smaller and more densely packed,
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Figure 4.60: SEM images of the combined bi-layer CaP and P35 PBG coating with newly observed large
conglomerates (circled white), amorphous leaf shape (circled orange) and clusters of densely packed small
crystals being typical of the bilayered coating

as compared to the CaP only deposited coatings, with a needle size < 1um thick in cross-

section.
4.6.1.3 SEM of Bi-layered CaP and P40 coating deposited on Mg WE43

The bi-layered CaP and P40 coating depicted in Figure 4.61, shows many similarities with the
other bi-layered coatings in that there was a wide coverage of the brushite crystals and smaller,
globular structures. There was a tendency for the brushite crystals to be a needle-like shape and
in some areas, the needles have become smaller. In the void areas of this coating, there were
signs of the cratering effect previously seen for the PBG only coatings upon high magnification

(circled white in Figure 4.61). Several plate-like crystals = 100 um in length, were observed
in the coating, which appear to lay on top of the needle clusters instead of appearing around

the edges of any voids in the coating. Some cracks were visible in the base layer, deposited in
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Figure 4.61: SEM images of the combined bi-layer CaP and P40 PBG coating with potential cratering sites
circled white and large CaP crystals deposited on top of smaller needle-like structures as compared to
previously observed around the edges of CaP layer voids

the coating voids possibly due to the brittle nature of the PBG coating although these seem to

be only a few pm in length and appear to be shallow in depth.

4.6.2 XRD patterns of bi-layered coatings deposited on MG WE43 alloy

Figure 4.62 shows the XRD patterns of the bi-layered coatings as compared to the uncoated
Mg WE43 alloy and the CaP coating used as standard. The bi-layered coatings exhibited the
same peaks as the CaP control with Mg peaks (ICDD database 00-004-0770) at 32.1, 34.4 36.5,
47.7, 57.4 and 63.0° 20 alongside the brushite peaks at 11.6, 21.0, 23.2, 29.3, 30.5 and 50.2° 26
(ICCD database 00-001-0395). The phase orientation for these peaks has been reported
previously in Sections 4.1.2 and 4.2.2. Comparing the three bi-layered coating patterns shows
a similar relative intensity for the majority of recorded peaks with the exception of the brushite

peak at 11.6° which increased in relative intensity as P content of the PBG formulation
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Figure 4.62: XRD patterns of as-deposited bi-layered CaP and PBG coatings on Mg WE43 alloy substrate with varied
PBG composition. Peak deconvolutions are as follows: () — Mg:ICDD 00-004-0770, () — Brushite:ICDD 00-001-0395

increases. The P40 CaP brushite (020) phase at 11.6° was the only one of the three bi-layered

coatings with a relative intensity comparable to that of the CaP only coating.

4.6.3 XPS spectra of bi-layered coatings deposited on Mg WE43 alloy

Figure 4.63 presents a survey scan and detailed high resolution C 1s, Ca 2s, Mg 2s, Na 1s, O
1s and P 2p spectra for the bi-layered PBG and CaP coatings. Each coating exhibited all of
these peaks however, as expected the Mg WE43 alloy control did not exhibit Ca 2s, Na 1s or P
2p as these elements were fully contributed by the electrodeposition and sputtering coating
methods. Similarly to the PBG only coatings, the survey spectra exhibited Cu 2s and Cu 3s
peaks but the elemental analysis found this to contribute < 1 at.% so was assumed to be
negligible. The elemental analysis of the bi-layered coatings by XPS is listed in Table 4.22.
Despite exhibiting the lowest Ca at.%, the P35 CaP sample showed three components attributed

to Ca, CaP and Ca(PO3). bonding.
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Figure 4.63: XPS survey spectra of the combined CaP and PBG coatings and high resolution scans (A) survey
(B) C 1s high resolution spectra (C) Ca 2s high resolution spectra (D) Mg 2s high resolution spectra (E) Na 1s
high resolution spectra (F) O 1s high resolution spectra (G) P 2p high resolution spectra
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The P30 CaP sample also exhibited 2 components for the Mg 2s, Na 1s and P 2p spectra
suggesting that hydroxide bonding was present in the sample with Na 1s binding energy of
1072.6 eV. The P 2p peak was attributed to (POs3)” bonding due to the binding energy of 134.6
eV. This bonding type would be in agreement with the Na 1s peak suggesting NaPO3 bonding
with a binding energy of 1071.7 eV. The O 1s high resolution scan may have different bonding
types affecting the peak of the P30 CaP sample as hydroxide bonding with metals would be
expected at 531.3 eV and (POs)” bonding expected at 532.6 eV. Due to the energies being
relatively close, they may have contributed to the same peak shown in Figure 4.63(F). Similarly
to the P30 only coating, the P30 CaP bilayer contained the highest P proportion with a P:O ratio

exhibited of 0.25 compared to 0.14 and 0.23 of the P35 CaP and P40 CaP coatings respectively.

Table 4.22: Surface element compositional analysis for bi-layered coatings formulation by XPS

Sl Ty Elemental Composition /at% P:C_)
C Ca Mg Na @) P ratio

Mg WE43 27.3 - 18.6 - 52.2 - -
P30 CaP 7.8 1.2 2.6 8.1 60.6 15.3 0.25
P35 CaP 9.1 0.8 1.7 3.9 69.2 9.7 0.14
P40 CaP 10.1 0.9 2.8 2.9 64.7 15.0 0.23

4.6.4 Thicknesses of bilayered CaP + PBG coatings

The bi-layered coatings are a combination of the profiles examined in Sections 4.1.4.2 and
4.5.4. From review of these profiles, the coating thicknesses deposited can be inferred and are
listed below in Table 4.23. The average thickness of the CaP coating was taken to be 7.41um,

as measured previously in Section 4.1.4, accounting for the base layer and larger crystal peaks.

Table 4.23: Deposited bi-layer coating thicknesses and ratio of CaP to PBG layer thickness

Sample thigl?r?ess PBG thickness Combined PBG contribution
type /um /um thickness /um /%

P30 CaP 0.60 +0.10 8.01+0.94 7.49

P35CaP | 7.41+0.84 0.49 £0.07 7.90+0.91 6.20

P40 CaP 0.40 £0.02 7.81+£0.86 512
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4.6.5 Elution Cytocompatibility Testing for bi-layered coatings deposited on Mg WE43

Non pH-corrected CaP + PBG pH-corrected CaP +PBG

*kk *

Intensity / a.u.
Intensity / a.u.

NTM MgWE43 CaP P30+ CaPP35 + CaPP40 + CaP NTM MgWE43 CaP P30+ CaPP35 + CaPP40 + CaP

Figure 4.64: Cell cytocompatibility test of bi-layered PBG + CaP coatings assessed using Neutral Red Assay: (A)
treated DMEM media non pH-corrected (B) treated DMEM is pH-corrected to 7.4 to simulate body conditions.
All values are mean values + SEM (n=3). * - p<0.05, ** - p<0.01, *** - p<0.001

Figure 4.64 shows the cell viability of MG-63 cells after 24 h exposure to DMEM treated with
each sample type both as treated (Figure 4.64 (A)) and pH-corrected to 7.4 (Figure 4.64 (B)).
For the treated media, there was a drop in performance of all sample types when compared to
the NTM control. The drop in performance was statistically significant for all sample types
with a p < 0.001 for all samples. When the pH of the treated media was corrected to 7.4, there
was an improvement in cell viability of all sample types to be comparable with the NTM control
with no statistical significance in the cell viability, suggesting that there were not a significant
amount of toxic ions leaching out of the coatings into the media and the drop of cell viability
in the non pH-corrected test was due to the pH change during the media treatment process.
However, there was still some variation in performance between certain sample types with the
highest performer being the P30 CaP bi-layered coating. There was statistical significance
between the performance of these samples and the Mg WE43 alloy. The significance between
the P30 CaP sample and the Mg WE43 alloy showed a p < 0.05. The bi-layered samples showed

very similar levels of viability across both tests, whereas there was greater variation between
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the PBG only coatings, suggesting that the CaP layer may act as a stabiliser that can be

enhanced by the PBG depositions.

4.6.6 Potentiodynamic polarisation testing for bi-layered CaP + PBG coatings

Figure 4.65 shows an example of the Tafel plots generated from PDP testing for each sample
type of the PBG coatings and bi-layered coatings respectively. Each sample type was repeated

in triplicate with the results being collated and listed below with calculated corrosion rate in

Table 4.24.

Table 4.24: Mean Ecorr and Icorr values for each PBG + CaP coating and the resultant corrosion rate
calculated with SEM (n=3)

c . Corrosion ..
orrosion Polarisation .
Sample type | Potential Ecorr/ ClLTrE: Resistance Rp/ COMEEN REVE
v Density icorr/ Ocm? Veorr / (MmM/Y)
(mA/cm?)
Mg WE43 -1.42 +£0.01 0.097 + 0.009 264.5 + 39.62 2.22 +0.030
CaP -1.17 £0.01 0.025 +0.011 782.5 +30.20 0.57 £0.002
P30 CaP -0.71 £0.03 0.032 + 0.006 1165.0 +44.91 0.74 +£0.009
P35 CaP -1.13+0.22 0.129 + 0.059 559.9 + 370.09 2.94 +0.020
P40 CaP -1.36 £ 0.01 0.204 +0.042 168.1 +17.05 4.67 +0.009

The three bi-layered coatings all exhibited more positive corrosion potentials than the Mg
WE43 alloy while the P30 CaP and P35 CaP samples also had a more positive corrosion
potential than the CaP control with the most positive Ecorr 0f -0.71 V exhibited by the P30 CaP
sample. The P30 CaP sample had the lowest corrosion rate of the bi-layered coatings of 0.74
mm/Y however, this was higher than the electrodeposited CaP layer alone which showed a
corrosion rate of 0.57 mm/Y despite having a more negative corrosion potential than the P30

CaP sample.
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Figure 4.65: Electrochemical Corrosion Test Results for bilayered coatings deposited on Mg
WE43 discs, in DMEM at 37°C

4.7 Chapter Summary

The effects of varying different electrodeposition parameters to influence the CaP deposition
onto Mg WE43 alloy and developing a novel bi-layered CaP and PBG coating has been
investigated as part of a strategy to improve cell response to Mg WE43 alloy and either inhibit
or delay the onset of corrosion of the Mg WE43 alloy. Calcium phosphate during the
electrodeposition process was deposited in the brushite phase with a transition from brushite to
amorphous CaP with increasing duty cycle. However, there was a higher deposition rate of CaP
with higher duty cycle so the duty cycle of 0.6 was taken to be optimal for further testing. The

deposition time was then varied showing a greater deposition coverage with increased
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deposition time as Mg content from elemental comparison methods decreased. However, this
trend was not linear and there is a risk of starting the corrosion process of the underlying
substrate exhibited by cracking at deposition times higher than 40 mins with the corrosion rate
of the 20 min deposition sample being the lowest. The electrolyte pH was raised to attempt to
encourage deposition of hydroxyapatite instead of brushite. However, this decreased the
deposition rate of CaP to ca. 7.5 pm/min and only deposited small amounts of hydroxyapatite
whilst maintaining majority brushite deposits and also small amounts of P deposits confirmed
by XRD. The CaP coatings all improved the corrosion rate of the Mg WEA43 alloy and shifted
the corrosion potential to a more positive value despite the coatings all containing voids in the

surface morphology of the coating.

The development of the novel bi-layered coatings saw a complimentary coating where voids
originally left in the electrodeposited CaP were coated with PBG which also interacted with
the CaP deposition to show areas of smaller, more crystalline brushite deposits. The corrosion
performance of these bi-layered coatings all improved the corrosion potential as compared to
the Mg WE43 alloy although only the P30 CaP and P35 CaP coatings were more positive than
the CaP only coating. The corrosion rate of the CaP only coating was the lowest implying that
the combination of the PBG and CaP bi-layer increases the corrosion rate of the sample but the
P30 CaP coating only increases corrosion rate by 0.17 mm/Y but is still a reduction of 1.48
mm/Y compared to the uncoated Mg WE43 alloy. There were also significant benefits to the
cytocompatibility through the addition of the lower P content PBG layers with the greatest
benefit being found with the addition of a P30 layer. Overall with the aim of reducing corrosion
rate, the P30 CaP bi-layer coating reduced the corrosion rate threefold compared to the
uncoated Mg WE43 alloy and simultaneously improved the cytocompatibility a statistically

significant amount.
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Chapter 5 — Discussion

5.1 Introduction

The ability of biocompatible Mg alloys to degrade in a human body fluid environment without
producing toxic byproducts makes them one of the best candidate materials for temporary
biodegradable implants for a variety of orthopaedic applications [364]. However, despite
clinical approval of the Magnezix screw [10], improvements of corrosion rate or the delay to
the onset of degradation must still be made if Mg alloys are to be utilised for a wider variety of
applications. As outlined in the literature review (Section 2.8), among the most popular
strategies for improving corrosion rate of Mg alloys is the application of CaP coatings [16, 308]
via the electrodeposition method. Yet with the benefits to corrosion rate exhibited by the coated
alloys [315, 365], there are still some areas to be improved upon such as the early onset pitting
corrosion due to gaps in the coating surface and the desire for increased levels of bioactivity at
the bone/implant interface [366]. Due to the requirement for any additions to the implant to be
resorbable in human environments, the addition of coatings such as Si-based glasses must be
reconsidered. However, the hydration and hydrolysis reactions of the phosphate groups in
PBGs enables these glasses to fully resorb in an aqueous human environment as described in
Section 2.6.3. The brittle nature of these glasses prevents the use of the PBGs as a load-bearing
material [219] but still shows potential for these glasses to be utilised as thin-film coatings at a

bone remodelling site.

The aim of this work was to investigate the potential of combining two separate deposition
methods, of CaP electrodeposition and PBG RFMS, to establish a complementary coating
which would act as a sacrificial layer to delay the onset of corrosion to the Mg WE43 alloy and
enhance the cytocompatibility of the substrate as a whole. As a first section of work, an

investigation into the effects of varying the parameters used in the electrodeposition process
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on the characteristics of the as-deposited CaP coatings was carried out to show whether these
changes resulted in an improved corrosion resistance and cytocompatibility. As there were still
expected issues to mitigate with an electrodeposited CaP coating alone, the second section of
work proposed and investigated a novel PBG layer deposited by RFMS with the effects of
lowering the P content of the glasses, in turn changing the respective Q" species of the different
glass formulations being examined. The two methods were then combined to determine
whether a complimentary bilayered coating consisting of these two coating types could be
established with a beneficial effect on the corrosion resistance and cytocompatibility of the Mg

WEA43 alloy.

5.2 Varying the Electrodeposition Parameters for Calcium Phosphate Coatings

5.2.1 Duty Cycle Variation for Calcium Phosphate Electrodeposition

Across the variations of duty cycle during the CaP electrodeposition process, there was seen to
be a transitional effect from an amorphous coating at a duty cycle of 1 to a combination of
amorphous and crystal deposition gradually decreasing with decreasing duty cycle, to a
majority crystalline deposition at lower duty cycles such as 0.3 and 0.2. XRD analysis in
Section 4.1.2 identified the deposited crystal structure as brushite (DCPD) in agreement with
Azem et al. [14] who utilised duty cycles of 0.1, 0.3 and 0.5 to deposit pulsed coatings which
led to an improved corrosion resistance when compared to their underlying Ti alloy. As the
deposition time was 20 min, a coating of 10 -20 um was deposited. This allowed for preferential
orientations of the deposited brushite structures to be determined, with the (020) brushite phase
being preferred for any crystal deposition across the variation of duty cycle. It was expected
that the relative intensity of brushite signals recorded would increase with decreasing duty
cycle [367]. However, this was not strictly the case as the largest relative intensity of brushite

was exhibited at a duty cycle of 0.6 and then showed a slight decrease in intensity with further
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lowering of duty cycle (Figure 4.13). The variation of brushite intensities at lower duty cycles

was relatively small but the presence of the (127, (141) and (143 brushite phases support
the fact that brushite has a preferred orientation in this coating. Taking the XRD patterns
into context with SEM there was an observed shift in the deposited form of CaP from
multiple orientations of crystalline brushite at low duty cycles to an amorphous CaP hump at
1 duty cycle. The deposited coating at 1 duty cycle exhibited an amorphous sheet like
structure of which similar structures were observed in decreasing amount as the duty cycle
also decreased, where there was also a mixture of both the amorphous CaP and crystalline
brushite at intermediary duty cycle depositions. This likely occurs due to the lack of relaxation
time during the electrodeposition process which has been shown to promote nucleation and

propagation of CaP crystal structures [368].

SEM analysis of the coatings (Section 4.1.1) showed the pulsed coatings, duty cycle less than
1, to be porous in nature. Porosity of the coating is beneficial to the development of bone
substitutes due to their large surface area promoting the tendency to bioresorb, inducing
bioactivity and the provision of a framework for cellular attachment to the implant for
integration, anchoring the implant to the surrounding bone structure [369]. However, the
coating porosity simultaneously provides a route to the Mg alloy surface which may allow the
corrosion of the alloy to begin earlier than desired. Depending on the crystal morphology and
coating structure, different degradation rates may be observed and so there is potential to
improve the coating’s protective properties by depositing specific phases of CaP or an
amorphous CaP layer. Also observed of the coatings was that there was an increase in the size
of the crystal deposits with increasing duty cycle. It was postulated by Dev et al. [370] that
morphological control of the deposited coatings is seen through the mechanism of the reduction
of accumulated H. bubbles around the substrate, allowing the recovery of depleted ions in the

area surrounding the cathode in electrolyte solution. The work in this thesis would support that
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statement as the increasing relaxation time with decreasing duty cycle allowed recovery of the
ionic concentration, causing current density spikes which resulted in the formation of needle-
like structures growing outwards compared to the larger plate-like structures. This formation
may also be influenced by the addition of H20> to the electrolyte solution which was shown by
Chen et al. to promote the needle-like structure formation over the plate-like formation [16].
However, the main effect achieved by this is promoting the deposition of needle-like structures
at a higher duty cycle which may allow for a greater deposition rate as it has been shown that
there is no correlation between porosity values and applied duty cycle by Azem et al [14]. Ca:P
ratios calculated using data from EDX suggested the phases of CaP deposited could vary from
brushite (ratio ca. 1) to amorphous CaP (ratio ca. 1.2-2.2) [361], which would support the

inferences of XRD that the two phases of CaP deposition were brushite and amorphous CaP.

Analysis of XPS showed there to be minimal variation between the varied duty cycle samples
as the majority of high resolution peaks were attributed to a single deconvolution of each
element. However, due to XPS being a surface scanning technique [371], there were no Mg 2s
peaks exhibited by samples of 0.2 duty cycle and all duty cycles from 0.8 and above, suggesting
a potentially more continuous coating with the 0.2 duty cycle sample being an outlier. The 0.2
duty cycle sample may have been densely packed with brushite crystals in the scanning region
which would account for the lack of a scanned Mg 2s high resolution peak. However, when
comparing the CaP coated samples with the Mg WE43 alloy, there was seen to be an effect on
the O 1s peak, where the coated samples exhibited a new deconvolution due to the addition of
C-O-C bonding at 286.8 eV [372] and a proportion of Ca=0 bonding for the 0.4 duty cycle
sample. Minor variations were observed in the binding energies of the P 2p peaks across the

varied duty cycles. However, the variation was ca. +0.1 eV and is likely caused by small
stresses in the coating which may arise from a dehydration effect during the deposition [373].

Ca:P ratios calculated using XPS characterisation suggest that the top surface layer of the
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coatings were of the MCP phase as their ratios were in the region of 0.5-0.6 [361]. Due to the
nature of XPS analysis only scanning the top 10-15 nm of a coating, these ratios are likely due
to the internal structure of the crystals formed which are in the micrometer scale and so the full
structure of the CaP crystal is not encapsulated. The coating characterisation techniques showed
a good level of agreement for the deposited CaP coatings, suggesting the main effect that duty
cycle has on the deposited coatings was the morphology of the CaP deposits, whether the
deposit is crystalline at a low duty cycle or amorphous at a high duty cycle, with some degree
of transition between these two states. The effects of both the crystalline and amorphous
deposits on the cellular and corrosion responses are to be examined as the amorphous coatings
cover a larger area of the Mg WEA43 alloy surface but may degrade faster than the crystalline

depositions which tend to be more insoluble in body conditions [374].

Monasterio et al. [367] stated there is a correlation between increasing duty cycle and
increasing coating thickness. However, profilometry of varying duty cycles presented in
Section 4.1.4 would suggest that this is not the case. An argument could be made that this
correlation is made due to the amorphous nature of direct deposition coatings at 1 duty cycle
lacking the porosity exhibited by coatings of a lower duty cycle. However, the peak variations
recorded for both the amorphous deposition and crystalline depositions exhibited a relatively
similar z differential. This could be affected by the accuracy to which the profilometer could
record but may suggest more about the deposition rate from solution whether the deposits are
crystalline or not. One of the main factors in the deposition process is the zeta potential, which
is defined as the difference in potential between the surface of a solid particle immersed in
solution and the bulk of the solution [375]. The zeta potential can be related to the

electrophoretic mobility (EPM) through the Helmholtz-Smoluchowski formula [376]:

Equation 5.1

¢= 47T'w7/ €
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Where ( is the zeta potential in mV, pis the EPM in (um.cm/V.s), n is the fluid viscosity and

€ is the dielectric constant.

For the electrodeposition of CaP to occur, a negative charge must be induced locally to the
surface of the substrate in order to attract the positively charged Ca and PO4 ions from the bulk
solution. Makiewicz et al. [373] examined the amperage during the electrodeposition process
and noticed a sharp drop within the early stages of the deposition process. It was theorised that
this was due to adhesion of hydrogen bubbles to the cathode surface, forming a resistance
barrier between the electrodes, limiting the current flow and impeding the deposition of
positive ions. As the coating was characterised to show brushite deposition, it can be stated that
the Ca and POg4 ions had the largest absolute value of zeta potential in the electrolyte solution
[377], making their movement towards the cathode strongly favoured in comparison to the rest
of the electrolyte during the electrodeposition process. Simultaneously, during the deposition
of brushite crystals on top of the earliest deposited crystals, a proportion of the Ca ions derived
from the earliest-deposited brushite may react with hydroxide ions, created in the
electrochemical reaction of water reduction, to form calcium hydroxide (Ca(OH).) at the
deposit interface. The forming layer serves as a base for further crystal growth and deposition
which starts to gradually replace the hydrogen bubbles on the surface of the substrate [373].
These hydrogen bubbles may form from water reduction or also the degradation of the Mg-
alloy substrate surface. However, with increasing deposition thickness there is also an increase
in the resistance of the solution, due to the deposited layer hindering the transport of hydroxide
and calcium ions in the solution which promote further thickness growth [373]. This would
suggest that there will be a point where a maximum deposition thickness is reached due to the
deposition lowering the zeta potential of ions to be adsorbed to the substrate. Due to the applied
voltage being -3 V, it was likely that the zeta potential induced by the supplied voltage was

counteracted by the resistance caused by the CaP deposition, giving a net potential of 0 V. If a
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thicker coating is required, a more negative applied voltage will likely increase the zeta
potential of the ions in the bulk electrolyte to overcome the resistance induced by the brushite
coating layer at ca. 15 — 20 um thick [378]. However, the variation of applied deposition
voltage was not investigated in this work to aid in comparison to work previously completed
by Saremi et al [330]. As there was little variation between the thicknesses of the coatings with
varying duty cycle, it can be assumed that the duty cycle has little to no effect on the zeta
potential and the deposition is more strongly dominated by other factors such as pH [375], ion

concentration strength [379] and potentially applied voltage.

Indirect contact cellular testing showed improved cytocompatibility for all duty cycle samples
tested as compared to the uncoated Mg WE43 alloy. The improvement shown is likely due to
a combination of the coatings providing a beneficial Ca and PO4 ions which have been shown
to improve cell adhesion [380], and the lower corrosion rate reducing the hydrogen evolution
which in turn affects the viability and function of cells [381]. There was no significant
difference observed with varying duty cycle however, these tests must be looked at in a wider
context that due to the nature of rapid onset Mg alloy corrosion from reaction with CI™ rich
supplemented DMEM [382], the test parameters were adapted to a shorter media exposure time
than the 24 h suggested by the ISO 10993-5 and a decreased SA:V ratio. From this it can be
stated that during the shortened exposure period, there was not a release of toxic ions into the
culture media suggesting that if there is a large supply of media to dilute the H evolution effects,
a good level of cell cytocompatibility can be obtained by the deposited CaP coatings. Previous
literature has also detailed beneficial effects of CaP coatings as a corrosion inhibitor due to
their preferential degradation as a sacrificial layer compared to Mg alloy [176, 383] and the
enhancement of passivating oxide formation through the mechanism of solution treatment

[384].
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5.2.2 Deposition Time Variation for Calcium Phosphate Electrodeposition

As the duty cycle directly affects the crystal deposition morphology, the variation of deposition
times would generally be expected to affect the thickness and density of the deposited coating
as opposed to crystal morphology. SEM analysis showed a good agreement with the statement
that deposition time does not affect the crystal morphology as the deposited crystals maintained
the expected plate-like and needle-like brushite crystals confirmed with XRD. However,
previous literature has shown the ability to tune crystal orientation, adhesive strength, crystal
morphology and coating porosity through the variation of deposition time [370]. This could
occur due to the nucleation modes varying with increased loading time as initial nucleation and
crystal growth occur horizontally on the cathode to cover the substrate [385]. Whilst in this
nucleation stage, the rate of crystal growth will be less than the rate of nucleation site formation
until the substrate surface is covered and the rate of crystal growth becomes predominant
compared to the nucleation site formation rate. This point is where the coating thickness tends
to grow upwards until other factors such as zeta potential become dominant. However, Nam et
al. [386] observed a drop in overall mass of the CaP coating due to the reduction in adhesion
strength of weaker nucleated crystals deposited in a thicker coating. Similarly, increased
deposition time showed a higher relative intensity of non-dominant brushite orientations such
as the (129, (040), (141), (152 and (143 phase orientations. However, a maximum was

reached at 60 min deposition and a decrease shown for the 120 min deposition suggesting a
weaker coating adhesion of the brushite crystals when deposited in these orientations [386].
XPS showed a general agreement with XRD as for increased deposition time, there was no Mg
2s high resolution peak and a greatly reduced Mg KLL auger peak observed suggesting a good

substrate coating coverage.

When examining the coatings via XRD in regards to potential thickness variation, the relative

intensity of Mg peaks attributed to the underlying substrate significantly decreased for all
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deposition times above 20 mins however, this was not a linear trend as there was minimal
difference between the 40 min, 60 min and 120 min patterns. This would suggest that the
coatings would be thicker with increased deposition time as the brushite coatings were thick
enough to dampen the X-ray penetration into the underlying substrate surface [370]. The
apparent thickness increase can be attributed to the increased availability of Ca and PO4 ions
in the electrode vicinity for an extended period of time over the increased deposition period.
Despite this, profilometry measurements (Section 4.2.4) showed no evidence of a larger
deposition thickness with the coatings tending towards the 10 — 15 pum range, similar to that of
the 20 min deposition time sample. However, the deposited coatings appear to be more densely
packed with increased deposition time, which would explain the lower intensities of Mg peaks
exhibited by XPS and XRD. Similarly, this would agree with the suggestion that the deposited
crystals at increased deposition times would tend towards the smaller, needle-like morphology
as the largest depositions recorded for the 40 min deposition was in the region of 10 um. The
calculated Ca:P ratio of the coatings were similar to that observed for the varied duty cycle
coatings suggesting the crystals deposited were of a similar nature. The increased deposition
thickness of the 60 and 120 min samples would likely be a crystal deposition growing on top
of the smaller needle crystals, creating a packing effect where the deposition density of the
smaller crystals are increased. An explanation for this could be that the zeta potential becomes
zero after a certain thickness of coating is deposited due to the kinetic resistance of the already
deposited coating [377]. But due to the nature of the deposited brushite coatings being porous
and non-uniform, there would be a variation of zeta potential across the substrate surface
causing the rate of nucleation site formation to once again overtake the rate of crystal growth
in the pore sites of the coating after the thickness plateau is reached for the deposition
parameters after 20 mins [373]. In their work, Makiewicz et al. [373] found that applied charge

drops with increasing deposition time but simultaneously showed a denser suspension layer
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near the cathode which may account for some of the denser packing of crystals observed in this
work (Section 4.2.1). An issue with increasing deposition thickness is that the same current
density is difficult to maintain throughout the deposition process and as such the deposition is
non-linear [387] due to the resistance to ion diffusion increasing and subsequent zeta potential
decrease as distance from the cathode increases. This could be addressed by optimising the
ionic strength of suspension, which can reduce the EPM of the of suspended particles if either
too resistive or too conductive [378]. Similarly, applied a larger potential to the cathode surface
would also overcome the resistance barrier and induce a zeta potential for further growth during
the deposition time. Another observation of Makiewicz et al. [373] was that average deposit
thickness over time was a constant increase during the initial growth period, but shrinkage was
observed after reaching a maximum thickness potentially caused by hydrogen detaching from
the bulk of the deposited layer, leading to partial dissolution of the deposited layer. The

deposition thickness was not seen to increase after 20 min and a steady current was reached.

The cytocompatibility testing showed a significant increase in cell viability for the 120 min
deposition compared to both the Mg alloy substrate and the 20 min deposition, suggesting that
increasing the deposition time has benefits caused by the denser packing of brushite crystals in
the coating. However, despite the 40 min deposition showing significant improvement over the
Mg alloy, the 60 min deposition time did not. This may be due to the preferred phase orientation
of brushite as mentioned previously, the non-dominant crystal orientations reduced from the
60 min deposition to 120 min deposition likely due to poorer adhesion strength to the substrate
in these orientations [386] which may have simultaneously affected viability by the proportion
of CaP likely to leach from the samples into culture media. Since the cell viability of the Mg
alloy remained similar for both the non pH-corrected and pH-corrected tests, whilst the coated
samples all showed improvement when pH-corrected, it would suggest that the pH change

during media treatment was responsible for the lower cell viability. It would follow that there
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were likely no toxic ions leaching out of the coated samples into the cell media as all coated
samples performed similarly to the TCP control when pH-corrected. The beneficial
performance of the 40 min deposition over the 60 min deposition could potentially be explained
by the lower proportion of the non-dominant orientations propagated by the electrodeposition
process as the highest proportion of these orientations was observed by XRD for the 60 min
deposition. The benefits shown through cytocompatibility testing also generally translated to
improvements in the corrosion rate of the substrate with the most positive Ecorr Values being
exhibited by the 40 min and 120 min depositions showing a preferable coating for corrosion
resistance [388] and a greatly reduced corrosion rate compared to that of the Mg WE43 alloy.
However, these corrosion rates exhibited were larger than the 20 min deposition time so the
benefits of a more densely packed coating can be examined against the benefit of a further
reduced corrosion rate and a selection made based on the impact factors of each beneficial

property exhibited by the various coating deposition times.

5.2.3 Electrolyte pH Variation for Calcium Phosphate Electrodeposition

The variation of electrolyte pH is known to be very influential on the deposition of CaP [389,
390, 391], affecting factors such as deposited phase and deposition rate etc. It is generally
considered that the lower the electrolyte pH value, the higher the deposition rate [373]. The
previous work of this thesis has shown that using a pH value of 4.5 will deposit the brushite
phase of CaP, however, ideally the deposited phase of CaP would be hydroxyapatite due to its
superior mechanical properties such as tensile strength (3.5 MPa for HA, 1.3 MPa for brushite
[392]), shear strength (9.8 MPa for HA, 2.9 MPa for brushite [392]) and decreased solubility
under human body conditions [393]. Although brushite is a precursor to HA, in attempt to
remove a secondary transformation stage, the electrolyte pH during deposition was increased
to attempt to induce a phase change of deposition where HA is more preferentially formed

under neutral or basic conditions. It must also be considered that there may be a balance found
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between maintaining as high a deposition as possible, by having as low an electrolyte pH as
possible, whilst raising the electrolyte pH in attempt to deposit HA by electrodeposition. The
work of this thesis explored the increase of electrolyte pH to determine whether HA would be
beneficial on a cellular level and is useful in comparing the in vitro responses of a deposited
HA coating, with brushite coatings which will likely transition towards HA in human

conditions.

SEM analysis of depositions at varied electrolyte pH showed a good agreement with the earlier
statement that deposition rate decreases with increasing solution pH as there was visibly a more
sparse deposition with larger pores in the coating and significant cracking of the underlying
substrate exposed to the electrolyte during the deposition process. The reason for this reduction
is deposition rate is likely due to increased difficulty inducing a pH gradient local to the cathode
in comparison to the bulk solution and as such the zeta potential for deposition would be
decreased [389]. If the bulk solution is at a high pH, the concentration of hydroxide ions local
to the cathode would be relatively smaller than in a solution with a more acidic pH, meaning
there would be a lower diffusion gradient for CaP particles to deposit onto the cathode substrate
surface. Another issue presented by Ducheyne et al. [394] was the difficulty of HA deposition
from aqueous solution to due water adsorption to the HA molecules. However, XRD confirmed
there was HA deposited in the (002) and (221) phase orientations using an electrolyte pH of
7.5 or greater whilst also showing a reduced deposition of brushite. It is likely that the largest
HA deposition was observed for the pH 7.5 samples due to the similarity to human body pH
where HA is the preferred CaP phase. Despite preferred conditions for HA deposition there
simultaneously was shown to be deposits of pure P, suggesting that due to the precipitation of
HA in bulk solution of electrolyte, there is likely to be formation of calcium-deficient apatites
[393], which may have led to the deposition of P by Ca deficiency in the localised area of the

cathode. XPS data showed a lower Ca:P ratio for the higher electrolyte pH, suggesting there
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may be a slight inhibiting factor to the deposition of CaP at higher electrolyte pH. This could
also suggest that there is a decrease in the deposition rate which would show agreement with
SEM images with sparser depositions at higher pH. Contrary to the conclusions of some
previous literature where it was claimed that HA can only be deposited in non-water solvents
[395, 394, 396] via electrodeposition, this work has shown evidence of HA deposition from a

water-based electrolyte by raising the pH of the bulk electrolyte.

It has been reported that electrolyte pH is the most high impact factor in controlling the
electrophoretic mobility and conductivity of the electrolyte [390, 391], which in turn has
already been shown to affect the zeta potential by Equation 5.1. This would lend credence to
the use of electrolyte pH variance to achieve increased deposition rate and coating uniformity
which has been shown to be possible by Rojaee et al. [378], although the isoelectric point of
each phase to be deposited must be considered in the evaluation of electrolyte pH as some
precursors are unable to be deposited by electrodeposition due to never reaching a sufficient
zeta potential for deposition. For the deposition process to occur, the zeta potential must be of
sufficient magnitude that the particles in the electrolyte would tend to repel each other and not
easily agglomerate [377], creating a better dispersion allowing for a continuous deposition and
recovery process. If the zeta potential is too low, this indicates the instability of the electrolyte
suspension with low electrostatic repulsive forces and at this stage, van der Waal’s forces take
over and cause particles to aggregate and agglomerate, further increasing the resistance to
deposition [397]. Also seen in literature is the influence of electrolyte pH on the crystallinity
of deposited coatings [385], where an increase in electrolyte pH was seen to increase the
crystallinity of deposited CaP and a reduction of pH below pH 2.5 reduced CaP crystallinity.
This microstructural change can be attributed to the supersaturation of OH" ions close to the
cathode caused by the shift in pH [385], suggesting that there will be an optimal electrolyte pH

to increase the degree of CaP crystallinity whilst ensuring a maximum deposition rate for this
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crystallinity. However, the results of this thesis show that the increase in electrolyte pH in steps
of 1.5 pH above pH 4.5 all significantly reduce the deposition rate as the measured coating
thicknesses for electrolyte pHs 6.0 — 9.0 varied between ca. 0.1 — 0.2 pum, which is a ca. 37-
fold decrease in coating thickness compared to the CaP coating deposited at electrolyte pH 4.5.
This would indicate that the resistance to deposition was significantly increased for any CaP
electrodeposition carried out with a pH above 6 and the van der Waal’s forces have become
dominant due to the instability of the solution, where particles have agglomerated and are less

readily attracted to the Mg WE43 alloy surface during the electrodeposition process.

The cytocompatibility assessment showed a clear trend that the increase in electrolyte pH
showed a significant decrease in cell viability as compared to the lower pH 4.5 electrolyte
solution. This is most likely due to the lower thickness of the deposited coating providing less
corrosion protection as the deposition rate is generally higher at a more acidic pH [373].
Another contributing factor to the cell viability is likely that the significant cracking seen on
the surface of the underlying Mg alloy substrate acted as a propagating surface for pitting
corrosion [152], which in turn causes a severe pH change [153] in the supplemented media to
a more basic pH which has a toxic effect on the cultured cells causing cell death [398].
However, despite this lowering of cell viability, there was a reduction in the corrosion rate as
compared to the Mg alloy, suggesting there may be variations in the coating depositions at
increased electrolyte pH due to the precipitation of Ca salts in the bulk electrolyte and the
reduced zeta potential for deposition caused by this phenomena [393]. This shows some
agreement with the standard error of mean calculated across the 3 repeats of the corrosion
testing as the errors observed for the elevated electrolyte pH samples above pH 4.5 were an
order of magnitude larger than that observed for electrolyte pH 4.5. The corrosion rate of the
pH 9 sample was ca. two times lower than the uncoated Mg alloy, suggesting that the deposition

of HA had a significant effect on the sample, despite the low deposition rate. Despite this, the
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control sample deposited using electrolyte pH of 4.5 had an ca. two-fold further reduction of
corrosion rate compared to the electrolyte pH 9 sample, suggesting that coating thickness is the
most important factor for a 20 min deposition. Even with the brushite deposited at pH 4.5 being

known to be more soluble in media than deposited HA [399].

5.2.4 Calcium Phosphate electrodeposition overview for next steps

The electrodeposition of CaP coatings onto a metallic substrate via the cathodic deposition
method has been utilised to deposit homogenous coatings by a number of authors [400, 401,
402] with varying deposition parameters focusing on improving biocompatibility and corrosion
resistance of the underlying metal substrate. Various crystalline phases of CaP have been
successfully produced such as octacalcium [403], HA [404] and brushite [405], with the
coatings described as porous or microporous. The findings of this work agree that the
application of a pulsed potential produces a superior CaP coating to that of a constantly applied
potential [406] in terms of crystallinity, corrosion resistance and a higher cell viability. Varying
the duty cycle between 0.2 and 1 resulted in a transitional deposition with the reduction of duty
cycle generally resulting in a higher degree of crystalline deposition as compared to globular
deposits of amorphous CaP with higher duty cycles. Increasing the deposition time resulted in
the denser packing of CaP crystals through the consistent application of charge once the
maximum coating thickness was reached for the zeta potential to become zero due to the
thickest parts of the coating providing a resistance to potential difference [373]. This denser
packing showed an improved cytocompatibility due to the saturation of Ca and POs ions
available to interact with the cells which has been proven to induce an increased level of
osseointegration both in vitro [374, 407] and in vivo [408, 409]. However, there was a slight
increase in the corrosion rate compared to the 20 min deposition which would suggest that
there was potentially a degree of corrosion initiated during the extended immersion period of

deposition which was exposed as the dissolution rate of the brushite from a similar thickness
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remains the same. The variation of electrolyte pH to attempt to deposit the preferable HA CaP
phase was successful in depositing small amounts of HA. But these coatings were largely
unsuccessful when it came to performance as there was an increased corrosion rate, decreased
level of cell viability and a thinner coating deposited with areas of pure P also observed within
the coating. From this it would be concluded that a higher deposition rate of a less favourable
CaP phase in brushite [320] would still be preferable to a lower deposition rate of the preferred
HA phase as the benefits of osseointegration [407] and coating thickness [367] providing a

layer of protection showed a marked improvement in corrosion and cell viability tests.

The electrodeposition of brushite crystals has often been utilised due to its inexpensive nature
[410] and high deposition rate [411] despite demonstrating a greater solubility than the majority
of CaP phases [412]. As a thick coating is generally required for adequate protection of Mg
alloys, it is thought that it may be more advantageous to obtain a thick brushite coating and add
a conversion step where the brushite is converted into the more favourable HA phase. As
observed in the work of this thesis, the deposition of HA is possible by increasing the pH of
the electrolyte solution to 7.5 and above, as HA is more stable at pH greater than 6-7 [407].
However, as the deposition rate of HA is too low and potentially inconsistent from batch to
batch, a brushite deposition and further conversion will be more effective than a direct HA
deposition. This conversion has been achieved through methods such as a 2 h treatment in 1M
NaOH [413] and post-deposition sintering and annealing [385] with the benefit of post-
deposition treatment reducing substrate corrosion during the coating process as compared to

conversion attempts by deposition parameter variation [414].

As the nature of deposited brushite coatings is porous, leaving potential sites for early onset
pitting corrosion to occur, there is an opportunity for the improvement of corrosion resistance
and biocompatibility via the deposition of a complimentary layer, developing a new composite

bi-layered coating. The implications of which are discussed below.

183



Jonathan M. A. Wilson

5.3 Radio Frequency Magnetron Sputtered Phosphate-Glass Coatings on Mg WE43
alloy

Recent investigations into the utilisation of melt quenched PBGs has shown the ability to be
tailored both structurally and compositionally [105, 415, 106] for applications such as the
controlled release of ionically bound elements to promote angiogenesis [227], tailoring of
coatings to bone defects in individual patients and the increase in bioactivity levels around an

implant surface [416].

Variations were seen between the target compositions and the as prepared compositions
measured by EDX analysis (Table 4.7 and 4.8) with the largest differences of 1.39-Ca 1.13-Mg
1-Na 2.45-0 2.74-P %eat. These variations were attributed to absorption of moisture from the
atmosphere, accuracy of the EDX instrument and precursor purity as P2Os is known to absorb
atmospheric moisture [106] and increase in mass during the preparation of precursors for the
melt-quench process. Similar compositional variations have been observed by Ahmed et al.
[417] and Stuart et al. [106] attributed to similar factors during the preparation process. The
splat quench method was used in attempt to prevent surface crystallisation of the glasses which
are amorphous by definition, as further disparities may occur pertaining to difficulty in
depositions as more energy would be required to break the ordered lattice bonds of a crystalline
structure [418]. The surface crystallisation is generally related to the undesired glass
vitrification or crystallisation of glass powders [418] which becomes prevalent when using
PBGs with a low P content, specifically with high proportions of the orthophosphate and
pyrophosphate species [262]. However, due to the requirement for PBG targets to be cast into
a mould and annealed to prevent stress cracking during RFMS depositions, there is a second
opportunity for surface crystallisation to occur which was observed around the edges of the
P35 target and the P30 “pebble” cast alongside the P30 target for analysis purposes. However,

due to the P30 target macroscopically showing no signs of crystallisation compared to the
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“pebbles”, and the central “racetrack” area of the P35 target, where the RFMS process deposits
from, showing little to no signs of crystallisation, these were treated as amorphous PBG targets

despite the XRD analysis of separate samples suggesting the P30 target may be crystalline.

Stuart et al. [100] have established that there is a linear relationship between the deposition
power and deposition rate where an increase in power will increase the deposition rate due to
increased Kinetic energy of the bombarding atoms. However, applied power often needs to be
restricted to below 100W as crystallisation of the targets can occur due to the thermal heating
induced by atom bombardment [419], as well as the brittle nature of the glass causing cracking
and destruction of the target at higher powers. With this in mind, a backing layer of Kapton
tape was applied to hold the target together if it were to crack, as had been observed with initial
target testing (data not shown). During the depositions detailed in the work of this thesis, some
cracking was observed in all of the PBG targets, however, none of the targets cracked through

the whole thickness and the cracks were likely along lines of self-contained internal stresses.

XRD analysis of the sputtered PBG only coatings was inconclusive as to characterising the
coatings due to the thin-film nature of the coatings and the low deposition rate depositing

coatings of ca. < 500 nm which would be difficult to see in an XRD pattern due to the
penetration depth of the scan being much larger than the PBG thickness. In this case XPS is a

more valuable characterisation method due to its ability to detect much thinner coatings on the
surface of a substrate. XPS analysis showed the expected components deposited with similar
bonding types across the target formulation variations with the exception of the P40 coating
having an oxidised Mg deconvolution. The spectra is likely to show similarities due to the
targets being composed of the same elements, but also exhibit variations in the relative
intensities of individual elements, as the coatings will be affected by the phenomena of
preferential sputtering [100] which would deposit some elements more readily than others. The

sputtering yield of targets comprised of multiple elements are governed by two main cascade
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effects of momentum transfer and ion penetration within the surface layers of the sputtering
target [420, 421]. Stuart et al. [100] observed a preferential sputtering order under similar
deposition parameters of Na > Mg > Ca > P by comparison of target formulations and coating
compositions deposited. Elemental analysis through XPS would suggest a preferential
sputtering order of Na > P > Mg > Ca with the P being more preferential than seen by Stuart.
The PBG coatings exhibited an absence of Ca with no peaks detected by XPS analysis which
would show agreement with a lower preferential sputtering. The increased preferential
sputtering of P observed may be due to the positioning of P within the PBG target internal
structure as there may have been a higher proportion of P concentrated in the central “racetrack”
area of the targets compared to both Mg and Ca due to the disorganised structure of the glass.
Stan et al. [422] and Berbecaru et al. [291] observed lower rates of sputtering for network
forming elements such as Si and P and higher sputtering rates for network modifying elements
such as Na, Mg and Ca. The increase in P sputtering yield may be due to the presence of
atmospheric moisture within the composition, absorbed during the melt-quench production
process, which can form P-OH bonds leading to depolymerisation of the glass [423] potentially
occurring during deposition and thus an easier dislocation from the bulk glass target to be
deposited. This theory is supported by the deposition of disc-like glass shapes observed using
SEM. These discs appeared to be concave and brittle as shown in Figure 4.47 to have cracked
significantly into the depth of the deposit. Under the assumption that these disc-shaped deposits
are larger P-containing structures caused by the delamination from P-OH bonds, the
unexpectedly high sputtering yield of P, as measured by XPS, could be explained. However,

this needs further investigation.

Cytocompatibility testing of the PBG coatings showed a trend of increased levels of cell
viability with decreasing P content. This shows a good level of agreement with previous work

by de Melo et al. [262] who tested green fluorescence protein (GFP)-labelled mesenchymal
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stem cells (MSCs), finding significant increases in the cell adherence levels by the reduction
of P content of PBG coatings. Many of the cells which did attach to the P40 coating were
observed to have a rounded morphology, which has been shown to be indicative of cells with
a low degree of substrate attachment [424]. This trend has now been repeated using MG63
osteoblast-like cells showing that increasing the proportion of orthophosphates and
pyrophosphates within the glass structure shows a benefit to the cytocompatibility levels of the
substrates as there was a significant improvement of cell viability observed for the P30 coating,
which has a higher proportion of orthophosphate, compared to both the Mg WEA43 alloy and
P40 coating with no orthophosphates in the glass structure. This trend can be attributed to the
established roles of pyrophosphates and orthophosphates within the bone resorption and
formation cycle, which can aid in the generation of new bone and crystallisation of HA [425,
426]. Complimenting these roles, Kasuga et al. [427] found that lower P content glasses
exhibited a much lower ion release rate than typical metaphosphate glasses, suggesting
favourable dissolution rates and a more stable surface integrity, local pH and osmolarity levels
[428]. However, there was a slight variation in this trend found via corrosion testing with an
agreement that the highest proportion of orthophosphates in the P30 coating, as stated by De
Melo et al [262], provided the best protection of the PBG coating formulations with a slight
improvement as compared to the uncoated Mg WE43 alloy. But the P40 coating exhibited a
lower corrosion rate than that of the P35 coating with both showing an increase in corrosion
rate as compared to the uncoated alloy. Further work would be required to obtain actual
dissolution rates of these glasses as both bulk glasses and coatings to help determine the reasons
for increased corrosion rates. It is likely there would be a more vigorous reaction between the
glass and the DMEM used for corrosion testing in this work than the distilled water used by
Tosi¢ et al [429] due to the high reactivity of Mg with the Cl ions in the DMEM [430]. Also to

be taken into consideration is the thickness of these PBG coatings in relation to the corrosion
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rate and protection of the underlying alloy. During the corrosion testing, the corrosion rate seen
will be that of the outer surface coating, which will degrade as a sacrificial layer of protection
to the underlying Mg alloy, so despite the higher corrosion rates seen for the P35 and P40
coatings, there will still be a delay to the degradation onset of the underlying alloy. Depending
on the dissolution rates of the PBG coatings, the corrosion of the underlying Mg alloy may not
have begun during the PDP testing period, which lasted ca. 35 min in 1 L DMEM at 37 °C.
None of the PBG coatings showed an improvement in corrosion rate compared to the
electrodeposited CaP coating likely due to the coating being ca. 20 times as thick as the thickest
PBG coat and the relative insolubility of the deposited brushite crystals by comparison to PBG
[431, 21]. Interestingly, the P30 coating contained the highest proportion of P of the 3 PBG
coatings exhibiting a P:O ratio of 0.23 as compared to 0.17 and 0.20 for the P35 and P40 coats
respectively. This may have occurred due to the structure of the Q species within the glass and
may be an aid to the cytocompatibility levels exhibited. As the P30 coating has shown both an
improvement of the cytocompatibility, compared to the CaP coatings, and the corrosion rate
compared to the Mg WE43 alloy, this coating may show the most promise as part of a bi-

layered composite coating which will be discussed in the following section.

5.4 Novel Bi-layered Calcium Phosphate and Phosphate Glass coatings

The bi-layered composite CaP and PBG coatings theoretically show much promise for use in
orthopaedic applications due to the combination of benefits shown by both layers of the
deposited coatings. The electrodeposited CaP layer provides a relatively thick protection layer
to the underlying substrate which has been shown in previous sections to reduce the corrosion
rate of the alloy and improve the cell viability by providing a structure for cells to adhere to
and proliferate on [367]. Whilst the relatively thin-film of PBG sputtered on top of the CaP
layer would add a layer of protection to the porous sections of the underlying coat, due to the

amorphous nature of the deposition [231], and would further functionalise the coating to
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promote osseointegration and an improved cytocompatibility [426]. Despite the top layer the
cells would attach to being the PBG, the underlying morphology of the CaP coating would still
be contributing largely to the overall surface roughness due to the CaP thickness being ca. 20
times larger than the PBG layer, with variations in peak heights from profilometry showing to

be much larger than the PBG layer thickness.

As with the XRD analysis of the PBG coating only, the underlying structures are visible in the
spectra due to the penetration thickness of XRD analysis, recording similar patterns to that
observed for the electrodeposited CaP layer alone. The cratering effect observed for the P35
and P40 coatings may be caused by the impact of sputtered atoms or molecules colliding with
the surface of the alloy during deposition and dislodging a weak portion of the alloy matrix
similarly observed during the physical vapour deposition process by Panjan et al [432]. The
P30 deposition has a tendency to interact with the coating in two ways. Firstly, there are clusters
which appear to be amorphous, representative of the P30 glass deposition deposited in the voids
of the CaP layer and secondly there is an interaction between the brushite crystals and the P30
deposits where the amorphous clusters sit on top of the brushite needles and in some areas the
density of these clusters is large enough that the brushite crystals are completely covered by
the glass. With both of these interaction types being exhibited across the surface, transitioning
from the areas of high density CaP deposition and voids of low CaP deposition density, it can
be assumed the bilayered coating achieves a complete coating across the surface of the alloy,
with the PBG layer integrating with the brushite crystals and covering the voids left from the
CaP electrodeposition process. However, there may be some contribution to the degree of
crystallinity of the underlying brushite layer from the sputtering process as a heating effect is
observed due to the plasma and bombardment mechanisms of the sputtering process where the
kinetic energy of the bombarding species, typically in the region of 100 eV has been shown to

deposit denser coatings with lower O content [433]. This may explain why the slight
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amorphous hump observed for the CaP only sample around 11° 26 has disappeared in the XRD
patterns of the bi-layered coatings due to the potential annealing of the CaP structures caused
by this heating [434]. However, the chemical interaction between the coating layers can be
more accurately observed via XPS analysis (Figure 4.56), where the P35 CaP coating exhibited
a number of varying bonding deconvolutions for the Ca 2s, Mg 2s, Na 1s and P 2p peaks. This
would suggest that lowering the P content may have an effect on the bonding interactions
between the deposited PBG and CaP alongside the heating effect observed from the sputtering
process. But these interactions may be due to the predominance of invert Q° and Q? species in
the glass as the P35 CaP coating showed the largest amount of deconvolutions with ca. 94% of
Q! species distribution, P30 CaP with 39% Q° and 61% Q! species distribution and the least

variation from the P40 CaP with 51% Q* distribution [262].

Comparison of the corrosion rates and coating thicknesses of the bi-layered coatings against
the Mg WE43 and CaP coating controls can be used to give an indication of the effects of the
composite coatings and whether the PBG layer sputtered on top of the CaP actually provides a
beneficial effect in terms of bioactivity and corrosion protection. Table 4.13 shows the largest
contribution of PBG to the bi-layered coatings is ca. 6% of the total thickness. Therefore, it
would be expected that the CaP layer would have the largest influence on the properties of the
combined coatings and may act as a bulk material that provides a base layer of protection
adjusted by the PBG properties. The cytocompatibility testing would support this theory as
there was no significant difference in the performances of the bi-layered coatings in terms of
cell viability and similarly no significant difference between the bi-layered coatings and the
CaP only coating. When considering that the biological performances of the PBG only coatings
varied significantly, it can be assumed that the bulk CaP acts as a performance stabiliser with
small variations caused by the thin-film glasses. However, the P30 CaP bi-layered coating

showed a significant improvement in the cell viability over the uncoated Mg alloy, showing
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agreement with de Melo et al. [262] on the beneficial effects of the P30 coating over the higher
P content glasses. However, it would also suggest that the effect of the PBG coatings on the
cell viability is the dominating factor as the trend observed of highest performance with lowest
P content tracked across both of the PBG only coatings and the bi-layered PBG and CaP
coatings. This would show that the structural roughness of the CaP coating, which was shown
to provide beneficial effects for osseointegration [435, 436], was not as dominant as the
cytocompatibility effects of the PBG glass depositions, which is likely due to the first media
reaction being with the top layer of PBG. A similar trend was observed in the corrosion testing
where, the best performing coating of the bi-layered coatings was the P30 CaP coating which
exhibited a corrosion rate relatively similar to the CaP only coating and was a vast improvement
over the uncoated alloy, whereas the other bi-layered coatings showed an increase in corrosion
rate potential due to a rapid dissolution rate of the top PBG layer. This would be in support of
the findings of Kasuga et al. [427] who showed the dissolution rates of inverse PBGs to be

much lower than that of metaphosphates such as the P40 coatings.

Further work would be beneficial into the magnetron sputtering of invert phosphate glasses as
there is a gap in the literature regarding the manufacture of glass targets which require a splat
quench and the reliability of remelting and recasting into target moulds for an annealing
treatment. The preferential sputtering effects seemed to change from expected in the literature
with a high P content deposited when expected to be the lowest sputtering yield of the target
elemental composition [291]. There is still an improvement to be made in regards to achieving
a desired corrosion rate of 0.5 mm/year [35] for the bi-layered coatings to be used in clinical
applications. However, there is potential to deposit a thick enough layer of PBG on top of the
relatively thick CaP layer and the combined protective effect may be sufficient to delay the
onset of degradation of the Mg alloy for a sufficient time in a variety of applications. Similarly,

with the beneficial effects on cell viability and proliferation caused by the PBGs [435], the
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increased speed of bone integration may reduce the required time for the healing process to

occur in clinical applications.

The novel bi-layered PBG and CaP coatings have shown promise for their use in clinical
applications of bioresorbable implants due to improvements in cytocompatibility and corrosion
rate reduction of Mg WE43 alloys. The next section will discuss a variety of potential

applications that would likely suit the use of these novel coatings.

5.5 Potential clinical applications of novel Calcium Phosphate and Phosphate Glass bi-
layered coatings

Peltoniemi [437] theorised that the ideal biodegradable material would provide appropriate
strength whilst degrading in a predictable fashion, without causing adverse reactions
throughout the healing process. As the components used in the CaP and PBG coatings are all
found naturally within the human body [428, 438], the bi-layered coatings would degrade
without causing adverse reactions and the products could be naturally repurposed or disposed
of by the body. Similarly, the tailorability of the PBGs allow for individual design for the
desired timescales of healing , although more work showing property variation with thicker
coatings would be of benefit. The limitations of the coating techniques must also be taken into
consideration when looking to apply these coatings. As stated previously, it is relatively easy
to deposit a thick layer of CaP in terms of getting ions from the bulk electrolyte to deposit onto
a Mg WEA43 substrate, but due to the requirement of maintaining an electrical contact for
potential to be applied, there often is an uncoated ring on the substrate where a sample is being
held against the electrode. There is potential for improvement of this by manufacturing a
sample holder which maintains electrical contact by a slimmer margin, such as a wire hook
which may also allow the coating of two sides at once. Similarly, a drawback of the RFMS
method is that deposition can only be made in line of sight which may cause issues if the desired

implant is of a complex geometrical nature and a full coating is to be applied. This could
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potentially be addressed by the optimisation of the RFMS process, manufacturing a substrate
holder which rotates during the deposition process to make sure as much of the surface as
possible faces the sputtering target. However, if these issues are addressed, then there is an
array of potential for these bi-layered coatings to be applied to clinical applications, of which

some are discussed below.

One of the main areas for the use of these coatings would be as fracture fixation implants as
the Mg alloy substrate would provide similar structural support to human bone [159, 27] at
installation and then would interact with the bone, slowing the implant degradation so the bone
can regenerate to its previous mechanical properties [439]. The main goals for fracture
treatments are to align the fractured fragments, reduce the fracture size and preserve this
reduction through immobilisation of the bone [440]. This immobilisation often occurs through
the conjunctive use of either internal or external fixation usually in the form of pins, screws,
wires, nails, rods and plates [441]. Bioresorbable materials and coatings aim to be used for
internal fixation to prevent the need for removal after the healing process is complete. Internal
fixation is accomplished by the implantation of fixtures to hold together bone fracture
fragments of which the most common and likely applicable function of the bi-layered coatings
would be on a plate [442] used to secure the bone fragments as the shear stress applied when
sinking screws into bone may use enough force to damage the coating before the beneficial

effects can be seen.

Another potential use would be in cardiovascular applications as structures such as stents which
are only required for a maximum of 6 months clinically [443], to allow the healing process to
occur. As iron structures were shown to take too long to degrade in body conditions [444], Mg
alloys become a potential replacement due to their faster degradation rate. The degradation rate
of the Mg alloys alone were too fast so the use of the novel bi-layered coatings could be utilised

in this application to slow and delay degradation onset whilst maintaining the required
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structural properties for the healing process. However, this would still require further
optimisation to lower the corrosion rate to the acceptable limit for stents of 0.02 mm/year [445],
but the bi-layered coatings have shown promise to prevent the onset of degradation and

promote cellular activity to speed the healing processes.

A third application would be in laryngeal surgery, where Mg alloys are currently used as
microclips to securely fasten vocal holds [446]. Bioabsorbable clips are preferred as they
reduce the level of risk taking during the surgery of damaging the vocal folds whilst suturing
to seal the epithelial microflaps [447]. Haenzi et al. [448] have published work on the
degradation of magnesium tipped rivets for wound closure in gastrointestinal interventions and
reported feasibility for the use of Mg. As the bi-layered coatings serve as a functional and
sacrificial layer, the application of them to a Mg alloy could be used for these wound closure

applications to tailor the degradation profile to the desired rate.

5.6 Chapter Summary

The use of the electrodeposition method to deposit CaP coatings onto Mg WE43 alloy
substrates has been investigated, with the parameters of duty cycle, deposition time and
electrolyte pH being varied as part of a two pronged-strategy for the development of a novel
bi-layered coating which protects and functionalises Mg-based alloys. The second part of this
strategy was the investigation of PBG coatings deposited by Radio Frequency Magnetron
Sputtering, where the P content of the glasses was varied to increase the bioactivity and act as
a complimentary top layer to the porous microstructure of the CaP bottom layer. The RFMS
process saw a side effect that the characteristic induced heating annealed the small proportion
of deposited amorphous CaP, crystalising the amorphous structures to the brushite phase as
confirmed by XRD observations. The cytocompatibility of the various coatings were assessed

via an indirect contact elution test for cell viability, with the best performing coatings
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containing the P30 PBG layer. Under the conditions here, it was shown that lowering the Q"

species distribution of the glass improved the biocompatibility and degree of cell proliferation.

In addition, the corrosion performances of these coatings were assessed. The Ecorr Values of the
bi-layered coatings were all observed to shift positively compared to the Mg WE43 alloy
potentials, again with the P30 CaP bi-layer coating showing the most positive value of Ecorr for
the composite coatings. This translated to the P30 CaP coating also exhibiting the lowest
corrosion rate of the bi-layered samples, although a slight further reduction would be preferred
for clinical applications. Due to the deposition rate being very low for PBGs, the RFMS

deposition parameters should be investigated to improve the deposited PBG layer thickness.

Orthopaedic applications such as bone fracture fixation are the closest to being achieved using
these novel bi-layered coatings on a Mg alloy due to the good levels of bioactivity and corrosion
rate being close to the required 0.5 mm/year. Some further work into the sputtering of low P
glasses and a potential conversion step of brushite to HA would be a likely step to achieving

the lower corrosion rates required for cardiovascular and laryngeal applications.

Chapter 6 — Conclusions and Future Work

This Chapter summarises the general conclusions drawn, based on the work investigated in this
Thesis, into the development of a novel bilayered coating for the protection and
functionalization of Mg-based alloys. The second section suggests aspects which may require
further investigation and some further points of research which extend from this work and

would be beneficial for the field.

6.1 Conclusions
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A literature review was completed, identifying the coating deposition methods of CaP
electrodeposition and RFMS of PBG as coating methods with the potential to be
complimentary to each other for the protection and functionalization of the underlying Mg
WEA43 alloy substrate. Particular interest was identified for the cytocompatibility effects of

lowering the phosphate content of the PBG targets whilst maintaining a bulk layer of CaP.

The structural properties of electrodeposited CaP were determined using complementary
topographical, structural and chemical characterization techniques, which allowed further
investigation into the optimization of the coating technique by varying deposition parameters
of duty cycle, deposition time and electrolyte pH. Variation of the duty cycle and deposition
time parameters showed that brushite was the preferred phase of CaP deposited with a
preferential orientation in the (020) plane. Increasing the electrolyte pH from 4.5 to 9 showed
the possibility to deposit small amounts of HA with a pH of 7.5 at the expense of coating density
and thickness. Typical crystals deposited were of two main classifications: Larger plate-like
crystals which ranged in size from ca. 10 — 50 um and smaller needle-like crystals typically in
the range of 2 — 5 um. There were voids observed in the coating structure which generally
increased in size with decreasing duty cycle. Profilometry showed that in a 20 min deposition
period, an average coating thickness of ca. 8 um is achieved across the varied duty cycles,
showing that the gradual phase change from crystalline brushite to amorphous CaP with
increasing duty cycle is the main difference between the coatings. The increasing deposition
time exhibited an increase in the proportion of the needle-like crystals and a decrease in void
size of the coating. Through investigation of corrosion properties and cellular activity, it was
observed that the optimum duty cycle was 0.6 as the Mg alloy samples coated with CaP at this
duty cycle, corresponded to the highest degree of cell viability after 24 hours in treated media
and the lowest corrosion rate of 0.57 mm/Y whilst improving the Ecorr Of the Mg WE43 alloy

from -1.42 to -1.17 V. Increasing the deposition time to 120 min also showed a significant
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improvement in cell viability but had a slightly increased corrosion rate of 0.88 mm/Y as
compared to the 20 min coating. Increasing the electrolyte pH did not show an overall
improvement as compared to pH 4.5 so likely the optimum electrodeposition parameters are
duty cycle 0.6, deposition time 120 min, due to the balance of coating thickness and cell

viability, and electrolyte pH of 4.5.

Three compositions of PBG glass targets were manufactured, overcoming issues of surface
crystallisation during processing and annealing into target form. Some small signs of
crystallisation were observed but deemed insignificant to the RFMS deposition process. The P
content was lowered from 40 — 30 mol%, changing the Q" species of the glass targets with the
aim of gaining the biocompatibility benefits associated with Q° orthophosphate glasses. Thin-
film coatings of PBG ranged in thickness from 0.4 — 0.6 um with the P30 coating being the
thickest and P40 the thinnest of the coatings. Corrosion testing showed no improvement of the
P35 and P40 sample corrosion rates. A small improvement was observed for the P30 coating
reducing the Mg WE43 alloy corrosion rate from 2.22 — 2.00 mm/Y. Alone the PBG coatings
do not provide significant corrosion protection to the Mg WE43 alloy due to the thin nature of
the coatings. However, elution testing showed a significant improvement in the cell viability
of MG-63 cells exposed to the P30 coated sample as compared to both the Mg WEA43 alloy and
the P40 coated sample. The P30 coated sample also exhibited a greater cell viability than the
CaP coatings investigated. Combining this with the amorphous nature of the PBG coatings, it
was determined that the PBG thin films would be complimentary to the base CaP layer to fill

voids in the CaP coating whilst also improving the biocompatibility of the samples.

Novel bilayered coatings consisting of a base CaP layer and a top PBG layer were successfully
deposited onto Mg WE43 discs. The RFMS deposition of PBG also induced a reaction in the
brushite layer, modifying the large plate-like brushite crystals to become smaller clusters of

brushite crystals. This was attributed to the heat generated during the RFMS process which was
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assumed to have an annealing effect on the deposited CaP crystals. The thickness of the
bilayered coatings was in the region of 8 um thick with the higher PBG contribution seen by
the P30 CaP sample which contributed to ca. 7.49 % of the total coating thickness. Examination
of elution testing showed similar trends to that of the PBG only coatings, where the P30 CaP
sample showed the highest levels of cell viability of all samples and a significant improvement
over the Mg WEA43 alloy. However, the base CaP coating had a buffering effect on the cell
viability of the PBG layers, improving the performance of the P40 coating whereas previously
the P40 only coating had performed significantly worse than the P30 coating. Corrosion testing
showed that the P30 CaP coating significantly lowered the corrosion rate of the Mg WE43 alloy
from 2.22 - 0.74 mm/Y. The higher P content glasses did not improve the corrosion rate of the
underlying Mg WE43 alloy but did exhibit more positive Ecorr Values suggesting an improved

corrosion resistance.

The novel bilayered coatings, especially the P30 CaP bilayer, proved their potential to be
utilised in orthopaedic applications as the coatings covered the Mg WE43 alloy surface and
would act as a sacrificial layer, delaying the onset of corrosion and exhibited a lower corrosion
rate than that of the Mg alloy. They also showed benefits in terms of cell viability under elution
testing being improved with these bilayered coatings. Another benefit shown was the ability of
the coatings to be tailored based on the variation of electrodeposition parameters and the

composition of PBG targets.

6.2 Recommendations for Future Work

This project covered the development of a novel bilayered coating for the functionalisation and

protection of Mg WE43 alloy, however further work would be beneficial for additional
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improvements of the corrosion performance and the manufacturing of PBG targets for the

RFMS deposition of the top layer.

Following the deposition of a brushite CaP layer, an improvement could be made by performing
a treatment which would convert the brushite crystals into a more insoluble HA phase of CaP.
Literature has previously seen this achieved using a dissolution-precipitation process in
alkaline solutions due to the higher solubility of brushite leading to ready hydrolysis and
remodelling. This conversion process would likely be beneficial to the eventual
osseointegration and corrosion protection of coated alloys. However, the method of laser flash
annealing shows promise as a dry method to alter the CaP phase deposited without affecting

the Mg alloy beneath the coating by controlling the power and penetration of the laser.

This work identified some difficulties in the manufacturing of low P content glass targets,
especially in relation to the surface crystallisation of the glass during quenching and annealing
processes. As low P glasses are a relatively new concept, there is currently no work on the
processability of these glasses to obtain a large target ca. 57 mm@ x 6 mm thickness. The
process of manufacturing employed in this work achieved one P30 target with no signs of
surface crystallisation in 3 attempts, utilising splat quenching for rapid cooling of the molten
glass. However, remelting the glass for casting into an annealing furnace appeared to negate

some of the effects of the splat quench.

The concept of RFMS of PBG targets has only begun to be investigated in the last decade and
currently has not extended into the sputtering of low P content glasses. The thicknesses
achieved in this work were ca. 0.6 um in a 48 h deposition period which leaves room for
significant improvement of deposition rate. Optimisation of the RFMS process would be

beneficial to achieve thicker PBG layers in a shorter deposition period. However, care must be
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taken due to the brittle nature of the bulk PBG targets as they often crack under the stresses

induced during the RFMS process.

This study has investigated the novel bilayered coatings from a characterisation, corrosion and
cellular standpoint. As potential orthopaedic applications are likely to come under stress and
mechanical forces, it would be beneficial to understand the mechanical properties of the
bilayered coatings and examine the degradation profiles under stress by utilising mechanical
testing techniques such as tensile, adhesion and shear testing which would in turn provide a

greater knowledge base for potential applications.

Wider literature contains many studies on the use of various physiological solutions. In this
research, DMEM was used for corrosion testing and as culture media, with the conclusion that
the Mg WE43 alloy would react aggressively in this medium due to the high concentration of
chloride ions. Therefore, it would be useful to investigate the effects of the bilayered coatings
on the corrosion performance in a variety of test solutions and examine the corrosion products
formed during these tests for characterisation purposes. In particular, further in vitro studies of
cellular response to the bilayered coatings would be beneficial to aid in the determination of
functional properties of the coated alloy, which may increase the potential for progression of

the coated alloys for future use in vivo.
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