@

msta?ffl@mte _

HF+
W ow F omoE O h R E R

s kR e B E
o W W R R

+ « » Lehrstublf

B G o @ BB H

PO T
gwgw.‘%hm)‘ef? )

T I
o W W OF W

g B B O

_ TechniscHE UNIvERs
[ I(AISERSLAUTEEPI{IT

/

PR
o @

P

o
w w o & B

A I T
W

*‘@”g*@&af”ﬁ'
PN IR

L
o B
w @ o B
cds W E B B R B R
P

e B W@ 8 W e W F R
o Mmoo A oW W

’&?g‘&wam«ﬂ@*'
P R R R
wow owowow B BoW B B
,@.Q‘%M&‘z’ﬂ%%*@f@

dr W o W
a e W W B

Liw s e a Bt ERE S

fnew B AEERER

K

w

B

Y

[

w W
Y

e

ion Behaviour of Surface

Modified Titanium Implant Alloys in
Simulated Physiological Media

wp @ B R W R
P

E

he:Berichte

.

de g

fC

Y

W oa B B oW B
k1
undl

Christian Leinenbach

Cyclic Deformat

s B @ B W w W

Warkstoftk

a M #

PR R I I
-

A2
e
E

ER
@
@

A
Ed
k3

4
- &

O
- @
L2
ﬁ‘t@@&wm«

- e W
® W
» -
E
'y}

PO R
wow uf ow W P8

ITIE L
Bk BB

Y L2
Lo mnE e RR -

[ R
T sias

N R R
PSS YY E A R

TR sw g8 m &
Jex e mERSERE
i,.‘,.gg«s%‘?%&
st EFEREE
sov kwuEEED
puw s ABEES
P pu kP B H
e s EaEEE R

e gEEEE
4,.«3-&‘&”3”5:'8*-‘&

R

¥
ER

sspweEaR®

g;ﬁ'ﬁ‘s’
geran &

3



Conterits

Table of Contents

21

2.2

2241
2.2.2
223
224

23
2.3.1
232

31
3.1.1
3.1.2

3.2

3.21
322
323

4.1

4.2

5.1

5.1.1
512
513
51.4

52

INEFOTUGCHION ...t eee e eter e e tee e e e ee e e ean e e ereen s srnsnsmsaremaanrenes 1

Fundamental Aspects of Metallic Implant Materials ...l 5
Mechanical and Biological-Chemical Aspects of Metallic Implant Materials..............5

Titanium as Implant Material ..
Physical and Chemical Propemes of Pure Titanium

Cemmercially Pure Titanium and Titanium AlloyS ..o e
Surface Properties of Titanium and Titanium Alloys
Surface Modification Techniques

Principles of Corrosion and Repassivation Processes ...
Basic Corrosicn Processes and Experimental Techniques
Corrosion and Repassivation Behaviour of Titanium and Titanium Alloys

in Physiological Media ... e e e e 26
Fundamental Aspects of Metal Fatigue................oo e 29
Characterisation and Estimation of the Cyclic Deformation Behaviour .................. 29
Cyclically Loaded Metallic Materials and Fatigue Life Prediction................c.coco el 29
Microstructural Processes and Characterisation Techniques ..., cH]
Cyclic Deformation Behaviour and Fatigue of Titanium and Titanium Alloys.......... 34
Influence of the Microstructure ... PSSP 34
Influence of the Surface Properlies ... e e 36
Influence of Loading and Envircnmental Conditions ... 38

Detection of Cyclically Induced Surface Damages by Electrochemical
Techniques — Theoretical ASpects ... e 39

Corrosion Potential and Current Measurements........cc.ccvvvvevinnencsser s siansscnavsns e eeen 39

Electrochemical Impedance Spectrostopy ..o e s

Experimental Techniques and Characterisation Methods............cccconcennee, 49

Experimental Setups ... . PO PROTPRPY - 1.
Electrochemical Corros:on Testmg Setup .49
Experimental Setup for Scratch Tests ....... .50
Servohydraulic Testing EQUIPMENt ... 51
Rotating Bending Testing EqQuUipment.. ... 53

Microscopic and Analytical Methods ............ccociviven e e e O



I Contents

5.2.1 Imaging and TopOgraphy.......c.oco i v 55
5.2.2 Chemical Composition and STUCTUIE ... e e, 55
6 Materials, Surface Properties and Testing Media.........cc.cccoveciien e cieniennne 57
6.1 Materials ..
6.1.1 CommerCIaIIy Pure Tltanlum

6.1.2 The Alloy Ti-8AI-7Nb ...............
6.1.3 The Alloy TI-BAAV ..., e
6.2 SPecimen GEOMELMES ... cecee e irers s sres et cre e eae s smen e seesenssessessaeemseeeas smnessaes 60
6.3 Surface Modification Techniques and Surface Properties .......cocoeeoveeee e cecr e 62
6.3.1 Mechanically Polished SUMaces.......cccocor i e et s
6.3.2 Thermally and Anodically Oxidised Surfaces

6.3.3

6.4

b B e |
i 5
W=

8.1

8.2

8.3

Corundum Grit Blasted Surfaces

Testing Metia.. ...t et s e T

Characterisation of Non-Damaged Specimen Surfaces ...............ccovevivieeeeee 75
Electrochemical Analysis ... esess e sesns s seee e cennn s T B
Open Circuit Potential Measurements IS5

Potentiodynamic Measurements ...
Electrochemical Impedance SPectrOSCODY. ... oo e 78

Preliminary Investigations on Electrochemical Measurements
in Fatigue Testing Setup ...t vrrse s sserer e s serse s sse s snsss s e BO
Surface Damages Induced by Scratching........cccccoiieiicc e, 85

Corrosion Potential and Current Measurements on Polished Specimens —
Repassivation Behaviour. ... resre e sreess e B8

Impedance Measurements on Oxidised SPecimens ........cccevvveeveesveevesssseriiee oo a0
Analysis of the Repassivated Surfaces ... e e 93
Fatigue Induced Surface Damage in Axial Fatigue Tests .................cccooeeee. a7
Investigations on Mechanically Polished Specimens..........cc..oooceceevevsceesneni e 97
Fatigue Life and Cyclic Deformaticn Behaviour ... e 97
Characterisation of Fatigue Crack Initiation and Propagatnon

by Corrosion Potential and Current Measurements ..............ocoo oo 99
Characterisation of the Cyclic Deformation Behaviour and

Fatigue Induced Surface Damages in Stepwise Load Increase Tests ..o, 109
Influence of the Testing Media Composition ........... e 112

Investigations on Oxidised Specimens........c.cccc e e 114
Fatigue Life and Cyclic Deformation Behaviour ... e, 114
Stepwise Load INCrease TESES ... e 118
Microstructural INnvestigations ... 122



Contents 11

9.2.4 Detection of Surface Damages by Impedance Spectroscopy ... 126
9.2.5  Summarnising DiSCUSSION ... e e e e e 130
9.3 Investigations on Corundum Grit BElasted Specimens .. 131
%31 Fatigue Life and Cyclic Deformation Behaviour .............. 131
9.3.2 Stepwise Load Increase Tests ..o 134
9.3.3 Microstructurat Investigations .............cccooo i e 135
0.3.4  Summarising DISCUSSION ... e 136
10 Fatigue Induced Surface Damage in Rotating Bending Tests...............ec.... 137
10.1 Investigations on Mechanically Pelished Specimens............. i 137
10.1.1 Fatigue Life and Cyclic Deformation Behavicur ... 137
10.1.2 Characterisation of Fatigue Crack Initiation and Propagation Processes ...................... 140
10.2 Investigations on Oxidised Specimens................... e
10.2.1 Fatigue Life and Cyclic Deformation Behaviour .

10.2.2 Microstructural Investigations .............................

10.2.3 SUmMMANSING DISCUSSION ....ootii ettt e et e e et e e e e e
10.3 Investigations on Corundum Grit Blasted Specimens ... 152
10.3.1 Fatigue Life and Cyclic Deformation Behaviour ..., 152
10.3.2 Microstructural Investigations ... e 154
10.3.3 SummMArising DISCUSSION .......ooeviiiiii e e e e T, 155
11 Summary and OUIOOK ...........oco v e 157
Semester Work TReSesS ... e pem e 161
PUblications......c.cooiiin i e e 161

= (=T = £ L= PPV 163



