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My presentation will encompassMy presentation will encompass

• Introduction to tribology of prosthesisIntroduction to tribology of prosthesis

• Macro and  nanotribology ‐ Current scenario 

i l• Experimental
Scratch resistance of Ti and its alloys – from  
microscopic perspectivemicroscopic perspective

Nanotribological behavior of Ti and its alloys

• Conclusions• Conclusions
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Need to understand the tribology of 
hprosthesis

Lif f th th i 12 15Life span   of the prosthesis 12‐15 years

Expected life span – more than 30 years

Reasons for short life span
‐ infections
‐ corrosion
wear‐ wear

‐ lack of complete biocompatibility
‐mismatch in modulus of elasticity
‐manufacturing defects and surgical  procedures

800,000 implants every year in Europe 

By 2050, there will be approximately 2 billion elderly 
people living worldwide.
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Tribological contacts in hip joints 

Polymer/ceramic/
t lli

Materials 

Polymer –
UHMWPE

Sliding wear Sliding wear 
metallic cup UHMWPE

Ceramics –
Alumina, Zirconia, 
TiN coatings on 

Fretting  Fretting  
wearwearMetallic/

ceramic ball

g
metallic materials

Metals and alloys –
316 Stainless steel
Cobalt chrome

Metallic 
stem

Cobalt chrome
Ti alloys

Ti6Al4V
Ti‐6Al7Nb
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Ti13Nb‐13Zr
Ti‐XTa‐XNb‐XZr‐O

Wear between 
Metal‐bone
Ball and stem , cup and ball



excess of 1 million nanopartictles of 

Ceramic over ceramicCeramic over ceramic ––
•installation problem
•Chip formation
•Revision if slight deviation in with metallic implantswith metallic implants

are generated per step

•Revision if slight deviation in 
installation
•Fracture on high impact
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Understanding of Tribology of Ti alloys 
f– Macroscopic point of view

Ti and its alloys have…y
• Low shear strength and low tensile strength‐ high 
friction coefficient –

• Low resistance to plastic shearing and low work 
hardening, and

• Low protection exerted by the surface oxide• Low protection exerted by the surface oxide 
which may form as a consequence of the high 
flash temperature induced by frictional heating

• High material transfer due to adhesive wear
• Strong tendency to seize 
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Nanotribology from a biomaterials 
perspective

• Understanding the polymer wear using AFMUnderstanding the polymer wear using AFM 
tip –Modeling AFM tip as an single asperity of 
counter metallic partcounter metallic part

• Effect of surface roughness of polymer on 
wear at different hirecherial levels usingwear at different hirecherial levels using 
microtribometer /AFM

N ib l i l b h i f Ti d i ll• Nanotribological behavior of Ti and its alloys 
using ‐nanotribometer
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Experimental WorkExperimental Work
Phase 1

Scratch testing ‐ Const ./Ramp loading  Cp Ti, Ti13Nb13Zr,Ti‐6Al‐
4V, UHMWPE

Phase II

Nanotribological studies Cp Ti, Ti13Nb13Zr,Ti‐6Al‐4V

Experimental conditions

9/27/2011
10

3 Sliding speeds Dry dry/Simulated body conditions



Scratch testingScratch testing

Rockwell indenter ‐–C scale
angle (120.Cone)

Tip radius 200µm

O T i f ffi i f f i iOutcome: Traction force,coefficient of friction
,critical loads for failure (if coatings are
characterized))
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Scratch HardnessScratch Hardness
• The scratch hardness is calculated by using the
f ll i f lfollowing formula,

Hs = 8 X Fn (in GPa)

Π X b2Π X b

where,

H h h dHs = scratch hardness,

Fn = normal load applied,

b = scratch width.



Microstructure, Roughness 
and Hardness and Hardness 

(i) Cp Ti‐100x (iii)Ti-13Nb-13Zr -100x(ii) Ti-6Al-4V  100x

Ra ‐0.1 
(um)

Ra ‐0.1 to 0.2 
(um)Ra ‐0.1 

(um)

cpTi
Young's Modulus (100 GPa)
Poisson’s Ratio (0.36)

Ti6Al4V
Elastic modulus (112 GPa)
Poisson’s Ratio (0.342)

Ti13Nb13Zr
Young's Modulus (77 GPa)
Poisson’s Ratio (0.36) E of the surface measured using SFM

Acta Biomaterialia 3 (2007) 113–119



Roughness of all the samplesRoughness of all the samples

9/27/2011 14



Constant Load Test

Start Load   
(N)

Stroke 
Length   
(mm)

Speed 
(mm/sec)

Offset 
(mm)

Traction 
Force

Scratch 
Width 
(in µm) 

Scratch 
Hardness
(in GPa)

Cp-Ti 20N 10 0.50 0.25 15.81 116.41 3.76

Cp-Ti 50N 10 0.50 0.25 45.86 159.13 5.63

Cp Ti 100N 10 0 50 0 25 85 47 216 7 5 43Cp-Ti 100N 10 0.50 0.25 85.47 216.7 5.43
Ti-13Nb-13Zr 20N 5 0.50 0.50 12.94 86.88 6.75

Ti 13Nb 13Z 50N 5 0 50 0 50 35 72 109 90Ti-13Nb-13Zr 50N 5 0.50 0.50 35.72 109.90 10.55

Ti-13Nb-13Zr 100N 5 1 0.50 54.33 168.78 8.94
Ti-6Al-4V 20N 10 0.50 0.50 13.37 97.08 5.41

Ti-6Al-4V 50N 5 0.50 0.50 32.98 133.08 7.19

Ti-6Al-4V 100N 5 0.50 0.50 99.89 186.65 7.31



COF Comparison for CL
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Constant Load Micro Scratch

Formation 
of Shear 
Planes

Severe Plastic 
Deformation

Plastic

Deformation

Plastic 
Deformation

Smooth EdgesSmooth Edges



Traction Force Graph of Ti13Nb13Zr RL 20N



Traction Force Graph of C.P‐Ti RL 50N



Start 
Load   

Stroke 
Length   

Load Rate 
(mm/sec)

Speed 
(mm/sec)

Offset 
(mm)

Traction 
Force

Scratch 
Width

Scratch 
Hardness

Progressive Load Test

(N) (mm) (in µm) (in GPa)

Cp-Ti 20N 10 2N/mm 0.50 0.25 28.82 132.42 2.91

Cp-Ti 50N 10 2N/mm 0.50 0.25 48.58 171.61 4.33

Cp-Ti 100N 10 2N/mm 0.50 0.25 81.55 211.50 5.70
Ti-13Nb-13Zr 20N 10 2N/mm 0.50 0.50 14.78 115.04 3.85

Ti-13Nb-13Zr 50N 10 2N/mm 0.50 0.50 29.5 132.67 7.23

Ti-13Nb-13Zr 100N 10 2N/mm 0.50 0.50 57.37 178.16 8.03100N 2N/mm 0.50 0.50 57.37 178.16 8.03

Ti-13Nb-13Zr 100N 10 5N/mm 0.50 0.50 65.04 157.92 10.22

Ti 6Al 4V 20N 10 2N/ 0 50 0 50 13 94 104 81 4 64Ti-6Al-4V 20N 10 2N/mm 0.50 0.50 13.94 104.81 4.64

Ti-6Al-4V 50N 10 2N/mm 0.50 0.50 35.19 142.11 6.31

Ti-6Al-4V 100N 10 5N/mm 0.50 0.50 79.69 198.28 6.48
Ti-6Al-4V 150N 10 5N/mm 0.50 0.50 80.69 217.70 8.06



Progressive Load Micro Scratch

Accumulation 
of Shear planes

Cracking 

Formation of 

Chipped 
particles

slip bands

Smooth 
Edges



COF Comparison for RL
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Scratch Testing of UHMWPE
CL 20N RL 20N

CL 50N RL 100N



Scratch Hardness of UHMWPEScratch Hardness of UHMWPE

Type Start Stroke Load Rate Speed Offset Traction Scratch ScratchType 
of 
Load

Start 
Load   
(N)

Stroke 
Length   
(mm)

Load Rate 
(mm/sec)

Speed 
(mm/sec)

Offset 
(mm)

Traction 
Force

Scratch 
Width
(in µm)

Scratch 
Hardness
(in GPa)

UHMWPE CL 20N 10 2N/ 0 50 0 25 14 3N 754 0 089UHMWPE CL 20N 10 2N/mm 0.50 0.25 14.3N 754 0.089

UHMWPE CL 50N 10 2N/mm 0.50 0.25 29.5N 1170 0.093

UHMWPE RL 20N 10 5N/mm 0.50 0.25 15.7N 907 0.062
UHMWPE RL 100N 10 5N/mm 0.50 0.25 55N 823.5 0.376



Nanotribology using CSM 
bNanotribometer

Ti alloy contact with alumina ball                          b Linear reciprocating module
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Test conditions
• Substrate: ‐ CP Ti, Ti6Al4V, Ti13Nb13Zr

• Ball: ‐ Al2O3(Alumina)              

• Ball diameter: 1 5mm• Ball diameter: ‐ 1.5mm

• No. of cycles/distance: ‐ 30000cycles/1mm stroke length

• Acquisition Rate: ‐ 20Hzq

• Speed: ‐ 15, 20 and 25mm/s 

(characteristic  for hip joints 0–50 mm/s‐ Gispert M.P. (2006))

• Load: ‐ 1.00N, contact stress ‐ 154.9 MPa
• Environment: ‐ Dry and Ringer’s Solution

Ri ‟ l ti ( 1 lit f t ) N Cl 8 6 KCl 0 30• Ringer‟s solution (g per 1 liter of water): NaCl 8.6; KCl 0.30; 
CaCl2 ‐ 0.33; Na+ 147.00 mmol; K+ 4.00 mmol; Ca+ 2.25 mmol; 
Cl+ 155.60 mmol.

• Air Temperature :25° C
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OutputOutput

• Penetration depthPenetration depth

• Wear volume (ASTM G133 – 02)

C ffi i f f i i• Coefficient of friction
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DRY

Pulling due to adhesion Pulling due to adhesion 

Longitudinal groovesLongitudinal grooves

Loose wear debris 



RINGER’S SOL’N

Tribo oxidation and 
b h l

Tribo oxidation and 
b h l

Elliptical wear scarsElliptical wear scars
tribo chemical weartribo chemical wear



COF Comparison



Wear Volume Comparison



Dry Ringer

Third  body 
act as 
protecting 
layer andlayer and 
reduces 
friction
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SEM Images of worn track 15mm/s
Ti6Al4V‐Dry Ti13Nb13Zr‐DryTi6Al4V Dry Ti13Nb13Zr Dry

Ti6Al4V‐Ringer’s Ti13Nb13Zr‐Ringer’s



SEM Images of worn track 25mm/s
Ti6Al4V‐Dry Ti13Nb13Zr‐DryTi6Al4V Dry Ti13Nb13Zr Dry

Ti6Al4V‐Ringer’s Ti13Nb13Zr‐Ringer’s

Ti1313 exhibit rather 
smaller grains as a 
wear debriswear debris

TAV wear debris was 
larger



Ti6Al4V Dry EDS
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TI6Al4V Ringer’s EDS
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Scratch testScratch test

• The SEM images show that below the critical loads all g
samples were damaged by plowing, associated with 
the plastic flow of material
Pl hi t h Pil d d b i f d• Ploughing scratch , Pileup and debris were found on 
the sides

• In Ti‐6Al‐4V there were fine debris and largeIn Ti 6Al 4V  there were fine debris and large 
flakes, debris were strain hardened and also flakes 
abrade the surface and high COF results

• Level of deformation of Ti1313 compared to TAV 
should be up to 60% higher and exhibits high scratch 
hardnesshardness
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ObservationsObservations

• In TAV‐With high sliding speeds strainIn TAV With high sliding speeds, strain 
hardening is more and hardness increases in 
ductile material and low wear will occurductile material and low wear will occur

• At high speed , large dislocations and twinning 
occurs dissipates large amt of energyoccurs, dissipates large amt of energy 
producing sliding friction and  resist the 
formation of cracksformation of cracks
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ObservationsObservations 

• For TAV abrasive and adhesive operate at lower p
speed, due to accumulation of plastic strain 
which grows in size , cracks nucleate parallel to 
the surface and flakes are produced and results inthe surface and flakes are produced and results in 
cracking by adhesion and results in materials 
transfer

• TAV plastic deformation along with strain 
hardening occurs and increases the surface 
hardness at high speedhardness at high speed

• Increase in wear resistance with increase in 
sliding speed
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ObservationsObservations 

• Ti1313 smearing and delamination
• Wear loss high at high speeds
• The penetration depth depend upon the hardness of the 

abrasivesabrasives
• Adhesion is high in 1313 due to ductility and adhesion 

overlaps abrasion
• In case of 1313 thermal softening occurred and hardness• In case of 1313 thermal softening occurred and hardness 

decreased and wear progressed
• COF ‐ smaller grains promote conformal area of contact 

thus reducing COF valuesthus reducing COF values
• The decrease of the grain size happened with speed 

increase resulting in decrease of COF and increase of wear 
volumevolume
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ObservationsObservations 

• In 1313 the hardness on the surface decreasesIn 1313 the hardness on the surface decreases 
due to thermal softening and this reduces YS and 
facilitating delaminationg

• The alloys’ ability to recover their passive state 
during sliding depends mainly on the mechanicalduring sliding  depends mainly on the mechanical 
properties of the passive filims and the contact 
pressure. On one hand the mechanical properties p p p
of the passive filim depend mainly on the 
composition of the alloy
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Conclusions
• TAV exhibited more tribooxidation wear than Ti1313 = more 

black areas throughout the worn track.

• Ti1313 deforms the most under the same normal load• Ti1313 deforms the most under the same normal load, 
followed by CpTi and then TAV

• smaller particulate size is easier to remove from the wear 
surface with both abrasive and adhesive wear

• TAV and Ti1313 seems to have similar (abrasive, adhesive, 
tribochemical wear) but with difference of particulate graintribochemical wear) but with difference of particulate grain 
size, especially in Ringer because TAV surface in Ringer is 
rather smooth, while Ti1313 has this grain surface structure 
even in Ringer (with smaller grain size in Ringer than at dry 
sliding)

• Ti1313 is more flexible (less stiff/rigid) than other 2 alloysTi1313 is more flexible (less stiff/rigid) than other 2 alloys
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