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Metallic Biomaterials

Outline:

- Metallic Biomaterials
- Titanium Alloys

- FM testing of Ti alloys
- Magnesium Alloys

- FM testing of Mg alloys

- Modelling the degadation of Mg stents
- Modelling the fatigue life of Co-Cr stents

- "Real Life" (Conclusions)
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What will it be used for ?

Endoprosthesis

Permanent

J. Rychly,
Rostock
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What will it be used for ?
(H.Mittelmeier et al.,"1999) Temporary
4
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What will it be used for ?

FBI, Bayreuth

Permanent or biodegradable and replaced by bone material
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Properties Natural bone Magnesium
Density (g/cm’) 1.8-2.1 1.74-2.0
Elastic modulus (Gpa) 3-20 41-45
Compressive yield strength (Mpa) 130-180 65-100
Fracture toughness (MPam'?) 3-6 15-40
Properties Co—Cr alloy Stainless steel  hydroxyapatite
Density (g/cm’) 8.3-9.2 7.9-8.1 3.1
Elastic modulus (Gpa) 230 189-205 73-117
Compressive yield strength (Mpa) — 450-1000 170-310 600
Fracture toughness (MPam'?) N/A 50-200 0.7
144 Helmholtz-Zentrum
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P. Pao, M.A. Imam, H. Jones, R. Bayles, J. Feng
Materials Science and Component Technology Directorate
Naval Research Laboratory, Washington, DC 20375, USA

13th Summer School on Fracture Mechanics Wroclaw, 3 — 6 September 2013 Wolfgang Dietzel, HZG



13th Summer School on Fracture Mechanics

1512 Helmholtz-Zentrum
ii:: Geesthacht
Zentrum fiir Material- und Kiistenforschung

SCC of MIM-Ti-Al6-V4
— I —

04.38 mm

J
\

30 mm

79.12 mm

pre-crack final fracture

Surface cracked cylindrical rod specimen ("dogbone specimen*")

*): International Standard ISO 2740:1999(E), Sintered metal materials, excluding hard metals - Tensile test pieces, 39 edition, CH, 1999-12-01
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SCC of MIM-Ti-Al6-V4

Test set-up for SSRT tests

minimum strain rate: 101%/s

minimum extension rate: 0.1 um/h

CLAMPING FIXTURE

>‘ LINEAR ACTUATOR
—
| LOAD CONTROLLER

SSRT testing .

SPECIMEN
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Part circumferential surface crack

ESACRACK, Prediction of Load Spectra Fracture and Fatigue Analysis, Version 4.00, Feb. 20
itut fiir

00, NASGRO Version 3.0.11, Sept. 2000, NASA Johnson Space Center, Houston, Texas, USA, 1999
IWM VERB 8.0.10151.0 (courtesy of I l

WM, Freiburg, Germany) 10
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= The fracture toughness determined in 3.5% NaCl is identical to
that determined in air, K., = K, i.e., the material is not
susceptible to SCC in 3.5% NaCl in SSRT tests.

= The oxygen content of the material has no impact on the SCC

b € h aVi our. Fracture Toughness (ESACRACK) Fracture Toughness
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Extension Rate [um/h] Extension Rate [um/h]
mmm)  Further investigations in biomedical environments (SBF @ 37 °C) have to
be performed in order to better understand the findings and to achieve
acceptance of the material for producing implants to the human body.
11

13t Summer School on Fracture Mechanics Wroclaw, 3 - 6 September 2013 Wolfgang Dietzel, HZG



13th Summer School on Fracture Mechanics

Helmholtz-Zentrum

) . ) Geesthacht
M ag nesium as b jomateri al Zentrum fiir Material- und Kiistenforschung
e
Mg: 41" most abundant cation
) (human body: Ca > K > Na > Mg) Kein Leben

ohne Magnesium
Was Sie iiber den Mineralstoff
Magnesium wissen missen

daily intake (in humans): 0.5 g/day
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steady-state storage: 25 g
65% mineralized in the bone
32% complexed with nucleic acid and proteins
3 % plasma and other minor forms of storage

===) important for normal neurological and muscular function
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Degradiertes Magnesium 3

3

Metallisches

! 4
i
f S" Magnesiumimplantat

Knochen
|

12 Wochen

both pictL.Jres: urtesy F. Witte
bone fixation using Mg
The good news: Magnesium corrodes !

Degrading magnesium enhances the formation of new bone material !
13
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Mg implant corrodes in direct contact to 3D view of corroding Mg implant in rabbit condyl
surrounding bone four weeks after operation 12 weeks after operation

(red dyed: corroded Mg alloy)
In-vivo degradation of Mg implants
)*: high-resolution micro computed tomography (LCT) based on synchrotron radiation

F. Witte, H.-A. Crostack, J. Nellesen, J. Fischer, F. Beckmann, In-vivo Degradation Kinetic of Magnesium Implants, HASYLAB, Annual Report 2003 14
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Sacket Healing With Foundatian

A A

TeamisBatractad  Faoussl o e

(ource: MeKo)

Sockal Filal Wik Socksl Hesifg Bons Fils Soacke)

Stents ) Cruciate ligament: Bone filling applications (dental / orthopedic):
adjustable degradationrate  mechanical stability 6 months adjustable degradation rate
uniform corrosion mechanical stability

Nerve conduits:

forming Lumbar interbody fusion: Osteosarcoma
adjustable degradation rate adjustable degradation rate refilling
Www.microfab.com uniform corrosion, porosity?

courtesy: N. Hort, HZG
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courtesy: Hanada et al., AIST, Japan

Bars & tubes for manufacturing Mg stents

couriesy: Norsk Hydro 16
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Tmm

40 MPa, ~ 400 000 cycles
CF testing of tubes for manufacturing stents in enviroment (material WE43)

17
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cycles
CF testing of tubes for stents

Durchmesser: 1.6 mm Prufumgebung: kiinstliches Plasma
Wandstarke: 0.2 mm Prufmaschine: Schenck Statopulser
Priffrequenz: 20 -22 Hz
18
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Stent A Stent B

"%
0.08 mm

0.15 mm

1.4 mm

3 model designs of Mg alloy stents

(one ring used for the 3D FEA model)

courtesy: Wu, Gastaldi, Yang, Tan, Petrini, Migliavacca; Finite element analyses for design evaluation of biodegradable 10
magnesium alloy stents in arterial vessels, Materials Science and Engineering B 176 (2011) 1733— 1740
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A crimping cylinder
reduces the outer
diameter to 1.2 mm

The crimping cylinder
is released and the
stent recoils

MPa
335
An expanding The stent recoils
-40 cylinder increases the again with the release
outer stent diameter of the expanding
t0 3.0 mm cylinder
Implant procedure of Stent B and maximum principal stress distribution
courtesy: Wu, Gastaldi, Yang, Tan, Petrini, Migliavacca; Finite element analyses for design evaluation of biodegradable 2
magnesium alloy stents in arterial vessels, Materials Science and Engineering B 176 (2011) 1733—- 1740
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COC

t*=0.5 te=1

The degradation process of stent B at different normalized time units t*
(the scaffolding to the vessel weakens until the vessel recoils to its original shape)

courtesy: Wu, Gastaldi, Yang, Tan, Petrini, Migliavacca; Finite element analyses for design evaluation of biodegradable
40

magnesium alloy stents in arterial vessels, Materials Science and Engineering B 176 (2011) 1733— 17. 2
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Stent A _  StentB Stent C

0.900

0.000

Damage evolution of the three stent designs;
(the locations where the stent structure is severely damaged are indicated by circles)

courtesy: Wu, Gastaldi, Yang, Tan, Petrini, Migliavacca; Finite element analyses for design evaluation of biodegradable 2
magnesium alloy stents in arterial vessels, Materials Science and Engineering B 176 (2011) 1733— 1740
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Mass loss ratio; normalized time unit when Vessel recoil; normalized time unit when
the stents lose their scaffolding ability the stents lose their scaffolding ability
indicated by vertical dotted lines indicated by a horizontal dotted line

Mass loss ratio and vessel recoil of the three stent designs during degradation

courtesy: Wu, Gastaldi, Yang, Tan, Petrini, Migliavacca; Finite element analyses for design evaluation of biodegradable 2
magnesium alloy stents in arterial vessels, Materials Science and Engineering B 176 (2011) 1733— 1740
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Modelling degradation of Mg stents ;

140 MPa

0 MPa

Corrosion behaviour of an existing stent (Biotronik, left)
and of an optimized stent design (right).

courtesy: Petrini, Sassi, Wu, Gastaldi, Vedani, Trasatti, Migliavacca; Biodegradable Stent Design through Numerical Simulations,
ECCM 2010, IV European Conference on Computational Mechanics, Paris, France, May 16-21, 2010 24
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Modelling fatigue of metallic stents

Inverse Fatigue SF

worst-case fatigue location

Location where fatigue cracks are most likely to initiate.

courtesy: Marrey, Burgerrneister, Grishaber and Ritchie; Fatigue and life prediction for cobalt chromium stents: A fracture mechanics analysis,

Biomaterials 27 (2006) 1988—2000 25
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edge-rounding

stent outer surface

— 100 pm

stent inner wall
length of flaw along wall dimension = a.
— 10 length of flaw along stent width dimension (ag)=2a./3

toial flaw length =2a,y= va’ + zr.l) =1.202a,,

stent inner surface

Geometry of corner-flaws oriented at the stent wall corners

courtesy: Marrey, Burgerrneister, Grishaber and Ritchie; Fatigue and life prediction for cobalt chromium stents: A fracture mechanics analysis,
Biomaterials 27 (2006) 1988—2000 26
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1E-4

4 Ringers Lactate (A=075)
»  Ringer's Lactate (A=0.05)
1E-5 —— dalaV=C K" [prediictive eqn]

1E-6

1E-7

Cycdlic Crack Growth Rate, da/dN {mm/cycle}

-
=
o
[=]
=}

Stress Intensity Range, AK {MPaym}

Variation in fatigue-crack growth rates for L-605
FE mesh and stress distribution in MPa for a alloy under simulated physiological conditions
30 pum corner flaw during the recoil load step

courtesy: Marrey, Burgerrneister, Grishaber and Ritchie; Fatigue and life prediction for cobalt chromium stents: A fracture mechanics analysis,
Biomaterials 27 (2006) 1988—2000 a
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Prediction of lifetime under in vivo pulsatile radial
Comparison of the computed AK values loading as a function of pre-existing flaw size.
with the AK,,, values for corner-flaws in

. Under the assumption of 40 million loading
the large and small crack regimes

cycles per year the predicted lives well exceed
the required design life of 10 patient years

) ) . ) _ ~ (4x108 cycles), except for 2a — 2a;. )
courtesy: Marrey, Burgerrneister, Grishaber and Ritchie; Fatigue and life prediction for cobalt chromium stents: A fracture mechanics analysis,

Biomaterials 27 (2006) 1988—2000 28
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porcine
coronary arteries

(Mg alloy)

visibly degrading
28 days follow-up mechanically stable

clinical trials

e.g. BIOTRONIK,
Erbel et al., Lancet
2007;369:1869-75.

52 days follow-up 3 months follow-up
courtesy R. Willumeit, HZG
taken from: Slottow et al.; Cardiovascular Revascularization Medicine 9 (2008) 248-254 29
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