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’_\1\'1 ‘ Substitutive Medicine |

« The fundamental tenet of substitutive medicine is that beyond a
certain stage of failure, it is more effective to remove and
replace a malfunctioning organ than to seek in vain to cure it

» Functional disabilities due to destruction or wear of body parts
can be addressed in two ways:

- implantation of prosthetic devices

- transplantation of natural organs

© R.O. Ritchie, 2004
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| ‘ Waiting List for Organs |

ORGANS 2001 2002 No. who
died (1 yr)

Kidney 47,830 50,885 2,837
Liver 18,047 16,974 1,799
Pancreas 387 408 23
Kidney-Pancreas 2,378 2,425 220
Heart 3,934 3,803 608
Lung 3,708 3,756 497
Heart + Lung 209 198 35
Intestine 170 187 24
TOTALS 76,963 | 78,636 | 6,013

© R.O. Ritchie, 2004
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| HAIR
‘ NOW: Transplants, hair plugs and scalp grafts
FUTURE: More permanent approaches, perhaps by
stimulating shrunken follicles with growth proteins
| EYES
NOW: Laser surgery or implants 1o correct
near- and farsightedness
FUTURE: Permanent lens implants to vision while
& leaving the cornea intact
| EARS
t | NOW: Cochlear implants to replace damaged
inner ear
.| FUTURE: Implants that can be adjusted to pick
- up awider range of frequencies at longer
distances

Can | Replace My Body

BREAST |

MNOW: Breasts are reconstructed with saline sacs or with living
tissue, using fat and muscle from the back, buttocks or abdomen
FUTURE: Breasts may be grown in the lab from a patientis own fat
cells and infused back through keyhole slits in the chest

HEART |
MNOW: Bypasses, angioplasty and transplants to keep blood flowing
to the heart muscle. Use gene therapy to grow new blood vessels

FUTURE: Growing functional patches of heart muscle or coaxing
existing heart-muscle cells to repair themselves

ORGANS
NOW: Small slivers of liver tissue can be grown in the lab from
one of the many types of liver cells; not yet ready for transplant
FUTURE: Heart, liver, kidneys grown from stem cells in vifro and
transplanted into the body

NERVES

NOW: Lab grown from pig cells and synthetic-polymer matrix
FUTURE: Regenerated from stem or precursor cells in the body

LIMBS
MNOW: Prosthetics wired to peripheral nervous system
FUTURE: Prosthetics wired directly to motor portions of the
brain to improve control and simulate the sensations of touch,
pain, etc. PENIS

NOW: Penile implants and medication to maintain erection.
Surgery to reattach a severed penis; skin grafts to recover
urinary, but not sexual, function if penis is not recovered
FUTURE: Genetically engineered tissue grown in the lab and
attached for final growth to form fully functional penis

BONE AND CARTILAGE

NOW: Injection of bone growth factors into jaw and other
fracture areas. Researchers can also grow cartilage in the lab
in thin sheets, but it's too weak to be functional in the body

FUTURE: Coaxing the body to grow bone and cartilage on
scaffolds infused with a mix of stem cells and growth factors

SKIN
NOW: Sheets grown in the lab from human
and synthetic-polymer matrix

FUTURE: Grown by the body from stem or
precursor cells and growth factors

BLOOD VESSELS
NOW: Grown in the lab from pig cells and
synthetic-polymer matrix
FUTURE: Grown in the lab from stem or

precursor cells to avoid rejection by the
immune system

G Time Magazine, Inc.



oo = ‘ The Problem! |

NIH Statistics

20 million people in U.S. have at least one medical implant

« $100 billion spent annually on prostheses and artificial organs

20% of all surgeries are to replace failed devices

Three Immediate Problems

© R.O. Ritchie,

New implant materials — e.g., bone-like materials to prevent
stress shielding, heart valve materials to prevent thrombosis

Improved implant/tissue interfaces — as vast majority of
devices fail due to interface failure

Lifetime prediction for medical devices

2004



\‘ ‘ Medical Implants Used in the U.S. |

Device Number/year Biomaterial

Intraocular lens 2,700,000 PMMA

Contact lens 30,000,000 silicone acrylate
Vascular graft 250,000 PTFE, PET

Hip & knee prosthesis 500,000 titanium, Co-Cr, PE
Catheter 200,000,000 silicone, teflon

Heart valve 200,000 pig valve, PyC, Ti, Co-Cr
Stent (cardiovascular) >1,000,000 stainless steel, NiTi, Co-Cr
Breast implant 192,000 silicone

Dental implant 300,000 titanium

Pacemaker 430,000 polyurethane

Renal dialyzer 16,000,000 cellulose

© R.O. Ritchie, 2004
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Co-Cr alloys Hydroxyapatite
Stainless steel Alumina

Titanium, Nitinol Bioglasses
Zirconium Tricalciumphosphate
Niobium Carbon

Tantalum Polymers

Gold

Less than 20 chemical compounds among 1.5 million candidates
have been successfully incorporated into clinical devices

© R.O. Ritchie, 2004



, Metallic Implants

»

Dental implant

Knee prosthesis Hip stem

Major problems associated with metallic implants
Incompatible tissue/implant properties
Implants loosen with time
Require revision surgery

© R.O. Ritchie, 2004



creeery) 1 ‘ Total Hip Replacement — Osteolysis |

Acetabular cup * We take about one
million steps a year

Granulation
tissue * As years pass, strong
P o shock waves caused
" by walking, running &
PhaceEvioas climbing erode
cushioning between
1 '—?mPhDCYfGS ball & socket at top of
leg
. Hlstncytes
ﬁnmlgn ok « Soon, bone grinding on
giant-cells bone causes

! osteoarthritis, a
condition that brings
M ’ crippling pain and
' slows everything we
do

Mecrosis
factor

-’ Debris

* What's the answer?
For more than 250,000
Americans a year: hip
replacement surgery

© R.O. Ritchie, 2004



Aorta

Superior Pulmonary
vena cava arteries

Pulmonary
veins

Inferior
vena cava
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F\1\1 ‘ Heart Valve Prostheses and Stents |

1 million cardiovascular stents and
over 200,000 heart valves are
implanted in the U.S. each year

 mechanical failure is rare, but with

valves has accounted for hundreds
of patient deaths in past 20 yrs

as the human heart beats some 40
million times/yr, fatigue is the prime
mechanism of mechanical failure

design & reliability of mechanical
valves and stents must be focused
on devices that last in excess of
patient lifetimes, ~108- 10° cycles

quality control is thus essential to
maintain device components that
meet this criteria



\‘H-] Stenting of Arteries

HEREELEY LAan

uninflated NiTi stent « Stents manufactured with:
- AISI 316 stainless steel

- Nitinol (Ni-Ti alloy)

- Co-Cr (Haynes 25) alloy

+ $3.48 billion market this year

* projected to rise to $7.1 billion by 2006 made by NDC, a J&J Company, Fremont, CA
© R.O. Ritchie, 2004



-

.;.-‘ Heart Valve Prostheses

‘

metallic Co-Cr
valves with

aortic valves from pigs or made from
bovine pericardium

© R.O. Ritchie, 2004




F\1\‘ ‘ Mechanical Heart Valve Prostheses |

 In the aftermath of the Shiley valve problems,
the trend has been away from metallic valves

towards pyrolytic carbon valves

with respect to fracture toughness, pyrolytic
carbon is more than an order of magnitude

more brittle than Ti or Co-Cr alloys

hence special care must be taken in design
and life-prediction procedures to prevent in
vivo fractures

Prosthetic material Young’s Strength Fracture Fatigue
modulus toughness | threshold
(GPa) (MPa) (MPavm) | (MPavm)
Pyrolytic carbon 27 - 31 350 - 530 1-2 ~0.7 - 2
Co-Cr (Haynes 25) alloy 209 450 - 1000 ~60 4.5-10
Ti-6Al-4V alloy 115 925-1000| 60-80 ~3-4
Stainless steel (316L) 210 250 - 560 >100 ~6 - 8
Nitinol (Ni-Ti) alloy 55 - 90 200 - 1200 35 - 50 ~2

© R.O. Ritchie, 2004




-

F\1\"‘ Comparison of Metallic Implant Materials

AK (ksivin)
0 T —S « for devices such as stents and
s = heart valves, fatigue can be the
g ° 3 . limiting damage mechanism
E =10
% 10° = « of the typical materials used
s F - =05 (316 SS, Co-Cr, Ti, Ti-6Al-4V
= 37°C, 10 He 3 & and NiTi), Nitinol has the worst
% o B WIS s 25%”06 § fatigue-crack growth properties
% E 2o 8 gt
5 OE =
= 8 z OE
g 10—10é :'ﬁ-ﬁﬁﬁ! \ ?10 :é 1052 <
S E 31688 | R T = 10° % ? 5
10" e a : EedaEs & 9 506 £ E g
STRESS-INTENSITY RANGE, AK (MPaym) E v'e 3
AK = Q Ac (ra)” s E
é’ = L @ 3 supersiasic ausenie
- interestingly, Nitinol is invariably used inthe ~ ~ "= it ¢ L Lol
superelastic austenitic condition, which is the e

STRESS INTENSITY RANGE, AK (MPavm)

worst microstructure for fatigue resistance
© R.O. Ritchie, 2004 McKelvey & Ritchie, J. Biomed. Mat. Res.,1999; Metall. Trans., A,2001
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F\1\ ‘ Fracture Control Plan for Implant Devices |

Motivation

» To quantify the severity of flaws (cracks) during production and handling of the
device and to quantify their effect of its structural integrity

« To provide a methodology for conservative life prediction of the device in vivo

» To design a meaningful quality control plan to prevent premature failures both
during production/handling and in vivo

Initial Approach
PP will it fail?

» Perform comprehensive stress analysis — compare to mechanical properties

how will it fail?
« ldentify limiting in vivo damage mechanisms - invariably this is fatigue

where will it fail?
* |dentify critical locations in the device - where there is the highest probability

of failure (e.g., where the stresses are highest)

Paradigm change: Design, life-prediction and quality control
should be based on testing to failure, not to survival

© R.O. Ritchie, 2004



’\1 " | Methodologies for Fatigue Life Prediction

Stress-Strain/Life (S/N) Approach

« Traditional approach relating applied
stresses/strains to the total fatigue
life, i.e., cycles both to initiate and
propagate a crack to failure

* Pros: simple testing and analysis

« Cons: not always conservative,
cannot account for flaws, need many
tests to give good statistics
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STRESS AMPLITUDE, o, (MPa)
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NO. OF CYCLES N,

Damage-Tolerant Approach

Fracture mechanics approach where life is
computed as the cycles for a pre-existing crack
to propagate to failure

Pros: generally conservative, can relate device
lifetimes to device quality

Cons: more difficult testing, problems with small
cracks
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F\1\"‘ Case Study: metallic mechanical heart valve

ATTACHED TOBLOQD
VESSEL WALL

Shiley Monostrut valve
» Co-Cr (Haynes 25) housing
 pyrolytic carbon occluder

* no welds!

INLET STRUT LOAD VECTORS

Minimum
Dimensions, mm

Z 2 Y
Z { f 71 y ., : s
Z A . N .
- - / M = 1.BO
ATTACHED TO BLOOD
VESSEL WALL ‘ " . 165
Xl [/ N = 1.9l
P =203

« critical locations identified at the base INLET STRUT
of the struts, as these experience the | < 45;’_@

highest (bending) stresses

SECTION X=X

« outlet strut is particularly critical as it is o
plastically deformed during occluder @ T
insertion e A
ey

© R.O. Ritchie, 2004
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identify limiting failure mechanism(s)

:

HAYNES 25 ALLOY -
o R=-{

. o air 4 + define critical location(s)

@ Sgline
2 O—-No Failure

= 1 « estimate worse-case in vivo loading

d (e.g., from pulse duplicator studies)

STRESS AMPLITUDE, 80/2 (MPa)

400 4 ) . .
fatigue limit compute worse Cgse n VIvo_stresses
- 1 (e.g., from numerical analysis)
1 | |
10? 03 08 107 :oia . . )
NUMBER OF CYCLES, N. * measure residual stresses in device

_ material (e.g., by x-ray diffraction)
 stress-life data represents the total

lifetime as a function of stress amplitude

determine stress-life (S-N) data

- depending upon the loading, data must undelrlsimulated physiological
be measured, or converted, to reflect conditions

role of mean stress (c,,): _ _ _
 estimate safe life as a function of

Ao, Ao,_, {1 o } worse-case stresses

m

2 2

Ours

(R = 6min/Omax) Ritchie & Lubock, J. Biomech. Mech., 1986
© R.O. Ritchie, 2004
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"“ Procedures for Damage-Tolerant Analysis

‘

identify limiting failure mechanism(s) K=Qo (na)%

*  define critical location(s) where K is the stress intensity

« estimate worse-case in vivo loading o is the total in-service stress
a is the crack size

e compute worse-case in vivo stresses , ,
Q is a geometry factor (of order unity)

* measure residual stresses

AK{MPa/m )

« compute of stress-intensity factors K for worse-case 58— -
flaws in critical locations 3 HANES 25 ALLOY -
3 ;
* measure crack velocity-stress intensity (v-K) 2 L 1
relationships in vitro - o i
» determine critical (largest) defect size to cause final g 07l j 8
. . = A
failure (e.g., defined by the fracture toughness, K|.) 5 : |3
« compute lifetimes as a function of initial flaw size g o8 A j 3
1 s C —
. ags . . a - Fs o 5 4
« calculate initial flaw size that can yield an acceptable £ P do
. . . < L s o ~——Air
life — the required detectable flaw size 5 £ % °TRw009
W E Rc“irx;er s— © N ]
« design of a non-destructive testing procedure to detect 2 [ Roos ° da/N = CaKy™ o
such flaws in every device - this provides the basis for T R
. . 2
Quality Control of the device | STRESS INTENSITY RANGE, aK (ki)

© R.O. Ritchie, 2004
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Load-line .
1 Displacement 4 * crack-growth rates, with
o E respect to time (da/dt) or
o o
e © Recorder 1_93 5 gi'r'g;at'on .cyclles (da/dN), m.easu.red
- U 83 in simulated physiological
9 Computer = environment
v Controlling (alW)
System Normalized Crack Length RS
o 10°
103 r T T T [ PR 0 BB E2 e ) B
‘ - : HAYNES 25 ALLOY 8 |
S 8 -0
:; '2 3
A E 10 = e 3§-
o = ° L Ringer's loctate .____‘: f Jio3
C ~ D w - (R=0.75) ] .
E % H < Ca|CU|ated E ?O'?»- 5 1 S.,‘
53 fatigue- Q K lenath ©TE 1 2
o3 crack growth x crack eng 5 =
S data S s | S 1°°3
g © & o8 -’f:@ 1 P
x> 5:) I g a@‘ E? J i
Stress-intensity Time (t) @ g‘{ 8 1
Range (AK) S . gﬁ? S o7
S o & € °TR:009
u © E Ringer's —3
. i i ’ i - 2 [ Roos)  ° ’ Hoos
results in Rln.ger S solutlon.for Co-Cr alloy Haynes 25 : f da/dN = CaKky" 1o
show that fatigue cracks will propagate (for R ~ 0) L
. | |
above a fatigue threshold of AK7, ~ 5 MPa\m STRESS INTENSITY RANGE, oK (ksi/f)

© R.O. Ritchie, 2004
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crcee) '5*" Computation of Stress-Intensity Factors

BERKELEY ‘

« compute of stress-intensity factors, K, for
worse-case flaws in critical locations

« compare K values, as a function of crack size,
a, with critical values for failure:

K. - fracture toughness

AK;y - threshold for fatigue cracking

K< - threshold for sustained-load cracking

» This provides an initial quantification as a
function of flaw size to whether the device will

either:
- experience device failure

- suffer subcritical crack growth by sustained-
load cracking or more likely fatigue

© R.O. Ritchie, 2004

STRESS INTENSITY, K (ksiJ/in)

a (mm)
00l 0.l |
T1II"II'II T IIIIIII1 I I'III'[IT'[
INLET STRUT 12
10 Minimum characteristic dimension | 65mm
Maximum peak-in-service stress 76 MPag 110
81_
6
4._
ar E
B
0 Lol by
I I | iﬂ:l
QUTLET STRUT : 112
10
Minimum characteristic dmension .91 mm do
8 Maximum peak-in-service stress 34 MPa
-8
S 16
B —a
2l 2l
Eq.ﬁéﬁ
0 - ———— ! gl I L1lQ
o 1073 1072 005

CRACK DEPTH, a (in)

Ritchie & Lubock, J. Biomech. Mech., 1986
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Inputs

* identify K solution for worst-case crack
configuration, e.g., for a circular flaw:

K=0Qoc(nta)?, whereQ=2/rn
» determine crack-growth relationship:
da/dN = C (AK)"
Damage-tolerant calculation

* integrate between the limits of the initial, a,,
and final, a; crack sizes to give the number of
cycles to failure, Ny

da/dN = C [Q Ac (ra)”]™

IdN J

a

o

CO" Ac™” 7r/ "
i 2 I 1
(m-2)co"ac" 2" | 4" % a

© R.O. Ritchie, 2004

Estimation of Fatigue Lifetimes

g, linches)

o

0 o0l 00z
T |
10'3—
MONQSTRUT VALVE di0®
IO'F Constont peck physiologicol looding
H10°
15
- 10
o -Qutlet strut 8
5 X (AT = 34 MPaq) 10
=
Z-'—|0 — >
- 410" 1
i
[T Io|4_ a
- s o
-} I0® m
Mo s
O 107 m
S | 103 =
g:} IOIE~ = [nlet strut T
e (Ao =76 MPa ) 4 m
10"
-
11 ]
10 o
- |O3 z'.--
ool |
| 10%
3
0t 4
410
10° ! 1 I L L
0 200 400 600
LARGEST UNDETECTED FLAW SIZE, Qg (pm)
= 2
where a,=a, = (1/1) (K,,,,/O ©,,,,)
ie, whenK =K,
Ritchie & Lubock, J. Biomech. Mech., 1986



-

-i*" Relevance of Fatigue Lifetimes vs. Flaw Size Data

‘
a, linches)
0 2.0l 002
T |
lolﬂ_
MONOSTRUT VALVE —IO'O
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1 410°
16
- 10
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= |
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FLAW SIZE, g, (um)

(s1084) 34171 Q31D3r0OHd

Projected Lifetime vs. Flaw Size Plots

» gives conservate estimate of lifetime of
device (under worst-case ex vivo
loading) in terms of size of pre-existing
flaws

 use to define limiting flaw size that
cannot grow to failure during patient
lifetime

 for the present case, to achieve a life of
~100 years, pre-existing crack sizes
must be <500 um

* this represents the required detectable
flaw size

* Quality control is thus achieved by
inspecting every valve and rejecting all
valves containing flaw sizes greater than
this size

Ritchie & Lubock, J. Biomech. Mech., 1986
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Problem of Small Cracks

‘

Kitagawa-Takahashi diagram « when cracks are physically very small, fatigue

a{mm) .
PPN R YR threshold AKTH IS no Ionger constapt and
S | HAYNES ALLOY 25 ] decreases with decreasing crack size
_ - ""-!—ﬂllq&le it | . . . “ ”
7 [ %% | unsafe * * this is the “small-crack effect” and can lead to
et | o . . . .
B ol | eate goeion %400 9 non-conservative life predictions
N 5+ in engineering terms, this effect occurs at crack
nZ L ) - . .
wg [ OKnd 45MPO/M (000 sizes defined by:
= 40, =366 MPa (o=0Q) dio
] 'R EETH 1 | priaal E
S O — I, = (1/1) (AK;/QAG,)?
I | ]
g"j [ unsafe = Frsnep AK,, = large-crack fatigue threshold
it : :aSMPam | 3 Ac, = smooth-bar fatigue limit
}-é | E — 1, a{mm} |
. pn(@ef st 38 and K= Qo(na) R e -
1] 1o o b 3 L detectable | 0.5 mm
a - 5 unsafe ST 16
E k "Shart cracks’ *Long crocks’ z i L= ?f"‘m "Long crack” |
, \ e x : ) ; Ky
%o S S os 2 Tacrcos acp 3 1
CRACK LENGTH, alin = ; : &
* in the example of the Monostrut valve, the small crack ¢ @ R
effect in Co-Cr alloy only occurred for crack sizes less | i
than ~75 um and thus was not relevant o T e 4l
04 10 1072 005

SURFACE CRACK LENGTH, o (in)

© R.O. Ritchie, 2004 Ritchie & Lubock, J. Biomech. Eng., 1986
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endovascular stent

Cordis
a ohaon ffohmron company
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'. Fracture Control Analysis for Stents

W

flaws were numerically introduced in
the expanded stent in critical locations

flaw profile assumed to be semi-
elliptical with a depth-to-length (c/2a)
ratio of 1/3 (a = half surface length; ¢ =
depth), as verified by FIB microscopy of
actual flaws

for stress-life predictions, an infinite-life
endurance limit and UTS (both
determined at 95% confidence/99%
reliability) used to calculate an
“adjusted” endurance limit based on
predicted maximum mean stresses

corresponding damage-tolerant
analysis assumes a threshold of AK, =

2.58 MPavm (R = 0.75) (Ritchie & Lubock,
J. Biomech. Eng., 1986)

Ramesh, Bergermeister, Grishaber, Ritchie, 2004



’\I " Fracture Mechanics Analysis of Stent

BERKELEY |_

25

T .
! “short flaw" range <—-—> "long flaw" range
| 5 PY
| o
——Delta K Threshold
@ Delta K for flaw on stent wall (FEA)
2.0 +4 Delta K for through-edge-flaw at side-wall (FEA) ===
|
unsafe
| - - °
!
15+r———-"—"""""“"—"——"+-—"—"————~———————— /- — - — = — - — — - =

flaw offset towards OD on stent wall (no
edge-roungling assumed in model)
I

through-edge flaw

Stress intensity factor in ksi*sqrt(in)

. ,‘ v 1E+22

0.0

1 10 100 1000 10000 g

« lifetimes determined by integration of

°
a 1.E+06

* predicted life is a function of pre-existing 1 E+04 |
flaw size — basis for quality control 16402 1

1.E+00
Cordis
a geﬁmmﬁ(}oﬂwucu company

© R.O. Ritchie, 2004

stress intensities for worst-
case cracks in stent computed
from numerical analysis

thresholds as a function of flaw
size estimated using Kitagawa
diagrams from experimental
S/N and AK;,, data

i 1.E+20 -
f 1.E+18
| 1.E+16 -
total flaw length in microns u 1 E+14 -
q, o 1E+12 -
° 5 1.E+10 -

crack-growth laws S 16408 -

0 20 40 60 80 100

initial flaw size (microns)

Ramesh, Bergermeister, Grishaber, Ritchie, 2004



’\1\ ‘ What about pyrolytic carbon heart valves? |

Material Fracture Fatigue Paris Required
toughness, threshold, exponent detectable
K AKry m flaw size
(MPavm) (MPavm) | (slope of da/dN- (1m)
4K curve)
Pyrolytic carbon 1-2 ~0.7 - 2 ~50 - 100 | tens of microns
Co-Cr (Haynes 25) alloy 60 4.5 ~2 -4 ~0.5 to 1 mm

« compared to metallic Co-Cr and Ti alloys, pyrolytic carbon is
more than an order of magnitude more brittle

« as brittle materials are extremely sensitive to stress and presence

of flaws, life prediction can be quite difficult - i.e., extremely

sensitive to stress and flaw size, as:

Nf oc oM & a-(m-2)/2

» residual stresses in pyrolytic carbon and pyrolytic-carbon coated
graphite can be large (~30-100 MPa) and are difficult to measure

» required detectable flaw sizes can be extremely small (~tens of

microns)

© R.O. Ritchie, 2004
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Measurement of Fatigue-Crack Growth Properties
in Pyrolytic Carbon Materials

micro-indents pyr{:_!ytic-carbun d aS perIynC Carbon IS SO
brittle, initiating cracks and
controlling crack growth can

DC. |
Poténtial

!

be quite difficult
AK {ksi-in'"?)
 PRER———— o - 05 1 2 3
% AK .- . '. Leaflet data
S VA VAR Vo S RSt o
(a) g " s R
{‘:;1 g o rlnpggt[am 10
* resulting crack-growth rate data, in the form = g
of da/dN vs. AK plots, can show: = © g
o 10° S
- significant scatter S
S : 10°
- low thresholds (AKy, ~ 0.7 to 2 MPavm) g o 43ty
- very high Paris exponents of m ~ 50 - 100 | SRR 0°
10"
05 1 2 3 4

1
STRESS INTENSITY RANGE, AK (MPa-m'™)

e Ritchie et al., J. Biomed. Mat. Res., 1990
© R.O. Ritchie, 2004
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Cavitation-Induced Fatigue Cracks in Pyrolytic Carbon

Retrieved
clinical valve:
mitral position

© R.O. Ritchie, 2004
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Fractography of Pyrolytic Carbon

PYROLYTIC CARBON

Cyclic Fatigue Overload Fracture

 in metallic materials, fatigue
cracks have a unique
morphology (e.g., fatigue
striations)

* in pyrolytic carbon and graphite
(like other brittle solids), the
morphology of fatigue failures is
essentially identical to overload
failures

© R.O. Ritchie, 2004 Ritchie, Dauskardt & Pennisi, J. Biomed. Mater. Res., 1992
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stiffening
«” ring groove

— crack tip

*— outer
surface

 da/dN data in pyrolytic
carbon is primarily a
function of K

max’
* da/dN = C' (
¢ WI th Kmax,TH =
* m~50-100

max)

1 MPaVm

O RO kltCHle, 2004

da/dN (m/cycle)

Case Study: Pyrolytic Carbon Mechanical Heart Valve

« damage-tolerant lifetime analyses can be performed for

IU—I'J

brittle implants in similar manner to metallic devices

da 2 1 1

N,=|dN= = Y po
'([ j CQ’”AO‘”’ﬂ/a/2 (m—2)CQ’”Ao"”;zn/2 aim h aj, A

analyses are complicated by scatter in toughness and
fatigue data and by the large crack-growth exponents

f—— 107
F| Sorin PyC Sorin PyC
T=37°C mReference T=37°C R=0.4
Ringer's Solution + Ringer's Solution
Curve 106 b g \ + R=0.1
) R=0.7 ‘e \
CMI Pyrolite” \, % 8]
—~ 107 } %
2
& ]
>~
= 8
E 107}
CMI & SJM pyrolytic % .lg
: carbon-graphite =] 109 ¢ -
AD
s &8
10-10 f. o
P
L 1 O-I 1 .
107! 10° 10! 107! 10° 10!
K. (MPam) AK (MPavm)

Ritchie, J. Heart Valve Disease, 1996
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-ir" Relevance of Fatigue Lifetimes vs. Flaw Size Data

‘

105 F ! ' ' : ' ~140
e * large crack-growth exponents
Pyrolitic Carbon Bileaflet Valve _| . 30 N . .
1022 B Cyclic Fatigue Analysis for Housing 10 Of m ) 50 - 100 In brlttle
o - 4 107 materials leads to an extreme
- sensitivity of the life to stress
16 | -1 10 .
5 W and flaw size:
O 10" 710
= (50-100) (25-50)
g oL _11018 - Nf o« o & d,
e [}
Q2 J4q18 O ] L
S 107 [~ edgo cracks g;;g/ 97 &« for device lifetime of ~100 yrs,
€ 10tk SR + 10" initial flaw sizes must, in this
Q i 2
JJY | nkide oF hqueing 1408 case, be less than ~40 um
(a
|
G2 | - 10° . .
| » for quality control, this
minimum required : 7] 103 reC{UireS NDT prOCedureS that
detectable crack size .
| ofd can detect and reject all
1 LY . | . components that contain pre-
0 20 40 ad (B‘in) e 120 existing flaws larger than this
Initial Crack Size, a, \H micron-scale size
N & da 2 1 1
N, = dN: = 2 - m=2
! ! j co"Ac" 2”2 d”  (m-2)C0"Ac” ﬁ%[aim% a %}

o Ritchie, J. Heart Valve Disease, 1996
© R.O. Ritchie, 2004



F\1\ ‘ Quality Control: Defect Detection (NDT) |

« based on typical damage-tolerant life-prediction calculations, the required
detectable defect sizes are:

- many hundred microns in metallic valves
- tens of microns in pyrocarbon valves

» to detect such defect sizes in metallic valves, SEM can be used

» to detect the smaller defects in pyrocarbon valves, a proof test must be used

- e.g., pneumatic pressure on the leaflets of the valve at a proof stress o, ~ 5
times physiological pressure

- if the valve does not fail, then the maximum initial defect size a, must the
less than the critical defect size, a., at that proof stress:
ao < 1/7[ (K|C/Q Gp)z
- survival of the valve at a given Op implies a maximum a,, which in turn
implies a minimum lifetime, N;

- proof test must (i) simulate in vivo loading, (ii) not damage component, and
(iii) must use upper-bound K, (c.f., life prediction uses lower-bound)

© R.O. Ritchie, 2004



-

rerec] Residual Stress Measurement

EDWM wire

Free of initial strain Free of surface traction Original part
Direction with surface traction with initial strain *'(x) with 1nitial strain *'(x)
of cutting release by cutting
. Direction of st
1 4
O X) = '(x) § - * (X))« > 0,(X)
[ Strain gage p
t
: (A) (B) (C)

* in pyrolytic carbon, CVD processing can leave
residual stresses far larger than in vivo stresses

75+ o
. . . |
* measurement complicated by the semi-crystalline - |
. 50 |- interface —= MCN 156759-57
structure and scatter in near-surface stresses I | ———MoN 15675073 |
|
- accurate measurements can be obtained usinga  =2°[ | |
. . < B | s
crack compliance technique g o ,l ] 1
« an EDM crack is progressively cut into the " sl | i
component section and the resulting strain due to . | :
cutting recorded 5.0 %W: .
. . " . ) ) S I I R B R
« using linear superposition, the gradient in residual 0 25 5.0 75 100 125
strain and stress can be accurately determined distance from mid-plane (mil)

. Cheng, Finnie, Ritchie, SEM, 2001
© R.O. Ritchie, 2004
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e Critical crack sizes for fatigue-crack growth and catastrophic failure

Failure Analysis: identifying critical flaw sizes

\ K =Q(a/c, b/2t)(oapp + Croa ) Jra

\
QC /1

/ assuming linear gradient in residual stress

« at catastrophic failure, K =K, ~1MPam

fora/c ~ 0.5 )
valve failed after 5
2 years, causing loss
S 1 1 ~ 200 um of life

max
T O(csapp + Ores )

- 2¢, =800 um

« initial crack size to cause fatigue failure

m=2 'm-2
2 _[TJ '(—2_)
N, =2x108% = a ~a
' (m—2)CQ" g™ pg™| ¢
- =~ 40 pm
— 2¢;= 160pum

e Ritchie, J. Heart Valve Disease, 1996
© R.O. Ritchie, 2004



F\1\"‘ ‘ Life Prediction for Medical Prostheses |

» over 500,000 knee and hip prostheses are
implanted in the U.S. each year

« corresponding dental implants can be measured
in the millions

« few studies devoted to estimating the life of such
implants

 similar methodologies/analyses can be
used for knee and hip implants

 prime failure processes involve
interfacial mechanisms, i.e., between the
tissue and the implant

» damage-tolerant analyses therefore
must rely on data for interfacial or near-
interfacial crack growth

© R.O. Ritchie, 2004



.rr’r—.rr}l n Conclusions
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» Life prediction analyses represent the culmination of understanding of
all aspects of the behavior and failure of an implant device

» For structural failures, critical inputs are the determination of peak in
vivo stresses/strains and the limiting mechanism(s) of failure

» Design, life-prediction and quality control should be based on testing
to failure, not to survival

« |If a fracture mechanics (damage-tolerant) approach can be utilized,
life prediction and risk assessment analyses can be directly translated
into a rational quantitative basis for device quality control

« Critically important factors are an ability to detect flaws of a specific
size (NDT) and the quantification of residual stresses

 Whereas such life prediction and quality control methodologies are
established for heart valves, few corresponding analyses exist for
other medical prostheses currently implanted in the human body

© R.O. Ritchie, 2004



