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Background and aims of the study: The fracture and
fatigue properties of Si-alloyed LTI pyrolytic carbon
and pyrolytic carbon-coated graphite are described as
a framework for establishing damage-tolerant analy-
ses for maintaining structural integrity and for pre-
dicting the lifetimes of mechanical heart valve pros-
theses fabricated from these materials.

Methods: The analyses are based on fracture-mechan-
ics concepts and provide conservative (worst-case)
estimates of the time, or number of loading cycles,
before the valve will fail, or more precisely for pre-
existing defects in valve components to grow subcrit-
ically to critical size under elevated physiologic load-
ing and environmental conditions.

Mechanical heart valve prostheses are designed to
regulate blood flow continuously in hostile physiolog-
ic environments for periods in excess of patient life-
times. Valve components are exposed to cyclic loading,
flexing and bending, wear at surfaces exposed to artic-
ulation, and cavitation erosion on surfaces exposed to
blood flow. Silicon-alloyed low-temperature isotropic
(LTI) pyrolytic carbon has been shown to be a success-
ful material for this application (1-4), has been used in
over 600,000 implanted valves and is currently used in
the majority of artificial heart valves that are commer-
cially available (5).

Most modern heart valves are generally constructed
with two semi-circular leaflets (bileaflets), or with a tilt-
ing disc (occluder), which open(s) and close(s) as the
heart beats, thereby regulating blood flow under near-
normal rheological conditions. The leaflets or disc are
contained in a circular housing (or orifice), which in
certain valves is stiffened by a metallic restraining ring;
a cloth sewing ring is affixed to the outer diameter to
facilitate attachment to cardiac tissue.

In the U.S,, the disc or leaflets are invariably manu-
factured from pyrolytic carbon-coated graphite; the
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Results: For structural life in excess of patient life-
times, a minimum required detectable defect size is
computed which must be detected by quality-control
procedures prior to the device entering service; this
defect size is typically of the order of tens of microns
for such “ceramic” valves, compared to sizes in the
hundreds of microns for corresponding metal valves.
Conclusions: It is concluded that in light of the brittle
nature of pyrolytic carbon and the unacceptable cost
of mechanical valve failures, the use of such analyses
should be regarded as essential in order to provide
maximum assurance of patient safety.
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housing can also be manufactured from this material,
or alternatively from pure pyrolytic carbon, titanium or
cobalt-chromium alloys. Unfortunately, the complex
shapes of some of the metallic components have
required the use of casting and welding technologies in
their fabrication. As a result, serious structural prob-
lems have arisen with certain of these devices, leading
to many implant failures due to fatigue cracking in the
valve housing (6-9). Accordingly, the majority of heart
valves implanted in the U.S. today are made entirely
from ceramic-like material, i.e., from pyrolytic carbon
and/or a pyrolytic carbon/graphite laminate. Exam-
ples of such valves are shown in Figure 1.

One of the primary restrictions on artificial heart
valves is their potentially uncertain lifetime under
complex physiologic loading due to degradation by
cyclic fatigue or stress corrosion. While hundreds of
thousands of pyrocarbon heart valves have been suc-
cessfully implanted, over forty recent structural fail-
ures, involving principally leaflet fractures, have been
reported and in many cases attributed to cyclic fatigue
(10). An example of such an in vivo leaflet failure is
shown in Figure 2. In this instance, cracking was possi-
bly initiated by cyclic fatigue prior to catastrophic over-
load fracture. Although the latter conclusion may be
somewhat questionable due to the difficulty in distin-
guishing fractographic features produced under cyclic
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Figure 1: A selection of commercial pyrolytic-carbon bileaflet
and tilting-disc prosthetic heart valves. A metallic filting-disc
valve (with a Co-Cr alloy housing and a pyrolytic
carbon/graphite occluder) is shown for comparison (bottom

left).

versus impact loading conditions (11), these failures do
serve to illustrate that careful mechanical design and
accurate life prediction are essential elements for the
- safe, reliable operation of heart valve prostheses, which
must endure sustained physiologic loading and envi-
ronmentally induced degradation throughout their
service lifetime.

Since the human heart beats some 40 million times
per year, the primary mechanism of structural degra-
dation can be considered to be cyclic fatigue. Accord-
ingly, to maintain structural integrity, prosthetic heart
valves must be designed to endure fatigue lifetimes in
excess of 10° cycles in physiologic environments. To
achieve this, fatigue-life estimation procedures have
been developed (12), initially for metal (12) and subse-
quently for pyrocarbon (13) valves, based on both
stress/life and so-called damage-tolerant approaches;
currently, however, because of the safety-critical
nature of replacement heart valve applications, Food
and Drug Administration (FDA) requirements (14,15)
demand that for mechanical valves, damage-tolerant
design analyses are used.

The latter approach relies on the fracture-mechanics
based concept that a conservative (worst case) estimate
of the structural life can be defined in terms of the time,
or number of loading cycles, for the largest undetected
crack to grow to critical size, generally defined as the
onset of catastrophic failure of the component in terms
of the material’s fracture toughness, K. A similar
analysis might be required for other forms of subcriti-
cal crack growth, for example, by stress-corrosion
cracking (static fatigue) in components subject to sus-
tained (non-cyclic) loads.

In this paper, damage-tolerant design and life-pre-

J Heart Valve Dis
Vol. 5. Suppl. |

Figuire 2: Example of an in vivo failure in a pyrolytic-carbon
coated graphite leaflet, where cracking was possibly initiated
in cyclic fatigue prior to final overload fracture.

diction procedures are described for mechanical heart-
valve prostheses, with specific reference to cardiac
devices manufactured from ceramic-like pyrocarbon
materials. The analyses are performed on a hypotheti-
cal bileaflet valve and serve to determine the safe
implant life as a function of the size and nature of pre-
existing defects in the valve material. Based on such
calculations, a minimum required detectable crack size
(12) is computed, which must be discovered by quality
control procedures prior to the device entering service
to ensure safe operation of the valve. It is shown that
this minimum crack size can be of the order of tens of
microns for pyrocarbon valves, compared to sizes in
the hundreds of microns for the metal valves.

Pyrolytic carbon materials

Structure and processing

Three types of carbon are commonly used for bio-
medical devices; the low-temperature isotropic (LTI)
form of pyrolytic carbon, glassy (vitreous) carbon, and
the ultra low-temperature isotropic (ULTI) form of
vapor-deposited carbon; all have a disordered lattice
structure and are collectively referred to as turbostrat-
ic carbons (1,2,4). Although pyrolytic carbons were
originally developed for elevated-temperature applica-
tions (e.g., coatings for nuclear fuel particles), LTI
pyrolytic carbon has found greatest appeal in the bio-
materials industry for mechanical cardiac valve com-
ponents as it has been shown to be highly thrombore-
sistant and to have inherent cellular biocompatibility
with blood and soft tissue (4); moreover, it displays
good durability, strength and resistance to wear
(16,17), and had been thought to be immune to cyclic
fatigue failure (18,19).
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Figure 3: The crystallographic arrangement of carbon atoms
in (a) hexagonal graphite where parallel layer planes are in a
regular sequence, and (b) a turbostratic carbon where the lay-
ers are arranged without order. Randomly oriented turbostrat-
ic crystallites are assembled to produce a bulk material in (c).
Adapted from reference 3.

The structure of turbostratic carbons is closely relat-
ed to that of graphite (Fig. 3a). In a single crystal of
graphite, the carbon atoms are covalently bonded in
planar hexagonal arrays which are stacked in layers in
aregular ABAB sequence with relatively weak van der
Waals interlayer bonding; in polycrystalline graphite,
these crystals, or “crystallites”, typically have diame-
ters larger than 100 nm. With turbostratic carbons, the
stacking sequence is disordered through random rota-
tions or displacements of the layers relative to each
other (Fig. 3b); moreover, wrinkles or distortions may
exist within each layer from imperfect matching of
small layer segments due to missing carbon atoms.
This structural distortion has a marked effect on densi-
ty, which can vary from 1,400 kg.m™ to a theoretical
limiting value of 2,200 kg.m?. Crystallites in tur-
bostratic carbon are much smaller (=10 nm) than in
graphite, and are randomly oriented to produce the
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bulk material (Fig. 3c) (20); thus, on a macroscale which
is large compared to the crystallite size, the material
behaves in an isotropic fashion.

For heart valve devices, a silicon-alloyed LTI-
pyrolytic carbon is used, either as a =250-um thick coat-
ing on a polycrystalline graphite substrate or as a
monolithic material where the substrate is machined
away; 10 to 20 wt% silicon is added to improve
mechanical properties, i.e., stiffness, hardness, wear
resistance, without significant loss in biocompatibility.
Components are typically made by co-depositing car-
bon and silicon carbide on the graphite substrate via a
chemical vapor-deposition, fluidized-bed process
using a gaseous mixture of a Si-containing carrier gas
with a hydrocarbon (e.g., propane, methyltrichlorosi-
lane and helium gas mixtures); the pyrolysis occurs at
temperatures of 1000°C to 1500°C (21). The resulting
pyrocarbon contains typically 10 wt% silicon, often in
the form of discrete sub-micron B-SiC particles, ran-
domly dispersed in a matrix of roughly spherical
micron-size “growth features” (subgrains) of subcrys-
talline turbostratic carbon, containing =10 nm sized
crystallites (22,23)..

Residual stress

Biomedical turbostratic carbon coatings often exist in
a state of residual stress. Like most coatings cooled
from a higher processing temperature, the residual
stress state depends on the difference in thermal expan-
sion mismatch between the coating and the underlying
substrate material. In addition, variation in the struc-
ture and grain size of the coating from the interface
with the substrate to the coating surface may also affect
the residual stress state. Both these effects are also
dependent on the coating thickness. For LTI pyrolytic
carbon-coated graphite components, the greater ther-
mal expansion coefficient of pyrolytic carbon com-
pared to graphite results in a tensile residual stress in
the coating. Depending on processing temperature and
microstructural variation, various measurements seem
to indicate a tensile stress of up to 60 MPa, which is
often at a maximum near the surface of the coating and
approaches zero at the pyrolytic carbon/graphite inter-
face (13). Such residual stresses may be particularly
detrimental to the integrity of the coating as their value
must be added to the nominal applied stress when
evaluating the likelihood of fracture in the coating.

Mechanical properties

The mechanical properties of turbostratic carbons
are closely related to their coating density as the extent
of porosity affects the internal area over which stress is
distributed; properties also depend on specific compo-
sition and microstructure, including the volume frac-
tion of SiC particles and the size of the crystallites and
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micro-indents pyrolytic-carbon 0.1% for alumina and
eoating - 0.1%-0.7% for polycrys-

talline graphite. This is
graphitecore  thought to result in part
from the network of
strong  covalent C-C
bonds jn the graphitic
layers which must be
broken before failure by
shear or cleavage can
occur. However, fracture
toughness values, K,
measured in the presence

(@) ; (b)

Figure 4: Experimental techniques used to measure cyclic fatigue-crack propagation rates, showing
(a) half round compact (leaflet) specimen and procedures used to monitor crack length for long
through-thickness (edge) cracks, and (b) cantilever-bend specimen (with micro-indents) showing
semi-elliptical surface crack configuration for tests on small cracks (26).

“growth features” (2,16,17,24). Unlike certain forms of
carbon with a high degree of preferred orientation and
high density which are extremely strong and stiff in
directions parallel to the preferred layer planes,
because crystallites are randomly arranged and the
material is not fully dense, LTI pyrolytic carbon has an
uncharacteristically low modulus and comparatively
high strength. Values of Young’s modulus are typical-
ly between 27 and 31 GPa, which is close to the upper
bound value for bone of 21 GPa and an order of mag-
nitude less than that of surgical stainless steel or titani-
um alloys. The hardness, and hence wear resistance, of
pyrolytic carbons is also a function of crystallite size
and SiC content; in fact, Si-alloyed pyrolytic carbon has
superior wear resistance to either graphite or unal-
loyed pyrolytic carbon (2).

The high strength and low moduli of turbostratic
carbons results in large strains to failure when com-
pared to other brittle ceramics, i.e., LTI pyrolytic car-
bon has a fracture strain of 1.5%- 2.0%, compared to =

of a pre-existing crack,

are low compared to
many ceramics (5,25,26).
The toughness of pure Si-
alloyed LTI pyrolytic car-
bon or pyrolytic carbon
coated graphite is of the
order of 1 to 2 MPavVm, i.e., only slightly higher than
that of soda lime glass and small compared to a K_of =3
to 6 MPavm for alumina and =3 to 15 MPaVm for zirco-
nia (5).

A list of structural and mechanical properties for
polycrystalline graphite, Si-alloyed LTI pyrolytic car-
bon and pyrolytic-carbon coated graphite is given in
Table I.

Biocompatibility

High-purity turbostratic carbons, like LTI pyrolytic
carbon, have exceptionally good cellular biocompati-
bility and thromboresistance (2). For cardiovascular
applications, compatibility with blood has received the
most attention; unlike soft and hard tissue reactions to
implanted materials which develop slowly, the rejec-
tive reactions in blood are dramatic and swift. Most
materials in contact with blood quickly activate the tis-
sue’s clotting mechanism; LTI carbon has been shown
to be equivalent to siliconized glass, which causes little

Table I: Structural and mechanical pmperties_{;f graphite, Si;AII(}}/cd LTI pyrolytic carbon, and graphitefpyrolytic carbon laminate (5)

Si-Alloyed LTI

Polycrystalline Si-Alloyed LTI Pyrolytic-Carbon
Property Graphite Substrate Pyrolytic Carbon Coated Graphite
Density (kg.m 1500-1800 1700-2200 1500-2200
Crystallite Size (nm) 15-250 3-5 -
Expansion Coefficient (100 K1) 0.5-5 5-6 2-6
Hardness (DPH) 50-120 230-370 232-412
Young's Modulus (GPa) 4-12 27-31 34.5
Flexural Strength (MPa) 65-300 350-530 -
Fracture Strain (%) 0.1-0.7 1.5-2.0 1.5-2.0

0.9-11 1.0-2.6

Fracture Toughness, K_(MPaVm) ~1.5
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damage to blood. Theories to explain the excellent cel-
lular biocompatibitily of LTI carbon with blood range
from conditioning of the carbon surface with a passi-
vating protein layer through selective adsorption to the
complete inertness of the LTI carbon surface to proteins
in general. A general observation, however, is that
smooth or polished surfaces are better than rough sur-
faces, possibly because roughness may provide loca-
tions where cells can adhere and serve as thrombotic
nuclei.

Fatigue and fracture mechanics

The prediction of a safe lifetime is clearly a vital step in
the design and operation of any structural component.
In situations where stresses are primarily alternating,
as in the case of heart valve prostheses, there are two
approaches that can be used, namely the classical
stress/life (5/N) approach and the damage- (or defect)
tolerant approach which is based on fracture mechan-
ics (12). With S/N analyses, smooth-sided or notched
test specimens are cycled to failure at specific values of
the stress or strain (defined as both a range and a mean)
with the objective of relating the total life (i.e., the
number of cycles both to initiate and propagate a crack
to failure) to the stress or strain (27).

Lifetime predictions are made based on such S/N
data, often following adjustments for such variables as
notch geometry, variable-amplitude loading, environ-
ment, frequency, and so forth. Although used for
numerous engineering situations, such as in the design
of small components such as gears, the approach is not
favored for safety-critical situations, such as prosthetic
heart valves, where loss of life is a possibility. This is
because lifetimes are computed from laboratory-
derived data representing the time or cycles both to ini-
tiate and propagate a crack; since actual components
often contain significant pre-existing cracks, there is
always a potential for non-conservative lifetime pre-
diction with the S/N approach.

Accordingly, where the cost (either social or finan-
cial) of a failure is too high, the alternative damage-tol-
erant approach must be adopted. This approach essen-
tially assumes that all components already contain
pre-existing defects and life is determined in terms of
how long it takes these defects to extend to failure; such
an approach has become mandatory for many nuclear
and aerospace applications. Specifically, the concept of
damage-tolerant design relies on the notion that the
minimum safe structural life of a component can be
determined from the time, or number of loading cycles,
for incipient cracks to grow subcritically to instability
or until catastrophic failure occurs.

For a “ceramic” heart valve prosthesis subjected to
roughly 40 million cycles a year, this translates into the
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time for the largest pre-existing defect to grow by cyclic
fatigue (and/or stress corrosion) until final fracture
ensues at K. (12). Accordingly, to estimate this life, a
characterization of subcritical crack-growth rates for
laboratory samples or actual components tested under
realistic service (i.e., in vitro) conditions must be deter-
mined, and then integrated between the limits of the
initial and final crack sizes. Such characterization can
be achieved using fracture mechanics, the principles of
which are described below.

Fracture mechanics
Concepts

For small scale yielding conditions where the overall
deformation in the component is nominally linear elas-
tic and only limited inelasticity (e.g., plasticity) is pre-
sent, the “driving force” for crack extension can be
defined in terms of a stress intensity K which uniquely
and autonomously characterizes the distribution of
local stresses and displacements in the vicinity of the
crack tip, viz:

K = Qo,,, \ma, (1)
where 7 is the crack length, ¢, is the applied stress
(which can include both externazify applied stresses and
residual stresses), and Q is a geometry factor (which is
generally a function of a) of order unity. Since K char-
acterizes the local crack-tip field, its value can therefore
be correlated to the extent of crack extension.

Such concepts can be readily used to quantify the
toughness of the material, specifically in terms of the
critical value of the stress intensity at the onset of unsta-
ble (i.e., catastrophic) fracture. Provided conditions of
small scale yielding and plane strain exist, this critical
value of stress intensity is referred to as the fracture
toughness, K, and is considered to be a material con-
stant. Conditions of small scale yielding and plane strain
are relevant provided the extent of the local inelasticity,
e.g. the crack-tip plastic-zone size, is small compared to
the in-plane (e.g. crack length a) and out-of-plane (e.g.
test-piece thickness B) specimen directions, respectively.

According to ASTM standards (28), this can be
achieved when a,B = 2.5 (K/G_)?, where o, is the yield or
flow stress of the material. The fracture toughness can be
used to define another important concept, that of the
critical crack size, a_, which represents the largest crack
that can be tolerated by the component without cata-
strophic failure. Since failure occurs at K = K, the critical
crack size, for a particular applied stress, can be deter-
mined simply from the relevant K solution, e.g., from

Equation 1:
1( K, )2 )
{](_: .
T anpp
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Figure 5: (a) Optical micrograph of a Vicker's indent (inden-
tation load P, , = 10 kg) on pyrolytic-carbon coating, showing
medianfradial cracks emanating from the indent; (b) schematic
illustration of the indentation system and crack configuration

showing the characteristic crack-size dimensions a and ¢ (37).

Measurement

Several standards are available for the measurement
of fracture toughness values; ASTM Standard E-399
(28) is perhaps the most important, although similar to

] Heart Valve Dis
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corresponding European and Japanese standards, it
was developed primarily for metallic materials under
solely linear-elastic conditions. Where more than limit-
ed inelasticity is present, or where extensive slow crack
growth precedes unstable fracture, alternative stan-
dards for, respectively, non-linear elastic fracture
mechanics {(e.g. ASTM E-813) and, resistance-curve
behavior (e.g. ASTM E-561) can be used (28).

In simple terms, fracture toughness K_values are ide-
ally measured on compact-tension or single-edge-
notched bend samples (Fig. 4a), which have been pre-
cracked (typically by cyclic fatigue) prior to testing;
specimens are loaded monotonically to instability, and
the critical value of K computed from the load, P, and
crack length, g, at failure. For most standard specimen
geometries, handbook K solutions are used (29), e.g.,
for the compact-tension C(T) specimen:

€ (o) () ’

where B and W are respectively the test piece thick-
ness and width, and f(a/W) is a function of a/W tabu-
lated in references #28 and #29. Although the tough-
ness is generally defined under linear-elastic
conditions at the onset of unstable fracture, in many
toughened ceramics and in metals where extensive
plasticity accompanies fracture, slow (stable) crack
extension, Aa, can occur under increasing stress-inten-
sity levels prior to instability; such behavior is termed
a resistance (or R-) curve, and can be used to define
the toughness, either at crack initiation (where Az —
0) or further out on the R-curve under nominal
steady-state conditions (30).

Since it is generally difficult to fatigue pre-crack
many brittle materials, the fracture toughness of
ceramics can be approximated using indentation tech-
niques (31,32). Specifically, the K_ value can be estimat-
ed from the size of the radial cracks emanating from
Vicker’s hardness indents at high applied indentation
loads (Fig. 5); for pyrolytic carbon, this load is typical-
ly in excess of 9 kg. The radial cracking forms in
response to the residual tensile stress field which sur-
rounds the indent on unloading; the stress-intensity
factor, K, from this field can be computed in terms of
the peak indentation load P, ,, and the half surface-
crack length ¢, by (33):

= -3/2
Ki = 1gPinc™ )
where ¥y is a material constant dependent upon the

ratio of Young's modulus E, to hardness H,, given by
(34):

v/

st = G (EIELM, (5)
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Figure 6: Resistance curves for half-round compact (leaflet)
specimens of pyrolytic-carbon coated graphite containing
“long” through-thickness (edge) cracks, tested in 37°C
Ringer's solution. The fracture foughmness, K, can be defined
either at crack initiation, i.e., as Aa —0, or at nominal “steady
state” on the plateau of the R-curve, if one exists (37).

where £ is a material-independent constant for Vick-
er's-produced radial cracks with a value of 0.016 (32).
The toughness is then simply computed from Equa-
tions 4 and 5 at K_ = K}, by denoting c, as the equilibri-
um surface length of the post-indentation crack (31,32).
An example of such radial cracking surrounding a
Vicker’s indent in pyrolytic carbon is shown in Figure
5. Indentation toughness values must be considered to
be approximate as they take no account of R-curve
behavior; in essence, they are defined for crack arrest at
some arbitrary point on the R-curve.

It should be noted that both the ASTM and indenta-
tion techniques, described above for measuring frac-
ture toughness values, utilize sharp (i.e., fatigue) pre-
cracks as their initial stress concentrator. However,
certain authors in past have used notched samples to
measure the toughness of brittle materials; since the
toughness is known to be a strong function of the root
radius of the stress concentrator (35); this can lead to
unrealistically high K_ values, as first pointed out for
pyrolytic carbon by this author (25). For example, More
et al. (36) used machined-notched double-torsion spec-
imens to measure the toughness of pyrolytic carbon
and obtained a value of 2.79 = 0.23 MPaVm, some 50%
higher than the accepted K_ value measured with both
indentation (26,37) and pre-cracked (25,37-39) samples.
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Toughness of pyrolytic carbon

The first fracture toughness measurements on the Si-
alloyed LTI pyrolytic carbon-coated graphite material
(for the remainder of this paper, the term “pyrolytic
carbon” will imply the Si-alloyed low temperature
isotropic material that is currently used in the manu-
facture of heart valve prostheses) using appropriate
pre-cracked compact-tension samples yielded K_ val-
ues between 1.1 and 1.6 MPavm for tests in room air
and 37°C Ringer’s solution (25). The latter solution is
used here as a simulated physiologic (blood analog)
environment and is prepared by dissolving 8.5 g NaCl,
250 mg KCl and 300 mg CaCl, in 1000 ml of distilled
water. (There is no difference between results in air and
Ringer’s solution as little effect of the environment
would be expected during the brief duration of these
tests).

Subsequent studies (13,26,37-39) on both pure
(monolithic) pyrolytic carbon and the pyrolytic car-
bon/graphite laminate generally show complex R-
curve behavior with initiation and steady-state tough-
ness values varying between 1 and 2 MPaym. Within
this range, results for pure pyrolytic carbon are invari-
ably at the low end of this range (38,39); for the lami-
nate, the toughness appears to be increased as the ratio
of the thickness of the pyrolytic carbon to graphite lay-
ers is made smaller (39). It is interesting to note that
with thickness ratios below about 2, the toughness of
the composite can be higher than either the pyrolytic
carbon or graphite layers. Although not completely
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understood, this has been attributed to variations in the
stress intensity across the crack front due to the inho-
mogeneous (layered) nature of the material, which
causes the crack in the pyrolytic carbon-coating to lead
slightly the crack in the graphite substrate (39).

An example of fracture-toughness data for pyrolytic-
carbon coated graphite is shown in Figure 6; the aver-
age K, value, measured in 37°C Ringer’s solution at
crack initiation on compact specimens machined from
actual heart valve leaflets, is 1.64 MPavm (+ 0.53
MPavm) (37). Although there is considerable scatter
inherent in the data, the results are consistent with
those measured using indentation techniques (Fig. 7),
where an average K_ of 1.84 MPaVm (+ 0.18 MPaym)
has been reported (37).

Whereas fracture toughness values between 1 and 2
MPaVm are now accepted for monolithic and compos-
ite pyrolytic carbon materials, several points are wor-
thy of note from these results.

First, as mentioned above, the K_values quoted are sig-
nificantly less than specific results reported in the litera-
ture based on tests on machined-notched samples (36).

Second, the quoted average K_ values were defined
at crack initiation; for rising R-curves, this value will
not bethe maximum stress intensity required for crack
extension and thus may be expected to be lower than
that measured by indentation techniques.

Third, the ‘long’ cracks in the compact specimens in
Figure 6 are through-thickness (so-called edge cracks)
and as such provide an evaluation of the toughness of
the pyrocarbon/graphite composite; results from the
indentation tests (Fig. 7), on the other hand, sample
‘small’ surface cracks growing principally in the
pyrolytic-carbon coating.

Fourth, residual stresses, which are known to exist in
the composite as a result of coating deposition and pro-
cessing (e.g., from the thermal-expansion mismatch
between the pyrolytic-carbon coating and the graphite
substrate), may be expected to affect differently the dri-
ving force for ‘small” cracks in the pyrolytic coating,
which is in a state of residual tension, and for ‘long’
cracks which experience a more complex through-
thickness variation in residual stress.

Fifth, the exact value of the constant £  in Equations
4 and 5 and its material independence, which may
affect the magnitude of K (from Equ. 5), has not been
adequately established and remains the subject of some
controversy in the literature (32). Moreover, the possi-
ble relaxation of the residual stresses due to recovery of
the pyrolytic carbon may lead to further uncertainties
in Equation 4.

Finally, recent finite-element calculations (39), which
take into account the composite elastic-property mis-
match between the graphite and pyrolytic-carbon lay-
ers, indicate some degree of uncertainty in the stress-
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intensity solutions for the pyrocarbon/graphite lami-
nate material. Although no studies to date have taken
account of this effect, the numerical calculations do
show that the K-solutions for homogeneous material
(Equ. 3) may underestimate K in the pyrolytic carbon
by up to 40% and overestimate K in the graphite layer
by up to 60%. However, as shown below, comparisons
of the fatigue-crack growth properties in the monolith-
ic pyrolytic carbon and the pyrolytic carbon/graphite
laminate, which are characterized in terms of K, do not
show such major differences (25,37-39).

Subcritical crack growth

Conceptis

Although unstable fracture occurs at the fracture
toughness value (under plane-strain conditions where
K = K ), subcritical crack growth can occur at lower K
levels by mechanisms such as cyclic fatigue and stress-
corrosion cracking (static fatigue) (40); in ceramic mate-
rials, this typically occurs at stress intensities above
=50% of K_ (41). Under cyclic loading conditions, the
rate of crack growth per cycle, da/dN, can generally be
described in terms of power-law relationships, which
in their simplest form, can be written as:

da

o H
N = CAK™, (62)
or
4o _ g ys(AK)Y (6b)
AN~ max ’

where AKis the applied stress-intensity range, given by
the difference in the maximum and minimum stress-
intensity values in the cycle, i.e.,, AK =K - K . C
and C’ (= C(1 - R)®) are experimentally-determined scal-
ing constants, and m = (s + p) are the crack-growth
exponents. Typically, the exponent m takes values in
metals between 2 and 4 (with p > s), whereas in ceram-
ic materials, m values can be as high as 100 or more
(with p << s) (41,42). Similarly, under sustained load-
ing, the corresponding relationships for stress-corro-
sion crack velocities, da/dt, are of the form:

da .,
- C"(K)", (7)

where C” and n are scaling constants; values of n are
similar to 1, i.e., low in metals and high in ceramics. At
very low stress intensities, cracks (of a size larger than
the dimensions of the microstructure or scale of local
inelasticity) may appear to be dormant; these stress
intensities are referred to as the fatigue and stress-cor-
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rosion thresholds, AK;,, and K, respectively. The
cyclic fatigue threshold, AKyyy, however, is a marked
function of the value of the mean (in addition to the
alternating) stress, which is generally varied in terms of
the so-called load ratio, R=K_. /K ___(43).

min max

Measurement

Traditional cyclic fatigue-crack growth rates are gen-
erally determined using identical specimen geometries
to that used for fracture toughness measurement; this
involves monitoring the growth of through-thickness
(edge) cracks, termed ‘long’ cracks where lengths
exceed several millimeters, in samples such as the com-
pact-tension specimen (Fig. 8a). Material used for these
specimens should accurately reflect the material used
in the prostheses, i.e., be of clinical grade. Test speci-
mens are typically pre-cracked and cycled, under load,
displacement or stress-intensity control, on servo-
hydraulic testing machines in appropriate environ-
ments, e.g., in simulated physiologic environments
such as 37°C Ringer’s solution for heart valve materi-
als, and the rate of crack growth computed from mea-
surements of the crack length as a function of the num-
ber of cycles (Fig. 8). ASTM standards have been
developed for such measurements on metallic materi-
als, specifically E-647 (28); however, as no standards
are available for ceramics, the reader is referred to ref-
erences #25 and #44 for a description of how such tests
can be carried out in ceramic-like materials such as
pyrolytic carbon.

Although standards also do not exist for stress-cor-
rosion testing, crack velocities are similarly obtained
for through-thickness ‘long’ cracks in appropriate envi-
ronments on pre-cracked fracture-mechanics type
specimen geometries (Fig. 4a), only under sustained
(non-cyclic) loads. For brittle materials like pyrolytic
carbon, this is best achieved under load-relaxation con-
ditions, i.e., under a constant displacement where the
load decreases with increasing crack length. Similar to
cyclic fatigue, crack velocity /stress intensity (v/K) plots
are derived by continuous monitoring of the crack
length at a known load as a function of time.

Cyclic fatigue of pyrolytic carbon

Until fairly recently, it had been assumed that tur-
bostratic carbons such as pyrolytic carbon were insen-
sitive to cyclic fatigue degradation. Early studies
(18,19) had claimed that the fatigue endurance strength
of these materials was virtually identical to the single-
cycle fracture stress, i.e., that cyclic stresses less than
this stress do not cause microscopic damage. However,
by specifically employing fracture-mechanics type test-
ing procedures with pre-cracked samples, Ritchie et al.
(25) first demonstrated unequivocally that fatigue
cracks can grow under alternating loads in the pyrolyt-

Fatiguie and fracture of pyrolytic carbon S 17
R. O. Ritchie

ﬁ%ﬂﬂ
e

AP e
b~
<%(
\%
AP

(a)
a
s PR S >l da
‘ dN),,i
N |
N
(b)
da
log G /
log AK
(c)

Figure 8: Procedures used for measuring fatigue-crack growth
rates, showing compact-tension specimen stressed under
cyclic loads, AP, b) crack length a versus number of cycles, N,
curve differentiated to give growth rate (da/dN) ; at a particu-
lar crack length ai, and resulting log-log plot of dafdN versus
the stress-intensity range, AK.

ic-carbon coated graphite laminate in both ambient
temperature air and 37°C Ringer’s solution.
Subsequent studies have verified that the pyro-
carbon/graphite material is indeed susceptible to
cyclic fatigue (26,37,39,45), and further shown that
fatigue-crack growth can similarly occur in monolithic
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Figure 9: Experimental data showing cyclic fatigue-crack
propagation rates, dafdN, as a function of the applied stress-
intensity range, AK (= 0.9 K ), for half round compact
(leaflet) specimens of pyrolytic-carbon coated graphite con-
taining “long” through-thickness (edge) cracks. Results from
compact-tension C(T) specimens are included for comparison
(25). Tests were performed in a simulated physiological envi-
ronment of Ringer’s solution at 37°C (26).

pyrolytic carbon (38,39,46).

Typical crack-growth rate data, for leaflet specimens
of the pyrolytic-carbon/graphite laminate tested in
37°C Ringer’s solution, are shown in Figure 9 as a func-
tion of the stress-intensity range, AK (= 0.9 K _). It is
apparent that similar to many ceramic materials (41),
the slope of these plots, which is characterized by the
exponent /1 in Equation 6, is extremely high; values for
pyrolytic carbon materials are routinely well over 100
(37-39). Moreover, similar to R-curve data for pyrolytic
carbons (Fig. 6), the growth-rate behavior shows a very
high degree of scatter. Based on a comparison of simi-
lar fatigue data for ceramic materials tested on the
same mechanical-testing machine (41,42), such a wide
difference in growth rates (at a given stress intensity) is
unusual and appears to result from inherent material
differences attributable to variation in fabrication-
induced residual stresses or local microstructure.
Although measurements on the pyrolytic-carbon coat-
ing of leaflets used for manufacturing heart valves do
in fact display large variations in residual stress from

12.50 . r
Constant Kpyax " Graphite/Pyro\ytic
Kmax = 1-36 MPa-m™  Carbon Composite
12.45
o 1240 | ® 4
il
©
¥
3 @ o - Ky 136 MPam®
T 1235 =
s 7 @5
g e Kpin = 0.14 MPa-m*
il S %
1230 | ol Kiax® 1:36 MPa-m® |
®8(
(=8
‘I L——._J
Time
12.25 ; L A
1000 2000 3000 4000
Time (sec)

Figure 10: The effect of sustained-load vs. cyclic loading condi-
tions, at a constant K, on the subcritical crack growth in
pyrolytic carbon coated graphite tested in Ringer’s solution at
37°C (blood analog). Note how crack-growth rates under
cyclic loading (region a) far exceed those measured under sus-
tained loading (region b) (25).

sample to sample (13), which would indeed affect
properties, the precise origin of the scatter in toughness
and crack-growth data for this material is still uncer-
tain.

Similar to behavior in many metals and ceramics
(41,47), at low growth rates approaching 101" m/cycle,
an apparent fatigue threshold stress-intensity range,
AKy,, can be defined, below which the growth of “long’
cracks are presumed dormant; in most ceramics, this
threshold is of the order of 50% of K_ (41). Based on the
results from several studies in 37°C Ringer’s solution
(13,25,37-39), measured values of AK,,; for the mono-
lithic and composite pyrolytic carbon materials vary
between =0.7 and 2 MPaVm, with a typical average
value being =1 MPaVm. As with toughness data
though, within this range, AK,; values for pure
pyrolytic carbon are at the low end (generally < 1
MPavm) (38,39), whereas in the laminate, thresholds
appear to increase with a decreasing ratio of the thick-
ness of the pyrolytic carbon to graphite layers (39).

While the data in Figure 9 apparently show a clear
cyclic effect, in view of past scepticism over cyclic
fatigue in turbostratic carbons (18,19), and in fact in
ceramic materials in general (48), it has been necessary
to demonstrate unequivocally that the crack growth is
cyclically induced and not simply a consequence of
stress-corrosion cracking at maximum load. To achieve
this, crack extension has been monitored with (a) the

stress intensity cyclically varied between K and K ,
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Figure 11: Stress-corrosion crack-growth behavior of LTI
pyrolytic-carbon coated graphite compuosite tested in 37°C
Ringer's solution (25), shown in comparison with data for
glassy carbon tested in water (49) and air (50) and for
pyrolytic graphite in ambient temperature air (51).

and (b) the stress intensity held constant at the same
value of K. A typical result, for K . =1.36 MPavm
and K, =0.14 MPavm, is shown in Figure 10 (25).

It is apparent that, whereas crack extension proceeds
readily under cyclic loading conditions (region (a)),
upon removal of the cyclic component by holding at
the same K _  (region (b)), crack-growth rates are
markedly reduced. Clearly, similar to behavior report-
ed for other ceramic-like materials (41), a true cyclic
fatigue effect is apparent; furthermore, subcritical
fatigue crack-growth rates under cyclic loading appear
to be far in excess of those under equivalent sustained
loading. For these reasons, cyclic fatigue must be con-
sidered as the dominant mechanism for the extension
of cracks in pyrolytic-carbon heart valves; correspond-
ingly, growth-rate data for this mechanism provide the
basis for damage-tolerant procedures to predict the

safe life of these prostheses.

Stress-corrosion cracking in pyrolytic carbon
Similar to other ceramics, the various forms of car-
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bon are prone to subcritical crack growth under the
synergistic action of an applied load and a moist (or
corrosive) environment (25,38,49-52). Such stress-cor-
rosion crack-growth behavior is plotted in terms of the
crack velocity with respect to time, da/dt, as a function
of the applied stress intensity, K, in Figure 11 for sever-
al types of carbon (25). The data include a LTI pyrolyt-
ic carbon/graphite composite in an environment of
Ringer’s solution at a temperature of 37°C (25), glassy
carbon in water (49) and in air (50), and data for a
pyrolytic graphite in air (51). Crack velocities span
many orders of magnitude from 10 to 10" m/sec and,
similar to cyclic fatigue-crack growth, show a marked
sensitivity to the stress intensity; values of the expo-
nent n# (Equ. 7) typically exceed 100 for pyrolytic carbon
(13). Similar to cyclic fatigue, a threshold stress intensi-
ty, Ky, can be defined for crack velocities approaching
10 m/sec; values range between =0.8 and 1.8
MPavVm, with a typical average value of =1.25 MPaVym
(13,25). Although crack growth by stress corrosion
tends to be slower than by cyclic fatigue (Fig. 10), it is
still a viable mechanism for the extension of pre-exist-
ing defects in pyrolytic carbons; accordingly, it is
important to characterize the stress-corrosion behavior
in order to permit the reliable design of a prosthetic
device.

Threshold stress intensities

Despite the apparent convenience of a threshold for
no apparent crack growth in engineering analysis,
which essentially implies that one can design for infi-
nite life, the use of thresholds for either stress corrosion
or cyclic fatigue in pyrolytic carbon is not recommend-
ed for the design and life prediction in prosthetic heart
valves. The primary reason for this is that such devices
are expected to endure extremely large lifetimes in
excess 10” cycles; meaning that subcritical crack
growth, if it takes place, may be occurring (at least ini-
tially) at vanishingly small growth rates (e.g., below
1072 m/sec), which may be too difficult or time-con-
suming to measure reliably. Moreover, threshold val-
ues may be questionable in view of the small-crack
effect, as described below. Accordingly, for conserva-
tive lifetime prediction of prosthetic heart valves, it is
recommended that, where very low growth-rate data
cannot be obtained, a linear extrapolation of higher
crack growth vs. K data be used; however, it is impera-
tive for this extrapolation that experimental data are
collected at least below growth rates of =101 m/cycle
in fatigue and =108 m/sec in stress corrosion.

Small cracks

As described above, most fatigue data for heart valve
implants are derived from conventional fracture-
mechanics style samples containing ‘long’ (larger than



S 20 Fatigue and fracture of pyrolytic carbon
R. O. Ritchie

Small Crack Data

ey 2 e T T T T T T TTT T | F |
o 10 : : 3
S £ Pyrolytic-Carbon Coating 1
< 10*E 3
E i § Kmax = }{app Kmax = Kapp + KR §
2 F . a ]
%105; o LT
E 0e 3
Ko o ]
" o a® ° .
g 107F . o * 3
- E 3
[ E 3
o r 0 ! . o o ™ ]
c 107F t 4 a0l 1
+— F . [] o L[] . E
; o 1] ] o ¢ ]
e 5 o [ 'i [} -] 0 -1
¢ 10°F (N ok 3
I A B I
S 10°F o . ¢ 3
0 E ' L] o ‘ E
@ [ e o Specii h
'1 =3 L]
Sigmgl EaEl : 1
%= F ¢ o Spec 14 1
(% 10-11 [ A | PR | TR B B A | 4 i L 1 i
0.1 1

)

K.. (MPam")

Small and Long Crack Data

10° T y v — T
T 16%k :
3 10
2, ]
T 10°E E
§102 ;
S o7k i
gk
© . W ]
o 10"k E
< E 1
< F Small-Crack Data ]
g 10°f 490¢o¢ specimen 11 3
he E +eeee 12 3
(O] = Ty 13 ]
_5-‘10*10 1 NN 14(c1) 9§
8 3 o RN 14 (c2 3
510—11 3 00000 3
10_12 B 3 L 1 n 1 11 ]
10
(b) Kmax = Kapp + KR (MPa mWZ)

Figure 12: Experimental data showing cyclic fatigue-crack
propagation rates, dafdN, in pyrolytic-carbon coated graphite
for long through-thickness (edge) cracks and physically-small
surface cracks, showing (a) small-crack data plotted as a func-

tion of K ..., computed from the externally applied loads

(Kinax = Kopps filled symbols) and in terms of contributions
from both the applied loads and the residual stress field of the
indent (K, = Kap it Ky; open symbols); and (b) comparison
of the growth rates of both long and small surface cracks as a

function of K., = K, ., + Kg. Nofe the correspondence
between long and small crack data where K, incorporates
both applied and residual stresses (37).
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~2 to 3 mm in length), pre-existing, through-thickness
(edge) cracks (12,13,25,38,39). Although life prediction
based on such data is perfectly standard for numerous
applications in the aerospace and nuclear industries,
for example, it has been increasingly recognized that a
more complete analysis must include consideration of
the apparently rapid growth of ‘small’ surface cracks,
particularly in smaller component cross-sections such
as those found in heart valve prostheses.

This is particularly important since it is well known
for metal fatigue (53-55), and has recently become
apparent for the fatigue of ceramics (42,56), that where
cracks are physically small (typically below =500 pm),
or small compared to microstructural dimensions or
the extent of local crack-tip inelasticity, their growth
rates can be far in excess of corresponding long cracks
subjected to the same applied K levels; moreover, small
cracks are known to propagate at applied stress inten-
sities less than the fatigue threshold, below which long
cracks are presumed to be dormant (42,53-56).

In valves with pyrolytic carbon components, analy-
sis of in vivo failures has shown that small cracks can
initiate at material defects, or from regions suffering
cavitation erosion, in the pyrolytic-carbon coating (10);
such cracks are typically semi-elliptical, part-through,
surface cracks with dimensions less than a few hun-
dred microns over the vast majority of the device life.
Since most life-prediction analyses (12,13) currently
use long-crack results (Fig. 8), it is important to show
that these data adequately reflect the growth-rate prop-
erties of such small surface cracks.

Techniques for the measurement of small-crack
growth rates are shown in Figure 4b and involve mon-
itoring the top (polished) surface of cantilever-bend
specimens cycled in 37°C Ringer’s solution (26,37). Sev-
eral Vicker’s hardness indentations are placed along
this surface; the residual tensile stress field surround-
ing the indent, together with half penny-shaped radi-
al/median microcracks emanating from the indent cor-
ners (at P, > 9 kg), act to facilitate fatigue-crack
initiation (Fig. 5). Typically, an increasing bending
stress range, Aoy, (=10 to 80 MPa) is applied until one
crack begins to grow, whereupon the stress is held con-
stant until subsequent crack arrest; the procedure is
then repeated. Tests are periodically interrupted every
102 to 10% cycles to permit the use of optical microscopy
or gold-coated cellulose-acetate replicas to monitor
crack growth. Full details are given in reference #37.

For the indentation crack configuration, there are
two contributions to the stress intensity, namely that
due to the applied stresses and that due to the residual
stress field surrounding the indent, i.e,, K = Kapp + Ky
The stress-intensity factor resulting from the residual
stress, Ky, can be calculated from the peak indentation

load, P, and the half surface-crack length, ¢, using
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Equations 4 and 5. Linear-elastic solutions for the
applied K are given in reference #57 for three-
dimensional semi- elliptical surface cracks in bending
(and/or tension) in terms of the crack depth a, surface
crack length 2c, elliptical parametric angle ¢, shape fac-
tor J, specimen thickness f, specimen width b, and
remote (outer surface) bending stress i from the

applied load - (Fig. 4b):
ma \ /2
K=Ho,(T)" Falcar e o, ®

where H_is the bending multiplier and F is the bound-
ary correction factor, the form and functional depen-
dencies of which are detailed in reference #57. Equa-
tion 8 is valid for 0.2 <afc <1 and 0° £ <90° at ¢/b <0.5.
It is worth noting that with increasing crack length, K
decreases monotonically, independent of the applied
loads, while K typically increases dependent upon
the applied load levels; correspondingly, as the crack
grows out of the field of the indent, the total K may
show an initial reduction followed by a steady increase.

Typical results showing the crack-growth rate
behavior, derived from the extension per cycle of the
surface (trace) length of small cracks (=100 to 500 pm)
emanating from the indent corners in the pyrolytic-car-
bon coating, are plotted as a function of the externally
applied (K, = K, and total (K . = K_, + Kp) stress
intensities in Figure 12a. When characterized in terms
of K o small-crack growth rates display seemingly
anomalous behavior, namely, a negative dependency
on stress intensity, and crack growth at K levels
between 0.08 and 0.36 MPavm, well below the (long-
crack) threshold K,y; of =0.7 MPavm.

Such behavior, which has been reported for many
metallic and ceramic materials (26,37,41,42,53-55), in
general results from a diminished role of crack-tip
shielding with cracks of limited wake. Crack-tip shield-
ing mechanisms act to affect crack advance by altering
the local stress intensity actually experienced at the
crack tip (58,59). Such mechanisms, which act princi-
pally in the crack wake, include transformation tough-
ening in ceramics, crack bridging in composites, and
crack closure during fatigue crack growth.

Whereas the applied stress intensity increases with
crack extension in the usual manner (as K__is a func-
tion of P, a1/2), the total stress intensity, wfuch is actu-
ally experienced at the crack tip and hence drives the
crack may have a different functional dependence on
crack size as it is derived from the superposition of the
applied stress intensity with that due to shielding. Here
the shielding results from the residual tensile stresses
around the indent, which diminish as the crack extends
away (Kp is a function of P, /2 from Equ. 4).

These dependencies on crack size are such that K, is
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largest when the crack is smallest whereas the total
(near-tip) stress intensity (K, = K, + K) may exhib-
it a minimum as the crack advances. Accordingly,
when small-crack data are plotted in the usual way in
terms of the externally applied loads, a negative depen-
dency on stress intensity will be seen. However, when
the full driving force is calculated taking into account
the contributions from both applied and shielding
(residual) stresses, the true positive dependency of
growth rates on K is achieved (Fig. 12a).

From the perspective of prosthesis design, of prime
importance here is that a close correspondence is
achieved when the appropriately characterized small
surface-crack data are compared with corresponding
long edge-crack results, similar to those reported
recently for SiC-whisker reinforced alumina (42). This
normalization is shown for pyrolytic carbon in Figure
12b, although both forms of data are marked by exten-
sive scatter. Moreover, at the same K, , small-crack
growth rates tend to be somewhat faster than corre-
sponding long-crack rates. Although probably associ-
ated with scatter, this may result from an overestima-
tion of K due to relaxation of the tensile residual
stresses from the recovery of the pyrolytic carbon fol-
lowing removal of the indenter.

Thus, although current analyses use data on long
through-thickness (edge) cracks whereas actual flaw
growth in vivo is more likely to arise from small, semi-
elliptical cracks which occur predominantly on the
pyrolytic-carbon coating surface and propagate both
along the surface and depth-wise toward the graphite
core, it appears from Figure 12 that a reasonable corre-
spondence can be obtained between long and small
crack behavior; this can be achieved provided growth
rates are characterized in terms of the appropriate K,
incorporating both external (applied) and internal
(residual) stresses. Such internal residual stresses may
additionally result from fabrication processes, includ-
ing coating deposition, machining and polishing, or be
associated with surface damage such as scratches or
gouges incurred during handling of the device. This is
additionally important as the collection of such small-
crack data in pyrolytic-carbon materials is both com-
plex and extremely labor-intensive. Nevertheless, with
appropriate characterization, in principle either form
of growth-rate data may be used for design and life-
prediction analyses.

Post-failure analysis (Fractography)

Examination of the fracture surface (fractography) of
broken components can generally provide vital clues
as to the cause of their failure. In metals, this follows
because the morphology of fatigue fracture surfaces,
which would have involved a long term progressive
failure, are quite distinct from an impact or overload
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PYROLYTIC CARBON

Cyclic Fatigue Overload Fracture

Figure 13: Scanning electron micrographs of cyclic fatique
and overload (fast) fracture in (a,b) the pyrolytic-carbon coat-
ing, (c,d) the polycrystalline graphite substrate, and (e,f) a
metallic material (low-strength ferritic steel), showing (e)
fatigue striations and (f) transgranular cleavage fracture (11).

fracture, which would have occurred in a single
instance. Unfortunately, contrary to early reports in the
literature (10), the morphologies of cyclic fatigue,
stress-corrosion cracking and overload fractures in car-
bon materials are essentially indistinguishable (11,25).
Indeed, this identical morphology of fatigue and over-
load fracture surfaces is not unique to pyrolytic carbon
(Fig. 13a, b); similar behavior is shown by the graphite
core of the composite material (Fig. 13¢, d), and by most
ceramic materials where cyclic fatigue fractures have
been documented (41).

This is in marked contrast to metallic materials,
where the characteristic cyclic fatigue fracture mode,
i.e., striations (Fig. 13e), is quite different to the trans-
granular cleavage (Fig. 13f), microvoid coalescence, or
intergranular fracture seen for failure under monoton-
ic loads.

There is, however, a clear change in the laminate
material between fractures in the pyrocarbon coating
and the graphite substrate as the latter surfaces are con-
siderably rougher. Fracture surfaces in both the sub-
strate and coating appear to be covered in fine-scale
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facets, the dimensions of which approach that of the
grains or ‘growth features’ in the microstructure.

The implication of these results is that post-failure
analysis of failed pyrolytic-carbon valves can be quite
deceptive. Unlike in metallic components, it is clearly
not feasible to rely solely on fractography to conclude
whether a specific failure was associated with a pro-
gressive time-dependent fracture or an instantaneous
event. There are, however, exceptions. Discolored or
abraded regions often indicate a pre-existing defect or
one which has been in existence for some time and
abraded by the continual opening and closing of the
crack. Similarly, evidence of proteinaceous debris or
granular tissue, e.g., fibrin, on a fracture surface is a
clear indication of a crack that has existed, or has been
growing, for an extended period of time.

Finally, in the pyrolytic carbon/graphite laminate
material, the direction of crack growth can generally be
deduced by noting whether delamination occurs at the
pyrocarbon/graphite interface (Fig. 14) (37). In fact, an
example of such interfacial delamination can be seen in
the micrograph of the in vivo leaflet failure in Figure 2.
Since the pyrolytic carbon has both higher stiffness and
higher strength than the graphite, cracks will propa-
gate normally through the interface when traversing
from the pyrolytic carbon to the graphite (Fig. 14a).
However, they will be deflected at, or just prior to, the
interface when propagating from the graphite into the
pyrolytic carbon (Fig. 14b). This fact can be extremely
useful in evaluating crack-path trajectories, especially
for the purpose of locating the origin of a fracture, dur-
ing the post-failure analysis of broken valve compo-
nents.

Damage-tolerant lifetime predictions

The damage-tolerant approach

The prime purpose of determining the toughness
and crack-growth properties of pyrolytic carbon
materials is to be able to derive a conservative esti-
mate of the lifetime of a specific heart valve prosthesis
under worst-case conditions. Fracture-mechanics
based damage-tolerant analysis provides an ideal
methodology for this purpose. Specifically, the life of
a component is estimated in terms of the time, or
number of loading cycles, to propagate the largest
pre-existing crack to failure. Accordingly, to deter-
mine life, the relevant crack-growth relationship rep-
resenting the most likely mechanism of subcritical
cracking (Equations 6 and 7), is integrated between
the limits of the initial (pre-existing) crack size, a,, to
the final (critical) crack size, a_, at which final cata-
strophic failure of the component occurs. Using Equa-
tion 6a as the crack-growth relationship for cyclic
fatigue, which is the most damaging cracking mecha-
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Figure 14: Scanning electron micrographs showing sections perpendicular fo the crack plane
for small-crack fests in pyrolytic-carbon coated graphite, showing (a) linear fatigue cracks
propagating directly through the pyrocarbon-to-graphite (upper) interface, and (b) extensive
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techniques such as imaging
by optical and more impor-
tantly  scanning  electron

‘___pyrolgﬁc microscopy have been used
caroon with success for metallic
valves; however, as such

microscopy .only permits

graphite characterization of the sur-

face of the device, a superior
technique for pyrocarbon
l valves, where defects are as
likely to be sub-surface, is to
use a proof test which simu-
lates the loading of the valve
in vivo. Procedures for the
design and use of such proof
tests are discussed below.
Such damage-tolerant
analyses are used regularly
for many aerospace and
nuclear components to evalu-
ate safe lifetimes and more-
over to dictate inspection
intervals during service; typi-
cally, the first NDE inspec-
Dide tion would be scheduled at
~w half life, /2N, to search for
SM' the presencef of incipient
cracks. Since for all practical
purposes it is impossible to
periodically examine cardiac

crack deflection and delamination just prior to the graphite-to-pyrocarbon (lower) interface. devices once they are

The vertical arrow indicates the general direction of crack growth prior to deflection (26).

nism in pyrocarbons (25), with a K solution simply
defined by Equation 1, the life of the component in
terms of the number of loading cycles to failure can be
written (for m # 2) as (12):

2 e <l
Ni= = DCQaoymnz g2 —a BT (9)

where a_ can be computed from the critical crack size at
final failure K = K, as shown in Equation 2.

Together with the level of applied stress, Ac, and the
crack-growth relationship, a critical input to this analy-
sis is the initial crack size, which can be estimated by a
number of different techniques. In aircraft compo-
nents, for example, it can be defined by military stan-
dard, although a more appropriate procedure for med-
ical implant devices is to evaluate a_ in terms of the
largest undetected defect size; this initial crack size
must be determined by non-destructive evaluation
(NDE) procedures associated with the manufacturer’s
quality control before the device is implanted. NDE

implanted, the damage-toler-
ant approach must be used
somewhat differently, specifically to determine the
pre-existing crack size that can never grow to failure
within a patient lifetime, i.e., =10” cycles or approxi-
mately 25 to 100 years or more. This minimum required
detectable crack size then represents the defect size that
must be detected by quality-control procedures prior
to the device entering service in order to prevent
mechanical failure of the prosthesis during patient life-
time. In metallic heart valves, the minimum detectable
defect size is of the order of several hundreds of
microns (12), which can be readily detectable with
microscopy; for pyrocarbon valves, however, it is con-
siderably smaller and can be of the order of several tens
of microns for through-thickness edge cracks (13).

Application to heart valve prostheses

To illustrate how such procedures can be used for the
design and safe operation of a prosthetic device, we
will apply the damage-tolerant approach to an actual
pyrolytic-carbon mechanical heart valve to estimate a
conservative lifetime and hence the crack sizes that are
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Pl ring groove
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+— outer
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Figure 15: Schematic illustrations of the critical locations of
cracks in the valve housing, showing (a) Location I - the high-
est (dynamic) stressed region on the inside of the seating lip,
and (b) Location II - the highest stressed region on the outside
surface of the housing at the upper corner of the stellite stiffen-
ing ring groove (13),

required to be detected by quality-control procedures
to ensure adequate life. We will examine a valve of
bileaflet design (Fig. 1) and, to preserve a worst-case
scenario, consider the most highly stressed size, in this
case the 29 mm mitral valve, with minimum in-toler-
ance dimensions and subjected to continuous elevated
physiologic loading and environmental conditions.
Moreover, worst-case assumptions will be additionally
made with respect to cracking configurations, mechan-
ical properties, and the pre-existence of defects in the
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material. For the purposes of this article, only one com-
ponent of the valve, namely the pyrolytic-carbon hous-
ing, will be examined; in reality of course, all compo-
nents including the leaflets, etc., would be similarly
analyzed.

Stress and stress-intensity analyses '

The life-prediction analysis must be focused on the
critical and most highly stressed locations, which can
be defined by practical experience, i.e., where cracks
have formed on failed or explanted valves, or more
generally on the basis of a stress analysis of the compo-
nent. Due to the complex geometry of most heart
valves, the latter invariably must be performed using
finite-element analysis and should treat both the quasi-
static and impact (dynamic) stresses developed in the
component.

For the present application, a schematic illustration
of the cross section of the 29 mm mitral valve housing
is shown in Figure 15. In this case, the housing is made
from pure pyrolytic carbon without any graphite sub-
strate; the groove in the cross-section is a seating lip
for a metallic stellite stiffening ring. Based on numeri-
cal calculations under both quasi-static and dynam-
ic/impact conditions, i.e., 180 mmHg (24 kPa) trans-
valvular pressure with a leaflet tip velocity of 5 m/s
(13), two critical locations for examination can be
defined; Location I (Fig. 15a) is the region of highest
(dynamic) stresses on the inside surface of the housing
in the seating lip area, where the maximum surface
stress is 5.5 MPa (calculated for quasi-static conditions)
and 30.1 MPa (calculated for worst-case dynamic con-
ditions), and Location II (Fig. 15b) is the highest
stressed region on the outside surface of the housing at
the upper corner of the stiffening ring groove, where
the maximum surface stress is 43.3 MPa (calculated for
dynamic conditions), assuming a corner root radius of
0.07 mm.

In addition to the externally applied stresses, resid-
ual stresses pre-existing in the housing must also be
considered. Based on the hole-drilling tests (13) on
pyrolytic-carbon coated graphite valve leaflets, the
residual stresses were found to be approximately uni-
form within the coating with a value of o = 34 + 14
MPa. Accordingly, for calculation purposes, a uniform
residual stress of o, = 48 MPa is taken as a conservative
estimate for the monolithic pyrolytic-carbon housing
material.

For both critical locations on the housing, worst-case,
through-thickness, edge cracks, which penetrate the
free surface, are assumed to pre-exist and to follow a
path dictated by the distribution of maximum tensile
stress and minimum cross-sectional dimensions. An
overestimate of the mode I stress-intensity factor for
these cracking configurations is given by (13):
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1/2
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0.923 + 0.199(1 — sin (ma/2b))*
cos (ma/2b) ]

where, with reference to Figure 15, a is the crack length,
b is the minimum cross-sectional width of the housing
along the crack path, ¢ is the maximum tensile stress
at the surface origin (i.e., the maximum principal stress
in the orifice), and o ,(a) is the maximum tensile stress
at the crack tip. The dimension b is 0.91 mm for Loca-
tion I and 0.41 mm for Location II. Note that Equation
10 overestimates the stress intensity, especially at small
crack sizes where a/b — 0 (13). In addition, for the life-
time analyses described below, o can be omitted as the
residual stress pre-exists in both the mechanical prop-
erty test specimens and the valve components.

Subcritical crack growth by cyclic fatigue

All existing cracks in the housing are assumed to
propagate subcritically from the onset of loading in
physiologic service; crack extension by cyclic fatigue is
considered to occur with a loading frequency of 1.2 Hz
(equivalent to 72 heart beats per minute or 38 x 10°
cycles per year) with no incubation or crack initiation
time. Based on cyclic fatigue experiments on pure
pyrolytic carbon disc-shaped compact specimens test-
ed in Ringer’s solution at 37°C, the worst-case subcriti-
cal crack-growth rates can be described by the relation-
ships (13,38):

da/dN = C(AK)™ = 4.15 x 10*(AK)882
[units: m/cycle. (MPaVm)™]. (11)

For the reasons described above, the existence of a
threshold for no crack advance is discarded in the pre-
sent analysis in order to be conservative; crack growth
is thus permitted to occur at vanishingly small stress
intensities, according to Equation 11. This relationship
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was determined for a load ratio of close to zero, repre-

sentative of the applied “zero-tension” loading seen in

vivo. It is recognized that the existence of residual

stresses in the pyrolytic carbon will change this load

ratio locally. However, this is not explicitly considered

in the analysis since these stresses also exist in the pyro-
carbon test samples.

By integrating Equation 11 between the limits of a,
and a_, the number of loading cycles N; required to
cause catastrophic failure by cyclic fatigue is thus given
by:

1 |% da
Ny —cj o AR Ha)
sl J L da |

(=, [F@b)S,, + Fyla/b)S,"w/%an /2

The critical crack sizes, a_, at which catastrophic failure
of the housing occurs, are computed from Equation 2
using the value of K_ for pure pyrolytic carbon. In this
case, resistance-curve results for fatigue-precracked,
disc-shaped compact-tension samples, performed in
37°C Ringer’s solution, yielded K_ values between 0.9
and 1.04 MPavm (38). (Note that K_ values for pure
pyrolytic carbon tend to be lower than those for the
pyrocarbon/graphite composite). In light of published
results (25,26,37-39), an estimate of K_ = 1.0 MPaVm
was taken. It should be noted that because of the math-
ematical nature of the analysis, the precise value of K_
(in the range 0.8 to 2.5 MPaVm) has little effect on the
numerical results.

Integration of Equation 12 using numerical proce-

Table 1I: Predicted lifetime for cyclic fatique of the housing as
a function of initial crack size, a, under worst-case

physiological loading.
Initial Crack Projected Cycles Lifetime
Size, a, to Failure, N;
(m) (cycles) (years)'
Location I
63 4.4 x 1010 1.2 x 103
66 2.7 x 107 75.6
68 5.6 x 108 15.6
72 2.3 %107 8 months
128 0 0
Location II:
43 1.4 x 101 3.8x10°%
45 4.5 % 10° 125
47 5.3 x 108 15
51 1.1 x 107 4 months
80 0 0

“assuming 38 x 10° cycles per year.
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Figure 16: Damage-tolerant lifetime predictions of the mini-
mum life of the valve housing as a function of the initial defect
size, a,, pre-existing in the component. Predictions pertain to
worst-case through-thickness edge cracks in minimum dimen-

sion 29 mm mitral bileaflet valves, subjected to continuous
peak physiologic loading conditions at Location I on the inside

of the housing and Location IT on the outside.

dures yields estimates of the number of cycles to fail-
ure, and hence life of the housing, under worst-case
conditions as a function of the defect size a, pre-exist-
ing in the housing. The resulting predictions are plot-
ted schematically in Figure 16; specific numerical
results for both cracking locations are listed in Table IL
It is apparent that any pre-existing edge crack in the
housing of a length in excess of a, = 66 um inside the
orifice at the seating lip Location I and =45 um outside
the orifice at Location II can grow by cyclic fatigue and
cause failure within 10” cycles, or within 100 years or
so. The critical crack size at housing failure is between
a.~80 and 128 um depending upon the location.

Corresponding analyses for the leaflets on this valve
yield detectable and critical edge crack sizes which are
approximately a factor of two larger (13). Thus, pro-
vided NDE procedures can reliably detect all edge
cracks in excess of a length of 45 pm in the housing
prior to the valve entering service, the most conserva-
tive estimates of the damage-tolerant life in Table II
imply that this component is capable of remaining
operational under continuous peak in vivo loading for
periods exceeding patient lifetimes.

Subcritical crack growth by stress-corrosion cracking

A similar worst-case analysis can be performed for
subcritical crack-growth by stress-corrosion cracking.
Based on sustained-load tests on pure pyrolytic carbon
disc-shaped compact specimens tested in Ringer’s
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solution at 37°C, the worst-case subcritical crack-
growth rates are given by (13,38):

dafdt = C”(K)" = 1.36 x 1077(K)!38
[units: m/sec. (MPavm)™]. (13)

Note again that the use of Equation 13 is conservative
in that no crack-growth threshold is assumed; cracks
can thus continue to grow at vanishingly small K levels.

As with cyclic fatigue, by integrating the crack-
growth equation between the limits of initial to final
crack size, the life of the housing L is given by the time
t required for an edge crack to propagate from a, and

af
L—f—l,,j 4

C ag K
=1 Jﬂf S da By (14)
cr i [Fm(ﬂ/b)sm + Fb(a/b)sb]”n“/zﬂ”/z

Results showing the life, L, as a function of the pre-exist-
ing defect size, a, based on numerical integration of
Equation 14, are listed in Table III for edge cracks both
inside (Location I) and outside (Location II) the housing.
It is apparent that any pre-existing edge crack in the
housing of a length in excess of 4, = 82 jum on the inside
of the orifice (Location I) and =55 pim on the outside of the
orifice (Location II) can potentially grow by stress corro-
sion and cause failure of the housing within 100 years or
so. Since these estimates represent larger crack sizes than
will cause failure by cyclic fatigue (Table 1), the cyclic
fatigue process is clearly rate limiting with respect to the
service life of the housing such that the required mini-
mum detectable crack size remains as 45 pm.

Table HI: Predicted lifetime for the stress corrosion of the
housing as a function of initinl crack size, a_, under worst-case
physiological loading.

Initia-l- Crack Size, a, Lifetime, L

(um) (years)
Location I:
34 1.2 x 10%
58 6.8 x 101
73 1.2 x 105
82 96
84 15
128 0
Location II:
25 35%x10%
48 1.9 x 106
55 140
57 15
80 0
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pyrolytic-carbori
coating

a) through-thickness edge crack

Figure 17: Schematic illustrations of (a) a through-thickness edge crack, and (b) a semi-
elliptical surface crack in a pyrolytic-carbon coated graphite leaflet.

Consideration of semi-elliptical surface flaws

The damage-tolerant analyses described above are
designed to be highly conservative; this is apparent
with respect to the presumption of pre-existing defects
in the valve component, the choice of minimum dimen-
sion valves, continuous elevated physiologic loading
conditions, worst-case cracks in highest stressed loca-
tions, K solutions which overestimate the stress-inten-
sity levels, worst-case subcritical crack-growth behav-
ior induced at the immediate onset of loading in
blood-analog environments (i.e., with no crack initia-
tion period), and the assumption of the absence of a
fatigue threshold for no crack growth.

The specific analysis performed in this study can be
considered as the most conservative as it pertains to the
extension of worst-case through-thickness edge cracks.
Based on this analysis (and in practice that for the other
components of the valve (13)), we have reasonably con-
cluded that if final quality-control/NDE procedures
can be designed to find, and correspondingly reject, all
housings that contain defects exceeding 45 um in size,
the heart valve prosthesis should certainly survive in
vivo long enough to ensure the safety of the patient.

From an engineering perspective, however, reliable
detection of cracks as small as 50 pm in every valve is a
difficult proposition, although to ensure the highest
degree of safety, this is what is required. Moreover,
many of the cracks seen on explanted and failed valves
are not necessarily through-thickness edge cracks
which extend across the whole section, but rather semi-
elliptical cracks which penetrate from the free surface
(Fig. 17). It is therefore appropriate additionally to con-
sider the latter kind of defect as the value of K will
invariably be lower than that for the corresponding
edge crack of the same depth.

The stress-intensity solution for a semi-elliptical sur-
face crack is given in Equation 8; although K values
may vary around the crack front, calculations based on

b) semi-elliptical surface crack
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this equation yield initial and
final crack sizes that are signifi-
cantly larger than those com-
puted above. For example, to
ensure lifetimes in excess of 100
years in the present valve
under peak in vivo stresses, the
required detectable crack size
for a semi-elliptical surface
crack is approximately a factor
of two larger in depth than that
for the edge crack (13). Accord-
ingly, from the perspective of
designing quality-control pro-
cedures to screen new valve
prostheses for the presence of
defects, it is important to distinguish between the two
types of cracks. For the bileaflet valve currently under
consideration, this translates into developing quality-
control procedures which can reliably find all edge
cracks in the housing in excess of approximately 45 um
and all semi-elliptical surface cracks with depths in
excess of approximately 100 pm. Techniques to accom-
plish this are described below.

Quality control: proof testing

The detection of cracks with dimensions in the tens of
microns in small components such as heart valve pros-
theses poses real challenges for quality control.
Although optical and scanning electron microscopy
can be used successfully for metallic valves where
required detectable crack sizes are several hundreds of
microns in size (12), it would be difficult, if not impos-
sible, to apply these techniques reliably to pyrocarbon
valves because critical defect sizes are significantly
smaller, crack-opening displacements are substantially
reduced, and most importantly cracks in pyrolytic car-
bon are often sub-surface and thus invisible to optical
and electron microscopy. Moreover, the defect sizes are
essentially beyond the reliable detection range of other
commercially available NDE techniques, such as ultra-
sonics and X-rays. In view of this, by far the best proce-
dure for this application, in fact for many ceramic com-
ponents, is through the use of the proof test.

The principle behind the proof test is to load each
component to a pre-determined stress which is higher
at each location than the stress that it would experience
in service (60). Since the component will fail when K
exceeds K, components which contain cracks larger
than the critical crack size a_, based on the applied
proof stress O will not survive the test. Thus, if the
component does not fracture during the proof test, the
(initial) pre-existing crack size in that component can-
not exceed a_, e.g., from Equation 2:
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B, S (@t) (15)

The importance of this is that through the use of Equa-
tions 9 and 15, a minimum fatigue lifetime can imme-
diately be estimated for a valve that survives a particu-
lar magnitude of proof stress. Furthermore, by
adjusting the proof stress such that a is less than, or
equal to, the minimum required detectable crack size,
survival of the proof test implies that the specific valve
contains no cracks large enough to propagate to failure
within a patient lifetime, i.e., that the prosthesis is
mechanically safe.

In the author’s opinion, the proof test is the only reli-
able method currently available with sufficient sensi-
tivity to evaluate quantitatively and non-destructively
the pre-existing defect population in newly manufac-
tured pyrolytic-carbon prostheses. However, for the
test to perform properly, certain conditions must be
met. First, although the test should be simple to con-
duct as it must be performed on each and every valve,
it is nevertheless absolutely essential that the loading
during the proof test accurately simulates the direction
and location of the stresses that the prosthesis will
experience in vivo; if this proves to be difficult with a
single proof test, two or more tests may need to be
designed, for example, for both the housing and the
leaflets.

An example of such a proof test that mimics the in
vivo effect of transvalvular pressure on the leaflets in a
bileaflet valve is to apply pressure pneumatically to the
assembled valve to close the leaflets momentarily. Sec-
ond, the magnitude of the proof stress must be high
enough to ‘find’ crack sizes as small as the required
detectable crack size, yet not too large that a large per-
centage of the valves are destroyed during the test.
Moreover, appropriate proof stress levels should be
determined for both edge and surface cracks. With
most pyrolytic carbon valves, these two requirements
can be generally met with proof stresses some five to
ten times larger than in vivo stresses.

Third, in contrast to lifetime analyses, upper-bound
values of the fracture toughness and lower-bound val-
ues of the geometry factors in the relevant K solutions
must be used in Equations 9 and 15 for a worst-case
estimate of a. Finally, it is critical that the prosthesis is
not damaged by the proof test itself, for example, by a
pre-existing crack extending subcritically and arresting
without catastrophic failure of the valve. Although
such an event is unlikely to be due to the highly brittle
nature of pyrolytic carbon, it is nevertheless vital that
some method of crack monitoring be employed during
the proof test to ensure, at least qualitatively, that sub-
critical cracking does not occur; mounting an acoustic
emission probe on the loading train of the proof test to
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Figure 18: Scanning electron micrograplt of the surface of the
leaflet of an explanted pyrolytic carbon valve, showing evi-
dence of small-scale pitting and the possible early stages of low
level cavitation damage.

detect stress waves from such cracking is one way to
achieve this.

Concluding remarks

Careful mechanical design and life prediction, which
must accurately simulate realistic failure modes, are
essential elements for the reliable use of ceramic
implants which will be exposed to complex physiolog-
ic loading and environmentally-induced degradation
in clinical applications; in this regard, the structural
design of cardiovascular-assist devices places particu-
larly demanding requirements on the pyrolytic-carbon
materials used as components of most heart valve pros-
theses. Specifically, to avoid patient trauma due to
mechanical fracture of the valve, prostheses must be
designed to endure fatigue lifetimes in excess of 10°
cycles in simulated physiologic environments with fail-
ure rates probably no worse than one in 100,000.

The damage-tolerant procedures described in this
article have been specifically developed to meet this
need. They are designed to be highly conservative and
thus are undoubtedly more costly than traditional
design and life-estimation procedures that until recent-
ly have been common in this industry. However, in
light of the individual tragedy of the potential loss of a
life and the extremely high cost of litigation which will
inevitably ensue, this is a small price to pay.

The approach is not without pitfalls, however. It
should be remembered, for example, that the establish-
ment of quality control and proof-test procedures to
reliably reject all valves containing defects larger than
the required detectable crack size will not necessarily
assure safe lifetimes if cracks can develop subsequent
to these NDE procedures. Should cracks, or even local-
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ly roughened surfaces, be formed on the valve compo-
nents due to inappropriate handling and implant pro-
cedures, during catheterization, or from cavitation
damage in service (Fig. 18), lifetimes could be signifi-
cantly shorter. It is therefore vital that procedures are
established to minimize the possibility of such damage
from occurring during handling or in vivo.

There is another factor to consider. Although pyrolyt-
ic carbon has been used successfully in hundreds of
thousands of implanted valves and is clearly the current
material of choice for this application, it is important to
realize that from a purely engineering perspective, it is
an extremely brittle material in the presence of cracks.
In fact, to this author’s knowledge, the pyrolytic-carbon
heart valve is one of the few, if not the only, structural
application where a ceramic-like material is used in a
safety-critical situation, i.e., where material failure will
most likely lead to loss of human life.

Furthermore, another inherent property of pyrolytic
carbon and other ceramic-like materials is that subcriti-
cal crack-growth rates (at low homologous tempera-
tures) are exceedingly sensitive to the stress-intensity
level, ie., the crack-growth exponents, m and n, in
Equations 6 and 7 are invariably in the range of 10 to 100
‘or more (41). This means that the life of any pyrolytic-
carbon component will be highly dependent upon the
pre-existing defect size and the level of applied stress
(specifically in damage-tolerant life-prediction proce-
dures, life is proportional to ™ or 6™). As a result,
small changes in a_ will lead to large changes in project-
ed life, as can be seen in Tables I and II1.

Moreover, since the crack-growth exponents can
approach 100 in pyrolytic carbon, a factor of two
increase in applied stress can result in a reduction in
projected life by over 20 orders of magnitude! Since
such sensitivity is an inherent feature of low toughness
materials such as pyrolytic carbon, this alone is justifi-
cation for design requirements with the highest degree
of conservatism, as is afforded by the damage-tolerant
approach.

Finally, it must be stated that the success of pyrolyt-
ic carbon as a material for prosthetic heart valves is
undeniable; to date only a small number of compo-
nents (probably less than about 50) in valves from sev-
eral manufacturers are known to have failed after
implant, and thereby to have produced life-threatening
complications in patients. However, despite this
record, it is still an undeniable fact that pyrolytic car-
bon is an inherently very brittle material and that
mechanical failure in prosthetic devices is totally unac-
ceptable, both socially and financially, particularly
where loss of human life is involved. Accordingly, the
use of worst-case damage-tolerant analyses must be
regarded as an essential requirement for the design and
‘quality control of new and existing ‘ceramic’ heart
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valve prostheses in order to provide maximum assur-
ance of patient safety.
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