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Abstract: Single-crystal aluminas are being considered for
use in the manufacture of prosthetic heart valves. To char-
acterize such materials for biomedical application, subcriti-
cal crack growth by stress corrosion (static fatigue) and by
cyclic fatigue has been examined in sapphire along (1100)
planes in 24°C humid air and 37°C Ringer’s solution (the
latter as a simulated physiological environment). The rela-
tionships between crack-propagation rates and the linear-
elastic stress intensity have been determined for the first
time in sapphire for both modes of subcritical cracking. It
was found that growth rates were significantly faster at a

given stress intensity in the Ringer’s solution compared to
the humid air environment. Mechanistically, a true cyclic
fatigue effect was not found in sapphire as experimentally
measured cyclic fatigue-crack growth rates could be closely
predicted simply by integrating the static fatigue-crack
growth data over the cyclic loading cycle. © 2000 John Wiley
& Sons, Inc. ] Biomed Mater Res, 52, 488-491, 2000.
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INTRODUCTION

Alumina ceramics such as sapphire have been
widely considered for biomedical use owing to their
chemical stability and superior tribological character-
istics. In particular, the biocompatibility of sapphire
has motivated its consideration for use in prosthetic
heart valves: for example, as a tilting disk in a ceramic
mechanical valve.' Because durability and reliability
are vital requirements for such biomedical use, it is
critical that the mechanical properties and anisotropy
of sapphire be well documented and understood. Pre-
vious studies on single-crystal aluminas have consid-
ered principally fracture morphology and tough-
ness.'™ However, because the human heart beats
some 40 million times per year and cyclic fatigue re-
sistance is considered to be a limiting property for
many replacement cardiac valve devices,” the present
note is focused on the subcritical crack-growth prop-
erties of sapphire.
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In general, crack growth in many polycrystalline ce-
ramics such as alumina and silicon nitride is accom-
panied by crack bridging by interlocking grains be-
hind the crack tip; this effectively shields the crack tip
from the applied far-field loading and results in
toughening in the form of marked resistance-curve (R-
curve) behavior.>” Under cyclic loading, the fracture
process ahead of the crack tip is largely unaffected;
however, crack growth is associated with the degra-
dation of such bridging and a concomitant reduction
in crack-tip shielding.*'® Corresponding subcritical
crack growth under monotonic loading, often termed
stress corrosion cracking or static fatigue, occurs pri-
marily by environmentally assisted mechanisms at or
very near the crack tip, e.g., the Si-O dissociative
chemisorption reaction which occurs during the static
fatigue of silica glasses in moist environments.'"'* In
untoughened ceramics where there are no shielding
mechanisms in the wake of the crack tip to degrade,
static fatigue can also provide the mechanism of fail-
ure under cyclic loads; here, cyclic fatigue-crack
growth rates can be simply considered to result from
static fatigue or overload fracture during the loading
cycle and the ceramic shows no susceptibility to pre-
mature failure under cyclic loads.

This article describes an investigation of subcritical
crack growth in sapphire under both monotonic and
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cyclic loading where the mechanisms of cyclic fatigue
failure were unknown. Behavior was examined in en-
vironments of humid air and 37°C Ringer’s solution;
the latter was employed as a simulated physiological
environment for the potential use of sapphire in bio-
medical implant devices.

MATERIALS AND
EXPERIMENTAL PROCEDURES

Single crystals of alumina (Kyocera sapphire) were made
by the edge-defined, film-fed growth method. The speci-
mens were cut from a large single crystal by a diamond disc
cutter and were machined into compact-tension C(T) speci-
mens (of width W = 25.4 mm and thickness B = 6.4 mm) [Fig.
1(a)], with an orientation such that the crack was lying on
the (1100) plane [Fig. 1(b)]. This plane has been considered
to be the probable fracture plane of the sapphire disks used
in a ceramic heart valve.! After machining, samples were
polished to better than 1 wm such that any microcracks on
the surface of these dimensions were removed; however,
because the C(T) samples were subsequently fatigue pre-
cracked, the presence of any smaller microcracks on the
specimen surfaces was not a concern.

Specimens were tested on computer-controlled servo-
hydraulic machines (Model 810; MTS Corporation, Minne-
apolis, MN) in environments of humid room air ((B5% rela-
tive humidity at [24°C) and 37°C Ringer’s solution (unbuf-
fered, 1 L contained 600 mg NaCl, 310 mg sodium lactate, 30
mg KCl, 20 mg CaCl). The pH of the solution was not mea-
sured. Because of the highly uniform nature of the single
crystal material, a total of five specimens were used for test-
ing.

Testing was conducted under both monotonic and cyclic
loads to characterize static and cyclic fatigue-crack propaga-
tion behavior, respectively. Cyclic tests were performed at a
sinusoidal frequency of 10 Hz and a load ratio (defined as
the ratio of the minimum to maximum applied load) of R =
0.1, in general accordance with American Society for Testing
and Materials standard fatigue-crack growth test practices,'®
modified for ceramics.'* Corresponding static fatigue-crack
growth tests were conducted by application of constant
loads at levels sufficient to propagate the crack. In both
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Figure 1. Schematic of (a) compact-tension geometry and

(b) orientation of crack-plane with respect to crystallo-
graphic directions.
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cases, testing was conducted under closed-loop load control.
Crack lengths were monitored in situ using back-face strain
unloading compliance (resolution + 30 pm), with values pe-
riodically checked using an optical microscope. Growth
rates, da/dN and da/dt, were correlated to the alternating and
mean stress intensities, AK and K, respectively; K values
were computed from handbook solutions.'

RESULTS AND DISCUSSION

Static fatigue-crack growth behavior

The variation in static-fatigue crack velocities, da/dt,
with the applied stress intensity, K, for the sapphire is
shown in Figure 2 for environments of 24°C humid air
and 37°C Ringer’s solution. Stable crack growth oc-
curred over only a relatively narrow range of stress
intensities, between K [0 1.5 and 1.9 MPavm. Crack
velocities were comparable in the two environments,
although somewhat faster in the Ringer’s solution.
Static fatigue threshold Ky values, representing the
applied stress intensity below which crack velocities
become vanishingly small (<1 nm/s), were found to
be 1.64 and 1.55 MPavm for the humid air and Ring-
er’s solution tests, respectively. The da/dt-K relation-
ship could be described by the simple Paris-type
power law:
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Figure 2. Static fatigue-crack growth rates versus applied
stress intensity in both air and Ringer’s solution.
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where C and p are scaling constants. The crack-growth
data were fit using a linear least-squares model to the
transformed equation In(da/dt) = p - In(K) + In(C). Re-
sults of these fits are presented in Table I

Cyclic fatigue-crack growth behavior

Corresponding crack-growth rates measured at R =
0.1 under cyclic loading, da/dN, are plotted for the two
environments in Figure 3 as a function of the applied
stress-intensity range, AK. We believe these data,
which span 5 decades of growth rates, to be the first
reported cyclic fatigue-crack propagation rate data for
sapphire in the literature. Stable crack growth is again
possible only over only a narrow range of stress in-
tensity, specifically 1.45 < AK < 1.83 MPavm; threshold
AKqpyy values were 1.60 and 1.45 MPavm for cracks
grown in humid air and Ringer’s solution, respec-
tively. The da/dN-AK relationship can be described by
the relationship:

d

N C' AK 2
where C' and m are scaling constants. Growth data
were fit using a linear least-squares model to the trans-
formed equation In(da/dn) = m - In(AK) + In(C") with
results presented in Table I

At a given applied AK, growth rates were signifi-

cantly faster in Ringer’s solution (by roughly an order
of magnitude) than in humid air. However, in addi-
tion to the increased damage associated with such en-
vironmentally assisted crack growth, crack-growth
rates can be slowed down to some degree owing to the
predominantly wedging effect of a fluid inside the
crack. However, in the present work no evidence of
such crack-tip shielding from the hydrodynamic pres-
sure of the fluid inside the crack'>'® was detected.

Mechanistic aspects

To assess whether cyclic fatigue-crack propagation
is a true cyclic phenomenon or merely the result of

TABLE 1
Fit Results for Equations (1) and (2)
95%
Confidence
Interval Correlation
Test Condition C C pm on p,m Coefficient
Static, humid air 1.8 x1072° 45.6 [41.8,49.5] 99
Static, Ringer’s 20x1072° 542 [45.8,62.5] 97
Cyclic, humid air 5.0 x 1072 46.1  [40.7,51.5] 98
Cyclic, Ringer's  1.5x 1077 43.0 [38.847.2] 97
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Figure 3. Crack growth in sapphire under cyclic loading
conditions. Lines represent predictions from the integration
of static (fatigue) crack-growth data over the applied loading
cycle.

static fatigue during the loading cycle, the growth
rates under cyclic loading were predicted by integrat-
ing the static fatigue-crack growth data over the cyclic
loading cycle, using the relationship of Evans and
Fuller'”:

da ]/{ 1 X K AK ) I’d
dN_ C ) 2( max + min) + 2 (511’1( 1Tft)) t
(©)
where fis the test frequency and K, and K, ,;, are the

maximum and minimum applied stress intensities in
the fatigue cycle. This relationship is based on the no-
tion that there is no cyclic fatigue effect; growth rates
under cyclic loads are merely static fatigue-crack
growth associated with the instantaneous magnitude
of the stress intensity. Using Equation (3), we found
the cyclic crack-growth rates predicted from the static
fatigue data to be in excellent agreement with those
measured experimentally (Fig. 3). This indicates that,
to within experimental error, there is no true cyclic
fatigue effect in sapphire, and hence no premature
failure under cyclic loads over and above that associ-
ated with static fatigue. Such behavior is typical of
untoughened ceramics and glasses, where crack-tip
shielding mechanisms such grain bridging or stress-
induced phase transformations, are absent or inactive.

Mechanistically, it is apparent that the 37°C Ringer’s
solution is the more aggressive environment during
subcritical crack growth in sapphire. Such behavior is
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consistent with the studies of Kimura and cowork-
ers,"®'” who found that although single-crystal alu-
mina was essentially immune to corrosion in deion-
ized water, it did corrode somewhat in isotonic NaCl
solution. Thus, although alumina is extremely stable
and inert in the human body, the presence of a crack
does promote environmentally assisted mechanisms
at the crack tip which accelerate the rate of cracking.
However, the corrosion resistance of sapphire does
appear to be significantly better than that of polycrys-
talline alumina.'®

CONCLUSIONS

Based on an experimental study of subcritical crack
growth in sapphire along the (1100) plane under static
and cyclic loading conditions in 24°C humid (85%
relative humidity) air and 37°C Ringer’s solution, the
following conclusions may be made.

1. Subcritical crack growth was observed under
monotonic loading above threshold Ky values
of 1.55 and 1.64 MPavm in the Ringer’s and air
environments, respectively. Similarly, fatigue-
crack growth was observed under cyclic loading
conditions above AKpy thresholds of 1.45 and
1.60 MPavm in the same environments. For both
modes of cracking, growth rates were a marked
function of the stress-intensity level.

2. Despite the presumed inertness of alumina in
physiological environments, crack-growth rates
in 37°C Ringer’s solution were significantly
higher at the same applied driving force than
those observed in the air environment.

3. Cyclic fatigue-crack growth data could be well
predicted from the static crack-growth results by
integrating the latter data over the cyclic loading
cycle. This implies that there is no (true) cyclic
fatigue effect in sapphire.

References

1. Mitamura Y, Wang Y. Fracture toughness of single crystal alu-
mina in air and a simulated body environment. ] Biomed Mater
Res 1994;28:813-817.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

491

Wiederhorn SM. Fracture of sapphire. ] Am Ceram Soc 1969;
52:485-491.

Becher PF. Fracture-strength anisotropy of sapphire. ] Am Ce-
ram Soc 1979;59:59-61.

Iwasa M, Bradt RC. Fracture toughness of single-crystal alu-
mina. In: Kingery WD, editor. Advances in ceramics, vol. 10.
Columbus, OH: American Ceramics Society, 1984. p 767-779.
Ritchie RO. Fatigue and fracture of pyrolytic carbon: A dam-
age-tolerant approach to structural integrity and life prediction
in “ceramic” heart-valve prostheses. ] Heart Valve Dis
1996;5(Suppl. 1):59-31.

Mai Y-W, Lawn BR. Crack-interface grain bridging as a frac-
ture resistance mechanism in ceramics: II. Theoretical fracture
mechanics model. ] Am Ceram Soc 1987;70:289-294.

Vekins G, Ashby MF, Beaumont PWR. R-curve behavior of
alumina ceramics. Acta Metall Mater 1990;38:11511162.
Lathabai S, J. Rodel J, Lawn BR. Cyclic fatigue from frictional
degradation at bridging grains in alumina. ] Am Ceram Soc
1991,74:1348-1360.

Dauskardt RH. A frictional-wear mechanism for fatigue-crack
growth in grain-bridging ceramics. Acta Metall Mater 1993;41:
2765-2781.

Gilbert CJ, Dauskardt RH, Ritchie RO. Behavior of cyclic fa-
tigue cracks in monotonic silicon nitride. ] Am Ceram Soc 1995;
78:2291-2300.

Wiederhorn SM, Bolz LH. Stress corrosion and static fatigue of
glass. ] Am Ceram Soc 1970;53:543-548.

Michalske TA, Freiman SW. A molecular mechanism for stress
corrosion in vitreous silica. ] Am Ceram Soc 1983;66:284-288.
E 647-93. Standard method for measurement of fatigue crack
growth rates. In: Annual book of ASTM standards. Philadel-
phia, PA: American Society for Testing and Materials, 1993.
Dauskardt RH, Ritchie RO. Cyclic fatigue-crack growth behav-
ior in ceramics. Closed Loop 1989;17:7-17.

Tzou J-L, Hsueh CH, Evans AG, Ritchie RO. Fatigue crack
propagation in oil environments. II. A model for crack closure
induced by viscous fluids. Acta Metall 1985;33:117-127.

Yi KS, Dill ], Dauskardt RH. Subcritical crack growth in glasses
under cyclic loads: Effect of hydrodynamic pressure in aque-
ous environments. Acta Mater 1997;45:2671-2684.

Evans AG, Fuller ER. Crack propagation in ceramic materials
under cyclic loading conditions. Metall Trans 1974;5:27-33.
Kimura Y, Ishii K. On the static fatigue and corrosion charac-
teristics of polycrystalline alumina and single crystal sapphire.
In: Bailon J-P, Dickson JI, editors. Fatigue 93, Proceedings of
the Fifth International Conference on Fatigue and Fatigue
Thresholds, vol. III. 1993. p 1331-1336.

Tanaka T, Kimura Y, Takubo S. Static fatigue crack growth

characteristics and corrosion behavior of alumina. Res Rep
Kogakuin Univ 1985;78:55-62.



