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Abstract: Over the past 10 years, the supereleastic nickel-
titanium alloy Nitinol has found widespread application in
the manufacture of small-scale biomedical devices, such as
self-expanding endovascular stents. Although conventional
stress/strain-life (S/N) analyses are invariably used as the
primary method for design against fatigue loading and for
predicting safe lifetimes, fracture mechanics-based meth-
odologies provide a vital means of assessing the quantita-
tive effect of defects on such lifetimes. Unfortunately, frac-
ture mechanics studies on fatigue in Nitinol are scarce,
and most results do not pertain to the (thin-walled tube)
product forms that are typically used in the manufacture
of endovascular stents. In the current work, we document
the basic fatigue-crack growth properties of flattened thin-
walled (~400 pm thick) Nitinol tubing in a 37°C air envi-
ronment. Crack-growth behavior is characterized over a

wide range of growth rates (~6 orders of magnitude) and
load ratios, that is, as a function of the alternating and
maximum stress intensities, at 50 Hz. Limited experiments
at both 5 and 50 Hz were also performed in 37°C air and
simulated body fluid to determine whether the cyclic fre-
quency affects the fatigue behavior. Fatigue-crack growth-
rate properties in such thin-walled Nitinol tube are found
to be quite distinct from limited published data on other
(mainly bulk) product forms of Nitinol, for example, bar
and strip, both in terms of the relative fatigue thresholds
and the variation in steady-state growth rates. © 2006
Wiley Periodicals, Inc. ] Biomed Mater Res 81A: 685-691,
2007
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INTRODUCTION

Nitinol is an approximately equiatomic alloy of
nickel and titanium that exhibits superelastic and
shape-memory properties. These unique mechanical
properties make it a premier choice for the manufac-
ture of biomedical implants, such as self-expanding
endovascular stents. They result from the occurrence
of a phase transformation, from a cubic austenitic
parent phase to a monoclinic martensitic daughter
phase, on the application of stress or due to a de-
crease in temperature." For most stent applications,
Nitinol is thermomechanically treated to have an
austenite finish temperature, Ay, of typically 28°C,
that is slightly below the human body temperature,
such that the implanted alloy is in the superelastic
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austenite condition. Of note here is that on transfor-
mation to martensite, there is a small negative dila-
tion (reported to be ~0.39-0.54%%), which may
locally increase the tensile stresses developed ahead
of a crack,* thereby degrading the fracture toughness
and fatigue-crack growth properties. This is opposite
to the effect seen in transformation-toughened ceram-
ics, where an increase in volume with transformation
creates a zone of compressive stress surrounding a
crack, thereby increasing the extrinsic resistance to
fracture and fatigue.”®

With respect to fatigue, stents are subjected to cy-
clic stresses in vivo from the expansion and contrac-
tion of the blood vessels, which can lead to fatigue
damage and curtail their useful life. For example,
measurements of strains experienced in these vessels
of the body show a 3-10% change in diameter with a
pulse pressure of 100 mmHg,” with exact values de-
pendent upon many variables such as vessel
compliance or patient blood pressure. Nitinol stents
are typically designed for a minimum lifetime of
10 years after implantation®; since physiological load-
ing typically amounts to roughly 40 million cycles
per year, this means that they must survive more
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than 4 x 10° cycles of fatigue loading in service.
Although conventional stress/strain-life (S/N) ana-
lyses are invariably used as the primary method of fa-
tigue design and life prediction,”** fracture mechan-
ics-based methodologies provide the best means of
assessing the quantitative effect of defects, and are
particularly important for determining required de-
tectable flaw sizes and conservatively estimating fa-
tigue lifetimes in the presence of such flaws. Unfortu-
nately, quantitative information on fatigue-crack
propagation behavior in Nitinol, characterized using
fracture mechanics, is rarely found in the literature;
moreover, published results*>"!” are primarily on
bulk Nitinol material and do not pertain to the thin-
walled (~400-pm thick) tubing that is typically used
in the manufacture of endovascular stents. Both the
well-documented traditional S/N (based on crack ini-
tiation and/or total life) and fracture mechanics-
based methodologies are important in the design of
biomedical devices and compliment, rather than com-
pete, with one another. Specifically, the total-life
approach may be used to estimate safe in vivo operat-
ing stresses/strains and accounts for both crack initia-
tion and propagation, whereas the fracture mechanics
approach employed here includes only the crack-
growth phase of fatigue, and is specifically designed
for the determination of critical flaw sizes that may
cause premature failure of the device.

As the transformation and volumetric changes in
Nitinol are highly dependent on its microstructure
and processing, which in turn have a marked influ-
ence on mechanical properties (e.g., Ref. 18), a
prime objective of the current research is to charac-
terize the basic fatigue-crack growth properties of
superelastic austenitic Nitinol on material (flat-
tened thin-walled tube), heat-treated and proc-
essed in similar fashion to that used in the manu-
facture of endovascular stents. Results are com-
pared to the limited fatigue-crack growth data that
have been published on bulk bar®'>'® and thin
strip'” material. Specifically, the effects of positive
load ratio* (ratio of minimum to maximum stress
or stress intensity) and cyclic frequency are exam-
ined at 5 and 50 Hz. The effect of frequency is
deemed to be of particular importance, as virtually
all fatigue evaluations on biomedical Nitinol to
date have been conducted (for expediency) at fre-
quencies far in excess of those relevant to physio-
logical loading.

EXPERIMENTAL PROCEDURES

Nitinol material, identical to that used for endovascular
stents, was provided by Nitinol Devices and Components

*Also referred to as the force ratio.
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(Fremont, CA), with a composition of 50.8 at % Ni (balance
Ti). Samples for fatigue-crack growth testing were in the
form of 0.41-mm thick compact-tension, C(T), specimens
(with a 9.9 mm width and a 1.93 mm starter notch), which
were laser-cut from unrolled, flattened and shape-set thin-
walled tubes, similar to that used in the manufacture of
stents. Subsequent thermal processing (“tuning”) resulted
in a material with an A of ~28°C (as determined by differ-
ential scanning calorimetry); this material was thus capable
of forming stress-induced martensite during fatigue experi-
ments at 37°C. Following the flattening, cutting, and
tuning procedures, the specimens were electropolished to
produce a stent-like finish by eliminating the irregular
thermal oxide layer from the drawing process and forming
an amorphous passive Ti,O, layer. Although this fabrica-
tion process invariably leaves some residual stresses in the
specimens, they are produced in such a way as to mimic
the microstructure, surface, and internal stresses of a fin-
ished endovascular stent, such that the fatigue-crack
growth properties in such a device can be appropriately
estimated.

The orientation of the prenotch, and hence the crack-
propagation direction, was 45° to the tube drawing direc-
tion; this crack direction represents the path of least tensile
strain required for the phase transformation, as deter-
mined by texture experiments.'® Interestingly, alternative
orientations, specifically with the prenotch oriented paral-
lel to the circumference of the tube, resulted in crack
paths which diverged at 45° from the expected mode I
(maximum tensile stress) direction.

Fatigue-crack propagation tests were carried out on an
electro servo-hydraulic mechanical test system (MTS
model 831, MTS Systems, Eden Prairie, MN), in general ac-
cordance with ASTM Standard E 647." In order to study
the role of alternating versus maximum stresses, tests were
performed under force control at a range of positive load
ratios (R = Kmin/Kmax), specifically at R = 0.1, 0.5, and 0.7,
in a controlled environment of (37 * 0.1)°C air. While the
majority of the testing was conducted at 50 Hz (sine
wave), crack-growth experiments were also performed at
5 Hz at 37°C in both air and simulated body fluid to deter-
mine the effect, if any, of test frequency on crack-growth
rates. The simulated body fluid comprised Hanks” bal-
anced saline solution (HBSS) at a pH of 7.4; deleterious
bacterial growth was inhibited by Gentamicin at a ratio of
2 mL/L of HBSS.

Crack lengths were continuously monitored in sifu, with
a resolution of 0.01 mm, using load-point compliance-
based methodology; crack length values were periodically
verified during fatigue testing, using optical microscopy,
with the compliance and visual measurements agreeing
to within *5%. Stress-intensity K solutions were deter-
mined from handbook solutions.'” Fatigue threshold AKy,
values, operationally defined as the stress-intensity range,
AK = Kpax — Kmin, to give a growth rate of 10710 m/cycle
(based on linear extrapolation of data between 10 °
and 107'° m/cycle)," were approached using computer-
controlled continuous force shedding at a K-gradient
of -0.20/mm. Fatigue-crack growth rates (da/dN)
are presented both as a function of stress-intensity range,
AK= Kpax — Kmin, and the maximum stress intensity,
Kmax-
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Figure 1. Variation in fatigue-crack propagation rates
as a function of the stress-intensity range, AK, for Nitinol
in the superelastic austenite condition at load ratios of R =
0.1, 0.5, and 0.7, showing how the fatigue thresholds are
decreased and near-threshold growth rates are increased at
higher R. Tests were performed in 37°C air at a frequency
of 50 Hz using ~400-um thick C(T) specimens laser-cut
from flattened thin-walled Nitinol tubing.

RESULTS AND DISCUSSION

Effect of load ratio

The variation in fatigue-crack propagation rates, as
a function of the stress-intensity range, AK, is shown
for Nitinol thin-walled superelastic austenitic tubing
in Figure 1 for load ratios of R = 0.1, 0.5, and 0.7.
Data span five decades of growth rates from ~10""!
to 107° m/ cycle, and show Paris power-law behav-
ior between ~107 and 10”7 m/cycle, namely

da/dN = C(AK)" (1)

where C and m are scaling constants. Similar to most
metallic materials,*>*" these results clearly show how
growth rates are increased with increasing AK, and
how raising the load ratio further accelerates near-
threshold growth rates and decreases the AKy, fatigue
thresholds. Specifically, AKy, thresholds are reduced
from 2.5 MPa \/m at R = 0.1-1.4 MPa /m at R =
0.7. As noted previously," these threshold values for
Nitinol are characteristically very low compared to
most other metallic and intermetallic materials.***'
Although beyond the scope of the present work,
the significant effect of the load ratio on the fatigue
thresholds can generally be ascribed to crack closure
phenomena (e.g., Refs. 20-22), primarily associated
with the crack wedging action of surface oxide de-
bris?® and/or fracture surface asperi’cies.z‘l*26 In the
present case, as cyclic crack-tip opening displace-

ments, estimated®” close to the threshold, are small
(ACTOD ~ 20-50 nm) compared to the scale of frac-
ture surface roughness (~5 pm), it is probable that
the roughness-induced closure mechanism is most
responsible for the load ratio effect. This is consistent
with the fact that the load ratio dependence on
growth rates is progressively diminished with
increasing AK levels, where the crack-tip opening
displacements become much larger.

In Figure 2, the growth-rate data from Figure 1 are
plotted as a function of the maximum stress inten-
sity. Comparison of Figures 1 and 2 clearly indicates
that growth rates in Nitinol are a function of both
AK and K.« and as such, a simple Paris power-law
descriptions [(e.g., Eq. (1)], become inadequate. An
alternative approach is to use a modified Paris law,
which quantifies the effect of both AK and Kp.x on
crack-growth rates,”' namely

da/dN = C'(Kmax)" (AK)” (2)

where C' = C(1 — R)" and m = n + p. Measured
exponents, based on least-square curve fits to the
data in Figures 1-2, are listed in Table I, where it is
apparent that the AK dependence is some 2-3 times
larger than that due to Kyax. Such results are consist-
ent with most reported data for ductile metallic
materials (where p > n)*' and intermetallic alloys
(where p ~ 1),**% and in sharp contrast to brittle
ceramics (where p <« n).2130
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Figure 2. Variation in fatigue-crack propagation rates as
a function of the maximum stress intensity, Kpnax, for
Nitinol in the superelastic austenite condition at load ratios
of R = 0.1, 0.5, and 0.7, based on tests performed in 37°C
air at a frequency of 50 Hz, using ~400-um thick C(T)
specimens laser-cut from flattened thin-walled Nitinol
tubing. By comparison to Figure 1, it is apparent that
growth rates are a function of both AK and Kax.
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TABLE I
Scaling Constants in the Paris Law [Eq. (1)] and Modified Paris Law [Eq. (2)] for Nitinol Thin-Walled Tube Samples

Load Ratio, R m C (m/cycle/(MPa \/m)") n p C’ (m/cycle/(MPa \/m)™)
0.1 421 1.88 x 1071 1.53 2.68 1.60 x 1071
0.5 3.43 296 x 1071 0.75 2.68 1.76 x 10710
0.7 3.71 249 x 1071 1.03 2.68 721 x 1071

Effect of cyclic frequency

As noted earlier, most fatigue testing of Nitinol
materials and components for biomedical applica-
tions is performed at relatively high frequencies,
typically at 30-60 Hz; this is of course significantly
greater than the physiological loading conditions, for
example, a natural heartbeat, which is closer to 1
Hz. What is somewhat unsettling about this is that
crack-growth rates per cycle (at fixed AK, Kyax) can
often be accelerated at lower frequencies, because
there is more time during the fatigue cycle, for exam-
ple, for corrosion processes to occur (e.g., Ref. 31).*
The implications of this are that life predictions may
not be conservative when based on such higher fre-
quency data. Despite this, few studies to date have
examined the influence of frequency on crack-
growth behavior in Nitinol.

Since it is difficult owing to time constraints to
determine the entire growth-rate relationship at low
frequencies, experiments in the current study were
performed at constant AK in both 37°C air (at R =
0.1) and HBSS environments (at R = 0.5); see Figure 3.
Specifically, a crack was allowed to propagate for
several millimeters at 50 Hz under steady-state con-
ditions at a constant AK, for constant AK levels of 3.8
and 5.4 MPa \/m in air, and 3 and 5 MPa \/m in
HBSS; the frequency was then lowered to 5 Hz (with
all other conditions held constant), and the change
in growth rate was monitored as the crack grew a
further few millimeters. For experiments in air
[Fig. 3(a)], the fatigue-crack growth rate, da/dN, at
AK = 3.8 MPa /m was slightly slower during the
5 Hz (6 x 10~° m/cycle) versus the 50 Hz test (7 x
10~? m/cycle), representing a 14% decrease in growth
rate. Growth rates in air at 5.4 MPa /m were identi-
cal at the two testing frequencies (2 x 10~® m/cycle).
For corresponding experiments in HBSS, the growth
rate at AK = 5 MPa ,/m was virtually identical at

*There may also be an inherent effect of strain rate asso-
ciated with the effect of frequency on fatigue properties. In
fatigue, however, these effects generally require several
orders of magnitude change in frequency to be seen. More-
over, studies on strain-rate effects in Nitinol show that
stress-induced martensite is relatively strain-rate insensi-
tive for rates up to as high as 10%/s.3**
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Figure 3. Constant AK experiments show effect of cyclic
frequency on crack-growth rates in superelastic austenitic
Nitinol at 37°C in environments of (a) air with R = 0.1,
AK= 3.8 and 5.4 MPa \/m and (b) HBSS with R = 0.5,
AK = 3 and 5 MPa \/m. These experiments, at constant
AK values within the steady-state (Paris) growth re-
gime, indicate that crack-growth rates in flattened Niti-
nol thin-walled tube C(T) samples are essentially
unchanged at frequencies between 5 and 50 Hz, al-
though there does appear to be a small but definitive
reduction in growth rates at the lower frequency for
the lower AK levels.
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the two frequencies; specifically, da/dN was 3.6 x
10~® and 3.9 x 10~® m/cycle at 50 and 5 Hz, respec-
tively, representing a slight 8% increase in growth
rate at the lower frequency. Conversely, at AK =
3 MPa /m, growth rates were ~21% slower at 5 Hz
(76 x 1077 m/cycle), as compared to 50 Hz
(9.6 x107° m/cycle).

What these experiments show is that there are
essentially no adverse effects of lower frequency on
fatigue-crack growth rates in Nitinol over the range
from 5 to 50 Hz. If anything, growth rates are mar-
ginally slower at 5 Hz, which may be associated
with enhanced (oxide-induced) crack closure effects,>!
or more probably that heat, generated adiabatically
due to the in situ phase transformation, is more
effectively dissipated at the lower frequencies. In
terms of design and life prediction analyses, these
minimal differences in growth-rate behavior at 5
and 50 Hz do justify the use of higher frequency
(~50 Hz) fatigue testing to accurately mimic fatigue
behavior in vivo; moreover, the use of the higher fre-
quency data should not result in nonconservative
lifetime predictions.

Effect of thin- versus thick-section material

Although there are only limited fatigue-crack
propagation data for superelastic Nitinol in the liter-
ature, it is instructive to compare these data with the
current results. This is shown in Figure 4, where
results in 22-40°C air on thickness-section geome-
tries (thickness B ~ 9-10 mm)>'® are compared with
that for thin-strip material (B ~ 0.2 mm)'” and the
current results on flattened thin-wall tube material
(B ~ 0.4 mm), under conditions of R = 0.1-0.2 and
frequencies from 10 to 50 Hz. A clear trend of lower
fatigue thresholds in the thick-section geometries is
apparent. Specifically, the thick-section bar material
displays fatigue threshold values of AKy, < 2 MPa
Jm, whereas AKy, > 2.5 MPa /m for the thin-sec-
tion strip and flattened tube materials. Interestingly,
instability appears to be dependant more upon the
testing frequency than the product form; 50-Hz tests
in bar and thin-walled tube show an instability at
Kiax ~ 10 MPa \/m, as compared to values of Kyax
~ 30 MPa /m in thick bar and thin strip tested at 10
and 15 Hz, respectively.

The precise reason for the difference in near-
threshold fatigue behavior, which would have the
most significant influence on fatigue lifetimes, is not
altogether clear. It is interesting to speculate, how-
ever, that since McKelvey and Ritchie'® concluded
for their thick-section bar material that the enhanced
triaxial (plane-strain) constraint at the growing crack
tip could act to suppress the transformation (as it
involves a negative dilation), such that crack growth
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Figure 4. A comparison of published fatigue-crack

growth data for superelastic Nitinol with current results.
All tests were conducted in air at temperatures between 22
and 40°C at load ratios of 0.1-0.2, with frequencies of 10—
50 Hz. Note how the thicker section geometries (thickness
B ~ 9-10 mm)>'® display the lowest fatigue thresholds
(AKg, < 2 MPa /m), whereas the thin-section geometries
(B ~ 0.2-0.4 mm) have threshold values of AKy, > 2.5 MPa
\/m17 (current study). However, instability is dependant
upon the testing frequency rather than the product form
as evidenced by Ky ~ 10 MPa \/ m in tests conducted at
50 Hz, when compared to values of Ky« > 30 MPa \/m in
those performed at 10-15 Hz.

in these thick sections may involve crack advance
solely into nontransforming austenite. In contrast,
in situ synchrotron X-ray diffraction studies on the
current thin-section tube material (which is not in
plane strain) clearly show the formation of stress-
induced martensite in the crack-tip region.®® This
difference in microstructure into which the crack
may be growing is significant for two competing rea-
sons. First, the higher thresholds in the thin-section
material may be associated with the fact that resist-
ance to fatigue-crack growth in Nitinol is definitively
higher, particularly at near-threshold levels, in the
martensitic structure, compared to either stable or
superelastic austenite®'® (e.g., Fig. 5).'® Second, there
is a possibility that with increasing AK levels the
occurrence of the transformation may result in pro-
gressively faster growth rates, as shown by the thin-
section material. As the transformation involves a
small negative dilation, the constraint of the sur-
rounding (nontransformed) material may lead to an
additional (positive) contribution to the stress inten-
sity experienced at the crack tip; indeed, Yan et al.*
predict that the local stress intensity at the crack tip
may be increased by as much as 13%. However, this
latter effect will only be relevant where transforma-
tion-zone sizes remain small compared to sample
dimensions. With the prevalent effects of microstruc-
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Figure 5. Fatigue-crack growth rates for superelastic and
martensitic Nitinol tested using 9-mm thick C(T) samples
cut from a rod. Resistance to fatigue-crack growth is
clearly enhanced in the martensitic microstructure. Specifi-
cally, the fatigue threshold for martensite is roughly
1 MPa /m higher than that for superelastic austenite (after
Ref. 16).

ture on the mechanical properties of Nitinol well
documented, it is quite possible that the differences
in the microstructure (e.g., inclusion composition
and volume percent, texture, and grain size) between
the various product forms might offer a simple
explanation for the variations in fatigue-crack
growth properties.

CONCLUSIONS

A fracture mechanics-based methodology has been
employed here to provide the basic engineering
parameters (AKy,, C, m) for assessing the quantitative
effect of flaws of the fatigue life of devices manufac-
tured from Nitinol tube. This method offers a com-
pliment to the prevalent total-life (S-N) data in the
literature by providing a means for calculating criti-
cal flaw sizes to be detected during manufacture of
devices. Because cracks that are grown in the labora-
tory experiments may be sharper than actual flaws
in the material (e.g., inclusions), lifetime estimates
based upon these fracture mechanics parameters
offer an invariably conservative estimate.

Based on an experimental study to characterize
the fatigue-crack propagation behavior of Nitinol in
superelastic austenitic material pertinent to the man-
ufacture of endovascular stents (flattened, ~400-pm
thick, thin-walled tube), the following conclusions
can be made:

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a

STANKIEWICZ, ROBERTSON, AND RITCHIE

1. Fatigue-crack growth rates, measured over the
range from 10~ '! to 107® m/cycle in 37°C air in
C(T) samples oriented at 45° to the tube draw-
ing direction, show a marked dependence on
the (positive) load ratio, which was varied in
this study between R = Kpin/Kmax = 0.1-0.7.
Specifically, near-threshold growth rates are
increased and AKy, fatigue thresholds are
decreased with increasing R. Compared to most
metallic and intermetallic alloys, AKy, threshold
values are low, varying from 2.5 MPa /m at
R =0.1to 14 MPa \/m at R = 0.7.

2. Crack-growth rates cannot be scaled solely in
terms of AK or Ky,x. Accordingly, fatigue-crack
growth properties in Nitinol are described in
terms of a modified Paris-law relationship:
da/dN = C'(Kmax)"(AK)’, where the dependence
on AK is approximately twice as significant as
on Kpax. With respect to the exponents, p ~ 2.7
and n ~ 0.8-1.0, consistent with the behavior of
most metallic and intermetallic alloys.

3. No significant effect of test frequency between
5 and 50 Hz was seen on fatigue-crack growth
rates in both 37°C air and simulated body fluid
(HBSS) environments, for tests conducted under
constant AK conditions (at R = 0.1 and 0.5 for
air and HBSS, respectively) within the steady-
state (Paris) growth-rate regime. This implies
that design and life prediction for biomedical
devices can be reliably based on high-frequency
(~30 Hz) fatigue data, without compromising
the conservative nature of the analyses.

4. Comparison of the current results with the lim-
ited studies in the literature on fatigue-crack
growth in superelastic Nitinol in different
product forms (i.e., strip and bar) reveals that
thin-section Nitinol (with thicknesses of 0.2—
0.4 mm) displays quite different near-threshold
crack-growth behavior to thick-section material
(with thickness of 9-10 mm). Specifically, thin-
section Nitinol shows higher fatigue thresholds
(AKy, > 2.5 MPa \/m, as compared to values of
AKy, < 2 MPa \/ m in thick-section material).

Particular thanks are due to Drs. Tom Duerig and Alan
Pelton of NDC for their financial support, supply of
Nitinol samples, and for innumerable helpful discussions.
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