Theoretical and Applied Fracture Mechanics 92 (2017) 298-305

journal homepage: www.elsevier.com/locate/tafmec

Contents lists available at ScienceDirect

Theoretical and Applied Fracture Mechanics

Present and future approaches to lifetime prediction of superelastic

nitinol

Craig Bonsignore

Confluent Medical Technologies, 47533 Westinghouse Drive, Fremont, CA 94539, USA

@ CrossMark

1. Introduction

Nickel-titanium, commonly known as nitinol, is a nearly equia-
tomic intermetallic compound of nickel and titanium. With suit-
able composition and processing, nitinol exhibits shape memory
and superelastic properties related to a reversible temperature or
stress induced martensite phase transition. For example, supere-
lastic nitinol can be deformed to 10% strain, and recover to its orig-
inal shape when the deformation force is released. This unusual
property makes nitinol especially useful for minimally invasive
medical applications, such as stents or heart valve frames, which
must be inserted through a small access site and expand to a larger
size at the treatment site.

Because of its unique properties, nitinol is often used in the
most demanding endovascular and minimally invasive medical
applications, commonly involving challenging fatigue loading con-
ditions. For example, endovascular stents and stent-grafts must
withstand 400 million cycles of arterial pressure, as well as non-
pulsatile deformations related to respiration, gait, or other body
motions. Heart valve frames must withstand a complex combina-
tion of forces related to the cardiac cycle and replacement valve
configuration. Lifetime prediction for nitinol implants remains a
challenging task for academics, industry and regulators. Despite
extensive testing and simulation, nitinol implants are still reported
to fracture in clinical service [1-3] without loss of intended
functionality.

In this paper some of the reasons are explored for the challenges
faced in lifetime prediction. A typical workflow for durability
assessment will be described and common mistakes and other
sources of error highlighted.

2. Material purity

Nitinol medical components are typically fabricated from com-
mercially produced material compliant to ASTM F 2063 Standard
Specification for Wrought Nickel-Titanium Shape Memory Alloys
for Medical Devices and Surgical Implants [4]. This standard allows
for nonmetallic inclusions (NMTI’s), such as Ti,;NiOy (x ~ 0.5) or tita-
nium carbide (TiC) particles and voids no larger than 39 um in any
dimension, nor exceeding an area fraction of 2.8% in any view at a
400-500x magnification. This standard applies to material in the
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form of mill product, 6-130 mm in diameter or thickness, in an
annealed condition. There are no standards at present for material
in forms commonly used to fabricate medical components, for
example superelastic wire or tubing. These materials typically con-
tain NMI's 5 um or less [5], with an area fraction of 1% or less [6,7].
When material is converted to wire or tubing form, as commonly
used for medical components, NMI's may be broken into smaller
pieces, leaving elongated clusters of particles and/or voids oriented
in the axial (drawing) direction. These material inhomogeneities or
discontinuities have been described as particle-void assemblies
(PVA's) [8].

It is commonly observed that fatigue fractures originate at the
location of surface or near-surface inclusions or voids [8-10].
When these discontinuities are located in a critically stressed
region of the geometry, stress and strain concentrate at the site
of the defect and can initiate fracture. Industry, therefore, has
invested considerable effort to develop material with fewer and
smaller impurities [6]. High purity nitinol material has been shown
to substantially improve durability performance in medical grade
wire [11] and tubing material [12], particularly for the long life
fatigue regime.

Medical device manufactures have recognized the relationship
between material purity and durability performance. While dura-
bility is an important consideration, designs must also balance
competing constraints such as stiffness, flexibility, and size. Many
medical implant designs are constrained by durability require-
ments; heart valves, for example, are typically required to perform
for at least 600,000,000 cardiac cycles. Demanding applications
such as these now commonly specify high purity material, both
to expand the design envelope and to increase reliability. For sim-
ilar reasons, high purity materials are also commonly specified for
nitinol medical components having fine feature sizes (100 um or
less). In these applications, the relative size of impurities compared
with features size increases the possibility of structural failure.
Consequently, high purity materials are also commonly specified
for small nitinol components, such as those designed for neurovas-
cular indications.

Suppliers continue to develop materials with higher purity,
smaller inclusions, and fewer voids. For example, material is now
offered with maximum NMI size less than 2.5 pm and area fraction
of less than 0.15% [13]. New characterization techniques are also
being developed to characterize the volumetric size and distribu-
tion of NMI’s, as will be discussed below.
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3. Characterizing nitinol fatigue durability

In practice, the fatigue performance of nitinol medical compo-
nents is characterized experimentally using test articles such as:

1. finished nitinol components

2. surrogate specimens, intended to reproduce the critical stress
state of the actual component in a form more suitable for accel-
erated durability testing

3. tensile specimens, intended to characterize mechanical proper-
ties and fundamental durability performance of the material.

Each type of specimen and experiment has unique advantages
and limitations.

4. Component testing

Finished medical components are typically required to survive
fatigue testing under conditions replicating in vivo loading for a
physiologically relevant number of cycles. The loading conditions
and cycle count must be determined based on the physiology
and biomechanics of the component, clinical indication, disease
state, and patient population, and inclusion criteria. These loads
must then be recreated in an accelerated physical test, which can
be quite challenging. Often, multiple fatigue loads are superim-
posed: for example, a vascular implant may be subjected to loads
related to systolic and diastolic pressures of the cardiac cycle cou-
pled with the compression related to the respiratory cycle, or flex-
ion related to the gait cycle. Understanding the relevant loads and
cycles can be a challenge; in our experience, the root cause of most
clinical component fractures can be traced to an incomplete under-
standing of the relevant in vivo fatigue loads.

Finished component durability testing faces additional chal-
lenges beyond defining fatigue deformations and recreating them
in a physical test: such testing is time consuming and expensive,
and often controls the timeline for regulatory approval. Further-
more, given the nature of this testing, the total number of samples
is typical limited to the order of tens of specimens. Therefore, it is
typically not practical to test all extremes of product configura-
tions, tolerances, loading ranges, or other known variables. Conse-
quently, in finished component testing the stakes are, and
surprises very costly. For these reasons, computational simulation
is typically used to select and defend the conditions tested, to pre-
dict the outcome, and to optimize the design and allowable loading
conditions in advance of testing.

Computational simulation, a separate frontier to be discussed
later, predicts stresses and strains corresponding to applied loads
or deflections of the component. These results must then be com-
pared to some fatigue criteria for the material to predict the risk of
fatigue fracture under the selected conditions. For nitinol, the fati-
gue criteria are not a simple factor that can be found in literature or
a reference table. Rather, fatigue performance is dependent on the
specific composition, thermal history, strain history, and surface
conditions of the subject component. This brings us to the second
category of fatigue testing: surrogate specimens.

5. Surrogate specimen testing

Because of the time and cost of finished device testing, surro-
gate testing is usually invoked to improve statistical power and
accelerate development. The intent of surrogate testing is not to
establish the fundamental material durability, but rather to simu-
late the stress states of the actual device as closely as possible, but
in coupons that can be quickly tested.

These specimens are typically designed to replicate critical fea-
tures of the component itself, and are also designed to be reliably
fixed in multi-station accelerated fatigue testing equipment, such
as an Instron E3000® or Bose ElectroForce® test instrument.
Fig. 2 illustrates a diamond shaped surrogate specimen, with strut
dimensions matching those of a finished component, and grip fea-
tures for secure placement in a testing instrument. This approach
has been used successfully with diamond specimens laser cut from
tubing, and with formed wire components as well [14,15]. Such
specimens are fabricated from the same starting material as the
component, and manufactured using the same cutting and forming
processes, heat treatments, and surface treatments as the compo-
nent. Typically tens to hundreds of these specimens are
manufactured.

A fatigue criterion is a mathematical model used to predict the
risk of fracture for a given cyclic condition. Durability of classical
engineering material is often described by the Goodman or Soder-
berg criteria, which defines a safety threshold in terms mean
stress, stress amplitude for a given number of cycles. These simple
criteria have been found to be invalid for nitinol [16], and industry
has developed alternative fatigue criteria based on mean strain
(em) and strain amplitude (&,) tolerated at a given number of
cycles. The fatigue criteria for a given nitinol application is often
established by testing of surrogate specimens.

Relevant deformation conditions for surrogate specimens, typi-
cally expressed as target values for mean and cyclic strains, are
selected to match those related to in vivo deformations expected
for the component. Typically computational simulations are first
conducted for the finished component to establish the expected
range strains related to loading conditions. Then, computational
simulations are conducted on the surrogate specimen to establish
the cyclic displacement required to match the mean strain and
strain amplitude in the surrogate specimen with those in the com-
ponent. This process is repeated for each of the conditions to be
tested. Typically, several strain conditions are tested, including
conditions within the expected operating range for the component,
as well as conditions exceeding the expected operating range.
Results at each condition are commonly represented on a strain
limit diagram, with a fatigue threshold line drawn according to
fracture or run-out results at various conditions [16,17].

6. Tensile specimen testing

Tensile specimens, such as classical “dogbone” shaped test arti-
cles, are commonly used to characterize the stress-strain proper-
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Fig. 1. Strain limit diagram combining results of diamond surrogate samples
(square symbols) and tension-tension surrogate samples (triangle and circle
symbols) [16].



300 C. Bonsignore/ Theoretical and Applied Fracture Mechanics 92 (2017) 298-305

—- 2 AH e |

Fig. 2. Typical diamond surrogate specimen, used to recreate cyclic bending
conditions common in many nitinol medical components.

ties of the material. Properties derived from such testing are typi-
cally used to define material constants for computational simula-
tion, so it is important that these samples also accurately
represent the composition, thermal history, and strain history of
finished component.

Tensile specimens can also be used to characterize fatigue dura-
bility of nitinol material. In displacement controlled tension-
tension testing, a specimen is cycled between fixed displacements
corresponding to target values of mean strain and strain amplitude
for a specified number of cycles. Advantages and limitations of
such testing are discussed below.

7. Limitations of the strain limit diagram

While it is tempting to simply reference strain limit diagrams
from literature, this is perilous for several reasons. First and fore-
most, the surrogate samples used for these published studies are
not likely to match the material composition and process history
of the subject component. Second, the loading conditions and
strain distribution may not match the new component. Third, in
some cases published strain limit diagrams mix results from differ-
ent types of loading. For example, in a commonly cited strain limit
diagram [16] reproduced in Fig. 1, diamond surrogate specimens
are mixed with tension-tension surrogate specimens, known to
have a different lifetime. In a tension-tension fatigue test, the
entire gage section of the tensile specimen is subjected to the tar-
get level cyclic strain, while a comparatively small focal region of a
surrogate specimen experiences the target level of cyclic strain.
Consequently, the amount of material exercised and therefore
the risk of fracture is much greater in a tension-tension specimen
compared with a surrogate specimen.

High mean strain conditions are particularly challenging to
recreate in a reliable and repeatable fashion using surrogate spec-
imens. This was the reason for using tension-tension specimens in
the above referenced example.

The strain limit diagram is intended to represent the risk of
fracture at specific values of mean strain and strain amplitude for
a given material composition, process, and number of cycles. This
representation plots the maximum €, and &, for each test, imply-
ing that the results represent strain values at that single point. This
assumption may be true for a tension-tension test, wherein strain
may be assumed to be uniform throughout the gage length but
diamond-type surrogate specimens, as pictured in Fig. 2 are dom-
inated by bending. In this situation, the target strain value repre-
sents a small region of material, likely represented by a single
integration point. The vast majority of the specimen experiences
a range of sub-critical €, and &, values, most much closer to zero

strain than the target critical value. This is illustrated in Fig. 3,
which represents the strain at all locations of a strut targeting
(€m, €2) of (3.4%, 1.1%). This highlights one of the important limita-
tions of a strain-limit diagram fatigue criterion derived from surro-
gate specimen testing: the points plotted on the diagram and used
to draw the criterion line do not represent a single strain condition.

This limitation has a number of implications that challenge the
predictive power of this approach. For some surrogate specimen
geometries and loading conditions, it is possible for location of
the maximum mean strain to differ from that of the maximum
strain amplitude, as illustrated in Fig. 4. Such cases are increasingly
likely when targeting high mean strains, as some regions of the
geometry are partially transformed, while other regions are fully
transformed. This creates uncertainty about which point is most
critical, which should be used as the plot location on a strain limit
diagram, and which should be used to determine the crosshead
displacement for the selected strain condition.

One must also consider the implications of the volume of mate-
rial subjected to the target strain conditions in each sample: in a
tension-tension test, the full volume of the gage length is nomi-
nally subjected to the same strain. The additive strain decomposi-
tion approach commonly used to model superelasticity [18,19] will
report uniformly increasing strain in the gage length of a tension
sample, with a uniformly increasing volume fraction of martensite
as tension is increased. In reality, we know that local transforma-
tion is binary, initiating at several planes, forming Liiders bands
which grow and merge as tension is increased, and retreat as ten-
sion is released [20]. So while we may represent the mean strain
and strain amplitude of a tension-tension surrogate sample on a
strain limit diagram using a simple calculation based on global val-
ues, the actual local strains occurring at the transformation front
are not easily known or reported.

8. Toward a volumetric approach

Nitinol medical components are rarely subjected to tension-
tension fatigue loading in clinical use. Rather, these components
are dominated by bending, which is the reason for commonly using
diamond shaped surrogate specimens. Here too, we have typically
ignored the implications of the volume. In reality, for a diamond
specimen (as with an actual component) a very small volume of
material actually reaches critical mean strain and strain amplitude
values. Yet the results of the entire sample are reported at a single
location on the strain limit diagram, representing the entire sample
by that small volume of critically strained material. And as
described above, the method allows some ambiguity about how
criticality is determined.

While the current practice has some clear limitations, it has
served the medical device industry reasonably well, as countless
patients and their families have benefited from effective and less
invasive treatments for vascular diseases and other ailments. How-
ever, fatigue testing results remain notoriously difficult to predict
with great accuracy. Computational modeling is quite good at pre-
dicting trends and relative outcomes, but challenges remain when
attempting to predict absolute outcomes. The reality of fatigue
testing (and clinical fatigue fractures) is dominated by high degree
of scatter. Unexpected fractures can occur at a very low rate, and
sometimes occur at a surprisingly low cycle count. Conversely, it
is not uncommon for seemingly indestructible samples to last long
beyond their predicted failure point. The computational simulation
and analysis currently used by industry are not helpful in under-
standing or predicting this statistically complex reality.

A volumetric approach to material characterization, computa-
tional simulation, and analysis may offer some hope to address this
challenge. To understand this approach, we can first propose a
hypothesis, which is also visually described in Fig. 5:
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Fig. 3. Strain values for each integration point of a single strut FEA model, cycled under loading conditions to achieve a mean strain of 3.4% and strain amplitude of 1.1%. This
diagram shows that 99.4% of the strut volume experiences a strain amplitude less than 0.8%, and mean strain less than 2.5%.
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Fig. 4. “Point cloud” of integration point mean and cyclic strain values in a diamond surrogate strut targeting (e, * €,) of (1.5% + 1.25%), (3% £ 1%), (6% + 1%), (7% £ 1%). The
inset chart at the upper left of each panel indicates the target strain range for each condition. These results show the orderly relationship between &, and &, for low mean
strain conditions, and increasing divergence as maximum targeted strain increases, including fully transformed regions. In right panels, it is unclear if the rightmost point
(maximum &q,) or topmost point (maximum &,) should be considered most critical.

1. A given nitinol material, in its finished form, has a measurable tribution of critical strain regions. These can be characterized as

distribution of nonmetallic inclusions and voids, or particle-
void assemblies (PVA’s). These can be characterized as particles
with a statistical distribution of spatial location, volume, and
shape.

. A given nitinol component (or surrogate specimen), subjected
to a specific cyclic load or displacement, has a measurable dis-

particles with a distribution of spatial location, volume, and
shape.

. All high cycle fatigue fractures in nitinol components nucleate
at the location of a PVA.

. The risk of fracture is proportional to the probability of finding a
PVA within a critical radius of a critical strain location.
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Fig. 5. Conceptual illustration of coincident volume hazard probability hypothesis, proposing that the probability of fatigue fracture initiation is related to the spatial
coincidence of a material impurity (as illustrated by a metallographic cross section highlighting the location of an elongated PVA, left) with a critical strain region (illustrated

by FEA highlighting a localized region of high strain amplitude, right).

8.1. Volumetric characterization of material PVA’s

Typically, material purity is measured and reported in terms of
mass percentages by chemical analysis, and by area fraction by tra-
ditional two-dimensional metallographic cross sections. The statis-
tical volumetric analysis proposed here requires a three-
dimensional approach. Computed tomography methods have been
used to quantify the volumetric distribution of inhomogenieties
and PVA’s in steel and other materials [21,22]. Increasing resolu-
tion of commercially available X-ray computed tomography
(XCT) instruments offer promise that these tools can be used to
resolve NMI's and voids commonly found in nitinol material.
Fig. 6 shows a sample scan produced using a Zeiss Xradia Versa
520® instrument, with a voxel resolution of 0.64 pm. Studies are
currently underway to systemically characterize nitinol materials
of various forms and grades, and report results in terms of volu-
metric statistics that may be used to test the hypothesis proposed
here.

8.2. Volumetric characterization of component critical strain regions

Computational models routinely report values such as stress
and strain, but can also report the volume of material associated
with the stress and strain at each integration point. The analyst
can also establish one or more strain threshold values, and by con-
sidering the connectivity of associated elements, calculate the loca-
tion, volume, and shape of each critical strain region exceeding the
specified threshold. We have developed a Python script to perform
these calculations [23] and some example results are shown in
Fig. 7. With this approach, we can calculate a volumetric distribu-
tion of critical strain regions as required by the second part of the
above hypothesis.

8.3. All fatigue fractures originate at PVA’s

While this is an extreme statement, reports from the literature
and our own experience evaluating fatigue fracture surfaces sug-
gest that this assumption is usually true.

8.4. Fracture risk is proportional the chances of finding a PVA at or
near a critical strain region

With these the first three assumptions satisfied, we can calcu-
late a probability of fracture as a function of material purity from
XCT analysis, combined with critical strain from computational
simulation. In a simplified form, this can be calculated as follows,
beginning with calculations derived from XCT:

V.. .total volume of material scanned (1)

N™...number of particles detected in scan (2)
NYYI
V= Z(ParticleVolume)i ...sum of particle volumes (3)
i=1
vm
VF™ = V—fn .. volume fraction of particles (4)
t

A complimentary set of calculations can be derived from com-
putational simulation:

Vi ...total volume of material from which simulated
component is fabricated (5)

N¢...number of critical regions detected in simulation (6)

NC
v, = Z(RegionVolume),- ...sum of critical region volumes  (7)
i=1

VC

VF =P
Vi

volume fraction of critical regions (8)
Now, recognizing that the volume fraction of particles and crit-
ical regions are an expression of spatial probability for each, we can
calculate a volumetric hazard probability H, the intersection of the
volumetric probability of a particle with a critical region.

H = VF™ . VF°...volumetric hazard probability 9)

The volumetric hazard probability H incorporates information
about material purity, geometry, and loading conditions. It can
be expressed in terms of a percentage, or a parts-per-million
(PPM) hazard rate, as commonly used in reliability statistics. This
measure is therefore well suited to provide the analyst quantitative
prediction for the influence of material purity on component dura-
bility for a given loading condition.

Table 1 provides an example use case for this approach, using
fabricated but realistic data for a nitinol component made from
standard vs. high purity material. The material values (Egs. (1)
(4)) are estimated based on preliminary scans of standard purity
and high purity nitinol tubing, considering only inclusions having
a volume of 8 yum® or more. The component values (Egs. (5)(8))
are taken from a laser cut nitinol component pictured in Fig. 8. This
component is fabricated from a 60 mm length of 8.0 mm x 7.0 mm
tubing, expanded to 28 mm in diameter, and subjected to a dis-
placement controlled fatigue cycle imposing and releasing a 9%
diameter reduction. The total volume of material from which the
component is fabricated V;{ is the tubing cross section (??-
((82 — 7%)/4)mm? multiplied by the length of 60 mm. The number
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Fig. 6. Preliminary results of XCT micro-tomography of a sample of laser cut nitinol tubing, highlighting the volumetric distribution of voids and impurities. This scan was
provided by Carl Zeiss X-ray Microscopy, and was produced using a Versa 520 instrument with a voxel resolution of 0.64 um.
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Fig. 7. Single strut critical strain regions exceeding a strain amplitude threshold of 0.4% in a diamond surrogate strut, using a Python script to analyze the results of an Abaqus
computational simulation [23].

of critical regions N° and total volume of these regions V; is derived This approach does not eliminate all of the limitations of the
from computational simulation. For this example, Fig. 8 shows the ~ strain-limit diagram representation. Importantly, the analyst must
critical volume regions found by isolating elements exceeding a define criteria for identifying critical regions, and their associated

strain amplitude threshold of 0.4% during this fatigue cycle. volumes. Like as strain-limit diagram, these criteria may be defined
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Table 1
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Example calculation of volumetric hazard probability for standard purity and high purity materials.

Equation Value Unit Standard purity High purity
1 % um?® 25108 2.5-108
2 N™ - 640,000 2600
3 vy um? 2400 250
4 VF™ pm?/um? 2.56-1072 1.04-10°°
5 Ve mm?® 700
6 N¢ - 512
7 Ve mm? 122
8 VF* mm?/mm> 0.17
9 H PPM 435 2
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Fig. 8. Example component subjected to 9% cyclic diameter fatigue condition, highlighting a total of 512 critical strain regions exceeding a strain amplitude threshold of 0.4%.

by strain amplitude, mean strain, corresponding stresses, or some
combination thereof.

Finally, the simple volumetric hazard probability proposed here
ignores potentially valuable information that is readily available
from XCT and computational simulation. For example, both meth-
ods can measure and report size, shape, and orientation of each
identified particle or region, characteristics understood to influ-
ence fatigue high cycle fatigue durability for other materials [24].
Statistical methods can be used to calculate distributions of these
values, and computational approaches, such as Monte Carlo analy-
sis can be used to predict hazards on the basis of many thousands
of trial combinations of particle and critical region distributions
[25]. Such approaches are worthy of further investigation.

9. Conclusions

This paper has highlighted some of the challenges currently
faced by industry in predicting the fatigue durability of nitinol
components. The most fundamental among them, understanding
realistic biomechanical loads and boundary conditions, will likely
continue to challenge designers for some time, as every device, dis-
ease state, and patient is unique. As higher purity materials
become more widely utilized, and methods improve for character-
izing these materials, we can expect fatigue performance to
improve, and also expect designers to challenge improved durabil-
ity limits with ever smaller components. Finally, there is great
opportunity to improve our computational simulations, and to

apply statistical thinking to our interpretation of results, and
thereby improve our predictions and better assess risk of fracture.
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