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strain can increase, or at least have no negative impact, on the fatigue lifetime, in conflict
with reported behavior for the vast majority of other metallic materials. To investigate this
in further detail, cyclic fatigue tests in bending were carried out on electropolished med-
ical grade Nitinol at 37°C for lives of up to 400 million cycles of strain involving various

Ilf]%‘gglrds' levels of the mean strain. A constant life model was developed through statistical analy-
Superelastic sis of the fatigue data, with 90% reliability at a confidence level of 95% on the effective
Shape memory fatigue strain. Our results show that the constant life diagram, a plot of strain amplitude
High-cycle versus mean strain, is monotonic yet nonlinear for lives of 400 million cycles of fatigue
Fatigue loading. Specifically, we find that in contradiction to the aforementioned claim, the strain
Reliability amplitude limit at zero mean strain is 0.55% to achieve a 400 million cycle lifetime, at 90%
S;;gghﬂ n reliability with 95% confidence; however, to achieve the same lifetime, reliability and confi-
implant dence level in the presence of a 3% or more mean strain, the required strain amplitude limit

Cardiovascular is decreased by over a factor of three to 0.16%. Moreover, for mean strains from 3% to 7%,
the strain amplitude limit that allows a 400 million cycle lifetime, at 90% reliability with
95% confidence, is ~ 0.16%, and essentially independent of mean strain. We conclude that
the debatable claim that an increase in the applied mean strain can increase the fatigue
life of Nitinol components is not supported by the current data.
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Fig. 1. A typical true stress-true strain curve obtained at 37°C from a uniaxial tensile test of a superelastic Nitinol specimen with a transformation tem-
perature, Ay, of approximately 15°C. The test was performed following ASTM F2516 at a loading rate of 0.1 mm/s to 6% engineering strain for a specimen
of length 10 mm. The specimen was then unloaded to zero load and then reloaded to final failure. A group of 9 specimens was tested with the aver-
age of the stress from the 9 specimens at a given strain used to derive the elastic and superelastic constitutive parameters based on the Auricchio and
Taylor (1997) model.

1. Introduction

Nitinol (NiTi) is a shape memory alloy composed of nominally equiatomic proportions of nickel and titanium, with met-
allurgical characteristics and properties associated with an austenite-martensite phase transition from a cubic lattice to a
monoclinic one (Duerig et al., 1990; Otsuka and Ren, 2005). In addition to its thermomechanical behavior consistent with
its shape-memory characteristics, at selected temperatures Nitinol is superelastic (also termed pseudoelastic), enabling large
recoverable strains through combinations of the austenite-martensite phase transformation and twinning/detwinning of the
martensite. Such behavior is associated with stress-strain hysteresis loops (Pelton et al., 2000). In some technologies it
is the shape-memory properties that are exploited, with examples being aircraft fuel line couplings and actuator springs
(Robertson et al., 2012). In medical applications, conversely, it is predominantly the superelastic phenomena of Nitinol that
are utilized, as it enables transcatheter delivery followed by spontaneous expansion of the device into the patient’s anatomy
(Duerig et al., 1999; Stockel et al., 2004). Examples of such devices made from Nitinol are self-expanding arterial stents
(Pelton et al., 2008), self-expanding inferior vena cava filters (Grassi, 1991), and self-expanding heart valves (Lanz et al.,
2019).

A uniaxial tensile stress-strain curve for a superelastic (medical grade) Nitinol at 37 °C is shown in Fig. 1. The material is
thermomechanically treated so that its austenite finish temperature, Ay, is ~15°C, i.e., sufficiently below the body temperature
to ensure superelasticity under physiological service conditions. For medical implant applications, one carries out the test at
37°C to fully characterize the mechanical response of the material applicable to a long-term service environment inside the
human body.

Once Nitinol medical implants are delivered into the human body, almost all devices experience the cyclic imposition of
a wide range of deformations, caused by various sources such as the cardiac cycle (Milnor, 1982), respiration (Murphy et al.,
2008), Valsalva and similar maneuvers (Laborda et al., 2014) and the distortions of organs and vessels caused by activities
such as walking (Cheng et al., 2006). As in all metal alloys, this raises the possibility that failure will occur by fatigue
fracture (Robertson et al.,, 2012; Suresh, 1998). Such fractures have been identified in implanted arterial stents (Pelton et al.,
2008) and in implanted inferior vena cava filters (Hull and Robertson, 2009), both made of Nitinol. Reliable fatigue life
data for medical grade Nitinol are thus of paramount importance to enable safe design and reliable lifetime assessment of
medical implants made from this alloy. One of the contentious issues associated with the high-cycle fatigue of Nitinol is the
claim that increasing the applied mean strain can increase the life (Pelton et al., 2008). As this contradicts reported fatigue
behavior for virtually all other metallic materials, the aim of the current work is to critically examine the role of the mean
strain using a new test method to determine fatigue strain-life data, utilizing a novel bending specimen, with experimental
validation of the fatigue strain. The ultimate objective is to provide a reliable constant life diagram for Nitinol in terms of
strain amplitude versus mean strain. Furthermore, we note that most medical implants contain some local regions in the
design in which the Nitinol operates at a substantial R-ratio during strain cycling, where R is defined as the minimum strain
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divided by the maximum strain. Therefore, the constant life diagram that we seek encompasses mean strains consistent
with such substantial R-ratios.

We note that it is common to define the so-called fatigue endurance limit as the stress or strain amplitude at zero mean
stress or strain at which all specimens tested survive for at least 10 million cycles without fracture. However, we observe
that medical device applications usually demand a life of 10 years of survival without fracture. At 72 beats per minute, 10
years of the cardiac cycle is equivalent to just under 400 million cycles of loading of a prosthetic heart valve or of any other
device that is deformed cyclically by the heart. At 15 breaths per minute, 10 years of respiration is equivalent to just under
80 million cycles of deformation of an inferior vena cava filter, or of any other device that is loaded by the respiratory cycle.
This raises the question of whether an endurance limit for Nitinol calibrated to 10 million cycle fatigue data is an accurate
predictor of a safe fatigue life for 100 or 400 million cycles of deformation; this is an additional objective of the research
presented in this paper.

2. Nitinol fatigue life data

There are many data in the literature addressing the fatigue properties of Nitinol, as reviewed recently by
Robertson et al. (2012). As noted in that review, much of the early published data was affected by poor processing con-
trol in the production of the NiTi alloys involved. As noted by Robertson et al. (2012), modern Nitinol alloys used in medical
implants tend to receive extensive thermomechanical processing treatments, producing microstructures rather different from
those in materials generated in the past by full annealing or with long duration thermal treatments at high temperature.
Clearly, this situation limits the utility of some of the older data for the fatigue life of Nitinol alloys in the literature; as
such, we simply refer to Robertson et al. (2012) for a summary of the relevant information.

When we consider modern data for the fatigue life of medical grade Nitinol, we find very few that are amenable to sim-
ple interpretation. Furthermore, the situation is complicated by the characteristics of Nitinol’s stress-strain curve as shown
in Fig. 1. In particular, for the range of stresses in which the material is generally utilized, there is no unique state corre-
sponding to a given stress level. Only at stresses below and above the hysteresis loop (Fig. 1) can one identify unique states
of the material; at stress levels encompassing the hysteresis loop there are at least two states corresponding to each value
of stress, one at the left end of the hysteresis loop and the other at the right end. In fact, the situation is even more com-
plicated because the partial transformation of material from austenite to martensite and the corresponding partial reverse
transformation means that for any given stress level in Fig. 1, there are an infinity of states of the material corresponding
to all points at that stress level within the hysteresis loop. For this reason, there is a common perception that, for the pur-
pose of fatigue properties, it is better to characterize the state of the Nitinol in terms of strain. Therefore, fatigue data for
Nitinol, e.g. so called S-N (or Wohler) curves and Goodman-Haigh (or simply Goodman) diagrams, are usually given in terms
of strain amplitude and mean strain and not in the usual terms of stress amplitude and mean stress. For the present paper
we will follow this convention. However, we must point out that the situation is no better with regard to strain, as, within
the range of strain encompassing the hysteresis loop in Fig. 1, there are at least two states of the material for any given
strain level, one on the lower plateau of the loop and one on the upper plateau. Furthermore, partial transformation of the
material also leads to there being an infinity of states within the hysteresis loop for any given level of strain. The best that
can be said is that, due to the flatness of the upper and lower plateaus of the hysteresis loop, for any given level of strain
the extent of variation of the state of the material is likely to be less than for any given level of stress. For this reason, we
find the use of strain to characterize fatigue properties of Nitinol to be more satisfactory than the use of stress, e.g. in S-N
curves and Goodman diagrams.

The ideal situation would be one where the state of Nitinol is completely characterized by its history of stress and strain,
and where given data for its fatigue properties are considered to be only relevant to material that has experienced that
specific stress and strain history. The importance of this can be understood based on the realization that austenitic Nitinol
is essentially a different material from martensitic Nitinol, and thus these two phases of Nitinol can be expected to have
different fatigue properties, as pointed out by Robertson et al. (2012). Such a feature is observed in practice, where fatigue
data for Nitinol in the martensitic range is known to be rather different from those on the austenitic range (Robertson et al.,
2012). Thus, if we consider any given sample of Nitinol to be a mixture of austenite and martensite, with the mass fraction
of martensite varying from O to 1, the appropriate way to characterize the fatigue data of Nitinol would be to determine
them for a given mass ratio of martensite to austenite, and only consider a given set of fatigue data to be relevant for the
mass ratio for which it was determined. While this concept is attractive in principle, the difficulty is that strain cycling itself
can cause the mass ratio of austenite to martensite to go through cycles of variation, as will occur if the mean strain in the
fatigue process is above the value that initiates the austenite to martensite transformation and the strain amplitude is large
in magnitude. Superimposed on this phenomenon is the feature that the microstructure of the phase mixture of Nitinol is
dependant on the strain history, e.g., whether the transformation is driven by tension or compression. Thus, in many cases
of relevance to applications of Nitinol, it is impossible to hold the state of the material fixed during strain cycling.

With the above considerations in mind, we now briefly review available fatigue data for Nitinol, with a focus on medical
grade materials. Throughout this paper, we will follow the general convention for defining fatigue testing parameters, e.g. as
defined by Hertzberg (1996), using the terminology strain amplitude, ¢4, defined as:

ga:&“mﬂxzﬁ (1)
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where emax and e, are, respectively, the maximum and minimum strain experienced during strain cycling; in this paper,
both are taken to be axial strains parallel to the maximum tensile principal stress direction, as noted above. However, we
use the terminology alternating strain and strain amplitude interchangeably. Additionally, the mean strain is defined as:

_ €max + Emin

= 2
Em 3 (2)
The R-ratio is thus given by:
o .
R = Zmn 3
Emax 3

It should be noted that the above definitions for the strain amplitude and the mean strain are only strictly applicable
to proportional loading during cyclic fatigue. In an actual device with a complex geometry and combined (mixed-mode)
loading conditions, proportional loading rarely occurs. In such a situation, more elaborate analysis is needed to compute the
correct mean strain and strain amplitude. For multiaxial loading, non-proportional loading or situations involving residual
stress, a general procedure is described by Tripathy et al. (2019). In all cases, the values of ey, and emax are algebraic
minimum and maximum strain value defined on the local material coordinate projected along a particular direction that is
normal to a so-called critical plane for the most likely fatigue crack propagation. This convention overcomes the challenge
with a fixed global coordinate system in typical static finite element analysis.

We first, address the fatigue life of alloys processed by methods involving a long duration thermal treatment at high
temperature and then fatigue tested at a mean strain of zero (R = —1). As an example, we cite the results of Kim and Miyzaki
(1997) and Miyazaki et al. (1999) who carried out rotary bend tests at zero mean strain out to 108 cycles at temperatures
of 20°C, 50°C and 80°C on NigggTigg; wire that was 30% cold drawn and aged at 400°C for 1 h, resulting in an austenite
finish temperature, Ay, of 40°C. These authors concluded that lower test temperatures resulted in longer fatigue lives at
a given strain amplitude, although, in the long-life regime, there was a negligible difference among the results taken at
different temperatures at strain amplitudes less than 1%. These data show that long lives exceeding ~10* cycles are obtained
at the higher two test temperatures only when the strain amplitude is elastic, meaning that the alternating strain remains
below the martensite start strain, ¢y, at which transition from austenite to martensite commences. In the stress-strain curve
shown in Fig. 1, this is the strain at which the linear elastic response through the origin changes to the segment of the curve
that forms the upper plateau of the hysteresis loop. At strain amplitudes above ¢y, the fatigue life degrades to below 10%
cycles. However, it should be pointed out that the strain amplitude to give a life of 103 cycles is considerably greater than
1%, whereas in most other metal alloys a fatigue life of 103 cycles can generally be associated with an alternating strain
of 1%. Robertson et al. (2012) observe that many, if not all, Nitinol alloys exhibit a strain amplitude much greater than 1%
when associated with a fatigue life of 103 cycles.

Fatigue results for superelastic Nitinol wire produced by more modern practice, in which continuous thermomechanical
treatment is utilized leading to an austenite finish temperature, Ay, of 10°C, show rotary bend test results for NisggTisg at
zero mean strain in the long-life regime at 22°C (Reinoehl et al., 2000; Sheriff et al., 2004; Wick et al., 2004) similar to
those obtained by Kim and Miyazaki (1997) and Miyazaki et al. (1999). As in the latter data, the long-life regime involves
a purely elastic response, with the strain amplitude, ¢, less than the martensite start strain, eys. In this state, the fatigue
life increases rapidly as the strain amplitude is reduced; at a strain amplitude of ~0.6% the fatigue life is around 107 cycles,
whereas at a strain amplitude of ~0.65% the fatigue life has fallen to around 10° cycles. Interestingly, the data for these
continuously thermomechanically processed Nitinol alloys show that for 2% < g; < 4% there is a constant minimum life
of approximately 1800 cycles associated with strain amplitudes that are large enough to convert the material completely
from austenite to martensite and completely back again to austenite. The phenomenon of a constant minimum life in the
range 2% < g5 < 4% seems to be associated with the fact that the fatigue properties of pure martensite are superior to
those of both pure austenite and partial mixtures of austenite and martensite. Thus, once pure martensite is being formed
during strain cycling, the fatigue life in terms of number of cycles to failure rises rapidly towards that of thermal martensite
(Robertson et al., 2012). In the intermediate regime, with strain amplitudes ranging from approximately 0.65% to 2% and
lives ranging from 1800 cycles to approximately 10° cycles, where partial transformation from austenite to martensite is
occurring during strain cycling, the fatigue life rises as the strain amplitude is reduced. However, the slope of these data,
when the logarithm of the strain amplitude is plotted against the number of cycles to failure, is steeper than that prevailing
at longer lives in the purely elastic regime. As a result, in this regime at a strain amplitude of 2% the fatigue life is 1800
cycles, whereas when the strain amplitude is reduced to approximately 0.65% the fatigue life rises to around 10° cycles.

Wick et al. (2004) compared data from Reinoehl et al. (2000) and Sheriff et al. (2004) to study the effect of electropol-
ishing of the wires tested for their fatigue properties. They noted that electropolishing leads to a slight but statistically
significant increase in the fatigue life in the low-cycle regime (cycles to failure Ny < 10°), but no statistically significant
improvement in the high-cycle regime.

When the effect of a nonzero mean strain on fatigue life is considered, the situation becomes more complex. Data show
that strain-life curves have a fairly conventional appearance, with fatigue life increasing monotonically as the strain ampli-
tude is reduced at a given nonzero mean strain (Robertson et al., 2012). However, the form of constant life (Goodman-type)
diagrams, in which the strain amplitude is plotted versus mean strain for a constant life in terms of a given number of cycles,
N, is more complicated than that found to be the case with many structural alloys. Tabanli et al. (1999, 2001) performed fa-
tigue tests on tubular specimens of superelastic NisggTigg 4 Subjected to axial strain at various values of mean strain ranging
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from 0.25% to 9.3%, where the latter is well beyond the strain necessary to convert austenite entirely to martensite. Some
of the tests were carried out at a temperature of 22 °C for materials having Ay ranging from —6°C to —3°C. Longer fatigue
lives were found for tests at low mean strain, allowing them to cycle entirely within the austenite range, and for tests at
high mean strain, where the material cycled purely within the martensite range. At intermediate mean strains, where the
material was forced to transition between austenite to martensite and vice versa during strain cycling, the fatigue lives were
shorter. Broadly speaking, the data of Tabanli et al. (1999, 2001) are consistent with the concept that increases in the mean
strain decrease the fatigue life at a given strain amplitude, disrupted by the feature that the fatigue life of pure martensite
is superior to that of austenite or mixtures of austenite and martensite. An alternative viewpoint, expressed by Tabanli et al.
(1999, 2001), is that poor fatigue lives are associated with strain-driven phase transitions, whereas good fatigue lives arise
from strain cycling within a single-phase regime. However, their data were obtained at a temperature that is somewhat
higher compared to Ay than is often the case in the application of medical Nitinol alloys. In addition, it would appear that,
for tests in which phase transitions were induced, strain cycling was initiated on the upper plateau of the stress-strain
hysteresis loop, whereas medical applications tend to motivate strain cycling initiated on the lower plateau after prior over-
straining (Robertson et al., 2012; Duerig et al., 1999; Stockel et al., 2004; Pelton et al., 2008). Furthermore, the number of
cycles to failure in the tests of Tabanli et al. (1999, 2001) was quite low compared to the number of cycles medical Niti-
nol alloys are expected to survive in vivo; in other words, the strain amplitudes in their tests were excessive compared to
what is likely to be allowable in a Nitinol implant. These features mean that these data are not as applicable to practical
component situations as might otherwise be the case. However, as a consequence of their results, Tabanli et al. (1999, 2001)
concluded that conventional constant life diagrams of the Goodman or Soderberg type (Suresh, 1998; Mitchell, 1996) are not
usable for Nitinol due its lack of a monotonic decrease in strain amplitude versus mean strain at constant life. This point of
view has become widespread throughout the Nitinol fatigue community.

Tolomeo et al. (2000) observed contrasting behavior in a medical grade Nitinol having an austenite finish temperature,
Ay, of 28 °C where fatigue tests were carried out at 37°C. They constructed constant life plots for cycles to failure, Ny, equal
to 10%, and found that, for such a life, the strain amplitude at mean strains from 0.5% to 6% had to be much less than
the value obtained at Ny = 108 by Kim and Miyazaki (1997) at zero mean strain. However, Tolomeo et al. (2000) found
that the best performance was obtained at intermediate mean strains of ~3% whereas fatigue durability, other than for
zero mean strain, degraded for mean strains greater and less than 3%. Nevertheless, the constant life plot in the space of
strain amplitude versus mean strain was found to be non-monotonic, and thus would seem to confirm that Goodman or
Soderberg diagrams are not appropriate for Nitinol. It should be noted that the complexity of the stent unit cell used by
Tolomeo et al. (2000) for their tests required data analysis by finite element calculations based on a constitutive law for
superelastic behavior of Nitinol. However, the specimens, prior to fatigue testing, were stretched to induce strains of 6% and
then relaxed to the desired mean strain level to be imposed during the fatigue test; thus, the cycling that occurred in cases
other than for 6% mean strain commenced from the lower plateau of the superelastic stress-strain curve after overstraining,
or from its purely elastic segment if the mean strain upon strain cycling was low enough.

Morgan et al. (2003), using a Nitinol wire having Af of 12°C, conducted fatigue tests in Ringer’s solution at 38°C and
derived similar results to those of Tolomeo et al. (2000). Specifically, they found that the fatigue life increased with in-
creasing mean strain from 2% to 6% for strain amplitudes that ranged from 0.5% to 3%. In these tests there was no over-
straining before strain cycling, and thus, with regard to the mean strain level motivating the austenite/martensite trans-
formation, the strain cycling commenced from the upper plateau of the superelastic stress-strain curve without prior
overstraining.

Using a strategy similar to that of Tolomeo et al. (2000), Pelton et al. (2008) and Pelton et al. (2003) undertook fatigue
tests on laser-machined strut specimens having a diamond shape, a configuration similar to unit cells in stents. Their tests
were carried out to 107 cycles at 37°C on NisygTisg, having Af = 29°C, with an initial compression step to 5% bending
strain followed by extension to the targeted mean strain for the fatigue test. Thus, strain cycling commenced, after prior
overstraining, from the unloading, lower plateau of the hysteresis loop in the superelastic stress-strain curve, or from the
purely elastic line if the mean strain was low enough. As in the case of the results of Tolomeo et al. (2000), the data of
Pelton et al. (2003, 2008) were interpreted through use of finite element analysis utilizing a constitutive law for superelastic
Nitinol, with Pelton et al. (2008) providing some detail on how strain amplitudes and mean strains were calculated. We
note that the methods used in these calculations are suspect, and we will return to this point below. From their analysis,
Pelton et al. (2003, 2008) found that their constant life plot at Ny = 107 for strain amplitude versus mean strain was broadly
monotonic. For this life, their data showed a strain amplitude of 0.4% at zero mean strain, rising to a strain amplitude of
0.8% at a mean strain of 4%; however, it should be noted that there was a range of lower mean strain (0 to 1%) in which
the data were not monotonic, but the differences in strain amplitude in this segment were only 0.1%. Pelton (2011) later
augmented these data with results obtained from ‘dogbone’ specimens, laser-machined from thermomechanically processed
tube of the same Nitinol, and then axially pre-strained to 9% before relaxation to the target mean strain for the fatigue test
(Robertson et al., 2012). Taken by themselves, the data from the ‘dogbone’ specimens give a constant life diagram for strain
amplitude versus mean strain that is monotonic at a life of Ny = 107, but with the strain amplitude being constant at low
mean strain up to 3% and falling at high mean strain above 7%. When combined with the data from the diamond strut
specimens, the constant life diagram that arises for a life of N; = 107 has a rather complicated, non-monotonic construction
(Robertson et al., 2012; Pelton, 2011).



6 H. Cao, M.H. Wu and F. Zhou et al./Journal of the Mechanics and Physics of Solids 143 (2020) 104057

O

Y

! 29.557
21.457 10.457
0.400
v
+
R2.418 - 5 8277'132
3.162 : ¢

“—”* 5.336

Fig. 2. Flat pattern dimensions (in mm) of the Nitinol fatigue specimen in the as-cut configuration. The long dimension of the specimen is parallel to
the axis of the tube from which the specimen is cut, and the dimensions for the transverse directions are flat dimensions developed from the outer tube
surface onto a flat plane.

We note that in additional work, Pelton et al. (2008) analysed fatigue tests on stents and overlaid the data for Ny = 107
on the constant life plot obtained from their work with diamond strut specimens. They found broad consistency between
the two data sets and declared that the Goodman constructions (Pelton et al., 2003, 2008) traditionally used for a linear
elastic constant life diagrams are invalid for superelastic Nitinol and that mean strain had a beneficial impact on the fatigue
limit strain, except at extremely high mean strains exceeding 8%. They further attributed the improved fatigue resistance at
high mean strain to purported higher fatigue resistance of the martensite phase (Pelton et al., 2008; Pelton, 2011).

3. Materials and experimental methods

Fatigue test specimens were laser cut from Nitinol tube, with a 10 mm outside diameter and a 0.41 mm thickness, having
a composition Tisg7Nigg3 with an austenite start temperature (As) of —15°C, as measured from a fully annealed sample
using differential scanning calorimeter (Pyris-1, PerkinElmer, MA). To ensure good fatigue performance of the material, we
imposed more stringent requirements than those stated in ASTM Standard F2063' with regard to acceptance criteria for
ceramic inclusions. The dimensions for the as-cut shape sample were defined by the flat pattern, as is often the practice
in endovascular devices made from tubular raw material, and are shown in Fig. 2. The long dimension of the specimen
was parallel to the axis of the tube from which the specimen was cut, such that there was transverse curvature. After
laser cutting, the specimen was deburred, shape-set, micro-blasted and electropolished. Shape-setting was performed by
first inserting specimens in blanks in a plate, where the blanks had the shape defining the outer perimeter geometry of the
finished specimen. Shape-setting was then achieved by immersing the tool in a fluidized bath at a temperature of 510 °C for
10 min, and then quenching in water at room temperature, resulting in an austenite finish temperature, Ay, ranging from
15°C to 18°C. As a consequence of these procedures, each fatigue specimen was identical in shape with a uniform, curved
gauge section. Manual micro-blasting with fine ceramic particles was then carried out to remove any oxide layer and to
achieve uniform dimensions in the gauge section prior to electropolishing. The specimens were electropolished to achieve
final dimensions in the gauge section, as shown in Fig. 3.

The post-electropolishing dimensions of the fatigue specimens were measured using a Nikon system (Nikon NEXIV VMR-
3020). The specimen gauge width was measured at 10 evenly spaced locations and recorded for each specimen to ensure
uniformity. In addition, the specimen thickness in the gauge section was measured by a micrometre and recorded. Finally,
the gauge section of the specimens was inspected visually at 10X and 50X (Nikon Stereomicroscope SMZ800) for any surface
flaws or defects such as pits, divots, roughness, scratches, microcracks or sharp edges.

A Perkin-Elmer Pyris-1 differential scanning calorimeter (DSC) was used to verify that the austenite finish temperature,
Ay, for the fatigue specimens processed in multiple batches was within the range specified above. Uniaxial tensile tests were
performed on an Instron 3366 testing machine (Norwood, MA), equipped with an air-circulated environmental chamber, to

1 ASTM F2063-18, “Standard Specification for Wrought Nickel-Titanium Shape Memory Alloys for Medical Devices and Surgical Implants,” ASTM Interna-
tional, West Conshohocken PA (2018).
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Fig. 3. Shown in mm are the critical dimensions of the final fatigue specimen after shape-setting and electropolishing. Also shown is a typical specimen
in the final finished form demonstrating the uniform width and curvature at the center of the gauge section.

obtain the stress-strain curves at 37 °C for 9 ‘dogbone’ specimens laser-cut from the same tube material and having the same
thermal history as the fatigue specimens. Tests were performed according to the requirements defined in ASTM F2516.2

To simulate the overstrain imposed on a medical Nitinol in an implant that is delivered percutaneously, a transient pre-
straining step was carried out on each fatigue test specimen. This pre-strain was imposed by bending the specimen over
a pin-gauge of diameter 2.9 mm that was pushed into a slot in a Delrin block. The bending strain achieved relative to the
curved shape of the shape-set specimen was about 8.5%, and was imposed at the location where the bending strains are
greatest during fatigue testing, as described below. Bending strain is defined throughout this paper by its usual meaning,
namely the maximum principal strain at the outermost fibre of the gauge section during bending of the specimen, and is
always the strain component parallel to the axis of the specimen. Upon removal from the Delrin block, the Nitinol fatigue
test specimen returned to its shape-set configuration. As a result of such pre-straining, the outermost fibers of the fatigue
test specimen were taken through an entire cycle of the hysteresis loop that converts austenite completely to martensite
and then completely back to austenite. Some other fibers in the cross section near the outermost fibers also underwent
the complete hysteresis loop, whereas some fibers near the center of the cross section experienced no transformation and
deformed only elastically as austenite. Fibers in between the zone that deformed elastically and the region that experienced
complete transformation, from austenite to martensite and back to austenite, underwent partial transformation to martensite

2 ASTM F2516-18, “Standard Test Method for Tension Testing of Nickel-Titanium Superelastic Materials,” ASTM International, West Conshohocken PA
(2018).
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<)

Fig. 4. a) Two fatigue test specimens (metallic coloured curved strips) held securely at each end in rollers. b) Close-up of the rotary driven fatigue testing
machine showing the bracket for securing six of the units depicted in (a) and thus holding a total of twelve fatigue test specimens. The bracket has a sliding
mechanism that allows extension and shortening of the fatigue test specimens. c) One specimen held in a pair of clevises that are installed between the
load cell connecting rod and an arm of the multi-specimen star-shaped base plate on the TA Electroforce fatigue tester shown as shown in d).

followed by its reversal to austenite. Accordingly, all of the cross section was nominally returned to the austenite state upon
release of the test specimen from the Delrin block.

Two different test systems were employed in this program. The first series of tests, series-A, was performed on a bank of
custom-built rotary driven fatigue testing machines with a cam mechanism on the rotor to achieve the desired extensional
and shortening displacement of the specimens tested. The bracket and setup for this test is shown in Fig. 4a and b. It can
be seen that, for series-A, the specimens were tested in groups of 12, with all of them being subject to the same mean
strain and strain amplitude. Each group of 12 specimens so tested is identified below by a number with the prefix A. For
these series-A tests, the fatigue specimens were inserted and secured into rollers, as shown in Fig. 4a. Each roller was then
fixed on a single pin on an extending bracket which was attached securely to a testing machine via a stationary shaft and
the rotor having a cam that extends and shortens the specimens, as shown in Fig. 4b. During the tests, the rollers were
free to rotate around the pins upon which they sat, so that no torsional constraint was imposed on them. The mean strain
was achieved by choice of the distance between the centers of the rotor and the stationary shaft. The second series of tests,
series-B, was performed on a group of multi-specimen electromechanical test systems (ElectroForce 3300, TA, Eden Prairie
MN). In these tests, the specimens were held in a pair of clevises as shown in Fig. 4c. One clevis was attached to an arm
of the star-shaped base plate at the bottom of the testing machine and the other attached to a load cell above the star-
shaped plate, as shown in Fig. 4d. Each multi-specimen testing machine accommodated 6 specimens, so that series-B tests
were carried out in groups of 6 specimens all subjected to the same mean strain and strain amplitude. Each group of 6
specimens so tested is identified below by a number with the prefix B. The mean strain and strain amplitude were imposed
on the specimens by the oscillating vertical motion of the star-shaped base plate.

All fatigue tests were carried out with the specimens immersed in a 0.9% buffered saline solution with the temperature
held to within 2 °C of 37°C.

The bending strains imposed on the specimens were analysed by finite element computations using a superelastic con-
stitutive law for Nitinol; the specific computations are described below. With the aid of these computations, the mean
displacements and the alternating displacements were determined for each set of fatigue tests, targeting the mean strains
and strain amplitudes to be implemented in each fatigue test. The setup of the series-A tests was carried out with the
sliding bracket holding spare specimens that were not to be used in the campaign of fatigue tests but that were identical
to those specimens utilized for the fatigue tests. The testing machine was operated with the spare specimens while ad-
justments were made and checked with a travelling microscope. Dial settings for the test were then fixed and the spare



H. Cao, M.H. Wu and F. Zhou et al./Journal of the Mechanics and Physics of Solids 143 (2020) 104057 9

specimens then in the bracket replaced by specimens to be tested for their fatigue properties. The rotary fatigue machine
was operated at 3580 rpm, which is equivalent to approximately 60 Hz. Each set of test specimens was inspected optically
immediately at the start of each test to ensure that the correct mean strains and strain amplitudes were being imposed,
and this check was repeated periodically and the machine settings adjusted, if necessary, to maintain them. Setup of the
multi-specimen electromechanical testing machines used for the series-B tests was carried out using the standard procedure
specified in the instruction manual for these machines. The series-B tests were also carried out at approximately 60 Hz. The
actual specimen displacements were measured and monitored throughout the test duration. The measured values for the
displacements following each deformation path of test setup were used to compute the fatigue strains, i.e.,, the mean strain
and strain amplitudes for each test condition. It is therefore emphasized that the fatigue strain parameters computed for
each test condition and used in the analysis of the fatigue data were based on the measured testing system displacements,
and were not taken to be automatically equal to the initial target strain values that were computed to scope out choices of
testing parameters.

All tests were run at a specified combination of mean strain and strain amplitude until specimens broke or had survived
400 x 106 cycles of straining. During the periodic check, any fractured specimens were identified and recorded as an interval
fracture. All interval fractures were assigned a life equal to the greatest number of cycles for which the specimen was
observed to be intact. Those specimens that survived to 400 x 10% cycles of straining were designated runouts. Several
groups of test specimens that had all survived 400 x 108 cycles of straining without fracture were put back into the test
system and the tests extended to 600 x 106 cycles of straining.

The campaign of testing was carried out with a first series, series-A consisting of 216 specimens in 18 different com-
binations of mean strain and strain amplitude. This number of specimens by itself meets the sample size requirements of
ASTM Standard E739.% The range of mean strain was chosen to extend from zero to 8%. After the results for these specimens
were collected and assessed, additional specimens were prepared by the same processes as described above for the series-B
tests, with a strategy of producing additional data points to improve the constant life model that is the objective of the
research. Series-B involved 138 specimens tested in 23 combinations of mean strain and strain amplitude. The total number
of specimens finally tested was 354.

4. Results for stress-strain behavior of Nitinol

To establish the elastic and superelastic constitutive parameters for the Auricchio and Taylor (1997)/Auricchio et al. (1997)
constitutive model, as implemented in the Abaqus material library, a group of 9 tensile specimens was tested at 37°C
according to the requirements of ASTM Standard F2516.*

The characteristics of the stress-strain curves measured for the Nitinol at 37 °C are shown in Fig. 1 from a typical sam-
ple. Load-displacement data were converted to true stress-true strain curves by use of the standard definitions for true
stress and true strain, namely the load divided by current cross-sectional area and the logarithm of the ratio of the current
gauge length to original gauge length, respectively. However, an assumption of incompressibility was used in the process of
calculating the current cross-sectional area from the current gauge length, the original gauge length and the original cross-
sectional area. It can be inferred that the error in this procedure is of the order of current volume strain compared to unity.
Since the volume strain, including the change in volume from austenite to martensite, is less than approximately 5%, the
error in the true stress introduced by the incompressibility assumption is small. Slopes and intercepts on the resulting true
stress-true strain curves were identified to define characteristic constitutive parameters, which are listed in Table 1. The
elastic strain between the lower, unloading plateau of the stress-strain curve and the upper, loading plateau was approxi-
mately 0.35% for pure austenite at the left-hand end of the hysteresis loop, and approximately 0.95% for pure martensite at
the right-hand end.

5. Finite element analysis of cyclic straining of fatigue test specimens

Finite element analysis (FEA) models were generated for the fatigue test specimen, as shown in Fig. 5. The Nitinol supere-
lastic constitutive law of Auricchio and Taylor (1997) and Auricchio et al. (1997) was calibrated to the measured stress-strain
behavior at 37 °C of the fatigue test specimens described in the previous section and calculations carried out quasi-statically
using Abaqus-Standard (Simulia, Dassault Systémes). The computations first imposed the cycle of straining that the speci-
men experienced when taken through the pre-conditioning step. Thereafter, the analysis simulated the deformation that a
specimen would experience in the fatigue testing machine when held in the rollers and brackets depicted in Fig. 4b, and also
as experienced by the specimen when held in the clevises in the multi-specimen testing machine, as shown in Fig. 4d. The
configuration of the model, the overall mesh design and the mesh refinement are shown in Fig. 5. The boundary conditions
to achieve compression of the specimen were applied as displacements of the pins inserted in rigid rollers at the centre of
the hole in each end tab. The guiding rollers were free to rotate integral with the end tab without any constraining torque.

3 ASTM E739-10, “Standard Practice for Statistical Analysis of Linear or Linearized Stress-Life (S-N) or Strain-Life (¢-N) Fatigue Data,” ASTM International,
West Conshohocken PA (2015).

4 ASTM F2516-18, “Standard Test Method for Tension Testing of Nickel-Titanium Superelastic Materials,” ASTM International, West Conshohocken PA
(2018).
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Table 1

Average values for stress-strain constitutive parameters for the Nitinol samples.
Stress-strain parameter Mean value
Austenite Elastic Modulus, E4 [MPa] 71,300
Austenite Poisson’s Ratio, vy 03
Martensite Elastic Modulus, Ey [MPa] 26,500
Martensite Poisson’s Ratio, vy 0.3
Transformation Strain, e 0.046
Clausius-Clapeyron Constant during loading, (do/dT), [MPa/°C] 7.34
Stress at start of transformation during loading, o [MPa] 407
Stress at end of transformation during loading, of [MPa] 427
Reference Temperature, Ty [°C] 37
Clausius-Clapeyron Constant during unloading, (0o /0T)y [MPa/°C]  7.64
Stress at start of transformation during unloading, o [MPa] 180
Stress at end of transformation during unloading, of [MPa] 175
Stress at start of transformation during compression, UCSL [MPa] 540
Volumetric transformation strain, ¢ }, 0.046

Fig. 5. Finite element mesh of the fatigue test specimen showing the mesh refinement in the gauge section and the coarse mesh in the end tab region.
The element size in the gauge section across the depth, the direction in which the bending strain is linear with position, is 10 x«m, i.e., 32 elements to
capture the strain distribution due to bending. The other element dimensions were 13 xm along the transverse direction and 36 pm along the longitudinal
direction. Membrane elements, shown in red, are placed on the convex surface that is usually in tension during strain cycling. The membrane elements
are put there to provide an accurate evaluation of the surface strain. The membrane element has negligible stiffness and strength, and therefore does not
affect the mechanical behavior of the specimen. Displacement boundary conditions move the end tabs towards each other without applying any torque to
the end tabs, thereby causing bending deformation of the gauge section.

Motion of one end tab of the specimen towards and away from the other causes bending and unbending of the curved
gauge section, and thus generates positive principal strain, i.e., extension, on one side of the gauge section, and negative
principal strain, i.e., shortening, on the other. Continuum solid elements of type C3D8R were used.

Refinement of the finite element model in terms of element size was carried out in a study of mesh convergence, and
element sizes of ~10 um within the gauge section were utilized for the definitive results for all subsequent fatigue specimen
computations. Such an element dimension was found to be adequate in the gauge section as further reduction of size
produced only small changes in the calculated strains and stresses. The final mesh used non-equiaxed element dimensions,
at 10 um along the bending depth direction, 13 um along the transverse direction and 36 wm along the longitudinal
direction. As the end tab section of the specimen experienced little strain, it was assigned considerably larger elements
to facilitate efficient computation. Additionally, membrane elements of type M3D4R, with a thickness of one nanometre,
were applied on the tensile surface of the gauge section to achieve maximum accuracy in the computation of bending
strains at the specimen surface. These elements are shown in red in Fig. 5. These membrane elements played no role in
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Table 2
End tab relative displacement, u,;,, at minimum strain, end tab relative displacement, tmax, at maximum strain, mean
strain, &m, and strain amplitude, &4, for the 41 groups of specimens tested, given by group number.

Group* Uiy [mm]  Umax [mm]  ep € Group Uy [mm]  Umax [Mm]  en €
AO03 1.230 4,000 2.88% 1.19%  BO1 9.980 12.000 7.36%  0.33%
A04 —0.150 1.480 0.42%  0.59%  B02 10.640 12.000 7.47%  0.22%
A05 1.560 2.830 2.19% 0.29%  BO3 8.500 10.500 7.18%  0.35%
A06 0.590 2.110 1.07% 051% B04 2.520 3.940 3.85%  0.31%
A07 0.050 2.850 122% 1.19% BO6 2.133 4.067 3.90%  0.49%
AO8 2.170 5.220 5.12% 1.07% BO8 3.405 4.805 5.24%  0.32%
A09 0.860 3.850 235%  1.42%  B09 3.018 4.894 532%  0.44%
A10 —0.360 1.880 039% 0.96% B10 4.100 5.700 6.29%  0.38%
All 0.330 1.810 0.78% 0.51% B12 4.580 5.670 6.41%  0.25%
A12 1.690 3.680 3.21% 0.56% B13 2.850 3.800 3.74%  0.20%
A13 0.630 2.320 1.21% 0.60% Bl4 1.473 3.223 2.56%  0.47%
Al4 2.880 4.550 478% 037% B15 5.094 6.703 6.64%  0.35%
A15 0.110 2.770 1.20% 1.12% B16 0.135 1.819 0.71%  0.59%
A16 3.910 4.700 522% 0.17% B17 0.069 1.605 0.58%  0.53%
A17 5.710 6.840 6.78%  0.24% B18 0.745 2.118 1.20%  0.41%
A18 4.540 5.450 6.28% 0.21% B19 1.630 3.140 2.56%  0.36%
A19 4.060 5.900 6.34%  0.44%  B20 0.069 1.475 0.53%  0.47%
A20 5.080 7.110 6.63% 0.44%  B21 3.000 3.800 3.77%  0.17%
B22 10.420 11.040 7.49%  0.10%
B23 8.505 9.205 7.25%  0.13%
B24 2.750 3.900 3.84%  0.24%
B25 3.660 4.760 5.24%  0.24%
B26 5.680 6.490 6.77%  0.18%

* See text for an explanation of the meaning of the group numbers.

the mechanical behavior of the specimen as their extremely small thickness ensured that they lack meaningful stiffness and
strength.

As anticipated, when the end tabs were moved towards each other, the maximum principal strain was found to occur
at the mid-point of the gauge section on the convex surface of the specimen Fig. 6a). Similarly, the minimum principal
strain occurred at the mid-point of the gauge section on the concave surface. As noted above, these principal strains are the
components of strain parallel to the axis of the specimen and are bending strains at the surface of the specimen (Fig. 6b).
Comparison of Fig. 6b with Fig. 6a confirms this point. The computational simulation was taken through as many as five
fatigue strain cycles for each combination of mean strain and strain amplitude. The strain results in terms of mean strain and
strain amplitude for each full loading-unloading reversal cycle stabilize quickly after the first full cycle. For consistency, the
mean strain and strain amplitude from the third cycle were used to calculate the mean strain, 5, and the strain amplitude,
gq, computed according to Eqs. (1) and ((2). An example of the results for the strain amplitude is shown in Fig. 6¢. It should
be noted that a complete finite element analysis, including the preconditioning cycle and at least three fatigue strain cycles,
was carried out for each combination of mean strain and strain amplitude. The results of the computations in terms of end
tab displacements and mean strain and strain amplitude are summarized in Table 2.

6. Validation of the finite element analysis

Validation of the finite element results was carried out by comparing the computational results with experimental mea-
surements of the load-displacement behavior of the fatigue test specimen. For this purpose, 10 fatigue specimens were
tested in compression using a Model 3366 Instron testing machine (Norwood, MA). During the test, each specimen was
compressed by 10 mm by moving one end tab towards the other; thereafter, the relative end displacement was reduced
to zero and the specimen allowed to re-extend. Results from this test are shown in Fig. 7a for all 10 specimens. In these
plots, the load applied to the specimen was normalized by EI/L?, where E is Young’s modulus of the austenite phase as given
in Table 1, L =21.03 mm is the undeformed distance between the pins holding the specimen, I is the second moment of
area of the specimen cross-section in the gauge length and is related to the cross-section width w, and thickness T, through
I = Tw3/12. The displacement, u, of one end tab towards the other is normalized by L. Fig. 7b shows the outcome of a finite
element computation of the test, with the mean value of the experimental test results also plotted in that figure. At any
given end displacement in Fig. 7b, the applied load representing the experimental data is the mean applied load from the
10 experimental results in Fig. 7a. In Fig. 7b, it can be seen that good agreement was achieved between the experimental
and finite element results in terms of the force-displacement response.

Validation was also conducted of the local response of the specimen in its gauge length under monotonic loading and
unloading. The magnitude of the bending strain in the gauge length is controlled by its curvature. Therefore, we chose to
compare finite element results for the maximum gauge length curvature in the fatigue test specimen (Fig. 8a) with a mea-
surement of the curvature obtained from a micrograph of a physically deformed specimen (Fig. 8b). In the experimental test,
the specimen was compressed in a testing machine by moving one end tab towards the other by a maximum displacement
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Fig. 6. (a) A colour contour plot of the maximum absolute principal logarithmic strain at the mid-point of the gauge section where the largest strain
magnitude is located, with red indicating a positive principal strain and blue a negative one. (b) A colour contour plot of the bending strain component
e of logarithmic strain at the mid-point of the gauge section, where the x;-axis is parallel to the longitudinal axis of the specimen gauge section. (c) A
colour contour plot of the strain amplitude computed from the third cycle of straining. The maximum strain amplitude is at the mid-point of the gauge
section at the convex surface.



H. Cao, M.H. Wu and F. Zhou et al./Journal of the Mechanics and Physics of Solids 143 (2020) 104057 13

Experimental (Mean)

5 T T A1 11 FEA Simulation

]

———
PN | [ ] | [T

Normalized Load, PL2/EI
w
Normalized Load, PLZ/EI
w

/
/
|
!
'.
|
J
| ! !
I / S - .
{
|
|
(-
T

0 01 02 03 04 05 06 0 0.1 02 03 04 05 06
Normalized Displacement, u/L Normalized Displacement, u/L
(@) (b)

Fig. 7. (a) Load-deflection curves for compression of 10 Nitinol fatigue test specimens tested individually in an Instron testing machine. The applied load is
normalized by EI/L?, where E is the elastic modulus of austenite, I is the second moment of area of the gauge length cross-section and L is the undeformed
distance between the centers of the holes in the end tabs. The displacement, u, of one end tab toward the other is normalized by L. (b) Comparison of the
finite element (FEA) simulation at a given displacement with the mean of the load results shown in (a).

of 10 mm. During this process, 10 micrographs were obtained of the curved specimen at progressively increased levels of
specimen compression. The specimen was then unloaded, allowing it to re-extend and become less bent. During this pro-
cess 10 micrographs were obtained at progressively diminished levels of specimen compression. The maximum curvature in
the gauge length was then measured from each set of micrographs by fitting a fifth-order polynomial to the shape of its
convex surface and obtaining the rate at which the tangent angle changed along the length of the gauge section. The results
for maximum curvature in the gauge length are plotted in Fig. 8c as curvature versus displacement, i.e., the motion of one
end tab towards the other. Smooth plots were fitted to the data points of curvature versus displacement and it is these
smooth plots that are shown in Fig. 8c for both loading (i.e., specimen compression shown as a solid line) and unloading
(i.e., specimen re-extension shown as a dashed line). The relevant plots in Fig. 8c are those marked Expt (i.e., experimental).
A finite element simulation of the experiment was carried out and results for maximum curvature in the gauge length were
obtained and treated in the same way as the experimental data. The results from the finite element simulation are also
plotted in Fig. 8c for loading (full line) and unloading (dashed line) and marked FEA.

It can be seen in Fig. 8c that the finite element predictions of the maximum curvature in the gauge length agree
well with the physically measured curvatures at both low and high curvatures; however, the discrepancy in the inter-
mediate range of curvature is appreciable, suggesting that the strain analysis is more reliable in both the low and high
strain range, and less reliable in the intermediate strain range. Note that the curvature predicted by finite element analysis
is less than the experimental curvature in this intermediate range, suggesting that the finite element analysis underesti-
mates some measures of strain in this intermediate range. This point will be further explored below in the Discussion

section.
7. Results of the fatigue tests

Fatigue life data from the initial campaign of tests, series-A, are presented in Fig. 9a in the form of a Goodman diagram,
where results for all 216 specimens are shown in terms of strain amplitude versus mean strain with a symbol indicating
their fracture status. Specimens fractured before reaching 400 x 10% cycles are represented by a cross; specimens reaching
400 x 105 cycles without fracture are referred to as runouts and represented by open circle symbols. If there is only an
open circle, all 12 specimens in the group tested at the relevant mean strain and strain amplitude were runouts. If there
is only a cross, all 12 specimens in the group tested at the relevant mean strain and strain amplitude fractured before
400 x 106 cycles. If there is a cross and a circle some of the 12 specimens tested at the relevant mean strain and strain
amplitude were runouts and some fractured before 400 x 10 cycles. Some specimens fractured prior to 10 x 10 cycles.
Combinations of strain amplitude and mean strain for which this happened are marked by a diamond symbol in addition to
a cross, indicating that some or all of the specimens tested fractured prior to 10 x 108 cycles.

Similarly, fatigue life data from the second campaign of tests, Series-B, are presented in Fig. 9b with the same symbolism
as used for Fig. 9a. However, Series-B was carried out in groups of 6 specimens tested at the same mean strain and strain
amplitude. Thus, a cross alone means that all 6 specimens in the group fractured before 400 x 106 cycles, an open circle
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Fig. 8. (a) An example of a finite element model in the deformed configuration used to compute the maximum curvature in the gauge section. (b) An
example of a micrograph of a bent fatigue test specimen used for measurement of the maximum curvature in the gauge length. (c) Plot of the maximum
curvature in the gauge length versus displacement of one end tab towards the other, for both loading and unloading. Results are shown for both experi-

mental measurements (Expt) from micrographs such as that shown in (b) and finite element computations (FEA) obtained from model results such as that
shown in (a).



H. Cao, M.H. Wu and F. Zhou et al./Journal of the Mechanics and Physics of Solids 143 (2020) 104057 15

2.0
Series A O Survival > 400x10°
X Fracture 10-400x106
6
15 ¢ Fracture < 10x10
*
ES *
3 2 X
2 1.0 -
£
£
<
£ &
(1]
% 054 0O & .
o &
o) o ©
0.0 1] L} 1 1 1 L) T
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 80"
Mean Strain, %
(a)
2.0
Series B O Survival > 400x10°
X Fracture 10-400x106
15 - ¢ Fracture < 10x108
N
o
©
2 10 A
Q.
£
<
=
[0
5 @
“ o054 @ ) @
g X @, X
Co
0.0 T L) Ll T L] 1 L]
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

Mean Strain, %

(b)

Fig. 9. Goodman-Haigh diagrams of the strain amplitude versus the mean strain for the campaigns of fatigue tests showing the status of specimens after
400 x 10 cycles of straining for (a) the Series-A campaign; and (b) the Series-B campaign. In (a) & (b) the crosses represent specimens that fractured after
10 x 106 cycles of straining but before 400 x 10° cycles. The open circles represent runout specimens that survived without fracture at 400 x 10° cycles.
The solid diamonds represent specimens that fractured before 10 x 10° cycles. Collocated symbols indicate that the group contained some specimens that

experienced the indicated outcomes.
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Fig. 10. Goodman-Haigh diagram of the strain amplitude versus mean strain for the entire campaign of fatigue tests showing the fracture status of test
specimens after 400 x 106 cycles of straining. The crosses represent specimens that fractured after 10 x 10° cycles of straining but before 400 x 10°
cycles. The open circles represent runout specimens that survived without fracture at 400 x 10° cycles. The solid diamonds represent specimens that
fractured before 10 x 10° cycles. Multiple symbols plotted together indicate that the relevant group contained some specimens that experienced the
indicated outcomes.

alone indicates that all 6 specimens were runouts, and a cross and an open circle together indicates a mixture of fractures
and runouts within the 6 specimens involved.” A diamond and a cross together indicate that the group of 6 had some
specimens that fractured prior to 10 x 10° cycles. In Fig. 9b it can be seen that there are 2 groups of specimens in which
1 or more specimens fractured prior to 10 x 106 cycles with the balance of the group being runouts. In addition, there is
1 group that had some specimens fracture prior to 10 x 108 cycles, some that fractured between 10 x 10% and 400 x 10°
cycles and some that were runouts.

The results of both campaigns, from Fig. 9, are combined and plotted in Fig. 10 again in the form of a Goodman diagram,
with the same symbolism used as in Fig. 9. Careful examination of Fig. 10 to estimate where a dividing line can be drawn
between fracture at 400 x 108 cycles and survival at 400 x 108 cycles, based mainly on the location of the crosses and the
circles, suggests that higher mean strains require smaller strain amplitudes to prevent fracture prior to 400 x 106 cycles
of bending, but with a break in the slope of the dividing line at around 3% mean strain. Thus, a preliminary assessment
of these results indicates that the constant life model for the data at 400 x 108 cycles is monotonic, but also that it does not
conform to the common straight-line Goodman diagram of strain amplitude versus mean strain that usually prevails for metals
with elastic-plastic constitutive behavior.

However, a more thorough investigation of this question using statistical analysis is described below; this analysis is
based on the data that determine how many cycles a given specimen survived, not just on whether it did, or did not,
survive to 400 x 106 loading cycles.

8. Statistical analysis of constant life model

Given the data in Fig. 10, we assume that the constant life model at 400 x 106 cycles can be represented by two linear
segments with the dividing line around 3% mean strain. We do not prejudge the location of these two straight lines, but
determine them according to a maximum likelihood procedure coupled to estimates of confidence intervals that give one-
way conservative limits on the effective fatigue strain amplitudes that are then used as the final model. In addition, we
make assumptions regarding the statistical distribution of the fatigue life, N (i.e., number of strain cycles at failure), for the
Nitinol, based on considerations that are known to be satisfactory for most metals (Harlow et al., 2016; Schmidt et al., 2019);
indeed, there is evidence that these assumptions are also suitable for the Nitinol under consideration (Robertson et al.,
2012). Specifically, we assume that the fatigue life distribution for a sufficiently large sample under identical fatigue strain
conditions can be described by a two-parameter Weibull (1961) distribution. Furthermore, the Weibull distribution shape
parameter, B (see Appendix A), is assumed to remain constant for varying strain amplitude conditions for each mean strain

5 It should be noted that 5 groups of Series-B specimens were re-tested after having survived 400 x 10° cycles without fracture and were continued to
600 x 10° cycles. A majority of these re-tested specimens also survived without fracture to 600 x 10° cycles. One third of these specimens had fractures
between 400 x 10° and 600 x 106 cycles.
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Fig. 11. Fracture diagram and constant life model for a life of 400 x 10° cycles of straining. The crosses represent specimens that fractured after 10 x 106
cycles of straining but before 400 x 106 cycles. The open circles represent runout specimens that survived without fracture at 400 x 108 cycles. The solid
diamonds represent specimens that fractured before 10 x 10° cycles. Multiple symbols plotted together indicate that the relevant group contained some
specimens that experienced the indicated outcomes. The dashed lines are the constant life model deduced statistically at 400 x 10° cycles of straining
with 50% reliability and 95% confidence from a preliminary analysis. The solid lines are the constant life model deduced statistically at 400 x 106 cycles
of straining with 90% reliability and 95% confidence based on the final analysis but excluding data that lies above the 50% reliability constant life diagram.

regime, but the scale parameter is assumed to obey an inverse power-law relation as a function of the effective fatigue
strain amplitude (Harlow et al., 2016; Schmidt et al., 2019). For this purpose, we introduce a parameter K that is related
to the scale parameter in the inverse-power law relationship for fatigue life under a given combination of mean strain and
strain amplitude. These assumptions are summarized and illustrated in Appendix A, which describes the development of the
statistical constant life model.

Since we assume that the constant life model consists of straight lines, we proceed with an effective fatigue strain am-
plitude, e, that is a combination of the strain amplitude and the mean strain, as follows:

Ee=6q+&em (4)

where & is a parameter governing the impact of mean strain on fatigue life. For the model at mean strains higher than 3% we
set £ = 0. We note that the effective fatigue strain amplitude defined in Eq. (4) is the equivalent of the Stulen (1965) effective
stress model recommended for fatigue in the military design handbook,® and found to apply to common alloys. As noted
above, we also invoke the Basquin (1910) or Coffin-Manson (Coffin, 1954) inverse-power-law life model for stress-life plots
in fatigue, but converted to a strain-life model, such that, at any given percentage of survival, the fatigue life would be
inversely proportional to the effective fatigue strain amplitude raised to a power n. The resulting form of the 2-parameter
Weibull (1961) distribution that we utilize is given in Eq. (A1) in Appendix A.

As described in Appendix A, the values of the parameters K, &, n and g for the model at mean strains less than 3% are
obtained by the maximum likelihood method (Meyer, 1965; Nelson, 1990; Meeker and Escobar, 1998) for N strain cycles at
failure at a specified reliability p, where p is the fraction of samples surviving to N cycles. The values of the parameters
K, n and B at mean strains higher than 3% are obtained by an identical procedure. To obtain a fatigue reliability model at
a specified confidence level on the effective fatigue strain amplitude, the likelihood ratio interval method (Nelson, 1990;
Meeker and Escobar, 1998) is used. The computations were performed with use of Mathcad (Version 15). Accordingly, we
obtained the results for a life of 400 x 10 cycles of straining, and designate the resulting value of £ to be £&* (with £* =0
at mean strains higher than 3%). We then compute the value of the effective fatigue strain amplitude, &., associated with
90% reliability at 95% confidence for 400 x 10° cycles to failure, with one value for mean strains below 3% and a different
one for mean strains above 3%.

The results from Eq. (4) with £ = &* and ¢, = €. are then plotted in Fig. 11 as dark black lines representing the constant
life model for the fatigue of Nitinol at 400 x 10° cycles of straining with 90% reliability at 95% confidence on the effective
fatigue strain amplitude. The intercept of this line at zero mean strain is at a strain amplitude of &, = €. = 0.55%, thus
giving the strain amplitude lower bound for a life of 400 x 10% cycles at an R-ratio of —1. The value of & = £* is 0.13 for
mean strains less than or equal to 3%, so that the strain amplitude lower bound is 0.16% for a 400 x 10°% cycle life at a

6 Metallic Materials and Elements for Aerospace Vehicle Structures, MIL-HDBK-5E, Vol. 1 (1987).
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mean strain of 3%. Above a mean strain of 3%, the strain amplitude lower bound is &, = & = 0.16% for a life of 400 x 106
cycles, independent of mean strain.

In Fig. 11, the dashed lines represent the 50% reliability boundary obtained in a preliminary analysis. For easy reference,
the fracture status of all tested specimens is superimposed on the constant life diagram (Fig. 11) using the same symbolism
as utilized for Figs. 9 and 10; i.e., solid diamonds represent specimens that fractured at, or before, 10 x 10% cycles, crosses
represent fractures between 10 x 108 and 400 x 10% cycles, and circles represent runouts beyond 400 x 108 cycles, in-
cluding some groups that survived beyond 600 x 106 cycles of straining. As above, collocated overlapping symbols indicate
that there were some specimens at the relevant mean strain and strain amplitude in each of the categories represented.

9. Discussion

We observe that our constant life model at 400 x 108 strain cycles for medical grade Nitinol alloy, shown in Fig. 11,
is monotonic, in contrast to other results reported in the literature by Robertson et al. (2012). Our model does have an
unusual feature for a metal that it consists of two segments: one, for 0 < e, < 3%, where the strain amplitude, to keep
the life constant at 400 x 106 cycles, has to fall as the mean strain is increased, and the other, for 3% < e < 8%, where
the required strain amplitude for constant life is independent of the mean strain. Furthermore, we offer no insights on the
features of the constant life diagram at mean strains above 8% as we did not test for such conditions.

Of significance is that there are important consequences given the shape of the constant life diagram. One is that, for a
life of 400 x 106 cycles, the allowable strain amplitude at a mean strain above 3% is significantly less than the allowable
strain amplitude at zero mean strain. Our results in Fig. 11 indicate that at zero mean strain a strain amplitude of 0.55%
is consistent with 400 x 108 cycles of strain, at 90% reliability with 95% confidence, whereas at mean strains above 3%
the allowable strain amplitude for the same life is 0.16%. This is of considerable significance as medical implants made of
Nitinol are often operated at nonzero mean bending strains, with the implication that the safe allowable strain amplitude
for a life of 400 x 108 cycles of straining may be as low as 0.16%. Since the inverse-power-law for the strain-life behavior, at
long lives such as 400 x 10% cycles, is quite insensitive to the number of cycles to failure, the inference for lives somewhat
shorter than 400 x 10% cycles of straining is similar. Thus, for lives as low as 100 x 106 cycles, the allowables, in terms of
strain amplitudes at a given mean strain, will be quite similar to those depicted by our constant life model for 400 x 106
cycles of straining. We note, however, that the results in Fig. 11 that identify fractures at 10 x 108 cycles or less suggest that
fatigue life data obtained for Nitinol using protocols that define a runout to occur at 10 x 106 cycles will be a poor predictor
of fatigue lives that demand 100 x 10% cycles or 400 x 10% cycles. The reason is the significant number of specimens in
the data set displayed in Fig. 11 that survive 10 x 10 cycles but fail before 400 x 106 cycles. Those cases of most concern
are those that exhibit this behavior at relatively low strain amplitudes.

A corollary of one of our conclusions is that one cannot rely on strain-life data obtained at zero mean strain to deduce
the fatigue life for Nitinol at nonzero mean strains. Based on the constant life models often identified in the literature
(Robertson et al., 2012), it is usually assumed that the fatigue life of Nitinol is insensitive to the mean strain, or even that
the fatigue life improves as the mean strain is increased. Our data shown in Fig. 11, and the associated constant life model
that we have inferred from them, contradict these notions and calls into question the validity of such a claim.

That our constant life model for Nitinol at 400 x 106 strain cycles is very different from many already in the literature
for cycles to failure approaching 10 x 108 cycles requires some consideration. There are several reasons why the results
of others may be different from ours. One is that 10 x 10° cycles of straining is an inadequate test for Nitinol that must
survive as a medical implant for 400 x 10% heart beats in 10 years in the cardiovascular system, or for 100 x 10° cycles of
breathing in 10 years, as is the case with inferior vena cava filters. As noted above, it is clear from our results that Nitinol
fatigue data obtained for 10 x 108 cycles of straining cannot be used to extrapolate to lives of 400 x 10% cycles or even to
100 x 10% cycles. Thus, an important conclusion is that, simply put, previous fatigue tests of medical implant grade Nitinol
were too short in regard to the number of cycles of straining that were undertaken.

Another reason for the differences between previously published fatigue data for medical implant grade Nitinol and our
results in the current paper is that in several cases of data published by others there was no pre-straining to an overstrain
prior to implementation of the fatigue tests (Tabanli et al., 1999, 2001; Morgan et al., 2003). As the effect of such over-
straining is to convert the most highly strained regions of the material in the specimen fully to martensite and then, upon
relaxation of the overstrain, to allow the martensite to convert back to austenite, overstraining effectively produces a mate-
rial that is different from that which prevails prior to overstraining. The reason for this is that the microstructure and the
texture of the material, even after it returns to austenite, is usually modified in the process of overstraining and relaxation
(Robertson et al., 2012). Thus, prior overstraining of Nitinol before fatigue cycling is of great significance as it determines
the material for which fatigue data are collected, and fatigue data from tests without prior overstraining cannot be used to
gauge the potential fatigue life of a Nitinol that is subjected to overstraining. As medical implants made from Nitinol are
almost all overstrained during percutaneous implantation (Duerig et al., 1999; Stockel et al., 2004; Grassi, 1991; Lanz et al.,
2019), it is of critical importance that in vitro fatigue data for them be obtained on specimens that have been subjected,
as ours were, to the appropriate degree of prior overstraining. Thus, we conclude that an explanation for some of the dif-
ferences between our fatigue data in the current paper and some of the data in previously published papers is the lack of
prior overstraining in the previous work by Tabanli et al. (1999, 2001) and Morgan et al. (2003), and perhaps of others.



H. Cao, M.H. Wu and F. Zhou et al./Journal of the Mechanics and Physics of Solids 143 (2020) 104057 19

Another reason why the results of others may differ from our own is that much of the data in the literature is interpreted
through finite element analysis of deformations of complex-shaped specimens, with a constitutive model for Nitinol that is
fitted to its stress-strain curve. This leaves open the possibility that errors arise in the computations of the strains that are
present in the critical regions of the specimens, whether through incomplete aspects of the constitutive law, or through
inadequate accuracy in the finite element results. Our experience with medical implants, such as prosthetic heart valves
and stents that have features in them very similar to those in the diamond strut specimens often used in fatigue testing
of medical implant grade Nitinol (Robertson et al., 2012), suggests that the strains in critical locations are very sensitive
to device geometry, so that, as pointed out by Tripathy et al. (2019), peak strains can vary considerably from specimen to
specimen even when within dimensional tolerance. Thus, a finite element analysis may be quite misleading as to the strains
that are actually occurring in a tested specimen. Consequently, the interpretation of fatigue data from specimens with a
complex shape, such as the diamond strut specimen used by Tolomeo et al. (2000) and Pelton et al. (2003), is likely to be
quite inaccurate. We believe that this source of error is a contributor to some of the differences between some fatigue data
previously published for medical implant grade Nitinol and our data in the current paper.

Another point is that even if the finite element results are accurate, the question arises of how to convert them to
fatigue strain magnitudes in the critical areas of the specimens. If the mean strain and strain amplitude in the studies of
others were not analysed properly, errors in the magnitudes of the relevant strains could have been made when the fatigue
specimen was calibrated. For example, if the strain cycling associated with each loading and unloading of the specimen
is omitted from the computation, and finite element analysis carried out only for monotonically increasing deformation of
the specimen, then the strain amplitude and the mean strain in the critical region of the specimen will be erroneously
recorded. A detailed discussion on the proper computation of the strain amplitude and mean strain for Nitinol fatigue has
been provided in a previous study by Tripathy et al. (2019). For example, it is of critical importance that if numerical results
are to be used to calibrate the cyclic and mean strains occurring in a fatigue test of a specimen, they should be obtained
in the following manner. First, a cycle of overstraining should be simulated to pre-condition the finite element model and
its constitutive law so that subsequent numerical results are obtained with the finite element model and the constitutive
law in the correct condition for predicting the behavior of the fatigue specimen when it undergoes the fatigue straining.
Then, to obtain the correct strain amplitude and mean strain that the material experiences at each location within the
specimen, the finite element model must be taken to the appropriate level of deformation of the specimen and then put
through enough cycles of deformation for a steady-state response to be achieved so that an accurate strain amplitude and
an accurate mean strain can be computed for the critical region of the specimen. There is no shortcut to this procedure and
approaches that do not carry out the full simulation will give inaccurate predictions of the strain amplitude and mean strain
in the critical region of the specimen. We are convinced that errors will be introduced by failure to follow the full procedure
which we have just described, and that such errors in previous work may have contributed to some of the differences that
we see between the fatigue data for medical implant grade Nitinol in that previous work and our data in the current paper.
To illustrate this point, in Appendix B we have computed and plotted our data using an erroneous approach for utilizing
finite element analyses of our fatigue test specimens; as an outcome of that erroneous approach we obtain a diagram of
strain amplitude versus mean strain that would support a non-monotonic model for constant life at both 10 x 10°% cycles
to failure and at 400 x 106 cycles to failure (see Fig. B2). In the light of Fig. 11, such a non-monotonic constant life model
is clearly wrong. As well as describing the erroneous methodology for calibrating a fatigue test specimen, Appendix B also
gives further details of how the correct approach is carried out.

We are aware that our results for strain have been obtained through a process in which finite element results have been
carried out based on a Nitinol constitutive law that was calibrated to measured stress-strain curves. However, we make two
comments here. The first is that our specimen, as depicted in Fig. 3, is of a relatively simple shape and, compared to the
more complex ones often used for data in the literature (see Robertson et al., 2012), is thus less likely to lead to significant
errors in computation and constitutive behavior. Specifically, the strain magnitudes will vary only slightly from specimen
to specimen for samples all within dimensional tolerance. Second, we have been careful to validate our results, with the
outcome of that process given in Figs. 7 and 8. We have detected some discrepancies in the prediction of curvature between
our finite element analysis and the measurements on tested specimens, which is likely due to the localized stress-induced
austenite-martensite transformation and its reversal as reported by Mao et al. (2008) and Jiang et al. (2017). Localized stress-
induced phase transformation was not modeled in our finite element analysis. However, we note that these discrepancies
have little effect on the calculations that led to our constant life model depicted in Fig. 11. We feel confident in claiming this
because it is our deduction that the discrepancies will mainly affect the prediction of mean strain but have little effect on
the predictions of strain amplitude, because the strain amplitudes throughout that permit a 400 x 106 cycle life are largely
within the incrementally linear elastic regime. Furthermore, the only computations that may have affected the calculations
that led to the constant life model in Fig. 11 are those that have mean displacements in Fig. 8 greater than 2 mm but less
than 6 mm. Since the fatigue results are insensitive to mean strain at values greater than 3%, we identify only computations
for a mean displacement greater than 2 mm but leading to a mean strain less than 3% as having possibly affected the
computation of the constant life model. Out of the 41 groups of specimens tested, we find that only 5 groups fall into this
category. Thus, we feel confident that our estimates of strain in the critical region of our specimen are reliable in almost all
of the cases that can have an impact on computation of the constant life model depicted in Fig. 11.

To support this inference, we have attempted a more specific validation by measuring the strain directly using digital
image correlation during compression of the specimen and comparing that with the equivalent results from the finite ele-
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ment analysis. Without going into the details of how the strain measurements were made, we show the results in Fig. 12. It
can be seen that there is excellent agreement between the finite element analysis and the measured strains up to about 3%
strain. However, there is a discrepancy of up to 2% in the range of strains from 3% to 7%. While this is notable and deserving
of further investigation, we observe that the discrepancy does not cause us to reconsider our constant life diagram for the
reasons as follows. We note that in Fig. 11, one segment of the constant life model prevails for mean bending strains up
to 3%, which is also the regime where the validation provided by Fig. 12 proves to be accurate. Therefore, we regard the
constant life model in the segment of the diagram in Fig. 11 for 0 < ¢, < 3% to be robust. For mean bending strains above
3% in Fig. 11, there may be an adjustment called for by the increase in the strain magnitudes involved; however, the fact
that the constant life model in this region is horizontal, means that any required adjustment is actually moot. This point
is reinforced by the fact that the strain amplitudes, near those associated with the constant life model for mean strains
above 3%, at around 0.16%, are quite small and within the incremental range of elastic response within the hysteresis loops.
It is noted above that the limits on linear elastic response within the hysteresis loop of the material ranges from 0.35% to
0.95%. Therefore, it is quite certain that the strain amplitudes computed for the results in Fig. 11, close to those associated
with the constant life model for mean strains above 3%, are quite accurate, even if the mean strains themselves need up-
ward adjustment. Thus, we conclude that our constant life model is robust over the whole range of mean strains that we
consider.

The Weibull (1961) statistical analysis presented in the section above, and in detail in Appendix A, relies on the basic
concept of the strain-life relationship invoked as part of the inverse-power-Weibull-life-stress-distribution model (Eq. (A1))
(Shanmugam et al., 2019). To appreciate the fracture life distribution, it is instructive to plot the strain amplitude-life (S-N)
relationship using the effective fatigue strain amplitude for mean strains less than 3% and the strain amplitude for mean
strains greater than 3% versus the number of cycles to fracture, both shown in Fig. 13. For these plots the parametric values
listed in Table A1 are used in conjunction with Eq. (A17), and we consider them to give a lower bound on the effective
fatigue strain amplitude, ¢ as a function of the life, N. It can be seen that the results in Fig. 13 demonstrate that the
statistical model for 90% reliability captures the large majority of the fractured specimens, with only 5 of them exhibiting
failure while lying below the line representing the lower bound fatigue limit curve for 90% reliability at 95% confidence
from the statistical analysis. As 354 specimens were tested, this point is self-evident.

Furthermore, it can be seen that the lower-bound fatigue limit curve for 90% reliability at 95% confidence from the
statistical analysis, shown in Fig. 13, continues to decline in terms of strain at lives greater than 10 x 10° cycles. Therefore,
a sample of specimens divided into those that fractured before 10 x 106 cycles and those that are defined to be runouts at
10 x 106 cycles, as is often the case in fatigue testing of Nitinol, is unlikely to lead to an accurate prediction of the allowable
strain for a safe fatigue life of 400 x 106 cycles, or even of 100 x 10° cycles. Indeed, an approach that limits itself to testing
to 10 x 106 cycles is clearly non-conservative. At this point, it should be noted that the so-called 0.4% fatigue strain limit
for 10 x 106 cycles independent of mean strain proposed by Pelton et al. (2008) is not based on any statistical analysis, but
rather on visual inspection of the plots of the raw fracture data. This is clearly inadequate as the lower bound fracture data
points will tend to change as the number of test specimen increases.

A fractography study was undertaken for representative specimens to confirm the fatigue initiation location and origin.
Specimens fractured under fatigue usually experienced initiation near the plane within the gauge section where maximum
cyclic bending fatigue strain is experienced. A typical fracture surface examined under a scanning electron microscope is
shown as Fig. 14. The vast majority of the fractured specimens indicated the presence of an inclusion at the crack initi-
ation site (Fig. 14c¢), although some specimens showed no such apparent inclusion or defect causing the initiation of the
fracture (Fig. 14d). As expected, fatigue crack initiation occurred on the tensile face of the bending specimen (Fig. 14a),
except for several groups of specimens where the R-ratio was low or negative and where fractures initiated from the com-
pressive side (Fig. 14b). This may be due to the tensile residual stress and compressive damage caused during the pre-
conditioning cycle prior to fatigue testing. Such effects of a compressive pre-conditioning strain have been reported pre-
viously by Gupta et al. (2015) and Senthilnathan et al. (2019). As its mechanistic effect is still uncertain, this is certainly
deserving of further study.

We appreciate that there is a limitation of our constant life strain limit model in Fig. 11 as it is based on the specific
set of experimental data described in this paper for a specific Nitinol composition and heat treatment. Specific details of
the fatigue behavior of Nitinol can be expected to depend on variations of chemical composition, heat treatment process,
surface condition and preconditioning history experienced by the device. However, as all medical implant grade Nitinols are
similar in composition and tend to receive similar heat treatments, we expect the general trends revealed in our constant
life diagram and strain-life graph to have broad applicability. Our approach to determining fatigue resistance for medical
implant grade Nitinol should serve as a paradigm for the evaluation of any specific Nitinol in the context of the device
design it is intended for. Most importantly, our work indicates that careful study of the effect of mean strain on the fatigue
life of medical implant grade Nitinol is essential, and thus future work should focus attention on the mean strain range
within which the intended design will operate in order to achieve the highest precision in its life prediction. In addition, we
have not sought to define the precise law governing the fatigue life of Nitinol, but instead focused, for component design
purposes, on obtaining a conservative estimate at 95% confidence for lower bound values on the effective fatigue strain
amplitude for 90% reliability at a fatigue life of 400 x 106 cycles.

Furthermore, the exact location of the dividing line between the fatigue behavior at low versus high mean strain may
be subject to change depending on future testing that produces further data. However, the implication regarding the design
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Fig. 12. Comparison of direct measurements of strain in the fatigue test specimens with equivalent computations by finite element analysis. a) Contour plot
of maximum principal logarithmic strain at 10 mm relative end tab displacement from the finite element analysis. b) Contour plot of maximum principal
strain at 10 mm relative end tab displacement for a typical fatigue specimen. The results are obtained by digital image correlation. c) The maximum values
of the maximum principal strain in the specimen are plotted against the displacement of one end of the specimen towards the other. Results from both
digital image correlation (Exp) and finite element analysis (FEA) are shown during both loading and unloading.



22 H. Cao, M.H. Wu and F. Zhou et al./Journal of the Mechanics and Physics of Solids 143 (2020) 104057

=
w
1

o
(%)
1

Effective Fatigue Strain, %
—

Mean Strain < 3%

O T T T T
10 10° 10° 10’ 108 10°
Cycles
(a)
1
0.8+
xR
)
3 0.61
= X X X <]
g‘ X X X xO
< 04 3 XX X XRQ
e Y47 X
g : 5 Hmon 8
wv
0.2+ ;gra( 8
Mean Strain > 3%
0 T T T T
10 10° 10° 10’ 10® 10°
Cycles
(b)

Fig. 13. Strain-life plots of effective fatigue strain amplitude versus the number of cycles to fracture. If a specimen survived 400 x 10° cycles, it was
identified as a runout and the data for it plotted at 400 x 10° cycles as open symbols. The cross symbols indicate fractured specimens. The black line is a
lower bound fatigue limit curve for a 90% reliability and 95% confidence from the statistical analysis. (a) The effective fatigue strain amplitude is computed
from Eq. (4) using the mean strain and the strain amplitude for each group tabulated in Table 2 with £ =0.13 when the mean strain is less than 3%, and
(b) The effective fatigue strain amplitude is equal to strain amplitude with & = 0 when the mean strain exceeds 3%.

of Nitinol-based devices in general is clear. Devices that experience greater than 2% mean strain will have a much lower
tolerance to strain amplitude than the 0.4% allowable proposed by Pelton et al. (2008). Thus, without rigorous fatigue testing
at nonzero mean strains of a given Nitinol alloy, reliance on proposals, such as that made by Pelton et al. (2008), that
increases in the mean strain can increase, or at least have little negative effect, on lifetimes, there is a danger of premature
fatigue fracture in a specific Nitinol device that is subject to fatigue loading if mean strains exceed approximately 1%.

The large spread in the fatigue lifetime distribution for specimens tested under identical effective fatigue strain conditions
also deserves more attention. Some tests suggest that some specimens may survive more than 400 x 10% cycles of straining
while others fracture under tens of millions of cycles under identical test conditions. This is consistent with the usual
observation that metal fatigue is controlled by a weakest-link statistical phenomenon while the presence of non-metallic
inclusions may be the culprit for fatigue initiation. High purity Nitinol material with reduced inclusion size and volume
fraction, as well as surface finish minimizing the presence of process-related surface imperfections, should be explored
further to improve the fatigue resistance of this important implant alloy.

10. Conclusions

We have carried out bending fatigue tests of an electropolished medical grade Nitinol to 400 x 106 cycles of straining
at 37°C. We find that, for a reliability of 90% with 95% confidence, the strain amplitude lower bound is 0.55% at zero mean
strain to achieve a lifetime of 400 x 106 cycles of straining, whereas the strain amplitude lower bound for the same life is
0.16% at a mean strain of 3% or greater. Between a mean bending strain of 3% and one of 8%, for a reliability of 90% with
95% confidence, the strain amplitude lower bound to achieve a lifetime of 400 x 106 cycles of straining is insensitive to the
mean strain and is 0.16% in this regime. The constant life model, for a lifetime of 400 x 10 cycles of straining, in terms of
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Fig. 14. Scanning electron microscopy fractography of fatigue fractured specimens where the black arrows in (a) and (b) indicate the crack initiation
locations. Fatigue crack nucleation (a) from the tensile face for a case where the load ratio, R, is positive, and (b) for a case where the load ratio, R, is
negative, from the compression side of the bend specimen. (c) High magnification of crack initiation from an inclusion. (d) Fatigue fracture surface where
no apparent inclusion or defect is present.

strain amplitude versus mean strain, at 90% reliability and 95% confidence, is thus monotonic up to a mean strain of 8%, and
is composed of a segment with a negative slope and a segment that has zero slope. This is in contrast to many constant life
diagrams for Nitinol in the literature, as they are often non-monotonic. The allowable strain amplitude for 90% reliability to
400 x 108 cycles of straining with 95% confidence at mean strains of the order of 2% to 3% is in the range 0.25% to 0.16%.
We conclude that the notion that increasing the mean strain will increase, or at least have no negative effect on, fatigue
lifetimes in Nitinol is highly questionable, and may actually be erroneous for mean strains up to 8%. Our results are of some
significance as medical grade Nitinol is often operated in vivo in conditions where the mean strain is of the order of 2% or
perhaps higher.
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Appendix A. Statistical analysis of very high-cycle fatigue life data

Using the procedure described below, a preliminary statistical analysis was performed using all the test data to estimate
the 50% reliability boundary. Those specimens tested under conditions that fell above the 50% reliability boundary were
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excluded from the subsequent statistical analysis to better define the lower-bound failure envelop for the effective fatigue
strain amplitude for 90% reliability at a 95% confidence level. Specifically, we eliminated from the data those that lie above
the dashed lines in Fig. 11. The omission of these data had little effect on the constant life model for 400 x 10° cycles
because the large majority of these failures occurred at many fewer load applications, and at much higher strain amplitudes,
than those ultimately associated with the constant life model for 400 x 10° cycles. A further justification for omitting the
low-cycle fatigue data from our statistical model of the high-cycle behavior of Nitinol is that fatigue life S-N curves for
metals usually exhibit a transition between the low-cycle and high-cycle regimes that often requires separate fitting to
power laws that have exponents that are significantly different from each other. Therefore, it is likely that the model for the
high-cycle fatigue regime that is our objective will not be less accurate and, if anything, will be probably more accurate, as
a result of omission of the low-cycle fatigue data.

With the assumptions previously described in the body of this paper, we identify a Weibull (1961) model for the distri-
bution of fatigue fractures such that the fraction of specimens, ® = 1 — p, that have fractured under combined fatigue strain
amplitude ¢; and mean strain of &, by N cycles of straining is given by:

®=1 —exp{—[KN(ea—i-éem)"]ﬁ} (A1)

where K, £, n and 8 are model parameters to be determined. Thus, the probability distribution function for fracture of the
specimens is given by:

n8
KN(&q m
f:g—ﬁ: plKNG ;“”%8 '] exp{—[KN(sa+Esm)"]ﬂ] (A2)

As a first step we proceed to obtain values of the parameters K, &, n and B by the maximum likelihood method. The
data for the life of specimen i are assigned the designations Nj, ¢, and e,; for the number of cycles until failure, the strain
amplitude and the mean strain, respectively. The likelihood, L;, of each specimen fracturing, from Eq. (A2), is then:

n1B
;3[1(1\1,-(@1,,-1\;r Eemi) ] exp{_[I(Ni(ga,- +gemf)n]ﬁ} (A3)

In the case of runouts, the likelihood value, L;, is computed from:

18
Lj=exp{—[KNj(saj+§8mj) ] } (A4)

where, in this case, N; = N = 400 x 106.
The likelihood, L, of the entire data set is the product of all such terms in Eqs. (A3) and (A4). The logarithm, A, of this
likelihood is then given by:

ng ng
A(K, E, n, ﬂ):lnL:Z]nLi+Z]nLj (AS)
i=1 j=1

where np is the number of fractured fatigue specimens, and ny is the number of runouts included in the analysis. We
then maximize A with respect to the parameters K, &, n and B, and evaluate them as K*, £*, n* and B*, respectively, that
provide the maximum of A, which we designate as A*. We carry out this procedure for both the low mean strain regime
(em < 3%) and the high mean strain regime (e, > 3%), with £ = 0 in the latter case. The computations throughout, including
those discussed below, were performed with use of Mathcad (Version 15.0, PTC Inc., Needham, MA). In our treatment of the
maximum likelihood function and the confidence intervals (see below), we found that outcomes are more consistent with
the Nitinol fatigue data when we use the same exponent n* for both the low and high mean strain regimes. Results for K*,
&*, n* and B* are provided in Table Al, along with the resulting effective fatigue strain amplitudes for a life of 400 x 10°
cycles, where strain is measured in %.

One option is to use the point estimates K*, £*, n* and B* as the most probable values for the parameters K, &, n and 8
and utilize these point estimates to deduce the fatigue reliability model. To achieve this, we first substitute Eq. (4) and the

Table A1
Maximum likelihood estimates of Weibull parameters and exponents as well as resulting
effective fatigue strain amplitudes for a life of 400 x 108 cycles.

Parameter  Low Mean Strain Regime ¢, < 3%  High Mean Strain Regime &, > 3%

K+ 3.5 x 108 2.6 x 103
£ 0.13 0

n 10 10

B 1.23 0.65

€ 0.64% 0.18%

e 0.55% 0.16%
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point estimates K*, n* and 8* into Eq. (A1) to obtain, after rearrangement,

(n)*
Ee = KN (A6)

1

F

where N in this expression is the number of cycles survived with reliability p at an effective fatigue strain amplitude e,.
As we seek a constant life model for reliability p = pr(= 0.9) for a life of N = N; (= 400 x 10%) cycles, we substitute these
values into Eq. (A6) and obtain the effective fatigue strain amplitude for such reliability and life as:

(In )7
K*Np

1
I

& = (A7)

The resulting values for ¢} are provided in Table A1, and the associated constant life model, for 90% reliability for a life
of 400 x 106 cycles, is then obtained from Eq. (4) as:

ga+&em=2¢; (A8)

As is common practice, we exploit confidence intervals to take one step further to obtain a fatigue reliability model at
a specified confidence level. We use the likelihood ratio interval method for this purpose, and, at the specified confidence
level, seek the most conservative lower bound on the effective fatigue strain amplitude. To do this, we convert the functional
dependence of the logarithmic likelihood from K, &, n and 8 as used in Eq. (A5) to dependence on &L, &, n and B so that:

A=Al .0 B) (A9)

where &l is the effective fatigue strain amplitude permitting a lifetime of N cycles of straining with pg reliability. This step
is achieved by writing the parameter K in terms of €L through modification of Eq. (A7) to read:

InL)7?
K= % (A10)
N.(e6)
We then substitute Eq. (A10) into Eqgs. (A3) and (A4). As a result, the likelihood, L, becomes a function of &k, & n and

B instead of K, &, n and B. This can be understood through consideration of Eq. (A3), where the likelihood of fractured
specimen i becomes:

nB 1 nqB
N; [ €ai +&mi Bin o N; [ €4 + & Emi 1
Lo | M X C| NifEaitSEmi ) | 1 ATl
! |:NL ( Sle‘ ) i| N,' exp N; 8[e‘ n PR ( )

An equivalent expression is obtained from Eq. (A4) for a runout.
With the logarithmic likelihood now a function of &L, &, n and B as in Eq. (A9), the maximized logarithmic likelihood,
A*, is such that:

A* = A(gs, &% n*, B*) (A12)

We then consider the likelihood, A (gL, &, n, ), maximized with respect to &, n and B8 but not with respect to L, and
designate the resulting function of &L to be A% (el). The difference between A* and A* is known to obey, approximately,
chi square statistics with 1 degree of freedom such that (Nelson, 1990):

1
A= Aj(eh) = ixz(u,l) (A13)

where x2(v, 1) is the critical value (sometimes known as chi square percentile) for a chi square distribution of degree of
freedom 1 at a fractional probability v (Nelson, 1990; Meeker and Escobar, 1998). Thus, if we solve for & from:

1
Ai(ef) = A" - i;(2(1), 1) (A14)

for a specific value of v, there is a probability v that, upon repeated testing to obtain fatigue data, the resulting maximum
likelihood value of &L will lie within the range ¢; to &f where ¢; <&} and &f > ¢ are the two solutions for &L from
Eq. (A14) (Meeker and Escobar, 1998). For a one-sided interval with fractional probability §, we assume symmetry about &}
and thus that half of the testing campaigns undertaken will lead to a maximum likelihood for &£ that will lie to one side
of ¢ and that the fraction v/2 of the testing campaigns will lead to a maximum likelihood for &L that will lie on the other
side of ¢}. Thus, 26 = v + 1, and for a one-sided confidence interval at probability § we solve the equivalent of Eq. (A14) in
the form:

A;(sé):A*—%XZ(ZS—l,l) (A15)
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Fig. B1. Plot of the maximum principal strain in the fatigue specimen as a function of the displacement of one end tab towards the other as computed by
the finite element method. The line on the right with the red upward pointing arrows is the result when the specimen is being compressed from the origin
to the point on the diagram marked c. This line is marked as “Initial compression.” The line on the left with the steeply red downward pointing arrow
is the result after compression to c followed by re-extension of the specimen. The connecting lines in between these 2 curves, such as the connecting
line bf, are results for re-extension of the specimen after limited compression of the specimen. For example, the line marked by b and f is the result for
initial compression to b followed by re-extension to f. That line is also the result for initial compression to c followed by re-extension to f and then re-
compression to b. The connecting lines are thus those that are followed by the results when the specimen is subject to cyclic strain. Therefore, an example
of a result for cyclic straining is compression to c, re-extension to f and then repeated traversing from f to b to f.

and choose the solution for ¢} to be the value &, as it gives the most conservative interpretation of the fatigue data. We
carry out this computation for 6 = 0.95 and thus achieve 95% confidence, designating this result for the confidence interval
on &k to be .. Again, we carry out the procedure for both the low (em < 3%)and high (e, > 3%) mean strain regimes. The
resulting values for &, are provided in Table Al.

The associated lower bound constant life model for survival to 400 x 108 cycles with 90% reliability at 95% confidence
is then obtained from Eq. (4) as:

Sa+E%em =& (A16)

As this result is a more conservative version of the constant life model than Eq. (A8), we plot Eq. (A16) in Fig. 11, and do
so for both the low (¢ < 3%) and high (e, > 3%) mean strain regimes.

Consistent with the results in Eq. (A16), from the equivalent of Eq. (A6) we obtain a model for lower bound strain-life
(S-N) plots at 90% reliability with 95% confidence as:

1
3

N\ ™ -
£, = (WL) £ (A17)

We consider the model in Eq. (A17) to give a lower bound on the effective fatigue strain amplitude as a function of N,
and plots of Eq. (A17) are shown in Fig. 13 for both the low (&, < 3%) and high (e, > 3%) mean strain regimes.

Appendix B. An erroneous calibration of the fatigue specimen and the resulting misleading constant life diagram

Pelton et al. (2008) describe analysis of a diamond strut Nitinol fatigue specimen by the finite element method. Although
they present some calibration formulae for the diamond strut specimen in an appendix, their summary is incomplete in
regard to precisely how the strain amplitude and the mean strain were computed from the results of their finite element
analysis. In the body of the paper and in the appendix, Pelton et al. (2008) present formulae in which the strain in a
Nitinol component is a unique function of the boundary displacement imposed on it. However, due to the Nitinol stress-
strain hysteresis loop as shown in Fig. 1, the relationship between component strain and imposed boundary displacement
is, in reality, path-dependant. Therefore, a possible interpretation of the analysis carried out by Pelton et al. (2008) for their
diamond strut Nitinol fatigue specimen is that they computed the strain amplitude and the mean strain during fatigue
cycling from a unique relationship between specimen strain and imposed boundary displacement, and therefore omitted
the effect of path dependence in that relationship.

To illustrate the consequence and significance of omitting path dependence in the strain calculation for each test condi-
tion when developing a constant life diagram for Nitinol fatigue, we undertook an effort to analyse our fatigue data by an
erroneous method that uses mean strains and strain amplitudes calculated from a unique relationship between component
strain and the imposed boundary displacement. Finite element results for the deformation of our fatigue specimen as de-
picted in Fig. B1 were utilized, with this figure showing the maximum principal strain, found at the center of the specimen
gauge length on the convex side, as a function of specimen compression. The full description of Fig. B1 is given in the figure
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Fig. B2. A faulty Goodman-Haigh diagram for Nitinol fatigue data computed by the erroneous specimen calibration method described in Appendix B. The
diagram shows the implied strain amplitude and the implied mean strain for specimens that fractured prior to 10 x 10° cycles, those that fractured
between 10 x 10° and 400 x 106 cycles and those that survived without fracture to 400 x 106 cycles (runouts).

caption. In the analysis carried out for this appendix, the strain amplitude and the mean strain for a given range of speci-
men compression were computed using only the rightmost line in Fig. B1 that gives the relationship between the maximum
principal strain in the specimen and its initial compression, i.e., using the line marked ‘Initial compression.” As a conse-
quence, the effect of strain cycling is neglected when only this rightmost line in Fig. B1 is utilized, and thus the method is
erroneous. That is, we compute the strain amplitude and the mean strain from a unique relationship between component
maximum principal strain and imposed boundary displacement that is given by the line marked ‘Initial compression,” and
we neglect any path dependence of the relationship.

For example, consider the specimen when it is being cycled between a compression displacement of 5 mm and a com-
pression displacement of 6 mm. In the erroneous method used for this appendix, points a and b in Fig. B1 are used for the
computation of the strain amplitude and the mean strain. Point a is at (5 mm, 0.0418) while point b is at (6 mm, 0.0545).
Therefore, in the erroneous method, when the specimen is cycled between a compression of 5 mm and 6 mm, the strain
amplitude is computed as (0.0545 - 0.0418)/2 = 0.64% and the mean strain is computed as (0.0545 + 0.0418)/2 = 4.82%.

This erroneous method is used to compute the strain amplitude and the mean strain from our Nitinol fatigue data and
the results are plotted in Fig. B2 as a Goodman diagram. We infer constant life models from this plot, but do so only by
eye, and observe that such constant life models at 400 x 10 cycles and at 10 x 108 cycles appear to be non-monotonic.
Specifically, we deduce that in Fig. B2 the strain amplitude for a fatigue life of 400 x 106 cycles increases from 0.45% at
zero mean strain to about 0.7% at a mean strain of 5.6%, but then declines for mean strain exceeding 6%. The non-monotonic
nature of this implied constant life model resembles the non-monotonicity in models published by Pelton et al. (2003, 2008).
However, the constant life model implied by the results in Fig. B2 is erroneous because of the errors in the computation of
the strain amplitude and the mean strain. We conclude that comparable errors may have occurred in the development of
the constant life model published by Pelton et al. (2003, 2008), and possibly in those published elsewhere, and, therefore,
such constant life models are possibly erroneous and misleading. We believe that this source of error is a contributor to
some of the differences between some fatigue data previously published for medical implant grade Nitinol and our data in
the current paper.

In the context of Fig. B1, we now briefly describe the correct procedure for computing the strain amplitude and the mean
strain. We do so for a specimen that has first experienced overstraining by compression from the origin to point c in Fig. B1.
The specimen is then allowed to re-extend to the point e in Fig. B1, and thereafter the compression is cycled between 5 mm
and 6 mm, implying that the specimen repeatedly traverses e to d to e. The point e is at (5 mm, 0.0568) while the point
d is at (6 mm, 0.0605). Therefore, the strain amplitude for such cycling is 0.19% and the mean strain is 5.87%. Thus, the
correct result for the strain amplitude is much less than the erroneous result of 0.6%, making it clear that the erroneous
result flatters the fatigue durability of the material for the number of cycles of straining that it survives without fracture.
Note that a similar correct result for strain amplitude arises in the absence of overstraining, although the mean strain is
somewhat different. Say the specimen is compressed from the origin to the point b in Fig. B1 and the compression is then
cycled between 6 mm and 5 mm, implying that the specimen repeatedly traverses b to g to b. The point g is at (5 mm,
0.0505) while b, as noted above, is at (6 mm, 0.0545). Therefore, the strain amplitude for such cycling is 0.20% and the mean
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strain is 5.25%. Thus, the correct result for the strain amplitude is much less than the erroneous result of 0.6%, making it
clear that this erroneous result also flatters the fatigue durability of the material for the number of cycles of straining that
it survives without fracture. Also, note that the strain amplitude without overstraining is very similar to the result with
overstraining, an outcome associated with the fact that the strain amplitude reflects incrementally linear elastic behavior.
This provides further confirmation that our calibration results for strain amplitude tend to be relatively accurate, even if the
mean strain has errors.

We note also that the discrepancies described in this appendix tend to be most severe in the intermediate range of strains
from 1% to 6%, indicating that the robustness of Nitinol’s fatigue durability will be exaggerated in this range of strains if the
erroneous method is utilized for computing the strain amplitude and mean strains. This observation is consistent with the
non-monotonic features of constant life models published by Pelton et al. (2003, 2008). We can infer from this exercise that
the “apparent” increase in strain amplitude limit in the intermediate range of mean strain (1% to 6%) in some constant life
models that have been published is probably due primarily to erroneous fatigue strain calculations when converting from
cyclic imposed displacements.
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