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Three types of fatigue testing are performed to elucidate the effects of prestraining superelastic Nitinol on
its subsequent fatigue lifetime: rotary bending and tension–tension testing of wire, and beam bending using
diamond-shaped specimens fabricated from tubing. Results show that local plastic deformation during
prestraining induces residual stresses that have a pronounced effect on fatigue performance, enhancing
performance when the fatigue duty cycle is of the same sense as the prestraining (tensile prestraining
followed by a tensile duty cycle, for example), and decreasing fatigue lifetime when the sense of the duty
cycle is opposite to that of prestraining. This provides an avenue to increasing fatigue lifetime, but more
importantly it highlights the need to fully understand the nature of the duty cycle: for example, prestraining
a stent by crimping it into a delivery catheter induces favorable residual stresses with respect to subsequent
pulsatile fatigue, but might accelerate fracture in other modes, such as axial or crush fatigue. Caution is also
advised when trying to apply data from ‘‘constant life diagrams’’ derived from the literature (Ref 1, 2 for
example) that may not properly reflect the strain history of the device being analyzed.
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1. Introduction

The cyclic deformation of a superelastic Ni-Ti (Nitinol)
medical implant is often defined by a mean strain and a cyclic
strain amplitude (collectively called the duty cycle). Before
imposing a duty cycle upon a device, most devices are initially
deformed to a strain greater than the maximum it will
experience in service (the mean strain plus the strain ampli-
tude). For example, a stent is often crimped into a catheter that
is substantially smaller than the artery into which it is to be
deployed. This one-time strain, as illustrated in Fig. 1, is often
called the prestrain. The effects of this prestrain on fatigue life
are often ignored when analyzing and testing devices.

Theoretically, prestrain can have both detrimental and
beneficial effects on fatigue life. Surface roughening and
microcracks compromise durability (Ref 3, 4), while improve-
ments can be expected from a reduced cyclic modulus (Ref 5)
and increased hysteresis (Ref 6), both extending the elastic
scope of the duty cycle and avoiding damage associated with
martensite interface movement. Prestrain can also create
residual stresses, which can either increase or reduce fatigue
life. These residual stresses can result from non-uniform
deformations such as bending or torsion, but as will be shown
in this work, they can also result from microstructural
inhomogeneities such as inclusions and voids. And while not
specifically addressed in this work, one should be aware of the

fact that grain anisotropy may lead to residual stresses (Ref 7,
8).

Experimentally, researchers have reported that increasing
prestrain results in a beneficial improvement in cyclic life of
Nitinol (Ref 9, 10). A microstructure-based study showed that
strains up to 8-9% develop microstructures that assist both
forward and reverse transformation of Nitinol which lead to
improvement in subsequent fatigue life (Ref 11). Tensile fatigue
tests on a superelastic wire when trained to different prestrain-
ing stresses before subjecting to fatigue tests result in
significant improvement in low-cycle fatigue, due to disloca-
tion-induced residual stresses that subsequently aid the phase
transformation by reducing the yield stresses (Ref 12). On the
other hand, at least one study showed no beneficial effect or
even a slight decrease (Ref 13). The intent of this study is to
further characterize the effect of prestrain on superelastic
Nitinol fatigue and more specifically to examine how the
influence of prestrain depends upon the sequence and mode of
loading.

Results from three types of fatigue test will be reported in
this paper:

Rotary bending fatigue (RBF) will be presented first. For
this testing sequence, prestrain will be imposed in tension,
subsequently followed by fatigue testing at 0% mean
strain. Because of its experimental simplicity, this tech-
nique has become the most common way to characterize
fatigue, and to the authors� knowledge, all prior studies on
prestrain effects have employed this method. But the inter-
pretation of RBF results is limited because one has no
control over the ratio of minimum strain to maximum
strain. Moreover, only the outer skin of the samples is ex-
posed to the maximum tensile strain, so RBF tends to pro-
vide an optimistic perspective of lifetime. Test geometries
are also normally limited to wire specimens, which may
not accurately represent Nitinol laser-cut medical implants.

Tension–tension fatigue cycling will be presented next. For
this testing sequence, prestrain is imposed in tension, sub-
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sequently followed by fatigue testing at 2% mean strain.
This testing methodology delivers the most conservative
description of fatigue lifetime since the entire sample
gauge volume is uniformly exposed to tension. While
experimentally difficult to run, the results are straightfor-
ward to interpret. Tension is a macroscopically uniform
deformation so residual stresses are entirely due to
microstructural inhomogeneities and anisotropy and thus
uniformly distributed.

Diamond-shaped specimen flexion is the final form of fati-
gue we will consider, consisting of four beams exposed to
bending. For this testing sequence, prestrain is imposed
both in tension and in compression, followed by fatigue
testing at 3.5% mean strain. Like rotary bending, the
strains are highly localized and thus provide an optimistic
perspective of lifetime. Both experimental methods and
interpretation are complex requiring computational meth-
ods to calculate strains from global displacements. How-
ever, this geometry allows one to reverse the sense of the
prestrain with respect to the duty cycle strain. This, in
turn, allows us to introduce and compare residual stresses
of the same sense and of opposite sense as those of the
duty cycle, thus isolating the effects of residual stresses.

The experimental methodology and results of each of these
three approaches will be individually discussed, followed by
a discussion incorporating the results of all three test meth-
ods. Each fatigue test was done at a single, unique mean
strain, and the effect of mean strain was not considered as
part of this study.

2. Rotary Bending Fatigue

2.1 Experimental

Testing was conducted on a 50.8 atomic percent nickel
straightened wire with a diameter of 0.28 mm. The mechanical
properties were adjusted through thermal aging to achieve a
UTS of 1330 MPa, and upper and lower plateaus of 545 and
340 MPa at 37 �C, respectively. Also, the transformation

temperatures, measured by differential scanning calorimeter
(DSC) per ASTM F2004 (Ref 14), were Mp = � 80 �C,
Mp

* = � 9 �C, and Af = + 8 �C (following the notation con-
vention set forth in Ref 15 representing martensite formation
peak, martensite reversion peak and austenite finish tempera-
tures, respectively). The thermal aging process and transfor-
mation temperatures are representative of typical medical grade
wires used for medical device applications. Prior to testing,
wires were prestrained in tension to various strain levels at
room temperature using an Instron equipped with a video
extensometer. High-cycle fatigue tests were conducted to a
maximum of 106 (1MM) cycles* at a frequency of 20 Hz in a
temperature-controlled water bath at 37 �C with a minimum of
three wires per strain level. Readers are referred to Ref 16 for
detailed description of the test setup used for this study. Strain
amplitudes were estimated eað Þ based on the wire diameter (d)
and the radius of curvature of the mandrels (q) through the
expression ea ¼ d=2q.

2.2 Results

Figure 2 shows the strain amplitude vs. number of cycles
fatigue (S-N curve) comparison for the specimens subjected to
fully reversed bending without prestraining and after various
tensile prestrains. The data demonstrate that fatigue behavior is
strongly influenced by prestraining: with no prestrain, runouts
are consistently observed at 0.6% strain amplitude, while the 8
and 10% prestrain conditions consistently ran out at 1.0 and
1.1% strain amplitude, respectively, corresponding to a 67 and
83% increase in tolerable strain amplitude. The effect of
prestrain in improving fatigue life can be seen even at lower
prestrains of 4 and 6%, even though macroscopic plasticity is
not observed. Such improvements are consistent with prior
published results (Ref 9-12), but seemingly inconsistent with
others (Ref 13). One must take care, however, in that the latter
testing (Ref 13) was prestrained in bending, not tension. The
importance of this will be discussed later.

3. Tension–Tension Fatigue

3.1 Experimental

The tests were performed on the same wire as mentioned in
the previous section. The midsection of wires was reduced from
0.28 mm to 0.22 mm in diameter through electropolishing to
create dog-bone specimens. Prior to testing, specimens were
prestrained in tension to various strains (4, 6, 9, 10 and 11%)
using an extensometer to confirm the prestrain level in the
gauge section. Prestraining to 11% and beyond was challenging
as the samples began to neck. Hence, a minimal number of
samples were tested at the 11% prestrain condition. After
prestraining, the specimens were released to a 2% tensile strain
and cycled at various strain amplitudes holding the mean strain
at 2%. Testing was performed in water at 37 �C with a
minimum of five samples at each strain amplitude. Cycling was
conducted to 107 (10MM) cycles at 24 Hz, at which time it was
defined as a runout.

Fig. 1 A typical superelastic medical application consists of an
initial prestrain (10% in this case) followed by unloading to the duty
cycle characterized by a cyclic mean strain (2.1%) and a cyclic
strain amplitude (0.40%)

*For practical reasons, 1MM cycles were chosen as an endpoint for this
series of tests. 1, 10, 100 and 400MM are commonly used high-cycle
fatigue (HCF) test endpoints, and the authors caution against considering
any of these endpoints a true ‘‘endurance limit’’.
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3.2 Results

Tension–tension fatigue results (Fig. 3) show increased
lifetimes with prestrain that are generally similar to that found
in rotary bending. Runout strains are substantially lower in
tension–tension loading compared with rotary bending because
the former subjects the entire test specimen volume to the
maximum strain amplitude rather than just the surface,
increasing the probability of there being a critical defect. The
magnitude of the improvement due to prestraining, however, is
substantially greater than in rotating bending. Also, prestrain

plays a prominent role in improving the low-cycle fatigue life
of Nitinol when subjected to tensile fatigue (Ref 12) due to
transformation-induced plasticity that produces dislocation-
induced local residual stresses which lead to increase in fatigue
lifetime.

In this tension–tension specimen, strain localization (so-
called Lüders bands) expands to encompass the gauge volume
as tensile strains increase to about 6%. Increasing strain beyond
6%, martensite elasticity is experienced up to about 8% strain,
followed by plasticity with increasing strain. At strains

Fig. 2 Strain amplitude versus cycles to failure (S-N) curve for Nitinol wire specimens subjected to rotary bend fatigue under different
prestrain conditions. Specimens were tested up to 106 cycles. The circle symbols in the figure represent fractures, while the chevron symbols
represent runouts. Dashed line separates fractures from runouts illustrating the trend of increasing durability with increasing prestrain (PS)

Fig. 3 Strain amplitude vs. number of cycles to failure (S-N) curve for Nitinol wire specimens subjected to tension–tension fatigue under
different prestrain (PS) conditions. Specimens were tested to 107 cycles. The circle symbols represent fractures, while the chevron symbols
represent runouts. Dashed line separates fractures from runouts illustrating the trend of increasing durability with increasing prestrain. The
prestrain columns at 5, 7 and 8% are intentionally left blank to help readers interpolate the results
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exceeding 8%, the effects of plasticity apply uniformly
throughout the gauge volume, which may explain the durability
benefit observed at these elevated prestrain levels.

4. Diamond-Shaped Specimen Testing

4.1 General Background

The diamond-shaped specimen used in this study is shown
in Fig. 4. The intrados and extrados marked in that figure ex-
perience inverse stress states when the diamond is opened or
closed. Figure 5, for example, shows the stress states that arise
when the diamond is closed. (Details of the finite-element
modeling are discussed in the subsequent section.) This action
(closing the diamond) represents the most common scenario
encountered in medical implants: a stent crimped into a
catheter, for example. In the case of Fig. 5, the diamond is
crimped until the maximum principal strain reaches 9% (a
displacement of 4.7 mm). At the end of crimping, the
maximum tensile strain and stress are found in the region of
the extrados, while the maximum compressive strains and
stresses are observed at the intrados (see inset at lower right).
Importantly, if the crimping is sufficient to cause plastic
deformation at the extrados, then releasing the load on the
diamond results in residual stresses of the opposite sense:
continuing the example above, a stent that is deployed freely
from a constraining catheter results in residual compressive
stresses at the extrados and residual tensile stresses at the
intrados (inset at lower left). Had the diamond instead been
stretched open for prestraining, the stresses in Fig. 5 would be
of a reverse sense: tension at the intrados during deformation
leading to compressive residual stresses upon release.

Returning to the above example of a stent compressed into a
delivery catheter, in practice the stent is not freely deployed, but
rather deployed into a vessel that constrains it at some diameter
smaller than its free diameter: from there, a duty cycle is
imposed, defined by a mean strain state and a cyclic strain.
Stents are constrained in a radially compressed state; thus, the
sense of stresses and strains at the extrados is of the same sense
as the initial prestrain. From a testing perspective, however, one

can also apply a duty cycle of the opposite sense: prestraining
by closing the diamond (creating a tensile stress state at the
extrados), but then stretching the diamond to impose tension at
the intrados. This scenario is shown in Fig. 6. This ability to
apply a duty cycle of the same or opposite global displacement
as the prestrain allows one to reverse the residual stress state
which will help to determine whether residual stresses are
dominant in modifying the fatigue lifetime of superelastic
Nitinol.

There are thus four possible loading scenarios as outlined in
Table 1. Two of the four create compressive residual stresses at
the locations that will be exposed to tension during cycling
(conditions O-O and C-C), and two create tensile residual
stresses at those locations (C-O and O-C). If residual stresses
are controlling fatigue life, we expect the former situation to
extend fatigue life and the latter to accelerate fracture.

4.2 Experimental

The material used in this study was ultra-high-purity
Ni50.8Ti49.2, also known as ELI (extra low interstitial), with a
total C + O + N content of below 100 wppm. The diamond
specimens shown in Fig. 4 were laser-cut from an 8.0 mm
OD 9 7.0 mm ID tube and expanded in multiple deformation
and thermal aging steps to achieve a UTS of 1210 MPa, and
upper and lower plateaus of 404 and 134 MPa at 37 �C,
respectively. Also, the transformation temperatures measured
by DSC per ASTM F2004 were Mp = � 53 �C,Mp

* = + 12 �C,
and Af = + 20 �C. The thermal aging process and transforma-
tion temperatures are representative of typical laser-cut medical
devices. After electropolishing, the samples were measured and
dimensionally characterized to assure accurate determinations
of strain from displacements using finite-element analysis
(FEA).

The finite-element model of the diamond specimens was
meshed with C3D8R elements. The geometry was discretized
with a mesh density of 12 9 12 elements across the strut width
and wall thickness to determine the resulting stresses and
strains. The 129 12 mesh density is representative of the mesh
discretization used in modeling (including submodels) of
typical medical devices that provides optimal solution. The
final ABAQUS User Material (UMAT) properties of the aged

Fig. 4 Shape set diamond-shaped specimen geometry with the inset showing the intrados and extrados region of the struts
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material were determined from tensile testing of coupon
samples subjected to heat treating representative of the diamond
specimens. The key ABAQUS UMAT parameters are shown in
Table 2, and for tension–compression asymmetry, a ratio of 1.5
(start of transformation stress in compression/start of transfor-
mation stress in tension) was assumed representative of typical
Nitinol tubes (Ref 17). Sensitivity to material parameters was
not analyzed as part of this study, as the primary intent is to

understand the interaction of prestresses on fatigue life and not
on the absolute value of the stresses/strains.

Testing was performed on a 12-station Instron E-3000
machine with load cells on each station. Six diamond samples
were tested for each of the four combinations. Since fixation is
rigid (Fig. 7), a fracture on one side of the diamond does not
influence the conditions experienced by the other. Thus, each

Fig. 5 Prestraining by closing the diamond results in tensile stresses at the extrados and compressive stresses at the intrados (lower right).
Releasing the load from the diamond results in compressive residual stress at the extrados and tensile residual stress at the intrados (lower left).
The stress–strain curve in the background represents the stresses and strains experienced by the element that ultimately reaches the largest strain
value

Fig. 6 After the tensile prestrain at the extrados shown in Fig. 5, the diamond is unloaded and then stretched. A cyclic duty cycle is then
imposed with mean strains opposite in sense (compressive) to those experienced during prestraining
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diamond can be considered to be two ‘‘V’’-shaped test
specimens. Hence, a total of 12 ‘‘V’’ specimens were tested
per condition.

All samples were prestrained in a water bath controlled at
37 �C to a displacement corresponding to a 9% maximum

strain (samples C-O and C-C by closing the diamond and
samples O-O and O-C by opening). ‘‘Baseline’’ samples that
were not prestrained were also included in the study. FEA was
used to determine the required deformation and strains based on
the actual part geometry. The fatigue strains (mean strain and
strain amplitude) were computed using the tensor method by
computing the average and differences of the principal values
of the strain tensors at the extremes of the loading. It has been
shown that both normal tensor method and modified tensor
method consistently predict fracture or survival under different
loading conditions for stents (Ref 18). The actual load–
displacement curves for the four prestrain scenarios are shown
in Fig. 8 with negative displacements corresponding to closing
of diamonds and vice versa. Following the prestrain, all
samples (including the reference samples) were stretched or
closed to impart a 3.5% maximum mean strain and then cycled
at 24 Hz with a strain amplitude of 0.75%. If no fracture was
observed after 106 (1MM) cycles, the test was considered a
‘‘runout’’ and the cyclic strain amplitude was increased while
maintaining the same mean strain level. This was continued
until a substantial number of fractures were observed. The
baseline condition was only tested with a closing duty cycle
(tension at the extrados), the most common scenario experi-
enced by Nitinol medical devices. The experimental load–
displacement of condition C-O in Fig. 8 corresponds to the
stress strain history for the diamond specimen shown in Fig. 6.

4.3 Results

As one would expect, scanning electron microscopy images
(Fig. 9) verified that fractures initiated at the areas of highest
tensile duty stress: the intrados of conditions C-O and O-O and
the extrados of conditions C-C, O-C and the reference sample.
Table 3 summarizes the results of the testing with number of
‘‘V’’ specimen fractures specified—the numbers listed indicate
the cumulative number of fractures from the total of twelve
‘‘V’’ specimens. As with previous testing, prestraining has a
significant effect on lifetime, but here we see that the effect can
be an enhancement or a degradation depending on the sense of
the prestrain with respect to the duty cycle: conditions O-O and
C-C performed better than the reference samples, while
conditions C-O and O-C performed worse. This is consistent
with the expectation that compressive residual stresses are
protective when superimposed onto areas of tensile stress, and
tensile residual stresses accelerate the fatigue process, regard-
less of whether the intrados or extrados is critical (tension
bearing). These same results are plotted based on probability of
survival in Fig. 10, with the baseline condition denoted by
dashed green line.

Table 1 Four possible permutations of prestrained testing for diamond-shaped specimens

Test
condition

Prestrain
Release

Duty cycle

Diamond
displacement

Tensile stress
location

Residual compression
location

Diamond
displacement

Tensile stress
location

C-O Close Extrados Extrados Open Intrados
O-O Open Intrados Intrados Open Intrados
C-C Close Extrados Extrados Close Extrados
O-C Open Intrados Intrados Close Extrados

Table 2 ABAQUS UMAT parameters used to model the
diamond specimens

ABAQUS parameters Values

Austenite elasticity, MPa 76,000
Martensite elasticity, MPa 30,714
Start transformation loading, MPa 380
End transformation loading, MPa 430
Start transformation unloading, MPa 130
End transformation unloading, MPa 100
Start transform stress compression, MPa 570
Ultimate tensile stress in yield curve, MPa 1420
Ultimate tensile strain in yield curve, % 14.0

Fig. 7 Representative diamond specimen manufactured and
mounted on custom-fabricated test fixtures
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Lifetimes in this test are substantially longer than those
resulting from the previous two testing modes. This can be
attributed to the fact that this study employed ultrapure material
which is known to have a significantly longer lifetime (Ref 19),
because the peak strains and strain amplitudes are experienced
by a very small volume of material.

5. Discussion

The results of the diamond specimen testing demonstrate
that non-uniform deformations such as bending or torsion
create zones of residual compressive stress that have a
pronounced effect on fatigue life. When the residual stresses
are subtractive to a tensile duty cycle stress state, they protect,
and when they are additive, they accelerate failure. In both the
tension–tension and rotating bending experiments, however, the
wires were prestrained in uniaxial tension, which, in an
isotropic and homogeneous material, should produce no
residual stresses. Yet there is still a pronounced influence. Of
course, no material is isotropic and homogeneous, so micro-
scopic residual stresses are expected to arise due to defects and
grain orientation (Ref 7, 8). In the case of Nitinol, it is well
established that in nonmetallic inclusions, both TiC and
Ti2NiOx play a critical role in fatigue initiation (Ref 19-22).
In fact, virtually all fatigue failures nucleate at easily identified
carbide or oxide defects (Ref 20). It has also been shown that

reducing the number and/or size of these defects has a
pronounced effect on fatigue lifetime (Ref 19, 22).

FEAwas used to model the interaction of prestrain, residual
stresses, and the nucleation potency of nonmetallic inclusions.
An FEA nonlinear code (ABAQUS/Standard version 6.13-2)
with a user-defined material subroutine (UMAT) typical of the
superelastic–plastic response of Nitinol (Table 4) was used to
model a 0.22-mm-diameter wire with a 4-micron cubic
inclusion representing a surface carbide as shown in Fig. 11.
Surface carbides represent the vast majority of observed
initiation sites, though surface oxides also play a role (Ref
23). The geometry was discretized with a very-fine 1-micron
cubic mesh (C3D8R elements) both on the inside and around
the inclusions to capture the effect of stress localization at the
boundaries.**� The carbide was modeled as a linear isotropic
material with Young�s modulus of 210 GPa and a Poison�s ratio
of 0.3. Inclusions often separate from the surrounding matrix
during hot working, leaving voids between the inclusion and
the matrix. Accordingly, a void of the same geometry as the

Fig. 8 Load–displacement curves for the four test conditions: (C-O) Load–displacement to achieve tensile prestress on extrados and tensile
duty cycle stress on intrados. (O-O) Load–displacement to achieve tensile prestress on intrados and tensile duty cycle stress on intrados. (C-C)
Load–displacement to achieve tensile prestress on extrados and tensile duty cycle stress on extrados. (O-C) Load–displacement to achieve tensile
prestress on intrados and tensile duty cycle stress on extrados

**In this simulation, particles were tied to the surrounding matrix. There-
fore, when the bulk material is stretched in tension, the particle is stretched
as well, rather than separating from the bulk to create a void, as might occur
in reality.
�Due to the stress singularity at the boundary where inclusion is tied to the
bulk material, mesh convergence is not possible, and hence, the geometry
was discretized with a very-fine 1-lm mesh size. The main intent of the
simulation is to understand the interaction of inclusions with bulk material
and not on the absolute values of stresses/strains.
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inclusion was also modeled, providing two extreme cases. It
has been reported that particle void assemblies (PVAs) are in
fact the worst-case condition (Ref 22, 24) and warrant modeling
in the future work. FEA studies have also shown that the
morphology of the inclusions (size and shape) plays a role in
influencing the fatigue life of Nitinol compared to inclusion
material type and inclusion–inclusion interactions (Ref 24, 25).

The results of both a void and a carbide inclusion are
presented in Fig. 12. Figure 12(a) represents the starting state
for the void and inclusion scenarios with stresses set to same
scale for comparison. For better visualization, the inclusion is

hidden in the images on the right side and a half-symmetry
cutout is shown to visualize the subsurface. When the wire is
axially stretched to a 10% global strain, the maximum principal
stresses occur around the inclusion or void as shown in
Fig. 12(b). The location of maximum stress shifts between the
two scenarios as indicated by the blue arrow. For the void, it
occurs along the circumferential direction at the smallest cross
section, and for the attached inclusion it occurs along the
longitudinal direction. Upon release of the applied loading, the
wire reverts to the starting state, and compressive residual
stresses build up at the locations that experienced the maximum

Fig. 9 Representative scanning electron microscopy images showing the fracture initiation locations from intrados and extrados (marked by
arrows). (a) and (b), fracture initiated from the extrados (C-C condition); (c) and (d), fracture initiated from the intrados (O-O condition)

Table 3 Cumulative fractures from diamond fatigue testing out of 12 ‘‘V’’ specimens

Strain amplitude, % Baseline Condition C-O Condition O-O Condition C-C Condition O-C

0.75 0 0 0 0 0
1.30 0 3 0 0 1
1.88 0 7 0 0 4
2.24 2 8 0 0 6
2.76 8 * 2 1 *
2.90 11 * 6 2 *
3.03 * * 10 3 *
3.16 * * * 6 *
3.50 * * * 8 *
Asterisks (*) represent testing was not performed since considerable number of specimens already fractured
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tensile stress during loading as shown in Fig. 12(c). The
magnitude of the compressive residual stresses is comparable
for the two conditions, though the locations are distinctly
different. The size and shape of the inclusions or void is
expected to play a critical role in the magnitude of compressive
residual stresses and the fracture initiation and crack growth
direction. Authors are working on a separate study to highlight
the importance of inclusion morphology and its effect on
fatigue life.

Figure 13 highlights the protective nature of the residual
stresses for both cases. In Fig. 13(a), a simple stretch to 6%
strain is shown without a prior prestrain, while in Fig. 13(b),
the same 6% stretch is shown, but here preceded by the 10%
prestrain described in Fig. 12. While the maximum stresses for
the void are greater in both cases, the maximum stress drops by
30% for voids and by 22% for inclusions after prestraining.

New, higher-purity alloys with fewer and smaller inclusions
have recently become available, and as discussed above, these
alloys have a distinctly longer fatigue lifetime. In light of these
results, however, one would expect a greater performance
difference between standard and ultrapure materials when
prestrain is a minimum. On the contrary, if the prestrain is
substantial, it should be expected to lessen the difference
between the alloys, since prestrain casts a protective effect on
inclusions. But even if one could produce a complete void-free
and inclusion-free material, one should still expect an effect
from prestrain: unfavorably aligned grains with a lesser
transformational strain and higher plateau stress plastically
deform on lower global strains than more ideally aligned
neighbors (Ref 26). Just as with inclusions, these grains would
be shielded by the ensuing residual stresses.

The benefits of residual compressive stresses to enhance the
fatigue resistance of traditional metallic components have long
been recognized (Ref 27-29). For example, many engineering
components have been shot-peened or cold-worked with
fatigue strength enhancement as the primary objective. The
question now is whether the superelastic properties of Nitinol
provide greater protection due to the large elastic energy that
can be stored during a deformation. To gain some insight into
this matter, the same wire and inclusion geometry was used, but
the Nitinol UMAT was replaced by that of a conventional
elastic material, namely Stainless Steel 316L. Here a generic
material response for steel with cyclic plasticity was assumed
for the material behavior. Figure 14(a) and (b) compares the
residual stresses between steel and Nitinol with an attached
inclusion and a void, respectively, after unloading from a 10%
global tensile strain. The compressive residual stress values are
significantly higher for Nitinol due to the stress–strain hystere-
sis, anticipating a greater improvement in fatigue performance.

Fig. 10 Probability of survival plot based on strain amplitude for different conditions. The baseline condition is represented by dashed green
line. The curves to the left indicate a decrease in fatigue life and to the right indicate an increase in fatigue life (Color figure online)

Table 4 ABAQUS UMAT parameters used for the wire
in the embedded inclusion models

ABAQUS parameters Values

Austenite elasticity, MPa 62,857
Martensite elasticity, MPa 27,778
Transformation strain 0.046
Start transformation loading, MPa 460
End transformation loading, MPa 500
Start transformation unloading, MPa 240
End transformation unloading, MPa 210
Start transform stress compression, MPa 690
Ultimate tensile stress in yield curve, MPa 1510
Ultimate tensile strain in yield curve 0.128
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We now turn our attention to the one previous report that
showed no enhancement in rotating bending fatigue perfor-
mance after prestraining in bending (Ref 13). In this case,

prestraining was performed in bending, which creates both
tensile and compressive residual stresses on the concave and
convex sides, respectively. The applied duty cycle exposes all

Fig. 11 Computational model of the wire specimen geometry (gray) with a surface inclusion (orange) and arrows indicating the loading
direction. Inset shows the mesh discretization for the wire specimen and the inclusion (Color figure online)

Fig. 12 Comparison of stress states for void vs. attached inclusion (inclusion removed to aid visualization). (a) Starting state of the geometry
(left—represents void; right—represents inclusion). (b) Blue arrow representing the maximum principal stress locations at the end of loading to
10% global strain with the black arrows representing the loading direction (left—represents void; right—represents inclusion). (c) Residual
stresses upon release of the applied loading (left—represents void; right—represents inclusion) (Color figure online)
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the surfaces to tension, including the surface in which tensile
residual stresses have been installed. Thus, we should expect a
deterioration in lifetime, exactly as reported.

In summary, whether prestrain introduces residual stresses
due to non-uniform deformations, or defects, or less-ideally
aligned grains, these residual stresses can protect or aggravate
fatigue, and the magnitude of these residual stresses is
enhanced by the elastic energy storage capacity of superelastic
Nitinol. This has a few critical engineering implications. Firstly,
fatigue testing can be highly deceptive: for testing to be

predictive, samples must be appropriately prestrained, and
generic S-N curves or constant life diagram from the literature
are of little value. Secondly, this emphasizes how important it is
to consider all deformation modes. For example, it was already
shown that a stent crimped into a small catheter is protective to
subsequent pulsatile duty cycles that produce tension at the
stent extradoses. But, under different loading modes such as the
axial fatigue the intradoses would be exposed to tension, where
there is extant tensile residual stresses accelerating failure.
Thus, depending on the deformation mode one type of fatigue

Fig. 13 Comparison of stress state for void vs. an attached inclusion (inclusion removed to aid visualization). (a) Maximum principal stress at
the end of first pull to 6% indicating no prestrain (left—represents void; right—represents inclusion). (b) Maximum principal stress at the end of
second pull to 6% after prestraining (left—represents void; right—represents inclusion)

Fig. 14 Comparison of residual stress states for steel vs. Nitinol. (a) Maximum principal stress at the end of unloading for an attached
inclusion (inclusion removed to aid visualization; left—represents steel; right—represents Nitinol). (b) Maximum principal stress at the end of
unloading for a void (left—represents steel; right—represents Nitinol)
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is improved, while the other accelerated. Finally, one can easily
envision that the highest cyclic strain areas in a device are
protected by residual stresses, while an area with lower cyclic
strains is not, making the lower cyclic strain location possibly
the most fatigue critical and first to fracture. This has significant
implications to safety factor analyses or when determining the
location and thus the consequence of potential failures (Ref 30).

6. Conclusions

The effect of prestrain on fatigue life of Nitinol was
analyzed in detail for different loading modes of rotary bend,
tension–tension and diamond specimens. (1) In rotary bend
testing, wire samples were prestrained in tension from 0 to 10
with 2% increments before subjecting to the fully reversed
loading (0% mean strain) at different strain amplitudes. The
fatigue life improves with amount of prestrain and increases
substantially when the material starts deforming plastically. (2)
In the more challenging test setup of tension–tension fatigue,
the wire specimens were prestrained in tension (4, 6, 9, 10 and
11%) and released to 2% mean strain. Samples were tested at
different strain amplitudes to obtain the S-N curve for
individual prestrains. Though the resulting strain amplitudes
were smaller compared to RBF test, the effect of prestrain on
improvement in fatigue life was more significant than the RBF
test. The 9% prestrain fatigue limit increased by 100%
compared to the 4% prestrain fatigue limit. (3) In diamond
specimen testing representative of laser-cut medical devices,
the specimens were prestrained in both tension and compres-
sion to 9% before subjecting them to duty cycle at 3.5% mean
strain. If prestraining leads to compressive residual stresses at
the locations that will be exposed to tension during cycling, the
fatigue life improves, and if prestraining leads to tensile
residual stresses at the locations that will be exposed to tension
during cycling, it accelerate fracture. Finite-element models
demonstrate that large residual stresses are created surrounding
an inclusion or void when prestrained past the plasticity region
of the material.

Prestraining can lead to improvement or be detrimental
depending on the sequence in which the specimens are
prestrained and cycled. The superelastic properties of Nitinol
create unusually large residual stresses after inhomogeneous
deformations compared to traditional metals. Inhomogeneities
in deformation can arise from obvious macroscopic inhomo-
geneities such as bending or torsion, but can also occur from
voids, hard inclusions, and even the crystallographic alignment
of grains. Of particular note are that stress concentration sites
such as inclusions and voids which can be made less potent or
more potent depending upon the deformation history of the
material. For example, the act of crimping a stent into a catheter
creates residual stresses that are protective in a compressive
pulsatile fatigue environment, but may lose their protective
nature, or even aggravate damage, in other fatigue modes. This
highlights the importance of assuring that fatigue tests are
preceded by appropriate deformations, and it highlights the
risks or extrapolating fatigue data from one test mode to other
modes—for example, axial fatigue data to a crushing, or
pulsatile duty cycle. While this complicates medical device
design and testing, it also provides designers with a very
powerful tool to optimize fatigue performance.
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