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Abstract

Prior to implantation, Nitinol-based transcatheter endovascular devices are subject to a complex 

thermo-mechanical pre-strain associated with constraint onto a delivery catheter, device 

sterilization, and final deployment. Though such large thermo-mechanical excursions are known to 

impact the microstructural and mechanical properties of Nitinol, their effect on fatigue properties 

is still not well understood. The present study investigated the effects of large thermo-mechanical 

pre-strains on the fatigue of pseudoelastic Nitinol wire using fully reversed rotary bend fatigue 

(RBF) experiments. Electropolished Nitinol wires were subjected to a 0%, 8% or 10% bending 

pre-strain and RBF testing at 0.3−1.5% strain amplitudes for up to 108 cycles. The imposition of 

8% or 10% bending prestrain resulted in residual set in the wire. Large pre-strains also 

significantly reduced the fatigue life of Nitinol wires below 0.8% strain amplitude. While 0% and 

8% pre-strain wires exhibited distinct low-cycle and high-cycle fatigue regions, reaching run out at 

108 cycles at 0.6% and 0.4% strain amplitude, respectively, 10% pre-strain wires continued to 

fracture at less than 105 cycles, even at 0.3% strain amplitude. Furthermore, over 70% fatigue 

cracks were found to initiate on the compressive pre-strain surface in pre-strained wires. In light of 

the texture-dependent tension−compression asymmetry in Nitinol, this reduction in fatigue life and 

preferential crack initiation in pre-strained wires is thought to be attributed to compressive pre-

strain-induced plasticity and tensile residual stresses as well as the formation of martensite 

variants.

Despite differences in fatigue life, SEM revealed that the size, shape and morphology of the 

fatigue fracture surfaces were comparable across the pre-strain levels. Further, the mechanisms 

underlying fatigue were found to be similar; despite large differences in cycles to failure across 

strain amplitudes and pre-strain levels, cracks initiated from surface inclusions in nearly all wires. 

Compressive pre-strain-induced damage may accelerate such crack initiation, thereby reducing 

fatigue life. The results of the present study indicate that large compressive pre-strains are 

detrimental to the fatigue properties of Nitinol, and, taken together, the findings underscore the 
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importance of accounting for thermo-mechanical history in the design and testing of wire-based 

percutaneous implants.
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1. Introduction

Over the last decade, Nitinol, the nearly equiatomic metal alloy of nickel and titanium, has 

become a ubiquitous medical device material due to its unique shape memory and 

pseudoelastic material properties. These properties are attributed to a reversible martensitic 

transformation between the austenite and martensite phases, which may be temperature-

induced (shape-memory) or stress-induced (pseudoelasticity). The parent austenite phase is 

an ordered B2 cubic lattice which is stable at high temperature while the lower symmetry 

martensite daughter phase possesses a B19’ monoclinic crystal which is stable at lower 

temperatures. Conversion of the austenite phase to the martensite phase occurs via a 

diffusionless solid-to-solid phase transformation. This transition confers fully recoverable 

strains in excess of 6% to the material (Duerig et al., 1990; Shaw and Kyriakides, 1995), 

making Nitinol especially attractive as a material for percutaneous cardiovascular devices 

such as stent-grafts, vena cava filters and septal occluders (Duerig et al., 1999).

Endovascular implants are subjected to millions of cycles of multi-axial loading in vivo due 

to pulsatile blood flow and skeletal motions, making them susceptible to fatigue failure. 

Fatigue fracture of Nitinol endovascular devices remains a major concern, particularly in 

peripheral stents and septal occluders, where clinical fracture rates between 4% and 10% are 

still commonly reported (Fagan et al., 2009; Kay et al., 2004; Trabattoni et al., 2010). The 

fatigue properties of the Nitinol (NiTi) in intravascular devices is not just sensitive to 

material composition and processing (Launey et al., 2014; Matheus et al., 2011; Reinoehl et 

al., 2001; Schaffer and Plumley, 2009) but to the full thermo-mechanical history of the 

formed device. The thermo-mechanical history may include final shapesetting heat 

treatments/aging (Pelton et al., 2004; Pelton et al., 2003), and post-processing step such as 

loading onto a delivery system, sterilization, and final deployment (Duerig et al., 1999). 

Heat treatments have typically been used to optimize austenite finish temperature (Af) and 

microstructural parameters (Pelton et al., 2000), and the effect of such treatments on the 

fatigue life of Nitinol devices has been studied over the past decade (Patel et al., 2006). In 

contrast, the effects of constraining the device onto a delivery system (crimping), sterilizing 

the device at high temperatures in this constrained state, and then releasing the constraint 

during deployment are still not well understood.

Crimp strains, or pre-strains, in endovascular devices may range from 4% to over 10%. For 

instance, Kleinstreur et al. reported maximum crimp strains of 8.86% and 10% for two 

different Nitinol materials in a diamond stent-graft model (Kleinstreuer et al., 2008). 

Similarly, pre-strains of 6−8% were calculated for different percutaneous heart valves 

(Kumar and Mathew, 2012). Though these pre-strains are largely recovered upon 
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deployment, the material in the device has undergone a large forward and reverse 

mechanical strain excursion even before encountering any physiological deformation.

Similarly, sterilization imposes a thermal cycle on endovascular devices prior to deployment. 

Constraining onto the delivery system, such as a catheter, is often performed at low 

temperatures near or below the martensite finish temperature (Mf) The constrained device 

may then be sterilized at temperatures above Af, stored at ambient temperature before 

implantation, and finally exposed to body temperatures just prior to deployment/release.

Irrespective of whether it results in a permanent set, this single large thermo-mechanical 

strain cycle can alter the material microstructure through the accumulation of dislocations, 

interface formation and the persistence of martensite nuclei within the austenite matrix 

(Brinson et al., 2004; Pelton, 2011; Pelton et al., 2012). Such changes may manifest as shifts 

in phase transition temperatures, plateau stresses and transformation strains (Gong et al., 

2002; Henderson et al., 2011; Miyazaki et al., 1986; Urbina et al., 2009), and as a result, 

may alter the fatigue behavior of the material. Designing Nitinol devices against fatigue 

fracture not only demands an understanding of in-service loads, but of how the device’s 

complex thermo-mechanical history affects its material level fatigue behavior. While 

numerous computational (Grujicic et al., 2012; Kumar et al., 2013; Rebelo et al., 2009) and 

some experimental studies (Pelton, 2011; Pelton et al., 2008) of device-level fatigue have 

incorporated crimping and deployment into the investigational protocol, few studies have 

clearly examined how this pre-strain cycle impacts overall fatigue properties. Schlun et al. 

subjected pseudoelastic NiTi to an 8% tensile pre-strain and examined the evolution of the 

cyclic strain−stress behavior at 0.2% and 1.2% strain amplitude and 2% mean strain for 100 

cycles (Schlun et al., 2011). The authors observed hysteresis and permanent set in the stress

−strain curve at 1.2% strain amplitude over 100 cycles but the curve remained constant at 

0.2% strain amplitude. However, they did not elucidate the impact of the initial 8% pre-

strain on these findings. More recently, Pelton et al. investigated the fatigue behavior of 

different compositions of Nitinol wire at large strain amplitudes (5−10%) and found the 

wires fractured in less than 103 cycles (Pelton et al., 2013). Though such strain amplitudes 

exceed physiologic loading conditions, the results suggest that even a single strain excursion 

at such high strains may consume a measurable portion of the fatigue life of the material.

Bending is one of the predominant loading modes in many wire-based endovascular devices 

(Berg, 1995; Wick et al., 2005). As the fatigue life of pseudoelastic Nitinol is strain-

controlled, rotary bend testing, which provides a simple method for strain-controlled 

materials characterization of wires, has been employed extensively over the past decade to 

investigate the fatigue behavior of medical grade Nitinol. The technique has been used to 

successfully examine the effects of material composition and processing (Reinoehl et al., 

2001), specimen geometry (Norwich and Fasching, 2009) and surface finish on fatigue life 

of wires (Patel and Gordon, 2008). Therefore, the objective of the present study is to 

investigate the effect of high bending pre-strain on the low- and high-cycle fatigue properties 

of pseudoelastic Nitinol wire using rotary bend testing (RBT).
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2. Methods

2.1. Nitinol wire

All testing was conducted on 0.5 mm diameter electropolished Ni50.8Ti 49.2 Nitinol wire 

(Nitinol Devices and Components, Fremont, CA) that conforms to ASTM F2063. The wires 

were drawn with approximately 45% cold work and then straightened by conventional 

means (Pelton et al., 2000). The wires were then thermally treated (500 °C/3 min) to achieve 

an Af of 15±3 °C, typical of implantable devices, as measured by bend free recovery (ASTM 

F2082, 2006). The wires were subsequently electropolished in an nitric acid−methanol 

solution at temperatures less than −50 °C. Fig. 1 shows the uniaxial tensile curve from a 

representative wire tested at 37 °C per ASTM F2516 at 0.5 mm/min. The wires exhibited an 

upper plateau stress of 650 MPa, lower plateau stress of 366 MPa and an elongation at 

fracture of 12.1%.

2.2. Thermo-mechanical pre-strain

Pre-strained wires were subjected to either 8% or 10% bending pre-strain. The pre-strain 

procedure was designed to mimic the thermo-mechanical history to which the wire would be 

subject prior to in-vivo loading, including loading onto a delivery device (crimping), 

sterilization and deployment. To simulate crimping, each wire sample was secured on each 

end with screws onto either 6.25 mm (maximum 8% prestrain) or 5 mm (maximum 10% 

pre-strain) fixed diameter Delrin mandrels, and both wire and mandrel were placed in a 0 °C 

ice bath for 2 min. Each wire was wrapped around the mandrel while immersed in the ice 

bath. To simulate ethylene oxide sterilization, the wrapped wire was subsequently 

submerged in a 60 °C bath for 2 min, followed by a room temperature soak for 2 min (Fig. 

2). The two-minute duration at each pre-strain step was deemed sufficient since time is not a 

factor in martensitic transformations or in plasticity at such low temperatures.1 Before the 

wire was uncoiled to release the pre-strain, a marker was used to identify the outer (tensile) 

pre-strained surface. Control (0% pre-strain) wires were subject to the same thermal history, 

but were left unconstrained in each bath. All samples were stored at room temperature until 

testing.

2.3. Residual strain

To quantify the extent of permanent set in the pre-strained wires, two 8% and two 10% wires 

were subjected to the pre-strain protocol. Each wire was imaged with a digital camera 

(Nikon D90) before and after heating to 200 °C, above the martensite deformation 

temperature, Md, for 5 min in an oven (Carbolite CWF 12/13). ImageJ was used to 

approximate residual strain at 22−25 points along the length of the wire. An ‘instantaneous’ 

radius of curvature was estimated by calculating the radius of a circle composed of three 

adjacent points, approximately 8−10 mm apart, taken along the wire length. From the radius 

of curvature at each point, Eq. (1) was used to estimate the instantaneous residual strains 

along the wire length and compute an average permanent set.

1Nitinol creep has been extensively studied at temperatures ranging from ~500 °C to 1100 °C and with stress values from ~5 to 180 
MPa (Oppenheimer et al., 2007 and references therein). Based on these data and experience of the authors Nitinol is not affected by 
time under stress conditions at homologous temperatures less than~0.4Tm.
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2.4. Rotary beam fatigue tests

Fully reversed (εmin/εmax= −1) rotating bend fatigue tests were performed using modified 

Valley Instruments (Positool Technologies) rotary beam fatigue testers. To mimic 

physiologic conditions, and minimize possible adiabatic effects, tests were conducted in a 

37 °C temperature-controlled circulating water bath at six different strain amplitudes: 0.3%, 

0.4%, 0.6%, 0.8%, 1.0%, 1.2% and 1.5%. Square Delrin blocks machined with a 1.5 mm 

wide semi-circular mandrel groove were incorporated into the test apparatus to enable 

guided rotary beam testing, ensuring a more uniform strain along the length of the wire and 

mitigating potential vibratory motions (Norwich, 2014; Weaver et al., 2013). The radius of 

each mandrel groove was determined by the strain amplitude according to the following 

equation:

εa = d
2R

where d is the diameter of the wire, R is the radius of the mandrel, and εa is the strain 

amplitude. During testing, one end of the wire was clamped in a motor-driven chuck. The 

remaining length of the wire was inserted into the semi-circular groove, with the opposite 

end of the wire rotating freely outside the groove (Fig. 3). Wire guides prevented excessive 

motion of the free end. The chuck rotated at a constant frequency of 3600 RPM (60 Hz), 

with the strained wire experiencing an alternating state of tension and compression with 

each rotation. Fifteen to eighteen samples were evaluated at each strain amplitude; n=5−6 

for each pre-strain (Table 1).

To date, nearly all RBF studies of Nitinol have been conducted at cyclic strains of 0.4% or 

greater to 107 cycles or less, which approximates a 10-year duration of in vivo 

musculoskeletal motions such as walking and stair climbing (Nikanorov et al., 2008). 

However, FDA guidelines for endovascular devices such as stents also recommend durability 

tests to simulate cardiac cyclic deformation under relevant pulsatile loading for 

approximately 4×08 cycles. Though run out values at 107 cycles are routinely deemed as the 

fatigue limit of the material, it remains unclear whether these values are representative of the 

strain limit at higher cycles. To ascertain whether the fatigue strain limit at 107 may be 

effectively extrapolated to higher cycles, the wire samples in the present study were cycled 

until fracture or until the cycle count reached 108 cycles.

2.5. Fractography

Fractured surfaces were examined with scanning electron microscopy (SEM, JEOL 

JSM-6390LV ) to characterize crack-initiation and propagation features. Images were 

acquired at 20 kV with 30 mm spot size and 12 mm working distance. The location of crack-

initiation relative to the regions of tensile and compressive pre-strain was also identified in 

wires subject to 8% and 10% pre-strains. SEM images were further analyzed to estimate the 

relative size of the fatigue crack growth region. An open source image processing software 

(National Institutes of Health ImageJ) was used to measure the crack growth area, defined as 

the ratio of the stable fatigue crack growth area to the entire fracture surface area. This 

analysis program was further used to measure the crack shape, defined as the ratio of the 
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maximum crack length (amax) to the maximum crack width (2bmax) of the area of stable 

crack growth. In addition, surface features along the circumferential surface of the wires 

were imaged via SEM and backscatter electron imaging (BEI).

2.6. Statistics

One-way ANOVA with Tukey’s post-hoc tests were used to assess differences between pre-

strain groups at fixed strain amplitude and between alternating strain levels for a given pre-

strain. All data were presented as mean±SD. P-values less than 0.05 were considered 

significant.

3. Results

3.1. Retained martensite vs plasticity

Residual set was observed in all samples that were exposed to 8% or 10% pre-strain (Fig. 4). 

In the four wires in which remnant set was analyzed before and after heating above Md, the 

average set across the length of the wire was less 0.1% (Table 2). Further, the set in the 10% 

pre-strain wires was significantly (p<0.05) greater than that measured in the 8% pre-strain 

wires. Though a reduction in average remnant strain was noted for all samples after heating 

above Md, the change was not significant due to the large spatial variation in residual set 

observed across the length of the wires. A permanent set of approximately 0.023% and 

0.057% remained in the 8% and 10% pre-strain wires, respectively, after heating.

3.2. Fatigue cycling

Rotary bend fatigue testing revealed that the strain life of the Nitinol wires decreased with 

increasing strain amplitude, irrespective of pre-strain level (Fig. 5). Two distinct fatigue 

regions were observed − a low-cycle regime (≤5×104 cycles) and a high-cycle fatigue 

regime. Above 0.8% strain amplitude, the fatigue life of all samples was less than 105 

cycles, and there were no significant differences in cycles to failure between pre-strain 

groups. For the 0% and 8% pre-strain levels, the strain life curve in the low cycle region 

(0.8−1.5% strain amplitude) could also be modeled with an empirical power−law 

relationship with a power−law exponent of −0.36 and −038, respectively.

At 0.8% strain amplitude and below, fatigue life of the pre-strained wires diverged. At 0.8% 

strain amplitude, the average strain life of 10% pre-strain wires (1.45±0.2× 104 cycles) was 

lower (p<0.001) than 0% (2.4±0.4×10 cycles) and 8% (2.3±0.2×0 cycles) pre-strain wires, 

while both 8% and 10% wires had significantly reduced fatigue resistance compared to 0% 

pre-strain wires at 0.6% strain amplitude (p<0.0001). At least one sample in the control and 

8% prestrained samples reached runout at 0.6% and 0.4% strain amplitudes, respectively, at 

both 107 and 108 cycles. At 0.4% εa, all five 0% pre-strain wires and four of five 8% pre-

strain wires withstood 108 cycles of bending. In contrast, all 10% pre-strain wires fractured 

in the low-cycle region at less than 105 cycles, even at 0.3% strain amplitude.

3.3. Fractography

Despite the differences in fatigue life and residual set, the morphology of the fracture 

surfaces was similar between prestrain groups at larger strain amplitudes (Fig. 6(a-c)) and 
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lower strain amplitudes (Fig. 6(d-f)). Each fracture surface consisted of two distinct regions: 

a thumbnail shaped region of crack initiation and fatigue crack growth (Fig. 7a) followed by 

an overload region of ductile tensile fracture (Fig. 7b).

Cracks were found to nucleate from surface inclusions in the region of stable crack growth, 

though individual fatigue striations could not be perceived (Fig. 7c). The region of tensile 

overload was comprised of characteristic ductile dimples and voids.

With respect to the relative area of the two regions, at each pre-strain level, the crack growth 

area increased significantly (p<0.05) with decreasing strain amplitude (Fig. 8a), varying 

from approximately 24% to 55% at 1.5% and 0.6% strain amplitudes, respectively. For fixed 

strain amplitude however, the average crack growth area was statistically similar between 

pre-strain levels, and, like surface morphology, was comparable even in wires with vastly 

different fatigue cycles. For example, a 0% pre-strain wire that fractured at 12 M cycles and 

an 8% pre-strain wire that fractured at 45k M cycles at 0.6% strain amplitude both had a 

crack growth area of 55%. Similarly, crack shape (amax/2bmax) was also comparable between 

different pre-strain levels at all strain amplitudes. In contrast to crack growth area, however, 

its value was largely independent of alternating strain level (Fig. 8b). For strain amplitudes 

between 0.8% and 1.5%, the average value of amax/2bmax was approximately 2.1 for all three 

pre-strain levels. Only at 0.6% strain amplitude, where the crack growth front shifts from a 

thumbnail shape to a more linear shape, did amax/2bmax drop significantly (p<0.0001).

Within the crack initiation region, cracks were observed to preferentially initiate from the 

compressive pre-strain surface. In more than 70% of the 8% and 10% pre-strain wires, 

fatigue cracks started from inclusions within ±45° from the location of maximum 

compressive bending strain (Table 3). Irrespective of the relative location of crack initiation, 

there was no evidence of microcrack coalescence around the circumferential periphery of the 

fracture surface. Though the microcracks observed along the longitudinal surface of the 

wires also originated from voids associated with surface inclusions (Fig. 9), the number of 

microcracks was insufficient to quantify microcrack density or to compare differences along 

the compressive and tensile surface.

4. Discussion

The present work examined the fatigue behavior of pseudoelastic Nitinol wires subject to 

pre-strains that simulated crimping, sterilization and deployment of transcatheter devices. 

Zero mean strain rotary bend fatigue testing was used to quantify the fatigue life of wires 

subject to 0%, 8% and 10% bending prestrain over a range of strain amplitudes. The 

imposition of an 8% and 10% pre-strain resulted in pronounced residual set in the wires, 

particularly at 10% pre-strain. Though no discernible differences in fatigue life were 

observed between control and pre-strain samples at higher strain amplitudes (≥1.0% εa), 

large bending pre-strains significantly reduced the fatigue properties of Nitinol wire at low 

strain amplitudes, with the 10% pre-strain having a more deleterious impact. Furthermore, 

over 70% of the wires subject to a pre-strain experienced crack initiation from the region of 

compressive strain. These observations of reduced high-cycle fatigue performance and 

preferential compressive crack initiation with high bending pre-strain may be attributed to 
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two simultaneous factors: effects of plasticity and effects of martensite variants. We will first 

address these effects in the context of the pre-strain process, and then discuss our fatigue and 

fractography findings.

4.1. Effects of bending pre-strain − plasticity

The crystallographic texture in Nitinol is highly dependent on product form (Robertson et 

al., 2006), and due to the drawing process, wires develop a strong texture in the drawing 

direction. Nitinol wires typically possess a ⟨111⟩ texture, which more readily accommodates 

tension than compression in the drawing direction (Gall et al., 1999). While the nominal 

elastic modulus in tension and compression is similar, in general the compressive stress

−strain curves exhibit higher plateau stresses (more difficult to form martensite), steeper 

transformation slopes (“work hardening”), and lower recoverable transformation strains 

(greater plasticity) than in tension (Jacobus et al., 1996; Plietsch and Ehrlich, 1997). Given 

this tension−compression asymmetry, to understand the results from the bending pre-strain 

process, it is necessary to consider how these prestrains, and therefore the resultant stresses, 

partition across the diameter of the bent wires. Bending produces a localized strain (stress) 

gradient across the diameter of the wire, with the highest strains (stresses) concentrated 

along outer fibers of the wire (Reedlunn et al., 2014; Wick et al., 2005). For the present 

purposes, it is beneficial to consider the stress distribution across the wire diameter. Fig. 10a 

(after (Bannantine et al., 1990)) is a schematic illustration of the stress distribution across the 

Nitinol wire during the pre-straining process which takes into account its well-known 

tension−compression asymmetry (Gall and Sehitoglu, 1999; Gall et al., 1999). There are 

elastic stresses on both sides of the neutral axis that transition to stress-induced martensite 

whereby the tension stress plateau is longer and forms at a lower stress value than on the 

compression side. In the outer regions, where the greatest strains are reached, the surface 

stresses on the compression side are greater than those on the tension side. There is plasticity 

within both the tension and compression regions that results in dislocation generation.

Reedlunn et al. (2014) tested pseudoelastic Nitinol tubes (Af 19 °C) in tension, compression, 

and pure bending at room temperature with custom-designed fixturing and stereo digital 

image correlation to quantify the local surface strain field. They observed localized 

propagating transformation fronts in uniaxial tension, but not in uniaxial compression. 

Similarly, the strain fields in bending contained localized strain on the tensile side, but no 

such localizations on the compression side of the tube. They presented an elegant strain-

based model that considers preferred bending kinematics and localized kinematics to explain 

their observations of localized strain asymmetries. They simulated the bending moment− 

curvature response up to the end of the loading plateau based on their uniaxial data. 

However, their bending strains did not reach the 8−10% range and therefore did not 

incorporate effects of plasticity that would result in such an extreme permanent set as was 

observed in the current testing.

In a recent neutron diffraction study, Stebner et al. (2013) investigated the contributions to 

strain under uniaxial tension−compression of thermal martensite to ±18%. They attributed 

the tension−compression asymmetry to strain partitioning according to the following 

relationship:
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Δεtotal = Δεelastic + Δεaccommodation twinning + Δεdeformation twinning + Δεslip

where the total strain (Δεtotal) is partitioned into elastic strain (Δεelastic), two contributions 

from twinning (Δεaccommodation and Δεdeformation) and plasticity (Δεslip)2. Based on results 

from a follow-up investigation of pseudoelastic Nitinol (A. Stebner, S. Clausen, A. R. 

Pelton, in process 2014), the amount of plastic strain contribution from the bending pre-

strain in the present study is comparable to that observed in thermal martensite (Barney et 

al., 2011; Stebner et al., 2013). Therefore, approximately 17% of the tensile strain and 34% 

of the compressive strain can be attributed to Δεslip in the outer fibers for the 8% pre-strain 

conditions. Δεslip contributions increase to 29% and 43%, respectively, for tension and 

compression, during 10% pre-strain. Note that slip is a more significant contributor to the 

compressive response at both levels of pre-strain. Consequently, the compression side of the 

wires will have greater plasticity at both levels of pre-strain. Furthermore, the corresponding 

stress at the 8 and 10% pre-strain is also proportionally greater in compression than in 

tension, and is reflected in the schematic diagram in Fig. 10a. The result of this prestrain 

deformation is that the outer fibers on both the tension and compression sides will contain a 

high level of dislocations with a greater amount on the compression side. Consequently, this 

asymmetry will also be manifest as greater macroscopic damage accumulation on the 

compressive surface (Chinubhai et al., 2013; James et al., 2004). It is expected that the 

amount of plasticity increases as the pre-strain increases from 8% to 10%.

During exposure to 60 °C temperatures with the wires still wrapped around the mandrels (to 

simulate EtO sterilization), the tensile and compressive stresses increase by the well-known 

Clausius Clapeyron relationship (Shimizu and Tadaki, 1984), resulting in greater local 

strains with concomitant additional plasticity. Upon removal from the constraint, both tensile 

and compressive residual stresses must be present in order to satisfy all equations of internal 

force and moment equilibrium, ΣF=ΣM=0. Therefore, the surface regions that were 

plastically deformed prevent the adjacent elastic (and pseudoelastic) regions from 

undergoing complete elastic recovery to the unstrained condition. As such, the elastically 

(and pseudoelastically) deformed regions on the tensile side are left in residual tension and 

the regions that were plastically deformed must be in the state of residual compression to 

balance the stresses over the cross section of the wires. Conversely, the elastically (and 

pseudoelastically) deformed regions on the compression side are left in residual 

compression; the regions that were plastically deformed on the compression side will have a 

tensile residual when the constraints are removed. Furthermore, due to the tension

−compression stress asymmetry in Nitinol, the depth of the tensile residual stress is likely 

greater than on the compressive residual stress. A possible stress redistribution for the 

unconstrained wires is schematically shown in Fig. 10b.

2For the present case of wire deformation above the Af temperature, it is expected the that strain partitions as follows: Δεtotal = 
Δεelastic + Δεtransformation + Δεslip (Barney, Xu et al. 2011)
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4.2. Effects of bending pre-strain − martensite formation

In addition to plastic deformation during the pre-strain process, the wires also undergo 

transformation from austenite to martensite as the stresses reach sufficient level across the 

diameter (see Fig. 10a). As such, there will be a gradient of volume fraction of martensite 

from the elastic regions to the outer surfaces. The greatest volume fraction of martensite 

therefore coincides with the greatest amount of plasticity at the outer surfaces. The 

dislocations will interact with the martensite so that these microstructures will consist of 

deformed martensite and dislocations, even after unloading (Otsuka and Ren, 2005; Stebner 

et al., 2013). However, different variants of martensite form through the wire cross section 

during the pre-straining operation in response to the local stress state and texture of the 

wires. Stebner et al. (2013) demonstrated that the material prefers axial orientation 

alignments near3,4 (010)M in tension and (100)M in compression. According to 

phenomenological theory (010)Mderives from (011)B2 and (100)M derives from (100)B2
(Matsumoto et al., 1987). Austenite grains with orientations near {011}B2 have a lower 

transformational free energy with recovery strains of approximately a factor of three greater 

than those near {100}B2 (Bhattacharya, 2003; Miyazaki et al., 1984). Consequently, the 

martensite that forms on the tension side may more readily transform back to austenite upon 

unconstraining even though it resides in a compressive residual stress field. In contrast, it is 

more difficult to transform martensite from the compression side in its tensile residual stress 

field, thereby leaving greater retained deformed martensite on the compressive surface.

4.3. Fatigue cycling

Fully reversed rotary bend fatigue testing was performed on the 0%, 8% and 10% bending 

pre-strain at strain amplitudes ranging from 0.3% to 1.5%. The strain life curve exhibited a 

characteristic low-cycle fatigue region in which fatigue life increased sharply with 

decreasing strain amplitude. For 0% and 8% pre-strain wires this region could be modeled as 

a power law with an exponent of −0.36 and 0.38, respectively. A nearly flat high-cycle 

fatigue region (for Nf>105) was also observed in 0% and 8% pre-strain wires, with a run out 

at 108 cycles between 0.4% and 0.6% strain amplitudes.

Distinct cyclic deformation mechanisms underlie the low-and high-cycle fatigue regions; in 

the low-cycle region, the material accommodates strain in each cycle via elastic deformation 

and stress-induced martensite formation, while elastic deformations dominate in the high-

cycle region. The transition between the two regions typically occurs at the initial 

transformation strain (approximated from a uniaxial tensile test, see Fig. 1), which is a 

function of composition, processing, thermo-mechanical history and test temperature. These 

factors further impact how quickly a fatigue limit is reached once the material transitions 

into the high-cycle region (slope of the high-cycle εa−Nf curve). Therefore, the fatigue 

properties observed herein are expected to be congruous with those reported in previous 

high-cycle RBF studies of similarly processed pseudoelastic Nitinol wire examined under 

comparable test conditions. For instance, Pelton and colleagues recently conducted RBF 

3Specifically, the dominant martensite orientations (150)M in tension and ⟨322⟩M in compression.
4More recent studies by Stebner et al. (A. Stebner, S. Clausen, A. R. Pelton, in process 2014) show that the martensite formed in 
tension and compression of pseudoelastic Nitinol is comparable to that formed from the thermal martensite at the higher strains.
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testing of 0.6 mm Ni50.8Ti 49.2 wires with a bright or dark surface and an Af between 2 and 

4 °C (Pelton et al., 2013). The wires were tested at −25 °C, 23 °C and 60 °C at strain 

amplitudes ranging from 0.6%−10%. At 23 °C, which corresponds to the same ΔT (Test 

temperature − Af) as the present study, they reported similar values for cycles to failure in 

the low- and high-cycle fatigue regime as those observed for 0% pre-strain wires. The 

transition from the low-cycle regime also occurred at 0.8% strain amplitude (initial 

transformation strain) and the slope of the best-fit log-log strain life curve for strain 

amplitudes between 0.8% and 2% was 0.33 and 0.32 for the bright and dark surfaces, 

respectively. They also observed run out at 107 cycles at 0.6% strain amplitude. In earlier 

work, Sheriff et al. and Reinoehl et al. also investigated the RBF behavior of pseudoelastic 

Ni50.8Ti 49.2 wires (Reinoehl et al., 2001; Sheriff et al., 2005). Based on the extrapolations 

provided by Robertson et al., the exponential coefficients of the best fit power−law for the 

two studies were 0.41 and 0.34 (Robertson et al., 2012), respectively, and both reported a 

fatigue limit at 107 cycles between 0.6% and 0.7% strain amplitudes.

Rotary bending fatigue produces an alternating tensile-compressive strain (stress) gradient 

that will necessarily interact with the residual stresses present in the wire due to the pre-

straining process. It is expected that the tensile strains from cycling will algebraically add to 

the existing tensile residual stresses to decrease the acceptable strain limits. On the other 

hand, the effects of tensile cyclic strains may be reduced in the compressive residual regions. 

Furthermore, it is expected that the effects of residual stress will be most important during 

cycling at lower strain (and stress) amplitudes in the linear elastic regions. At strain 

amplitudes greater than the linear elastic limit (0.8%), stress-induced martensite will form 

with accompanying dislocation formation (Pelton, 2011) that may modify the existing 

dislocation/martensite microstructure. Cycling at these higher strains can lead to a 

phenomenon referred to as “residual stress fading” that would nullify any existing internal 

stresses. This fading is demonstrated in many engineering materials, for example, in AISI 

1080 steel with a variety of heat treatments to create different levels of microstresses as well 

as macrostressess by shot peening (Winholtz and Cohen, 1992). X-ray diffraction was used 

to quantify the microstresses and macrostresses from processing and fatigue cycling in that 

fatigue study with two levels of stress amplitude. They observed that both initial 

compressive and tensile microstresses fade with fatigue and that macrostresses due to shot 

peening also reduce with fatigue. These explanations may support the observation in the 

present study that low-cycle fatigue was unaffected by the pre-straining process.

Although it is beyond the goals of this study, it is interesting to speculate what actually 

occurs during fully reversed cycling at strain amplitudes in both the low-cycle and high 

cycle regions. For example, we first consider wires with no pre-strain process. For each 

rotation at strain amplitudes greater than 0.8%, the wires undergo sequential tension and 

compression and therefore differences in the martensite variants that form. It is expected that 

these martensites are able to retransform to austenite upon unloading of the strain on the 

reverse cycle. However, as the number of cycles increase, it is likely that the accumulation of 

transformation plasticity may begin to stabilize the martensite creating a metastable 

microstructure. Monitoring these microstructures under these conditions with in situ x-ray or 

neutron diffraction may elucidate how continued strain cycles interact.
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4.4. Strain life

In the present investigation, wires were fatigued until fracture or run out at 108 cycles, in 

part to discern whether the fatigue limit at 108 cycles can be effectively extrapolated from 

results run out to 107 cycles. In 0% pre-strain wires, four samples achieved run out at 107 

cycles but only one of these wires reached 108 cycles at 0.6% strain amplitude. On the other 

hand, at 0.4% strain amplitude in 8% pre-strain wire, the four wires that withstood 107 

cycles of loading reached run out at 108 cycles. In both cases, the average number of cycles 

to failure fell between 107 and 108 cycles. Similar results have been documented in prior 

high-cycle fatigue investigations. Patel and colleagues studied the effect of surface finish on 

0.323mm Ni50.8Ti49.2 wires using RBF conducted to 108 cycles at strain levels ranging from 

0.7% to 2.5% (Patel and Gordon, 2008). The Af of the wires ranged from 18 to 24 °C, and 

testing was conducted at 10 °C above the Af temperature. Though individual data points 

were not provided, the average fatigue life at 0.8% strain amplitude and 0.7% strain 

amplitude ranged from 107 to 108 for every surface finish, with at least one of seven wires 

tested at 0.8% strain amplitude and four of seven wires tested at 0.7% strain amplitude in 

each group achieving run out at 108 cycles. More recently, Rahim et al. investigated the 

effects of impurity (O, C) on the RBF properties of 0.75mm pseudoelastic Nitinol wires with 

Af=30 °C (Rahim et al., 2013b). The wires were tested at 37 °C at strain levels from 0.94% 

and 1.88% for up to 6 × 108 cycles. The high purity material had superior fatigue properties 

compared to O-rich and C-rich materials in the low-cycle region, while C-rich and high 

purity materials had comparable fatigue resistance at higher cycles. However, notable scatter 

was observed in the high-cycle fatigue data, with several wires from each composition 

fracturing below 107 cycles, between 107 and 108 cycles and even between 108 and 6 × 108 

cycles at 0.94%, 1% and 1.07% strain amplitudes. These results indicate that not all 

individual samples achieving run out 107 cycles will survive to 108 cycles, due in part to the 

stochastic nature of microstructural damage accumulation (Rahim et al., 2013b). However, 

as the mechanisms underlying fatigue fracture in Nitinol at 107 cycles are similar to those at 

108 cycles, testing to 107 cycles should still provide mechanistic insights into the high-cycle 

and ultrahigh cycle fatigue behavior of the material.

4.5. Fractography

The shape, size and morphology of the fractured surfaces were found to be comparable 

between pre-strain and control wires, indicating similar mechanisms underlying fatigue 

fracture of the wires. In Nitinol, fatigue cracks initiate at inclusions (oxides and carbides) 

and other internal defects, and in most of the wires inspected in the present study, inclusions 

were clearly visible at the site of crack nucleation. Rahim and colleagues have recently 

conducted a thorough SEM analysis of the longitudinal surface of rotary bend fatigued 

Nitinol wires. The authors showed that more than 80% of microcracks that form around 

surface inclusions nucleate from inclusions with processing voids, such as the one observed 

in Fig. 9, rather than fully embedded inclusions (Rahim et al., 2013b). Though the exact role 

of these inclusions is still not fully understood, in general, it is observed that increasing 

purity increases the acceptable strain amplitude at 107−108 cycles (Launey et al., 2014; 

Rahim et al., 2013b). In the absence of other processing defects, these inclusion-associated 

voids should act as the site of crack initiation in low-cycle, high-cycle and even ultra-high 

cycle fatigue regimes, independent of exposure to pre-strain. This is in contrast to high-
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strength steels, where fractures at ultra-high cycles nucleate from internal defects (fish-eyes 

fractures) (Sakai et al., 2010).

In the present work, SEM analysis of the fractured surfaces showed that, from the site of 

initiation, a stable fatigue crack zone was present as a distinct thumbnail shaped region, 

consistent with the crack shape seen in fully reversed bending fatigue of metal wires 

(Stephens et al., 2000). This shape, as quantified by the ratio of maximum crack length to 

crack width (amax/2bmax), was nearly constant across pre-strain and strain amplitude in the 

low-cycle regime. At 0.6% strain amplitude, however, there was a slight decrease in (amax/

2bmax) due to flattening of the crack growth front. Limited transformational strains are 

generated at this lower strain amplitude, and fatigue should largely occur within linear 

elastic bounds. This evolution in crack shape is consistent with computational models of 

linear elastic circular bars subject to cyclic bending, in which initially semi-circular 

(thumbnail) crack fronts gradually become linear as crack depth (amax) increases (Carpinteri 

et al., 2006).

The size of the fatigue fracture region also increased with decreasing strain amplitude, 

increasing from just over 20% at 1.5% strain amplitude to 55% at 0.6%. Rahim et al. also 

conducted fractography of RBF wires using SEM to quantify the initial fatigue crack area as 

a function of fatigue strain (Rahim et al., 2013a). They found that crack area monotonically 

increased from approximately 23% at 1.88% strain amplitude to 47% at 0.94% strain 

amplitude. As such, with decreasing strain amplitude the fatigue crack can consume up to 

half of the fracture surface before final tensile overload.

In contrast, for a given strain amplitude, the fatigue crack area was similar between pre-

strain levels, even in wires with vastly different fatigue life. As has been previously 

suggested (Robertson et al., 2012), and recently quantified, this indicates that the majority of 

fatigue life is associated with crack initiation, with limited stable crack growth prior to 

failure due to the small cross-sectional area of the wires. Using the fatigue striations present 

in SEM images of the fracture surfaces of RBF tested wires, Rahim and colleagues 

quantified the percentage of fatigue life spent in crack initiation versus crack propagation 

(Rahim et al., 2013b). At larger strain amplitudes, they found that 25% or more of fatigue 

life may be consumed with stable crack growth. In contrast, over 95% of cycles to failure at 

lower strain amplitudes were associated with crack initiation. Since crack initiation occurs at 

surface inclusions, pre-strain-induced plasticity, which is concentrated in the outer fibers, 

may serve to accelerate the formation/initiation of flaws from these inclusions, thereby 

preferentially reducing the high-cycle fatigue life of the pre-strained wires.

The surface morphology of the fatigue crack zone and the zone of ductile fracture were 

independent of both strain amplitude and pre-strain levels. Previous RBT studies of 

pseudoelastic Nitinol wires over a range of alternating strains have observed surface 

morphologies similar to those seen here (Patel et al., 2006; Schaffer and Plumley, 2009), and 

have also found that the morphology of the fatigue fracture zone remains the same between 

low- and high-cycle fatigue regimes (Pelton et al., 2013; Weaver et al., 2013). As noted 

above, changes in microstructure due to pre-straining are concentrated along the outer wire 

fibers, so differences in fracture surface morphology between 0%, 8% and 10% prestrain 
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wires should be limited to a small zone around the site of crack initiation. Further, since 

fatigue crack propagation in Nitinol takes place through the formation of deformed 

martensite (Robertson et al., 2007; Stebner et al., 2013), irrespective of the phase of 

material, the morphology of both the fatigue fracture surface and the ductile overload 

surface are expected to be similar across pre-strain levels.

4.6. Limitations

Though the strain amplitudes employed in the current study are representative of the cyclic 

strains to which devices are exposed in vivo during pulsatile and musculoskeletal loading, 

rotary bend fatigue experiments do not capture the effects of mean strain/stress. Material- 

and device-level mean strains from 2% to 6% have been observed to enhance the fatigue life 

Nitinol (Morgan et al., 2004; Pelton et al., 2008; Tabanli et al., 1999), with cycling within 

the transformation regime thought to confer aprotective benefit against fatigue failure. While 

the presence of mean strain may offer some additional damage resistance, we anticipate that 

mean strain alone would not completely mitigate the effects of the pre-strain-induced 

damage seen here, and that the trends observed herein would remain.

Due to the constraints of the experimental set-up, loading in the present study was limited to 

pure bending. However, rather than pure bending, endovascular devices are exposed to 

complex multi-axial loads in vivo. While the current results show that large bending pre-

strains negatively affect bending fatigue properties, and indirectly, that compressive pre-

strains may adversely impact tensile fatigue, these finding may not necessarily translate to 

other deformation modes. Since the martensite variants activated in Nitinol are dependent on 

texture and applied load, the effects of pre-strain are anticipated to be a function of material 

processing and both pre-strain mode and deformation mode. In fact, preliminary evidence 

suggests that tensile pre-strains may actually improve the tension−tension fatigue properties 

of Nitinol. For example, Launey and colleagues have recently conducted tension−tension 

fatigue studies of pseudoelastic wires (Af=20 °C) at 37 °C with pre-strain values of 6%, 

7.5%, 9% and 10.5%. They observe that the 107-cycle fatigue strain limit at 3% mean strain 

monotonically increases from 0.27% (6%), to 0.33% (7.5%), to 0.39% (9.0%), to 0.48% 

(10.5%) (personal communication). It is speculated that the beneficial effects of tensile pre-

strain are due to compressive residuals upon unloading as well as favorable martensite 

variants for subsequent fatigue cycling. The effects of pre-straining and strain portioning as 

described in this paper can only be fully ascertained through extensive in situ micro-XRD 

and TEM studies. These authors intend to explore these microstructural factors in an 

upcoming paper.

5. Conclusions

The present work represents an important step towards elucidating the effects of thermo-

mechanical pre-strains on the fatigue properties of Nitinol. This study investigated the rotary 

bend fatigue characteristics of pseudoelastic Nitinol wires subjected to large bending pre-

strains under zero mean strain conditions at 37 °C across a range of physiologic strain 

amplitudes. The results show that bending pre-strains in excess of 8% produce a pronounced 

residual set in Nitinol wires. Due to the load and texture-dependent formation of martensite 
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variants, which leads to tension−compression asymmetry in Nitinol, this prestrain-induced 

residual set is thought to be associated with non-uniform plasticity, retained deformed 

martensite and residual stresses that are preferentially distributed along the compressive pre-

strain surface.

Consequently, even though the highest strains in the pre-strained wires are concentrated 

along a small volume of material within the outer fibers, they serve to accelerate crack 

initiation along the compressive surface, thereby significantly reducing the fatigue life of the 

wires, even at strain amplitude as low as 0.3%. This suggests that even if only a small 

volume of the total material in an endovascular implant undergoes significant compressive 

deformation during crimping, sterilization and deployment, the pre-strained regions are more 

susceptible to fracture under tensile loading, even at the small strain amplitudes imposed by 

in vivo pulsatile loads. Further, identifying these regions of high strain may help reconcile 

some of the discrepancies observed between finite element analyses, benchtop testing and 

clinical performance of these implants.

In contrast to fatigue life, the mechanisms underlying fatigue failure are not influenced by 

pre-strain; at the strain amplitudes sampled in the present study, fatigue cracks initiate from 

processing voids surrounding inclusions, and fatigue fracture surfaces are comprised of 

characteristic regions of crack initiation and stable growth and ductile tensile overload. 

These mechanisms are largely constant, irrespective of the number of cycles to failure, 

suggesting that though experimental work in the medium to high-cycle regime may not 

necessarily provide a quantitative fatigue limit, it can still be used to glean mechanistic 

insights into very high-cycle fatigue behavior of the material.

Further research is necessary to understand more fully the effects of different types of pre-

strain on the fatigue properties of Nitinol under a variety of deformation modes. 

Nevertheless, the sensitivity of the material to compressive-pre-strain induced damage and 

the resulting reduction in fatigue life highlight the importance of incorporating thermo-

mechanical history into the design and testing of wire-based percutaneous devices such as 

endovascular grafts and occluders, particularly as smaller catheters and greater pre-strains 

are adopted for device delivery.
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Fig. 1 −. 
Uniaxial tensile stress−strain behavior of Ni50.8Ti49.2 wire with Af=15 °C used in the RBT 

testing. Tensile testing was performed in accordance with ASTM F2516 at 37 °C.
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Fig. 2 −. 
Representative photograph of Nitinol wires wrapped around delrin mandrels during the pre-

strain process. The wires are wrapped into this configuration while they are immersed in a 

0 °C water bath. The wire-mandrel combination is subsequently placed into 60 °C and RT 

baths before the wires are released from the mandrels.
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Fig. 3 −. 
Schematic and photograph of the modified rotary bend fatigue test set-up. The complete 

Valley Instruments System electronics have not been illustrated.
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Fig. 4 −. 
Representative photograph of the remnant set present in 0% (bottom) 8% (middle) and 10% 

(top) Nitinol wires after thermo-mechanical pre-straining. While clearly visible in both 8% 

and 10% wires, the remnant set is more pronounced in 10% pre-strain wires.
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Fig. 5 −. 
Strain amplitude versus number-of-cycles curve for 0%, 8% and 10% pre-strain Nitinol 

wires tested at strain amplitudes from 1.5% to 0.3%. Data points at 108 cycles represent 

samples that did not fracture. The curves for 0% and 8% prestain wire exhibit distinct low-

cycle and high-cycle fatigue regions (delineated by trend lines). In the low-cycle region, 

fatigue life is comparable across pre-strain levels, but diverges significantly at strain 

amplitudes ≤0.8%.

Gupta et al. Page 23

J Mech Behav Biomed Mater. Author manuscript; available in PMC 2019 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6 −. 
SEM images of fracture surfaces for wire tested at 1.2% strain amplitude for (a) 0% pre-

strain (7.3×103 cycles) (b) 8% pre-strain (8.0×103 cycles) (c) 10% pre-strain (6.9×103 

cycles) wires. SEM images of fracture surfaces for wire tested at 0.6% strain amplitude for 

(d) 0% pre-strain (3.6×107 cycles) (e) 8% pre-strain (4.5×104 cycles) (f) 10% pre-strain 

(2.9×104 cycles) wires. Each wire had two distinct regions, and the size and morphology of 

these regions was similar across pre-strain levels, despite large differences in cycles to 

failure.
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Fig. 7 −. 
Magnified SEM images of the fractured surfaces. Each wire had two distinct regions, (a) a 

thumbnail shaped region of fatigue crack growth and (b) a region of ductile tensile overload. 

(c) Within the region of fatigue crack growth, cracks were observed to initiate from surface 

inclusions.
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Fig. 8 −. 
Changes in (a) fatigue fracture area and (b) crack shape of fracture surfaces with strain 

amplitude and pre-strain level. Both parameters were similar across pre-strain levels, 

irrespective of strain amplitude. While fatigue fracture area increased significantly 

increasing strain amplitude, crack shape was similar for all strain amplitudes ≥0.8%.
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Fig. 9 −. 
BEI image of a microcrack originating and propagating from an inclusion-associated void 

observed along the longitudinal (circumferential) surface of a 10% prestrain wire tested at 

1.0% strain amplitude (1.3×104 cycles to failure).
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Fig. 10 −. 
(a) Schematic illustration of the stress distribution across the wire during the pre-straining 

process. (b) Potential tension−compression redistribution for the unconstrained wires after 

pre-straining (Adopted from Bannantine).
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Table 1 –

Number of wires tested at each experimental pre-strain and alternating strain level.

Alternating strain (%) Pre-strain level (%)

0% 8% 10%

1.5 5 6 6

1.2 5 5 5

1.0 5 5 5

0.8 5 5 5

0.6 6 6 6

0.4 6 5 6

0.3 - - 5
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